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Preface

Studies of materials at low temperatures have had a treaame it helium. One year after the discovery of argon, in
mendous impact upon the development of physics and scit895, Ramsay was able to isolate helium on earth by heating
ence in general, and they played a significant role in thehe mineral cleveite, where it forms due to radioactive decay
emergence and formulation of the quantum theory at the besf yranium. These first two members of the “inert” gas fam-
ginning of the 20th century. The earliest attempts at produciy were soon followed by neon, krypton, and xenon, all
ing low temperatures in the laboratory relied on the COO"”Qproduced by fractionating liquefied air.
effect resulting from the dissolution of crystalline solids in Interestingly, the realization of that rare gas solids and

water. This method was also employed by Sir HumIOhryother condensed gases may provide a suitable medium for

Davy and M.'Chf’iel Fa_raday, who, in research started in 1823Sepectroscopic studies followed very shortly after their dis-
succeeded in liquefying a variety of gases and can thus bc very. Vegard, at the university of Leiden, at that time, the
viewed as pioneers of cryogenic research. Studies of gases Ajvery. vegard, y ' '

low temperatures and the observation that their pressure d&/_lecca of Iovy-temperatgre resgarch, started back |n.the early
creases linearly with temperature led Kelvin in 1848 to in-1920S @ series of studies which would clearly fall into the
terpret temperature in terms of kinetic energy. He introduced@€@ Which today is called matrix isolation. He investigated
the concept of an absolute scale, where zero corresponds #gminescence from condensed gases irradiated by x rays or
the temperature at which the constituent atoms and mofelectrons, in the hope of gaining understanding of the origin
ecules lose all their kinetic energy. of the Aurora Borealis and other atmospheric and strato-

A convenient path to cryogenic research was opened uppheric phenomena. Using this method, he was, for instance,
in 1850s by the observation by Joule and Thompson thathe first one to observe tha" Xé+ phosphorescence from

gases expanding adiabatically into vacuum have to overcom@e lowest triplet state of molecular nitrogen, which is today
the weak attractive forces between their atoms or moleculegnown as the Vegard—Kaplan bands.

which results in their cooling. This method was used around  After essentially a gap of some thirty years, interest in

1877 by Cailletet and Pictet to condense a number of hardsyec(roscopic studies of solid rare gases resurfaced in the

to—hqug;y gaseks, ;}ncrllu_dnlg O)I?lg;n;j ?r:trqg;en, "’En‘i IS:""rt)orbarly 1950s, which is when Pimentel coined the phrase “ma-
monoxide, work which in turn kindied the interest ot Dewar ., isjation” and when deliberate, systematic studies of

In cryogenic researqh. A:‘mong his acsompllshments, bes'desspecies isolated in rare gas solids started. The major goal of
invention of the familiar “Dewar flask” was the demonstra- O : . : .
tion that oxygen is paramagnetic; he also succeeded, in 189g1atr|x |sqlat|9n stud!es at that 't|me W'as the observation gnd
in liquefying, and a year later, in solidifying hydrogen gas. .characteﬂzatlon of highly r.eactlve. radicals apd other reaction
An important step in further development of the field mterr.n.edlates. Such species, which otherV\{lse under normal
was the construction of the first cyclically operating refrig- conditions have only a very ephemeral existence, could be
erators based on the Joule—Thompson effect, by Lindétabilized in arigid, inert solid and then studied at leisure by
around 1895. This made possible the large-scale liquefactioppectroscopic means. Over the next decade, hundreds of free
of air with distilative separation of its components, andradicals, molecular ions, clusters, and similar transient spe-
greatly facilitated cryogenic research. Finally, helium wascies were generated, detected, and their molecular constants
liquefied in 1908 by Kamerlingh Onnes, who cooled it by and other properties determined in rare gas matrices.
liquid hydrogen below its inversion temperature prior to an  Condensed rare gases are characterized by weak inter-
adiabatic Joule-~Thompson expansion. atomic interactions and are therefore usually found to perturb
The history of low-temperature physics is intimately in- only weakly the isolated “guest’ species of interest. Fur-
tertwined with the history of rare gases. Lord Rayleigh,thermore, the guest spectra in low-temperature solids are in-
while making accurate measurements of molecular weightgaiaply greatly simplified, since in most cases the molecular
(he wanted to check Prout's hypothesis that the atoms Qfyiation is quenched, so that the entire rotational structure
varlous elements are built fro”! hydrogen, and therefore h"’Wgolleuoses into a sharp zero-phonon line. Furthermore, at low
weights that are '!"tegra' mult_|ples of that of the rwr.()gentemperatures typically only the vibrationless level of the
atom noted that nitrogen obtained from atmospheric air has . .
round state of the guest is populated, so that the “hot

a different weight than that made chemically. The mysteryg N i .,
was solved by Ramsay, who in 1894 was able to show thal?"’mdS and "sequence bands” that often clutter gas-phase

atmospheric nitrogen contains a new element, the rare gaPectra are absent. o
argon. Ironically, argon was not the first of the rare gases to After an initial rapid development of the matrix isolation
be discovered. Some 25 years earlier Lockyer observed dufield, in the 1970s alternative techniques were developed for
ing a solar eclipse a strong yellow spectral line, which hestudies of transient species, which completely avoid the me-
could not attribute to any known element. Janssen then corgium perturbations inherent in the condensed-phase tech-
cluded that this line is due to a new chemical element, prenique. For instance, ions, clusters, or radicals could be pro-
sumably present only on the sun, and suggested therefore tluced in electric discharges, by photolysis, or by laser
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vaporization, cooled to a few K by an adiabatic expansionmolecules and microscopic properties of solids to bulk prop-
and investigated by laser spectroscopic techniques in the gasties of solids, or investigation of reactions occurring in
phase. In addition to eliminating the medium perturbationinterstellar space. The matrix method is useful in static stud-
problem, such investigations also have the advantage of prées of defects and impurities and their effect upon the solid-
viding the rotational information which is in general lost in state properties, as well as in studies of dynamics on time
the nonrotating matrix-isolated species, and for a while theycales ranging from days to femtoseconds. It yields informa-
seemed to spell doom for the matrix isolation technique. tion about diffusion processes, chemical reactions, and
In spite of that, however, if judged by the number of charge localization and charge transfer. The information
publications and by the frequency of and attendance at coryained from these studies is useful in various fields, extend-
ferences on low-temperature spectroscopy in solid matricesng from purely basic science to technologically important
one finds that the technique is still very much alive and wellfields such as chemical catalysis, semiconductor technology,
only the emphasis and goals of the matrix studies have igr |aser physics.
many instances changed. Very often, the perturbations and Several of the papers included deal with the traditional
interactions of the guest with the solid host, which were ingoa| of matrix isolation—identification of new species—but
the early works viewed as bothersome drawbacks of th@oye| methods are now often employed for their efficient
technique, now become the main object and emphasis of thganeration, such as vaporization by lasers, which were not
study. A wide range of phenomena and elementary excitayyajlaple to the early pioneers in the field. Here one could
tions specific to condensed samples, such as phonons, fimme the papers by Andrevet al. or by Lammerset al.
brons, exc_itons, and neutral or charged solute solvation bgggsides optical spectroscopy, EPR has also traditionally
come available for study. The low temperatures and weakeen 5 very useful technique, used to investigate open shell
interatomic interactions in van der Waals solids tend to slowjicals and their reactions, as nicely demonstrated in the
dpwn the var_ious relaxation processes, making them aCCeHtesent issue by the manuscript by Misochetal. Another
sible to experimental study. The dynamics of many Process&ffrared work exemplifying application to species of astro-

are not obscured here by the much stronger forces present iy ica| or atmospheric interest is the infrared investigation
the more conventional solids, which makes them easier tgf the photolysis of ozone by Chaaboustial

StUd\X/eXr? erlmental!y andd T)Odel :Eetortﬁtlcallyl. . ; While the traditional matrix materials were most com-
tudi € have (;nen |(()jne aove that ? Zgr yLe.);pe”mZnt%only argon or nitrogen, for a variety of reasons much in-
studies Ih condensed rare gases originated in Leiden an .hf%trest is currently shifting to other solids, for instance solid
matrix isolation was developed by George Pimentel, in Call-hydrogen or helium, and several of the manuscripts in this
fornia. On the other hand, many key contributions towards . ' . .
) ) . ssue deal with these hosts. In the first place, in these very
.under.s_tandmg of the spectrqscopy gnd physmal proper_tles ?|ght so-called “quantum” hosts the zero-point motion is
impurities and defects in solids originated in the countries of ot r,1eg|igib|e compared with the lattice constants and sepa-
Eastern Europe, including, for instance, Ukraine, Russia, Es- .. .
. : . rations of the host atoms, and consequently a variety of
tonia, and others. tis therefore perhaps appropriate that thlg’quantum effects” not present in the conventional solids can
collection of papers appears as a special issueowf Tem- . . .
perature physicsa journal which was founded at the B. be observed and studied. In this issue the papers by Ganshin

Verkin Institute for Low Temperature Physics and in which &t - Kiselevetal, and Galtsowet al. deal with such quan-
many of these early important contributions first appearedt.um solids. An additional advantage, particularly in the case

The contributions in this issue were selected to give what w@' Parahydrogen, are the very sharp, high-resolution spectra

hope is a fair cross section of the current activities in thisVhich can often be observed. In this collection, for instance,

field and to demonstrate the breadth of its applications. ~ the papers by Miki and Momose or by Tam and Fajardo take
Most of the early matrix isolation studies employed ab-advantage 01_‘ this fact. _The possibilities of pro_ducmg f‘h|gh—
sorption spectroscopy, predominantly in the infrared rangeSnergy-density” materials and, for example, increasing the
to characterize the samples, but nowadays a much broadépecific impulse of rocket fuels by stabilizing atoms and re-
repertory of investigation techniques has become availabléCtive intermediates in solid hydrogen have also been widely
The samples can be studied over a wide range of wavedliscussed and increase the interest in solid hydrogen or deu-
lengths both in absorption or emission, and they can be exterium, and the study by Danilychev and coworkers is rel-
cited by tunable or fixed-frequency lasers in the infrared€vant in this context.
visible, or UV and by x rays or electrons. Using picosecond  The specific nature of the trapping site, its symmetry,
or femtosecond laser techniques, many processes whose dggometry, and its effects upon the guest properties and spec-
namics could previously only be indirectly inferred from troscopy are most often quite unknown, and several of the
spectroscopic observations can now be investigated in regontributions selected, for instance the works by Roubin
time, as exemplified in the contribution by Chergui. Syn-€t al.or Lorenzet al, explore this question. Conversely, the
chrotron radiation is a particularly useful, widely tunable spectra of an atomic or molecular guest whose spectroscopy
photon source that is increasingly being applied for matrixis well known in the gas phase may be greatly affected by the
studies, as exemplified by the nice EXAFS investigation byhost when isolated in a condensed matrix. In this way the
Roubinet al. or by the work of Kerinset al. on high-lying  guest atom or molecule may be used as a “spy,” yielding
states of Mg atoms in matrices. information, for instance, about the changes in the trapping
The applications of matrices today extend over an exsite size and local symmetry and thus about the structural
tremely wide range of different fields, ranging from single changes and phase transitions occurring in the host solid ma-
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trix, as nicely demonstrated here in the paper by Minenkaan be solved if the product of interest is mass-selected prior
et al. to deposition into the matrix. While such deposition of mass-
Inclusion of even very minor concentrations of impuri- selected species at sufficient yields and concentrations for
ties can often have a profound effect upon the optical, strucspectroscopic characterization represents a nontrivial task, in
tural, and thermodynamic properties of solids, and this topighe last few years several groups have made considerable
and the detailed understanding of such effects are of kegdvances in this field, and in this issue the papers by Fang
importance in many technologically important areas, such agt al.and by Lorenzt al. describe experiments in this direc-
the semiconductor industry, solid-state lasers, and many othigp.
ers. Rare gases, with their relatively simple structure, provide \hjle rare gases were chosen as suitable matrix-
a very suitable medium for investigating these effects. Suclygation “solvents” for their chemical inertness, it is now

applications are exemplified by the thermal conductivity,ye|| known that they are not really inert, but under suitable
measurements of _matnces _doped with a rotating IMpurity ., gitions display a relatively rich chemistry. Since the early
such as methane in the art|c[e by Dudkihal, or by the days in Pimentel's laboratory, rare gas matrices have also
sound propagation study by Kiseleval, and also by study proved to be a convenient reactive medium for the produc-

Freimanet al. on the_ effect Of. oxygen impurities upon the tion, stabilization, and identification of rare gas compounds.
thermal and magnetic properties of cryocrystals can be mern- o
n the last few years there has been a resurgence of activity

tioned in this context. S
Besides being a very convenient systems for solid-statd! this field, and a wealth of novel rare gas compounds has
cently been described, with the paper Luné¢lhl. exem-

theoretical modeling, the rare gases themselves have many°® o
potentially very useful characteristics. For example, their op ifying this nice work. .
tical properties and, in particular, their transparence, extend- S @lready noted above, the current range of activities in
ing from the far infrared into the vacuum ultraviolet range, Marix isolation is quite broad, in fact, so broad that a single
besides enhancing their usefulness as a medium for spectr%[-’ec'al issue cannot do it justice. Eyen the selection of topics
scopic matrix isolation studies, potentially also makes them &nd techniques represented here is far from exhaustive. In
suitable material for solid-state lasers, in particular, for theSPite of these limitations and shortcomings, we hope that this
far-ultraviolet region. This consideration makes the questionissue will demonstrate that even seventy-five years after its
of optical gain, stimulated emission, and lasing in rare gagarliest beginnings, and some fifty years after its rebirth in
solids, as investigated, for instance, in the contribution byPimentel's laboratory, matrix isolation remains a very useful,
Chabbiet al., particularly interesting. versatile technique, with a wide scope of applications. Most
One of the drawbacks of the early matrix studies wadikely it will also easily survive the next fifty years and most
due to the fact that most methods of generating transierff its current practitioners as well, and that future generations
species are not selective, but one typically obtains a complesf chemists and physicists will, like George Pimentel always
mixture of products, among which the individual carriersused to recommend, try to “keep it cool.”
have to be subsequently identified, for instance by a series of
laborious isotopic substitution experiments. This problem V. E. Bondybey and E. V. Savchenko
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We review some of our works on the absorption, excitation and emission spectgg of C

embedded in rare gas matrices while stressing the role of the environment. The gas phase resonant
two-photon ionization spectrum ofggis reanalysed in the light of our previous work and

the energy of the lowest three excited singlet states is determined with precision. In matrices, the
visible absorption bands are red-shifted by an amount ranging 8@ cmi ! in Ne

matrices to~330 cmi ! in Xe matrices. The observed reversal of state ordering of the lowest

two singlets stateéT;, and T,y) between Ne and Ar matricég emission and in Ne

matrices, between the absorption and emission spectra, is attributed to different Stokes shifts of
the T,y and T, states and to the small energy splittitg50 cm ) between them.

Finally, a detailed picture of the intramolecular energy redistribution processes is obtained thanks
to a combination of picosecond fluorescence experiments and femtosecond pump—probe
transient absorption experiments. The intramolecular relaxation processes among the pure
electronic levels of the lowest three singlet states are found to be strongly medium

dependent. Medium effects are manifest even on the very short time scale of the internal
conversion in the singlet vibronic manifold. @000 American Institute of Physics.
[S1063-777X00)00209-7

1. INTRODUCTION The ideal situation for determining the energetics would
be to study fullerenes in the gas phase. however such studies
Ever since the large-scale production of fullerenes, therare impossible due to the high temperatures needed to vapor-
has been a tremendous upsurge of studies concerning thepe fullerenes and to the resulting hot-band contributions
because of their potential applications in different fields. Folwhich arise. Therefore, most of the spectroscopic studies of
example, the idea to encapsulate atoms or molecules ion fullerenes have mainly been carried out in organic
fullerenes, i.e., to make endofullerenes, is attractive becausslventst?3in low-temperature organic matri¢és*®and in
of the remarkable properties such systems should exhibit. Sgie pure solid$”*® In all these media the relatively strong
far attempts to produce endofullerenes have all been basedteraction of the molecule with the environment leads to a
on “brute force” methods—high-intensity laser excitation of broadening of bands, strong site effects, and shifts of the
metal-coated graphite,high-temperature ovefsor high-  energy levels, which make a clearcut assignment of the spec-
velocity collisions between fullerene ions and a targetagas.troscopy difficult. Despite this, the first attempt to present a
None of these methods is selective and efficient. A selectiveomplete assignment of theggabsorption spectrum from
approach would be to use lasers. This, however, requirege visible to the UV was made by Leaehal? on the basis
knowledge of the energetics and the energy redistributiomf data recorded in hexane solvents. In organic Shpolskii
processes in these molecules. These data are also of impenatrices sharp spectra were reported, but the large distribu-
tance in other applications such as optical limiting or the useion of sites has made a clearcut assignment of bands
of fullerenes as saturable absorbers in ultrafast offits. difficult.*~1® Another approach is to use molecular beams,
According to theory,® the lowest three electronic ex- which would allow one to have cold, noninteracting mol-
cited singlet states of g are theT,4, T,q, andG, states, ecules, but surprisingly, to our knowledge there has only
whose transitions with thé\, state are dipole-forbidden. been one such study, in the early days of research on
However, these transitions may be vibronically induced byfullerenes!® The authors reported on the two-photon reso-
nontotally symmetric modes as a result of Herzberg—Tellehance enhanced multiphoton ionization gf@nd G, in the
(H-T) and Jahn—TellefJ—T) couplings. The detailed de- 600 nm and 400 nm regions, but no assignment was pro-
scription of these modes and their calculations has mainlyposed for the rich structures therein contained. An alternative
been done by Negri and co-workeérs! This raises an addi- approach is to embed the fullerenes in rare gas matrices. The
tional interesting aspect to fullerenes, which is the possibilitymatrix-isolation technique offers a number of advantages.
of combining the experimental data with these high quality = 1) The media are coldtypically <10 K), so that hot-
quantum-chemical calculatiods! As such, Goand Goap-  band contributions are suppressed, rotation is hindered, and
pear as ideal test systems for improving and refining thehus the density of occupied states is lowered.
guantum chemical calculations of large polyatomic systems. 2) The media are chemically inert, so that the fullerene
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molecules interact weakly with them. In the lightest, Ne, h,(4)
rr_latm_( one should in principle approach the frozen gas phase 9,33 hy@ s
situation. : 1] T g

3) The rare gas matrix offers a “physical” environment 9,(4) hy(M+hg(1) h(1) g,01)
which is ideal for investigating the coupling of the impurity I I I 2g
optical transitions to the lattice. h,(1) T

The first study on g in Ar matrices was undertaken by 19
Gasynaet al,?’ who reported absorption and MCD spectra.
Over the past four years, we have undertaken a systematic
spectroscopic study ofdgand G, in rare gas matrices2*
More recently, we have also looked at their energy redistri-
bution proces$>?® Another very promising approach con-
sists in embedding & in He nano-dropleté’ This yields
absorption(excitation spectra with richer details than in rare
gas matrices, which makes a complete assignment more dif-
ficult.

In this contribution, we will review our work on the
spectroscopy of g using the matrix-isolation method with
an emphasis on medium effects. We will concentrate, how-
ever, on new aspects deriving from either as-yet unpublished
results or a revised interpretation of already published data.
The experimental set-ups and procedures have already been
described in Refs. 21-24 and will not be repeated here.

In Sec. 2 we will mainly discuss the absorption spectrum . ' . , . \
of Cg in the visible region. In Sec. 3 we will present and 595 605 615 625 635
discuss the steady-state fluorescence spectrumypinGNe Wavelength, nm
and Ar matrices. This will be completed in Sec. 4 by the 61 c on th o  two-ohoton ionizati .
fime-resolved fluorescence speciroscopy. Section 5 deal ¥, Cerarter e gesprese ot o b eizain speciun
with the phosphorescence, and Sec. 6 concerns the concld: iq ne matrices at 4 K.
sions.

Intensity, a. u

Absorbance, a. u.

Intensity, a. u.

2. ABSORPTION SPECTROSCOPY . _ L
was noted that in using a common, purely electronic origin

Figure 1 compares the resonant two-photon ionizatiorfor all the excitation bands, the frequencies of the vibronic
spectrum of G in molecular beams from Ref. 19 with our modes associated to ti&, electronic state were shifted by
excitation and absorption spectra in Ne matrices. The spectrago cm* to lower energies than their value in the fluores-
exhibit the same spectroscopic features, except for a red shifence spectrum. We recall that these values were in remark-
and a broadening of the bands in going from the gas phase #hle accord with the calculated valtisGiven that such a
Ne matrices. The same holds for the spectra recorded iahange of mode frequencies between ground and excited
heavier matricegnot shown here In addition, the close re- state is unlikely(but not ruled out we proposed that the,
semblance between excitation and absorption spectra sugtate should lie<60 cm * above theT,4 and T, states. The
gests that all the absorbing levels lead to fluorescence withypothesis of &, state lying~50-100 cm? higher than
the same quantum efficiency. The broadening of the bands e T,, and T, states had already been proposed by Negri
mainly due to inhomogeneous broadenifthe resolution et a1 In their case, the assignment of the gas phase spectrum
was~1 cm ! in these spectiaThe red shift increases from considered only modes associated with ffig, and Gy
Ne to Xe as shown in Table(the shifts are averages of those states. More recenﬂy, an energy Sphttmg»@loo cmi'! be-
measured on the main bands in Fig. 1 tween these states was independently found in temperature-

In Ref. 22 the fluorescence spectrum @h@ Arand Ne  dependent studies of thesFluorescence in low-temperature
matrices was preCisely aSSiQHEd, thanks to the high-qUalitMeca”nlcydohexane matricé@_
calculations of the vibronic modes and their oscillator We can now be more precise as, knowing exacﬂy the
strengths in the Jahn—Teller and Herzberg—Teller couplingsmode frequencies from the fluorescence spectra and their as-
The mirror image which we obtained between the excitationsignment to thel 4, Tog andGy state? we can trace back
spectrum and the fluorescence spectrum in Ar matrices athe electronic origin of these three states in the gas phase
lowed us also to assign the excitation spectrum. However, ipectrum and the matrix data. The analysis of the gas phase

spectrum is given in Table Il, and the attribution of bands is

TABLE I. Gas-to-matrix shifts measured on the main bands in the visibIeShOWn In Flg' 1. The gas phase energies of the electronic

absorption spectrum of &in rare gas matrices. origin obtained from such a procedure imply that fhg
state is the lowest, with an energy of 15632‘&mT2g is the

Rare gas Neon Argon Krypton Xenon next one above, at 1568110 cm %, andGy is the third, with

AE, cm? 35+ 5 160+ 10 230+ 20 330+ 30 an energy 1573810cnmi ’. The uncertainty is due to the

dispersion of mode frequencies and the pinpointing of ener-
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TABLE Il. Band wavelengths and energies of the phase resonant two- tyy4
photon ionization spectrum ofggfrom Ref. 19. The assignments are based i a 9,(3)+nhg(1) 0 2 hy(?)
on the matrix data of Refs. 21 and 22. 3_ i hu(4)+nhg(1) 0
' © hy(@)+nhg{1) 0 9,(6)
Mod ST S S R I 2
Wavelength Energy Mode ode Electronic Z hy@nhg) @ 2 b (5)4nh(1 i
frequency tat, 2 91+ nht) '__r___1_'2_ 2u( )+nhg(1)
state D
= T 51— {1
(Ref. 22) € hu(()2)+nhg(1) gu(4)+nhg(1)0. T ) 2
623.66 | 16034 | k(1) /h,(1)|345-352/402| T,, /Ty, S heenng Ihu(1)+hg(2> L eyen o
f | 4 +hy, (6} M—
621.7 16085 h(1) 402 Ty s |0 uf
617.2 16027.3 ‘E .
c
614.8 16265.4 hy(2) 525-536 Gg g +
~ 612 16340 | A, (1) +h (1) 668 2 }'3 X
©
609.4 16409.6 h3) 668 G, 3t
— ‘© + o 4 +
607.1 16471.7 h (%) 743-738 Gy S F . 340+ gl Ou : 22 /3t1,'-1£4)
605.3 | 16520.7 7.3 776 G, St hlz)(4>+nhg(1> - E hu(<)~e»
. 1)+ nhg(1
604.65 | 16538.5 |h,(2)+hy(D)| 791-802 G, T NS e — a—
Z | 9 @l .' 2 9u®
601.9 16614 = u)hg(y g gy O
S hy(2+nhg() 0 1 02
- o—
600.3 16658.3 gu(4) 962 ng c _hg(1)+nhg(1) hg(2) / hu(6)+nh (1)
598.8 | 16700 _ : ottt _hyBrnngl
= 2U i i
596.9 16753 S | g
> T
@
5 -
gies in the published gas phase spectrum. In the case of the € |
lowest state and since only one vibronic band can be as- 3
signed to it(Fig. 1), we could not give error bars. However, & [
in line with Refs. 9 and 16, we find that thig4— G4 split- § _ \ . .
ting is indeed~100 cm . 8 0 400 800 1200 1600

The region of the electronic origin in Ne matrices is

shown in Fig. 2. Recently, much less noisy contours of th
threshold region were obtained forglin He, nano-

Frequency shift from origin, cm™"

q:IG. 3. Fluorescence spectrum of,Gn Ne matrices as a function of fre-
quency shift from origin in the 0 to 1600 crhregion(a); simulation of the

droplets?” which confirm our results in Fig. 2. The striking fluorescence spectrum based on computed oscillator strefRghs22. The
feature of this threshold |’egi0n7 as Compared to the highe,contribution of theT,y, T,y, and G, symmetry characters states to the

mission is 36, 56, and 8%, respectivély, same aga) but for Ar (c); same

lying vibronically induced bands, is that the latter are sharg
and typically represent zero-phonon lines with no detectablg,
phonon sideband. On the other hand, the threshold region
consists of broad structureless features suggestive of a sig-

as(b) but the contribution of th& 4, T,4, andG4 symmetry characters to
e emission is 50, 25, and 25%, respectiviely

nificant electron—phonon coupling for these transitions. Furthermore, as the pure electronic transitions are dipole-

Intensity, arb. units

15 600

FIG. 2. Threshold regiofpurely electronic origihof the visible absorption

of Cggin Ne matrices.

15 640

Energy, cm™1

15 680

forbidden, they must be dynamically induced by the
participation of nonototally symetric modes of the cage. The
absence of a zero-phonon line for the threshold region and
the fact that the bands therein are broad, implies a significant
structural rearrangement prior to emission, accompanied by
an absorption—emission Stokes shift. In Ref. 21 we reported
a Stokes shift of~30 cmi ' in Ne matrices and-50 cmi *in

Ar matrices, measuring it from the maximum of the absorp-
tion threshold to the maximum of the emission origin.

The resemblance between the gas and the matrix data in
Fig. 1 shows that the different environments do not affect the
oscillator strengths of the different vibronically induced tran-
sitions in absorption. In the next Section, we will see that this
is not the case for the fluorescence.

3. FLUORESCENCE SPECTRA

Figure 3 shows the experimental and simulated fluores-
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cence spectra of g in Ne and Ar matrices which were al- excluded on the basis of the time-resolved data presented in

ready presented and discussed in detail in Ref. 22, along withec. 4;

the assignment of bands. This assignment was based on the — mixing by static symmetry effects: even if we have
fact that only one single electronic origin appears in the"O idea of the local symmetry of the trapping site, it is clear
spectra and that the mode frequencies for all three lowesthat it changes in going from Ne to Ar. Indeed, a simple
lying electronic states inferred from this origin are in remark-Stimate based on Lennard-Jones radii gf &d rare gas
able agreement with the calculated ones. Since the fluore&0ms shows that 18 Ne atoms and 12 to 13 Ar atoms are
cence spectrum contains vibronically induced transitiond'€€ded to cover the surface ofCThis means that there is

which are characteristic of the lowest three electronic state$* lowering of symmetry in going from the gas phasg

the S, state responsible for the emission has to be a state group symmetry for €g) to Ne to Ar matrices. The lower the

mixedTy4, Toq, andGy character. From the simulated spec- ?/gn;_metry, the higher the likelihood of inducing state mix-

tiaé6$e5;\$ig8h$n?n bl\?;igtr(i)cresin;?]gsgig; ;\gfgz;ﬁ;ﬁg Ar — mixing by dynamical symmetry effects: as was men-
_ i 0'322 0:07% 0:£970.£970 tioned in Sec. 2 in order to lift the forbidden character of the
ma [ll_(;]e ’ . . b oL 41l purely electronic transitions, nontotally symmetric modes of
€ near-mirror image etween excitation and fluoresy, o cage have to be involved. Likewise, nontotally symmet-
cence s_pectra in Ar matrlees suggests that the three _statﬁg modes(havinggeradecharacter can mix the lowest three
responsible for the absorpti¢see abovemay also appear in  gingiet states with each other and give rise to a mixed char-
emission with the same oscillator strengths and relative inzcier of theS, state, particularly in view of the small energy

tensities as in absorption. Yet, aside from being unlikely, thigyaps petween them, typically of one phonon energy.
idea is ruled out on the fact that, as mentioned above, our

emission spectra clearly show one single electronic origin,

i.e., it stems from only one single emitting state. This is also, T\ME RESOLVED FLUORESCENCE SPECTRA

confirmed by the time-resolved picosecond fluorescence

measurements as we will see in Sec. 4. Therefore, even In order to identify the intramolecular relaxation path-
though it helped us assign the excitati@bsorption spec-  Ways leading to the lowest singlet emission and, from there,
trum in Ref. 22, the resemblance between emission and ex0 the population of triplet states, we carried out picosecond
citation spectra in Ar matrices is, we believe, fortuitous.fluorescence measurements in Ne and Ar matrices. The de-
Coming back to the differences between the Ne and Ar emisscription of the apparatus is given in Ref. 25 along with a
sion spectra, it is remarkable to note how dramatic is th&letailed presentation of the results. Here, we emphasize the
effect of such supposedly “weakly interacting” media. In- Mmedium effects in the light of the above.

deed, the weighting of intensities implies that the dominant ~ Figuré 4 shows typical results in the case gp @ Ar
character of theS, emitting state switches frorfi,, in Ar matrices and represents a set of time-gated fluorescence
matrices toT ,, in Ne matrices, whereas the absorption specSPECla along with a spectrum recorded under steady state
tra indicate that thd',4 state is the lowest-lying stat&ec. conditions(Fig. 49 as discussed in Sec. 3. In Fig. 4e, the

2). This points to a reversal of state ordering in going fromhigh-frequency region of the spectrum is dominated by a

. : . hage group of bands around 14750 cfy which are due to the
Ar to Ne and in going from absorption to emission. The solehu(3)7 hy(4), andg,(3) modes of the molecule@ll have

possibility for this to happen is by different absorption— frequencies around 700 ¢ 22 characteristic of theG,

ison Sk s o Ty s 0 0 o ot o e o i
' P ’ PUrEY M1 and ~13800 cm?® are due to the,(4) andt;,(4)

electronic transitions at the origin are characterized by mul- . o .
. . . ’ . . +hy(1 des, t | of ther tt h ter. Fi-
tiphonon bands implying a sizeable Stokes shift, which o(1) modes, typical of thel,q emitting character. Fi

: nally, the band at-13900 cm? is due to theh,(7) mode,
brings the energy of the state to lower values. If, for a reasof) hich is to more than 80% due to tffe, emitting character.

that still needs to be clarified, the Stokes shift is stronger ir]f we now consider the time-gated fluorescence spe&ig

Ne for theT, state as compared to that of the, state, then 4a—4d, one can see that the spectrum at 30(Piy. 49
the Tyq state may end up at an energy slightly lower than the,winits a series of broad features of almost equal intensities
energy of the &, state, which would explain the reversal of j, e 14800-13900 citt region. This means that compared
state ordering between the two matrices and between absorg; ihe steady-state spectrum, the bands at frequencies
tion and emission. _ o _ >14100 cm * (most being characteristic of th@, emitting

The origin of the different mixing ratios between the character are significantly enhanced as compared to those

three lowest purely electronic states may be due to one or due to theT,, and T,, emitting characters. In addition, the

combination of the following factors: ~ bands characteristic of the latter two are also of comparable
~— in going from one maltrlx to the other, there is a intensity (compare, e.g., the 13900 cthband with the
differential shift of ~100 cm = (see Table )l which will 14040 cm* band. However, the situation changes rapidly,

modify the resonance conditions between the lowest thregs already at 90 p$Fig. 48 the bands characteristic of
singlet states and the nearby triplet state manifold. ThisT, /T,, dominate the spectrum, while all the bands tend to
might give rise to singlet—triplet couplings which can alter sharpen and by-200 ps the spectrum reproduces most of the
the singlet—singlet mixing among ti% to S; states. How- features of the steady-state spectrum. A line narrowing also
ever, if this were the case, then an intersystem crossing froraccurs, which corresponds to a change of linewidth by a
S, or S; to theT,, states could take place, a hypothesis that ifactor of 2 between 30 and 150 ps.
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FIG. 4. Time-gated fluorescence spectra gf i@ Ar matrices at different, )
ps: 30(a), 90 (b), 150 (c), 210(d) and under steady-state conditiofs FIG. 5. Time-resolved fluorescence decay of the fluorescence bandg of C
in Ar matrices belonging to the different emitting charactérg:4) of the

G4 character(a); ty,(4) of the T4 character(b), and h,(1) of the T,4
character(c).
This description of the time-gated fluorescence spectra
shows that the bands associated with@yeand theT 14/ T,
characters exhibit nonidentical behaviors in the short-timewith a biexponential function, are given in Table Il for both
domain (~200 pg. This is better visualized by plotting the matrices. It is clear that the decay times of the long compo-
time-resolved fluorescence decay curves at given emissiament are identical for all vibronic bands attributed to the three
wavelengths(i.e., looking at a band or group of bands different emitting characters. Therefore, the hypothesis of a
Time-resolved fluorescence decay curves gfi@ Ar matri-  single emittingS, state which consists of a mixéldy, Tog,
ces are given in Fig. 5, for selected fluorescence bands bendG character is further confirmed. On the other hand, the
longing to each emitting character. The structure at vershort-time behavior suggests the existence of a short-lived
early times(most visible in Fig. 5¢is due to the scattered transient fluorescence of a dominagy character that feeds
laser light and the response of the detection system, abe S, fluorescence. This point is discussed further below.
checked by recording the time profile of the emitted light at  In summary, our results show that:
a position where no emission band occlegy., at~15400 a) all emission bands exhibit the same decay rate of
cm 1). It can be seen that the fluorescence associated to the0.9 ns in Ne and~1.5 ns in Ar, indicating that only one
G, character(Fig. 53 is characterized by a biexponential emitting S; state, of mixedT,4, T,4, andGq character, is
decay, with a short component having a decay constant akesponsible for the steady-state fluorescence spectra;
~70 ps and a long one with a decay constant-d500 ps. b) in the 30—100 ps time domain, the fluorescence bands
On the other hand, the fluorescence bands associated to thelonging to theG, emitting character are enhanced in Ne
T,q and T4 emitting characte(Fig. 5b and 5gshow a short  and Ar, relative to later times. However, in Ne, they remain
rise followed by a long decay. The rising component has aveaker than the bands belonging to Thg andT,4 emitting
time constant of~70 ps, while the long decay component characters, while in Ar at 30 ps, they are equally as strong;
has a time constant 01500 ps also. In the case of Ne ¢) the observations in)bare corroborated by the time-
matrices, we observe a similar behavior except that the timeesolved fluorescence spectra of the various bands. In Ne and
constants are different. The time constants, given by a fiAr matrices, the bands belonging to tg emitting charac-
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TABLE Ill. Time constants of the different components of the time-resolved fluorescence specygi@i€on and argon matrices, represents a decay
time in the case of th&, emitting character, and a rise time in the case of thg/T,4 emitting characters.

Vibronic bands T, . ps T, ps Vibronic bands T, PS T, PS
Emitting character
Neon Argon
T t, (4 t, (4
lg ) 205 + 30 900 £ 150 1wl 90 £ 20 1455 £ 150
ti @ + (1) ti (D) + k(D)
Ty, 7.6). 2,(7) 9,4, h,(5)
h(T) + h(1) 170 + 30 875 + 120 g.(4) + hy(1) 60 £ 20 1690 + 200
k(1) kA7)
% 945) 130 + 30 935 + 150 h“g' :"fg 60 + 20 1490 + 200
t * , * *
9,05)+ b (1) 94 .
U

ter are characterized by a short decaying component having a The ultrafast relaxation from the initially excited st&e

time constant~170=40ps for Ne and~70=20ps in Ar
(Table 1ll). Those belonging to thd@,4 and T,, emitting

to the S; level has in the meantime been measured in the
femtosecond domain using pump-—probe transient absorp-

characters exhibit, on the other hand, a rising componertton. It was found to occur in-500 fs in Ar matrice<® The

having a similar time constant in the respective matrices;

similarity between the absorption and excitation speig.

d) there is a significant narrowing of the spectral linesl) clearly suggests that this process is an internal conversion
within the first 100 ps or so, but the linewidths become es{IC) involving only the excited singlet vibronic states. How-

sentially constant beyond 200 ps in Ne and-90 ps in Ar.

ever, differences between Ne and Ar matrices for this ultra-

[2) ﬂ o
2 Neon = r.ﬁ' Argon
=] S i
S e r
5 @
> z
‘(%‘ L = L
£ 7 = ¢ \
/‘ \
: _ ; NIy
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FIG. 6. Overview of low-resolution emission spectra gf @ Ne, Ar, Kr and Xe. Note the broadening of the fluorescence bands and the appearance of new
bands on the red side of the spectrum, in going to heavier matrices.
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FIG. 7. High-resolution 4\ =2 A) phosphorescence spectrum of the 780—950 nm regiorGhXe matrices K .,.=500 nm), plotted as a function of the
frequency shift from the first band at 786.5 nm. The top assignments are those of the 786.5 nm progiéssionTable 1\) and the bottom assignments
are those of the 792.5 nm progressigite Il in Table IV).

fast IC relaxation process have been found and are beingpupling of the singlet vibronic levels with resonant levels of
investigated in more detail at preséfiComing back to the the triplet manifold or the ground state is excluded. In the
relaxation processes between the lowest three singlet statdsst case, the intersystem crossing time of about 1 ns for the
the time-resolved data were discussed in Ref. 25, where w8, state shows that it is a very inefficient process to compete
assumed that th&; state, of a predominar®, character, with IC. In the second case, the Franck—Condon overlap
relaxes to the nearly degenerade/S, states, having pre- integrals of the singlet vibronic levels with the ground state
dominantT,, and T4 characters. The latter depends on thevibrational levels should be negligibly smaii*! Finally,
matrix, as discussed in the preceding paragraph. We assumsdch processes are state selective, and the similarity between
the S; state to lie~50 cm ! above theS,/S,; state on the the absorption and excitation spectfég. 1) rules out such a
basis of the absorption data only; however, in line with theselectivity. FromS;, the population decays 8,/S, in tens
above discussiofsee Sec. R a value of~100 cmi * would  of picoseconds, as it is mediated only by lattice phonons.
be more realistic. Nevertheless, the quantitative details of thErom S;, intersystem crossing then occurs on the time scale
relaxation process are not important. What is crucial here isf 1 ns. Note, however, that even in this case, we also see a
that, in line with the discussion in Sec. 3, static crystal-fieldmedium dependena@able 1ll), which should, in our opin-
effects and/or nontotally symmetric modes of the cage neeibn, be due to resonance conditions $f with the triplet

to be involved in order to couple th@, state with theT, levels and/or to the changing dominant symmetry character
andT,, states. Consistent with the steady-state fluorescencg S, . Internal conversion within the triplet manifold should
data, the time-resolved data confirm that such effects aragain proceed on an ultrafast time scale followed by a tens of
stronger in Ar than in Ne matrices, probably because of theus radiative decay to the ground statésee Sec. b

lower local cage symmetry in Ar.

On the basis of our picosecond fluorescence data and our
preliminary femtosecond transient absorption measurements,
we may already draw a general picture of the ultrafast in- In going to heavier matrices, such as Kr or Xe, the me-
tramolecular energy redistribution. Following excitation of dium effects become more striking. The singlet emission
the S, state (or group of statesby the UV pump pulse, bands broaden significantly and tend to decrease in intensity
intramolecularS,— S; relaxation occurs on an ultrafast time at the expense of new emission bands on the red side, as seen
scale of a few hundred femtoseconds. This is a remarkablin Fig. 6. These new emission bands are phosphorescence
short time scale for the dissipation of over 1 eV of energy bybands which are attributed to the triplet states gf GA
internal conversion. We stress once more that in this picturejetailed discussion and assignment was presented in Ref. 24

PHOSPHORESCENCE SPECTRA
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in the case of Xe matrices. We found that site effects ardABLE IV. Wavelengths, frequencies and frequency shifts from the origin
dramatic n such media, resuling in energy differences off %2410 becias o e TERS i pogrestn T e L e
~100 cm ~ between trapping sites. Furthermore, these sitegequencies from Ref. 22.
are stable against annealing up to 50 K, and lifetimes %
us are measured in both. Av, .
A detailed analysis of the phosphorescence spectra in X Aoom v, ot em-1 Assignment Ref. 22
matrices was carried out, which is presented in Fig. 7 and i
Table V. The spectrum shows two groups of bands belong Site 1
ing to different sites. If we consider the progression with an
origin at 786.5 nm which is due to the main site and on the
basis of the mode frequencies determined from the fluores go3.3 12448 266 k(1) 262
cence spectra of ggin Ne and Ar matrice$® we can assign 7
all the peaks to H—T modes gf,, h,, ty,, ort,, symmetry,
in addition to the dominant J—fiy(1) mode, and to combi-  833.1 | 12004 710 t2,(D 714
nation modes with the latter. With thE,; symmetry of the
spin—orbit operator, all these modes can vibronically induce
phosphorescence from any of the lowest three triplet state 837.3 | 11943 771 hy(4) 776
3T14, 3T2g, and3Gy, to the'A, ground state. According to
Negri et al® and Laszlo et al?® the lowest triplet state is the
3T, state, whereas thll ; and®G states lie about 0.3 eV 8422 | 11873 | 841 hy(4) 832
and 0.6 eV higher in energy, respectively. This assignmen
of the lowest triplet state seems to allow a consistent inter
pretation of the triplet—triplet absorption spectfaln our 854.2 | 11707 1007 h3) + k(1) 1003
phosphorescence spectra, the abseneg afodes(expected

786.5 | 12714 0 origin -

820.9 | 12182 | 532 2h,(1) -

834.9 11977 737 h(3) 743

839.2 11916 798 3hg(1) -

850.7 | 11755 | 959 9.(4) 961

. ' 1 1042
for the °T,, statg and of g4 modes(expected for théG, 836.4 | 11667 | 1037 hy®) + hy(1)
statg support the assignment of the lowest triplet state a: 861.2 11612 1102 &) + (1) —
3
Tog. ,
. . 866.4 | 11542 1172 | t,3), t, (4 1204, 1185
The energy ordering of the triplet statesBg,T14.Gq w3 bl
is in line with the ordering of singlet states in the emission 877.0 11402 1312 99 1310
spectrum in Ne matrices, but differs from that observed in
P 879.0 | 11376 | 1338 h (6) 1342

Ar. It also differs from the ordering observed in the absorp-
tion spectra of the singlet statéSec. 2. In the case of ¢ in 885.8 | 11289 1425 9.(6), t1,(4) 1426, 1433
Ne ma}trilces, for which we cpuld clearly sqparate the differ- 889.2 11246 1468 B, 1477
ent origins of the lowest singlet electronic states, we ob- .
served that the ordering of state symmetries betw&eand 896.8 | 11151 1573 hy®), 4,7) 1567
_1 . .

S, (s'eparatled' by;260 cm °) was the same in a}bgorptlon 906.8 | 11028 1686 | 9,(6)/t,(4) + (D) -~
and in emissiof® Furthermore, the energy splittings be-
tween theS; andS, states and ordering of states was found 910.7 | 10980 1734 hy(7y + (1) -
to be the same for_ the lowest two triplet stat7é§_,and T,. 919.5 | 10875 1839 | h,®)/h(T) + hy(1)
Therefore in G, either the ordering of the triplet states
differs from that of the singlet states, as suggested by 9299 | 10754 | 1960 |g (6)/t, (4) +2h (1) -

theory?®?°or, as discussed in Sec. 3 for the singlet states, i

would seem that the lowest triplet state also undergo a reve Site 11

sal of sta.te ort_jering. The reversal in the case gfi@ rare 7935 | 12618 0 origin _

gas matrices is probably due to the small energy splitting

between the lowest electronic statess0 cni %), which is of 809.3 | 12357 | 261 hy(1) 262

;cjhe order of the absorption—emission Stokes shift they un gy7 ¢ | 12091 597 2h,(1) —
ergo.

It is interesting to note that contrary to fluorescence, 844.1 | 11847 | 771 hy(4) 776
phosphor.escence is dominated by the Jahn-Tdil|gd) 863.6 | 11580 1038 hy(d) + h (1) -
mode while, all the other J-T or H—T bands are weaker by a
least one order of magnitude. This suggests that a couplin 8844 | 11307 | 1272 hy(®) 1265

mediated by these modes is probably very weak due to th gg3.¢ 11198 1420 9.6), ty, (4 1426, 1433
fact that the surfaces associated to them are strongly shifte P
with respect to the equilibrium position of tﬁé’zg surface. 9047 | 11054 1564 hy®), h(7) 1567

9147 | 10932 | 1686 | g,(6)/¢, (&) +h (1) -

6. CONCLUSIONS

In this contribution, we have reviewed our results on the
spectroscopy and intramolecular energy relaxation processesvising or improving some of our previous interpretations.
of Cg in rare gas matrices, while presenting new data and&Emphasis has been put on medium effects, which turn out to
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Sound propagation in liquid He in impurity—helium solids
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The observed features of the attenuation of ultrasound in Im—He samples created after the
introduction of impurity particles (BN,, Ne, Kr) in a volume of helium Il show that a porous
substance consisting of a loosely interconnected continuous network is created. It is

formed by impurity particles encapsulated in solidified helium. The propagation of ordinary
sound in these porous samples is similar to the fast sound mode in light aerogels. The temperature
dependence of the attenuation for different Im—He samples is investigated. It is established
that the character of the attenuation in-[ble samples is considerably different from that in
heavier Im—He solids (ImN,, Ne, Kr). Analysis of the attenuation leads to the conclusion

that Im—He samples have a wide distribution of pores, from 8 nm to 800 nm. The study of
ultrasound in helium in Im—He samples near thpoint shows the presence of broadening

in the attenuation peak as compared with bulk liquid helium. The suppressibnisfvery small,

< 0.2 mK. © 2000 American Institute of Physid$§1063-777X00)00309-1

1. INTRODUCTION atoms between the atomic state and the bound molecular
state®

The investigation of neutral atoms and clusters in liquid  Investigations of macroscopic solid samples formed by
and solid helium is a rapidly developing research fieftl. injecting impurities into superfluid helium have opened the
Much progress has been achieved in studies of the spectrgbssibility for the creation of metastable solid phases built
characteristics of single atoms or molecules trapped in marom coalescing clusters of solid helium surrounding the im-
trices of solid helium or dissolved in liquid helium, from purity particles. Later it was shown that the centers of the
which information about the structure of the helium sur-these clusters might consist of either single impurity particles
rounding these impurities was found. or small clusters of impuritie5*!* At the same time the

The impurities can be divided into two classes accordingstructure of these Im—He solids is not fully determined. Re-
to the sign of chemical potential inside the helium matrix.cently x-ray spectroscopy showed that the impuritigsr-
Particles with a positive potential tend to form bubbles,rounded by a few layers of solid helignformed porous
while atoms with a negative potential create snowballsstructures in superfluid helium. The characteristic size
In the latter case, after introducing the impurity particles intoof the constituent building blocks of this porous material is
liquid helium, we can produce stable impurity—helium 6 nm. The density of impurity particles can be as high as
(Im—He) clusters, which make it possible to create macro-10°°atoms/cm (with a volume fraction~ 0.5%.
scopic Im—He samples consisting of impurity atoms isolated  We briefly summarize the present state of knowledge
in liquid or solid helium. At first these systems were obtainedregarding the Im—He solids. The preponderance of evidence
by injecting atoms and molecules such as nitrogen, deutesuggests that macroscopic samples of the Im—He solid phase
rium, neon and kryptoh’ into superfluid helium. These are built from aggregations of small Im—He clusters. Further-
metastable systems are of fundamental interest. For exampl@ore, we believe that these aggregates form extremely po-
there is the possibility of observing collective effects causedous solids into which liquid helium can easily penetrate.
by the interaction of stabilized impurity particles in helium They consist of a loosely connected continuous network of
and also the opportunity to create new materials with highmpurities or clusters of impurities, each of which is sur-
energy density stored in thefA very high relative concen-  rounded by one or two layers of solidified helium. Therefore
tration of nitrogen atoms in solidified helium (N:Hel%)  we have a unique opportunity to investigate the properties of
has already been achieved by injecting the products of guperfluid helium in porous structures formed by particles
nitrogen—helium discharge into a volume of superfluidwith a well-known potential of interaction with helium.
helium®® For this case, the density of the chemical energy A great deal of effort has recently been dedicated to the
stored in these samples-6x 10° J/gm) is close to that of investigation of superfluid helium in porous materials. We
the best chemical explosive materials. Another interestingite here a recent review article describing the specific fea-
aspect of Im—He systems is the possibility of chemical reactures of helium in various porous structufésThe impor-
tions in a solid matrix when the state of the low-temperaturegance of these studies is now discussed. Superfluidity of he-
matrix is mostly determined by zero-point motitth2 In- lium in restricted geometries has been the object of much
vestigations of atoms and molecules of hydrogen isotopetheoretical and experimental interest in recent years. Helium
stabilized in superfluid helium have revealed tunneling reachas long provided a testing ground for theories of phase tran-
tions resulting in the exchange of hydrogen and deuteriunsitions. Bulk helium exhibits three-dimension@D) critical

1063-777X/2000/26(9-10)/8/$20.00 641 © 2000 American Institute of Physics
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behavior near lambda transitions, while helium films on flattion varies from zero to one, causine to change by an
substrates are 2D, with a vortex-inhibiting transition of thegrder of magnitude from 1500 nm to 100 nm for 5 MHz
Kosterlitz—Thouless typ¥. When helium is adsorbed in a sound. Biot created a basic theoretical framework for sound
porous medium either as a film or completely filling the propagation in porous materig?® He considered the flow
pores, its behavior may be changed in a number of waysf the viscous fluid under an oscillatory pressure gradient in
Finite size effects might shift or even smear out the phaselastic porous solids. In the low-frequency regime his theory
transition, the multiply-connected substrate geometry mayredicted that the attenuation change%‘ as

change the effective dimensionality, or disorder induced by 2 2

the porous material may change the nature of the transition. ¢*Pn® I7. )

The superfluid densitys near the lambda point vanishes For high-frequency sound, the corresponding attenuation is
according to the power law
a% N\ pprw. (4)

= é/ .
ps(t)=psolt]*, @ In this paper we report results of ultrasound measure-

wheret is a reduced temperatufe=(T—T.)/T., with the ~ ments of the velocity and attenuation of longitudinal waves
transition temperaturg). The superfluid-density exponept  in helium-filled porous Im—He solids. Some of the results
is found to be 0.6705 for bulk heliuf for helium in Vycor ~have been published in our previous paffett was found

glasst® and for helium in porous gol®. For a particular thatthe speed of sound in this material is close to that of first

aerogel it is significantly larger—0.8%.For aerogels of dif- Sound in bulk liquid helium and decreases more rapidly with
ferent porosity it varies from 0.71 to 0.81.At the same temperature than does the latter, similar to the behavior ob-
time, the superfluid transition temperature is suppressegerved in aerogéf: There was no clear explanation, how-
down to 1.955 K in Vycor. For porous golavhich contains ~ €ver, for the way the attenuation of ultrasound changes with
larger pores T.=2.1691+5x10 °K, and for aerogels of temperature in helium-filled Im—He solids. Here we present
different porosity the suppression is very small, the results of more-detailed investigations of the speed and
=(2.16985-3)x 10" ° (in 95% aerogel T.=(2.1717-1)  attenuation of sound, particularly near the lambda point. One
X107° (in 99.5% aerogel! In the light of these previous 90al of this work was to check a possililg suppression. We
studies, the problem of investigating the critical behavior of2lSo performed the measurements at different frequefities
helium near the lambda point in the new class of porous3: 5 MH2) to help us to understand the mechanism of attenu-
material discussed here arises quite naturally. There are eflion. Moreover we investigated the stability of different
perimental difficulties in combining the method of preparingMm—He samples between 1 and 4.2 K.

impurity—helium solids with precise heat capacity or tor-

sional oscillator techniques. On the other hand, ultrasoni(% EXPERIMENTAL METHOD

velocity and attenuation measureméfts can be easily ap-

plied to investigate superfluid helium in Im—He solids. The2.1. Preparation of porous impurity-helium solids

sound velocity in_ porous media can provide_information_ The technique for creating impurity-helium solids in a
about the superfluid density as well as the density and eIaSt\?olume of He Il was similar to that developed by the Cher-
properties of the solid matrix. The sound attenuation reﬂeCtﬁogoIovka grouf:?® A gas jet of helium containing a small

the dissipation in the system, and its frequency dependenqg, o (0.5-19% of impurity atoms or molecules impinged
is related to the characteristic pore stZeiso, if the sound on superfluid helium contained in a small Dewar beaker sit-

speed in a “dry” samplefa sample with the liquid he!ium ting in the main helium glass Dewar. The helium vapor pres-
removed could be measured, we could then determine thesure in the Dewar was maintained at 1-5 Torr by a high

effective density of the Im—He solid. This turns to be €X-speed rotary pump. The gas entered through a quartz capil-

tremely difficult and has not as yet been accomplished. |5,y o giameter about 0.7 mm, near the end of which was a
_ The motion of a fluid in a porous med|u_m during acous_'[egion containing a high power (60 MH2) discharge for
tic measurements depends on the pore size and the fluid§ssqciation of molecules. In this series of experiments most
properties. In liquid'He the viscous penetration depth is ¢ tpe jm_e samples were created by introducing into He II
)2 (2) a gas jet not subjected to the action of the rf discharge. When
there was no need to dissociate molecules we used a
where 7 is the viscosity of*He, p, is the density of the stainless-steel capillary with inner diameter of 1.6 nm sur-
normal component, and is the frequency of ultrasound. At rounded by a vacuum jacket with a heater at the bottom end.
low sound frequencies,;s. is bigger than the pore size, so As in all of our previous setups, the diameter of the hole at
the entire normal component is viscously locked to the solidhe end of the capillary was 0.7 mm. The nozzle of the cap-
matrix. Therefore the main effect of the fluid is to change theillary was located 2 cm above the surface of the superfluid
effective density of the porous medium. At high frequencieshelium in the small quartz Dewar mentioned above, which
only a thin surface layer is dragged along with the solid. Theacted as the collection beaker. To prevent the freezing of
effective density of the porous material then is much smallerimpurities in the nozzle we heated the end of the capillary by
and the sound is strongly attenuated by the viscous losses an annular heaterR~10()). In order to keep the level of
the surface layer. To use sound for probing the structure dfielium in the beaker constant, a continuously operating foun-
porous material, one should vady;s; over as large a range tain pump was used. When the gas mixture jet impinged on
as possible. Superfluid helium gives us this unique opportuthe surface, a macroscopic snowflake-like semitransparent
nity. Between 1.0 and 2.17 K the normal fluid density frac-material was created. This fell down through the liquid and

dvisc= (27l wpy,
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then congealed, forming a porous impurity—helium solid be-
tween the transducers of the ultrasound cell. The centers of 1
the transducers were 5 cm below the level of helium in the

beaker. For more effective collection of the sample in the

cell we used a quartz funnel with two side plates which were

placed between the end plates of the cell. On some occa-

sions, in order to compress the sample at low temperatures

we used a small Teflon cylinder which could be moved up ¥
and down. We could monitor the presence of the sample in
the cell and its homogeneity visually through slits on the
sides of the glass Dewars. In these experiments the impuri-
ties used were Kr, Ne, and moleculap, Bnd/or N. Gas s
mixtures of Im:He=1:100 were used to dilute the impurity
particles and therefore prevent them from congealing as they
passed from the source to the surface of the liquid helium.
The total flux of the gas mixtures was (4-6)

X 10particles/s. Samples with a visible volume between
1.2 and 1.7 crhwere usually used.

2.2. Ultrasound cell

In our experiments were used two different ultrasound
cells. In the first cell twoc-cut gold plated quartz transducers
(5 MHz fundamentalwere used’ The crystals were 1 cm in
diameter. Each of these was pushed against the parallel walls \k —, 8
of the cell by two springs, one of which served as a central
electrode. The ground was provided by the brass body of the!G. 1. Experimental celll—atomic and molecular sourc&—impurity-
cell. The path length was determined at room temperaturg‘i“;]m jet;3—surface of liquid heliumg—quartz Dewars—quartz funnel;

) . . . . purity-helium solid;7—ultrasound cell8—germanium thermometer.
with a micrometer, with a correction being made for the
contraction upon cooling. The value for the path length used
in the experiments was (1.5Z.005) cm. In our second where | is the length of the cell. With typical samples,
cell we used two LiNb@transducers with fundamental fre- changes in velocity of a few parts per million could be re-
quency~ 1 MHz (Fig. 1). The odd harmonics were also solved. A second oscilloscope was used to display the signal
used(3 and 5 MH32. The transducers were 1.3 cm in diam- on a longer time scale. It registered up to 12 echoes of the
eter. Otherwise the design of the second cell was similar tgignal in the first cell but only 3 echoes in the second one.
the first one except that the distance between transducers was
(1.470+0.005) cm. 2.4. Thermometry
For the temperature measurements a calibrated Lake

Shore germanium resistor was used. The thermometer was
2.3. Spectrometer located inside the base of the cell just outside the path of the
ultrasonic pulses, so that the effect of the temperature differ-
%nce between the thermometer site and the sound path is

The ultrasonic measurements were made using a hom
dyne phase-sensitive spectromef€ig. 2). A continuously
operating oscillator was gated to provide a transmitted pulse
of 4-12 usec. The amplitude of the input signal could be
varied from 1 to 100 V at the resonant frequency or at the
odd harmonics of the transmitting crystal. The ultrasonic
pulse was received by the second crystal, amplified, and split
in two parts, one of which was used to directly measure the
attenuation by recording the amplitude of the signal on a
TEKA460 digital oscilloscope. The second part was split again
in two parts to obtain the 0° and 90° componemtg; and
Ago-- They were used to determine the phasef the signal:

tar( (P) = Aoe /Agoo . (5)

Once the initial speed of sound was measured at the temperéic. 2. Ultrasound  spectrometer1—HP8656B  signal = generator;
ture T, from the pulse transit time, changes in velocity 2—MATEC310 gated amplifier;3, 6—step attenuator0-100 dB;

lculated f th h f th ived si I 4—ENI325LA power amplifier (+50 dB); 5—ultrasound cell;
were calculated irom the phase o e received signai. 7—amplification stagé+70 dB); 8, 9—power splitters;L0—hybrid power

(T)—o(To) -1 splitter; 11, 12—mixers; 13, 14—low pass filters15, 16—PAR160 box car
Av=I To+ w (6) integrators;17, 18—multimeters;19—computer;20—TEK TDS460 oscil-
w ' loscope for peak-peak and time of flight measurement.
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= PORS 'D'J:,fjﬁzznnnuuuuuﬂ"“m ation has a behavior similar to that of bulk liquid helium,
3 o0l .." P although slightly(~1 dB/cm) higher. The samples produced
o* DDUD N with heavy impurities are much denser than the ones with the
. ® ¢ DDDDD o D, impurity. In the case of the heavy impurities, investiga-
10+ oo® tions become impossible above temperatures in the neighbor-
A ADA ANLAASADLALDAALLALSALAEALD hood of 1.4 K because of an extremely high attenuation. We
0 OO<l:ooooooo90300880908830009000000 . . . .
could have increased the signal by decreasing the distance
1.2 1.4 1.6 1.8 2.0 2.2 between the transducers, but the method of collecting the
T.K sample did not allow us to do that. Therefore, in a series of

FIG. 3. The velocity(a) and attenuatiorib) of 4.96 MHz sound in liquid experiments we ir!trOdUCEd pulses with very lafgp tc_) 100
helium: in bulk (O), in D,—He solid(A), in Ne—He solid(@), in Kr—He V) values of the input amplitude. From an analysis of the
solid (@). V, is the ultrasound velocity at initial temperature for these mea-attenuation in different Im—He samples it became clear that
surementsT =1.362 K. D,-(heavy Im-He samples are, in fact, the most suitable
ones for investigations of the mechanisms of attenuation, be-
cause they have a relatively small attenuation. In this work
achieved through pumping by both the rotary pump and g€ lc\:lom;)ar?/vthr_ee sgmplt(ajs:th-le, bl%—He]; znd mlxedl
Roots blower, the initial speed of sound was measured. IPZ_ 2—He. We investigated the stability of these samp es
and also the frequency dependence of ultrasound attenuation.

the next stage, by closing the pumping line down, the temM ¢ : d betw 10 K and 4.2 K
perature was allowed to increase byl0 “K/s. Near the easurements were periormed between 1. and 4. '

lambda point the rate was decreased to abouf KUs. Du- with special attention_to_ the region near theoint. Figure 4

ing the warmup, the fountain pump was constantly supplyingfhows_ the characteristic temperature dependence of the at-
helium into the Dewar beaker up to the lambda point. After e_nua_t|on for these three ;amples. The behavior of the fattenu-
the superfluid transition, the warmup rate increased tgtion in the D-N,-He solid repeats that OT the,BHe SOI'd.
10 *K/s, but boiling in the inner Dewar did not occur. and bulk helium up td~1.75K. On warming up further, it

becomes closer to the behavior of the-Mle solid, i.e., the
attenuation increases and then reaches a plateau.

minimized. After the lowest temperatufd.0-1.1 K was

3. EXPERIMENTAL RESULTS

Figure 3 shows the results of 5 MHz ultrasound mea->1- Stability of the structure of Im-He solids

surementgin the first cel) at T=1.1-2.2 K in different Im - In this section we discuss the factors affecting the struc-
He solids (Im=D,, Ne, Kr) just after preparation. Here and tural stability of Imn—He samples. Changes in the structure
in later figures we show for comparison the velocity andshould lead to changes in the attenuation of ultrasound. Ear-
attenuation of sound in bulk helium which were measured ifier it was discovered that compression of the samples results
each experiment before accumulating the sample. The ain an increased attenuatiéhln this series of experiments we
tenuation of sound in the presence of Im—He sam@es show the impact of a warmup from 1.0 K to 2.2-4.2 K on
such heavy impurities as Ne and)Ks larger than in bulk the structure of our samples. Figure 5 presents the results of
helium at low temperatures and increases rapidly with temultrasound measurements for the three samples mentioned
perature, after which it reaches a plateau, and ak theintit  above as they were warmed up in the temperature ranges
goes through a maximum. Whereas heavy Im—He sampldselow or aboveT,. We can see that as the sample was
all have similar characteristic features, the-Ble solid be- heated up tdl,,,,<T, and then cooled again, there was no
haves quite differently. In the latter case, we do not observehange in attenuation, and therefore the structure did not
any measurable effect on the speed of sound, and the attenthange. Crossing, always led to the small transformations
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FIG. 7. The attenuation of ultrasound in liquid helium: in bylR), in

FIG. 5. The attenuation of ultrasound in liquid helium: in bylR), in
N,—He solid at 3.16 MHZ M), at 5.33 MHz(O).

D,—He solid[after preparation of solif\), after crossing\-point and cool-
ing down(A)], D,—N,—He solid prepared with dischargefter preparation
(@), after crossing\-point and cooling dowril), after warming up to 2.1 K
and cooling dowr(CJ)]. observed in heavy Im—He sampigike N,—He). For the first

time, for the D—N,—He solid, we detected a steady and

in the structure, registered by a slight increase of sound afleep monotonic increase in the attenuation up totpeint

tenuation. The attenuation preserved its characteristic feg(yi_thout the occurrence of a platea_u for 5 MHz sound._This
tures. nevertheless. might be explained by the purely high-frequency behavior of

Figure 6 shows the attenuation of ultrasound in quuidthe attenuation in this sample. For the 3 MHz attenuation we
helium filled D,~N,—He solid during warmup fro 1 K to observed only a slow linear increase in the same temperature

4.2 K. It was found that a sudden drop in attenuation take§ange-

place at 3.4-3.5 K, which is attributed to the change of struc- ) .

ture of this solid. Below this temperature, the sample occus-3- The behavior of the sound attenuation and the speed

pied the whole cell, but aT~3.5K a significant compres- °f sound near Te.

sion of the solid by a factor of 12 was observed. This is the  The results of measurements near xhgoint for N,—He
first observation of a spontaneous macroscopic change @blids are shown in Fig. 9. Different symbols represent dif-
structure of an Im—He sample in liquid helium. Fog-NHe  ferent samples. The maxima of the attenuation nearithe

without D,, these changes were not observed. point for N,—He samples are much broader than for liquid
helium, making the precise determination of the position of
3.2. Frequency dependence of the sound attenuation the maxima impossible. We can conclude from this data that

Figure 7 presents the frequency dependence of the at[bere is no significant shift of thie point for helium-filled

tenuation of ultrasound in the,NHe sample. Decreasing the porous N~-He solids. )

frequency leads to a lower attenuation and also shifts the Figure 10 shows the attenuation of ultraSOL(.odIy 5
point where the attenuation levels off to a plateau to higheMHZ data are preser?tkch the mixed Q_NZ_,HE S°"d$- The
temperatures. Figure 8 shows the measured frequency depé’t‘ﬁ'—dth of the attenuation peak near thepoint is °”'Y shght.Iy
dence of the attenuation in a,BN,~He sample at 3 and 5 broader than that for pure helium. That makes it possible to

MHz. It significantly differs from the frequency dependencedetermine a more precise position of the center of the peak. It
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FIG. 6. The attenuation of 3.16 MHz ultrasound in liquid helium: in bulk FIG. 8. The attenuation of ultrasound in liquid helium: in bylR), in
(O), Dy;—N,—He solid(H). D,—N,—He solid at 3.16 MHZ[J), at 5.33 MHz(H).
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40 an increase of the speed of sound with respect to pure bulk
liquid helium. Discovery of this effect was one of the first
. . . goals of this experiment. However, we were not able to pro-
30—_ cam " =" duce samples for which we could detect an increase in the
§ N DDDEDHDE’EUD 552 89 0 agp o °0 ap speed of sound, although we used our standard methods for
= ° aa A . creation of Im—He solid&” On the contrary, we observed a
< 20r st a® lower speed of sound than in superfluid helium. The only
= o 5 a8 @OZ o exception were B-He samples, for which the sound veloc-
ﬁﬁ % ity was the same as in helium to great precision. The ob-
10r 08 80 served decrease in the speed of sound can be explained by
2908 ° ® o, the creation of a porous structure of solid helium around the
0000 0 0oo . . . I
0 | , ) | . impurity particles. This is also supported by the fact that the

behavior of the speed of sound resembles the fast sound
mode in porous aerogé. This mode is intermediate be-
tween first and fourth sound. Here the normal component is
FIG. 9. The behavior of attenuation of 4.96 MHz sound in liquid helium locked in a very compliant solid matrix, so that the liquid
near\-point: in bulk (O), in different N—He solids(A, CJ, ). For N-He  and the aerogel fibers move together under mechanical and
solids the attenuation is shifted by 0, 5 and 10 dBm/cm, correspondingly. thermal gradients. McKeengt aI.28 developed a theory ex-
plaining the behavior of sound modes in aerogel, taking into

appears that the shift of peak with respect to bulk helium j@ccount the coupling between the normal component and the
~ 0.2 mK, but at the same time the reproducibility of the aerogel and its elasticity. The same features are observed in

measurements of the sound attenuation maximum in liquid™—He samples.
helium from run to run is about 0.1 mK. Therefore, based
on these experiments we can say that if the shift does exist, #.2. Attenuation of sound in Im—He solids

is less than or on the order of 0.2 mK. Note that Fig. 10 aq e pointed out before, the behavior of the attenuation
reflects the fact that the attenuation peak in bulk helium is;¢ <5 nd in different heavy Im—He solids has the same char-

-3 -2 -1 0 1 2 3
T-Te, MK

~0.8 mK below thex point3°

4. DISCUSSION

4.1. Velocity of sound in Im—He solids

acteristic features. We observe the transition from the plateau
with a small attenuation to the plateau with a bigger one,
which ends with a maximum at the point. This can be

explained by the structure of this porous material, which is

) ) ] ) ) _ characterized by a wide distribution of pore sizes. Among
Before performing this series of experiments, it was im-ihese pores there are large channels in which the behavior of
possible to predict the characteristics of sound propagation ifhe nelium is close to bulk helium. The existence of these
Im—He samples created by introducing impurities into superygres is realistic, especially if we take into account the
fluid helium. According to the existing model, these Im—He yathod of collecting Im—He solids. This is a highly nonequi-
solids represent metastable phases formed by coalesCifgiym process in which the impurity particles cooled by the
Im—He clusters, in which helium is solidified as a result ofyejium vapor enter the superfluid helium, where they stick
large attractive van der Waals interactions between heliunygether after random collisions with each other. So in this
a_t(_)ms and a central impurity particle. Therefore, under CONprocess, as the model of aggregation of the small particles
ditions of compact packing of these clusters one would eXjntg clusters predict& highly ramified fractal structures are
pect an increase in elastic modulus for this material and alsgyteq.
The accumulation of Im—He sample is characterized by
the existence of a convective flow of helium, which moves

40 parts of the created condensate from the location where the
impurity particles first hit the surface of the helium to the
300 bottom and to the walls of the cell. Later these small pieces
. of porous material stick together to form the Im—He solid.
g WA s They do not coalesce homogeneously, however. Therefore
2 20t “AA*‘ ar, Mol A macroscopic voids might be created between them, which
- T of oo“oA fa boaaad can lead to the formation of large channels in the final con-
3 st oS 8 . BRETYN bo s as densate. We should notice that this Im—He solid preserves its
10 ooooO %06 o form unless removed from the helium. Then it compresses
booo® °PLq o o & by 600/0?
0 . , | . Qualitatively the behavior of sound attenuation in

FIG. 10. The behavior of attenuation of ultrasound in liquid helium near
\-point: in bulk (O), in different D,—N,—He solids(A, A). For D—N,—He
solids the attenuation is shifted by 5 and 10 dBm/cm, correspondingly.

-3 -2 -1 0 1 2 3

T-To mK

samples with this structure can be explained as follows: At
the lowest temperatures the normal component of helium is
locked to the solid matrix, and the attenuation is small.
Warming leads to a decrease of the viscous penetration depth
dyisc» SO that, when it is comparable to the pore $ef our
solid, the decoupling of a portion of the normal fluid occurs.
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TABLE |. Values of T; and T, (see text for different Im-He solids and 150
corresponding pore sizes. g b
5 |
Sample T,, K R;, nm T,, K Ry, nm a3
.
Kr—He 1.20 530 1.56 210 ® 100f
Ne—He 1.35 320 1.73 150 9
N,—He 1.10 860 1.58 210 ?
D,—N,—He 1.75 140 2.05 110 3
D,—He 2.05 110 c L
2 < 50
N’
~
3
Therefore sound attenuation caused by the friction of the

layers of normal fluid as they become unlocked from the 1.2
solid matrix starts to increase rapidly. Let us call the tem-
perature at which this occur$;. Continuous warmup leads 11 T e ; - 4 attenuation for 5.43 MH
H H H . . lemperature depenaence of ultrasound attenuation tor o. z
goe;ifg_?_upglsn?hgftgﬁlhum in a greater number of pores. WeZD) rd 316 IE)/IHZ(.). P
2 perature at which the sound propagate
only in the large channels. There the helium is almost like
bulk helium and does not feel the effect of the walls. In
addition, sound can propagate through the smallest porex similar effect was detected in the work of Gordetra
formed at the earliest stage of the creation of the sample. Thehere a significant decrease of the concentration of deute-
helium in these pores is still locked to the solid matrix, andrium atoms contained in a;pNe—He sample was registered
attenuation is low and almost independent of temperatureduring warmup from 1.8 K to 4.2 K.
This resembles the behavior of attenuation in bulk superfluid ~ Analysis of sound propagation in Im-He solids shows
helium. that a distribution of the channels in superfluid helium is
By calculating the viscous penetration depthsTorand ~ present, including very large channels, in which the helium
T, we can find the corresponding pore sizg{.=R). These behavior is close to that of bulk helium. Although the speed
results, inferred from Figs. 3a and 4, are shown in Table 1and attenuation of sound did not reveal any substantial sup-
Samples produced by injecting heavy impurities in superfluidPression ofT. in N,—He samples, we discovered a very
helium are characterized by the presence of pores of larggmall shift in D,—N,—He samples, on the order of 0.2 mK,
size—from 150 nm to 820 nm. On the other hand, thewhich is similar to that in a very light aerogel. In addition, a
D,—N,—He sample has smaller pores—100 nm to 140 nm. Ismall broadening of the attenuation peak was detected for the
should be pointed out that from the analysis of the lowestN;—He solid near tha point. The width of these peaks gives
temperature part of the attenuation we can estimate only thés information about the smallest pores in the samples. Us-
pores of larger size, for which a large attenuation is obing Josephson’s relatidh for helium in the channels of
served. Information about the smallest pores is much harddm—He solids, namely
to obtain, because aftef,, sound propagates not only KeT.m?2
through them but also through the large channels. g(t):§0|t|*§=82—c,
This model is supported by investigation of sound at- A%ps(t)
tenuation in the same sample but at different frequenciesve can find the correlation length at the temperature where
Figure 7 shows that a decrease in frequency leads to a dée broadening of the attenuation peak starts. At this tem-
crease of attenuation. Alsb, shifts to the higher tempera- peratureT, the superfluidity in the poreéwhere the pore
ture. For both frequencied,(T,=1.48K at 5 MH2 is  radiusR=¢(T)) starts breaking up. In Eq7) m, kg, and#
equal tod,. (To=1.6K at 3 MH2, which has a value of are the mass of a helium atom, Boltzman’s constant, and
240 nm. Planck’s constant, respectively. From Fig. 7 we can say that
Im—He samples formed in our experiments have a varithe onset of broadening of the attenuation peak isT at
ety of different volume ratios between the porous part and~2.1 K, which gives the characteristic size of the pores from
the large channels. Compressing these samples leads tothe argument above &~8 nm. This is reasonably close to
decrease in the volume of the large channels, which in turf6=2) nm, the size of the clusters from which our Im-He
increases the attenuation, as was detected in the previosslids are built®
experimentg! The comparison of attenuation in freshly pre- Under certain favorable circumstances we were able to
pared samples and in those recycled abdyeshowed that produce samples without any of the large channels, and in
crossing the\ transition always gives a somewhat larger at-that case we did not observe the plateau in the temperature
tenuation, caused by compactification of the Im—He solidsdependence of the attenuati¢see Fig. 8 This idea was
A much larger effect was observed in the-I,—He sample checked by plotting the attenuation divided by, 7)Y as
during warmup to 3.4-3.5 K, where a sudden drop in attenushown in Fig. 11. The constant straight line aboVe
ation was observed. In addition, it was seen visually that the-1.6 K describes the high-frequency behavior of helium in
sample volume changed from 1.7 tmo 0.14 cmi. We did  this particular porous sample, which implies that the energy
not observe a similar effect in NHe samples. Hence this loss is occurring on the entire surface in a thin layer of thick-
change of attenuation is ascribed to the collapse of the paiess .. At a lower frequency this behavior starts at a
rous structure formed by deuterium molecules. It seems as Higher temperature because the viscous penetration length is

|.132
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larger. If we compare the temperatures at which the graph idohn Beamish, Jeevak Parpia, and John Reppy for very use-
Fig. 11 levels off to a straight line, we get the same value oful suggestions and discussions.
Syisc— 180 nm for 3 and 5 MHz ultrasound.

5. SUMMARY
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A study is made of the kinetic properties of the quantum systems formed in dilute solid mixtures
of ®He in *He at ultralow temperatures as a result of the first-order phase transition known

as phase separation. The system is a crystalline matrix of almostigara which small solid
inclusions of almost puréHe are embedded. Data on the inclusion growth kinetics, which

is governed by diffusion processes in the matrix, are obtained using precise pressure measurements
at constant volume. It is shown that impuriton quantum diffusion is the main process

causing the inclusion growth dt>100 mK. At lower temperatures a strong suppression of

quantum diffusion is discovered. This suppression can be associated with the elastic strains induced
by the large difference in molar volume between the matrix and inclusions. The magnetic
relaxation processes in such two-phase crystals are also investigated using a pulsed NMR
technique. The spin—lattice and spin—spin relaxation in the inclusions are found to be

practically independent of temperature. This can be described by exchange processes associated
with the ®He tunneling motion. The values of the relaxation times are in good agreement

with the corresponding times for pure bulke. In contrast with the case of pure sofide, the
exchange plateau region extends down to lower temperatures. The nuclear magnetic

relaxation in the matrix can be described by the Torrey model, which is bas@idesfiHe

tunneling exchange. The concentration dependence of the relaxation times coincides with that
observed for homogeneous dilute mixtures’lde in “He. © 2000 American Institute of
Physics[S1063-777X00)00409-9

1. INTRODUCTION the presence of a finite concentration gradient still remain

Helium isotopes and their solid mixtures are the rnostunclear. In this case, one would expect a significant change

typical examples of the not numerous but very interesting in thg role of mutual QP collisions, which may be effective
their scientific aspettclass of substances called quantumOnly in proportion to thel-process probability. In ordinary

crystals (QCS. The influence of the zero-point motions of classic crystals the self-diffusion coefficient is usually mea-

the atoms on the properties of QCs is a characteristic featurd/red using the radioactive isotope technique, which cannot

of these objects which becomes decisive at rather low tem€ implemented in solid helium. Nonetheless, its general
peratures. idea(measurement of the penetration rate of an impurity into

The zero-point motions are manifested especially ex& MatriX can be used even in this case. Using the known DC
pressively in the behavior of impurities and defects insidevalues for solid helium, one can estimate the distance to
QCs. As has been shown by Andreev and Lifshiise point which the impurity would penetrate for a reasonable duration
defects in this case delocalize and turn into quasiparticle§f the experiment. For a duration of several hours1('s)
(QP3, which can move inside the crystal almost freely. Thisthis distance is about 16.cm for mixtures with a’He
gives rise to the quantum diffusiofQD) phenomenon, concentration of 10°-10° where the DC s
which is characterized by a very unusual nature of the diffu-10”°—10 ®cn?/s. Measurement of the impurity concentra-
sive motion. The diffusion coefficiedDC) is either indepen- tion distribution in a helium crystal at such distances is a
dent of temperature, if the motion of the QPs is restricted byather complicated problem. NMR tomography, for example,
their mutual collisions, or even rises with cooling, if the allows one to measure only D&40~ 7 cn?/s >4
interaction with phonons plays the main role. Such regulari-  From this point of view the study of another peculiar
ties have been reliably established fete impurities in hcp  phenomenon in QCs, the so-called isotopic phase separation
“He crystals(see, for example, Ref)Zising NMR measure- at low temperatures, is very promising. As has been estab-
ments of spin diffusion(SD). The main parameters charac- lished in experiment,homogeneous mixtures of the helium
terizing the QD of impurity QPs in this system were alsoisotopes separate into two phases below 0.38 K. If the initial
found. mixture is dilute enough, a system consisting of isotopic im-

However, a number of peculiarities of the diffusive mo- purity inclusions in a matrix of the other isotope is formed at
tion could not be studied in the SD measurements. In parT—0. Such a system is rather convenient for investigating
ticular, the regularities of mutual mass diffusion realized inmass diffusion in helium crystals. Experiméhtgve given

1063-777X/2000/26(9-10)/4/$20.00 649 © 2000 American Institute of Physics
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an inclusion size of about T6.cm at low temperatures.
Therefore, the distance between inclusions at an initial con-
centration of 102 is about 103 cm. A change in tempera-
ture of the phase-separated mixtures causes a change in the
equilibrium concentration in both the matrix and inclusions
formed, so it is accompanied by diffusive mass transfer. In
accordance with the estimate given above, the diffusion
paths are such that characteristic times of variations in the
concentration are about 3010° s, well acceptable for mea-
surement. It should be noted that in this case one can deter-
mine in situ the DC of*He, which cannot be measured by
the NMR method at all and on which reliable data are now
lacking.
The system unde comSidralon 1 a0 e o e o gt e ot
the standpoint of Cle,‘arm,g up anpther poorly knO\,N_n aspect o‘glre fits to(2) for different final temperatures, rr?K: 181); 136(2); 121(3);
QD, namely the diffusive motion under conditions of a 105 4): 96 (5); 80.3(6); 61.6(7).
stressed state of the sample. The point is that a phase with a
molar volume significantly different from that of the matrix
appears upon phase separation. As a result, strains arise near ) )
the inclusions and may influence the diffusive mobility of ~ AS the experiments were carried out at a constant vol-
QPs. The influence of strains on diffusion has not been ad?Me; the phase transition produces a change in preastye
equately studied in the classic case. Besides, an addition@ihich is proportional td/g and, for small concentrations, to
mechanism involving the energy level shift between neigh{h€ change in the concentratidrx.
boring lattice sites appears in QCs. This leads to a decrease 1h€ cell is a flat cylinder 9 mm in diameter and 1.5 mm
of the probability of tunneling, a breakdown of the coherent™ _helgsht, described in detail in Ref. 12. Samples with an
motion of QPs, and a corresponding decrease of DC. initial He concenFratlorxo qf ~2.05% were .grown using
The quantum nature of helium crystals is clearly mani-the capillary plocklng technique. The annealing of the crys-
fested in their magnetic properties, too. The large amplitudd®!S was carried out for a day at a temperature close to the
of the helium atom zero-point motion gives rise to a strongM€lting curve. The sample temperature was cycled many
exchange interaction, which causes a tunneling atom motioffMes in the two-phase region after annealing. As a result of
and may change the magnetic relaxation processes. Thiis procedure, the crystal quality was improved, namely, the
problem has been investigated in detail only in monophas@hase separation time constant became reproducible and the
crystals, namely solid®He and homogeneousHe—*He f:rystal pressure decreas€dThe measurements were made
mixtures’® As to the above mentioned two-phase crystal," a temperature range of 50—300 mK for a molar volume of
consisting offHe inclusions in #He matrix, such investiga- 29-27 cni/mol, corresponding to a pressure of 35.99 bar at
tions have just startetf° The matrix of almost puréHe may ~ the pPhase separation temperatligg.
significantly after the nuclear magnetic relaxation at ultralow "€ phase se_zparatlgn was initiated by the step-by-step
temperatures. On the one hand, being chemically inactiv€2°ling of the solid®He~ He mixture belowT s, followed
and nonmagnetic, the matrix excludes the familiar Wa”_byalong temperatu_re stabilization. The equnlbnum pressure
mechanisms of relaxation. On the other hand, the transitioff the crystal established by the exponential law
region between the hcp matrix and the bec inclusions is sup-  P(t)=P;— (P;— P;)exp( —t/7), 2)
posed to contain a great number of defects, which may be . L . L
collectors for magnetic excitations of the Zeeman resefvoir. WNere 7 is the characteristic time governing the kinetics of
We present experimental data both on the phase separatignas? separation after cqollng m—;Pi IS _t,he,'n't'al pres-
kinetics of solid3He—*He mixtures and the corresponding sure in the sample, anié; is the final equilibrium pressure

diffusion processes and on the magnetic properties of solifuOr tE,e glveq tekr]nperatlkj]re. ) q q fth lati
®He inclusions in*He matrix in a millikelvin temperature \gure 1 shows the time gependence o the re atlye
region change in pressure on a logarithmic scale for each cooling

step. According tq1), the slope of the lines corresponds to
the time constant. As is clearly evident from Fig. 1, the
2. FORMATION KINETICS OF *He—“He MIXTURE TWO- characteristic times of phase separation decrease with tem-
PHASE CRYSTAL AND FEATURES OF °He IMPURITY MASS perature(lines 1-4), but they start to increasdines 5-7)
DIFFUSION below some temperatule=110 mK). The time constants
The phase separation kinetics of solide—*He mixtures ~ determined in such a way can be associated with the effec-
was studied by precise pressure measurements at a consttive diffusion coefficient, which provides%e atom transfer
volume. The method is based on the excess molar volgne to the new phase inclusions. The average size of’the
emerging during the phase separation of the two-componeiitclusions was measured most reliably by the confined dif-
mixtures, and for solid helium isotopes it1s fusion NMR techniqu®and is about 4.5m.
The relation betweelD .+ and 7 was found by solving
Ve=0.4(1-x)[cnr/mol], @ the corresponding diffusioer:f probletfi.It is worthwhile to
wherex is the concentration of the mixture. compare the estimated values of the mass diffusion coeffi-
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FIG. 2. The raticD ¢ /D; Vs temperaturéconcentratiopfor a crystal witha ~ “He matrix differs significantly from that in a homogeneous
molar volume of 20.27 cffmol. mixture. Further experimental and theoretical work is needed
to explain the facts described.

cient with the self-diffusion coefficient of impuritorBg, 3. MAGNETIC RELAXATION IN A PHASE SEPARATED
measured earlier in NMR experiments for soflde—*He  DILUTE *He—*He MIXTURE

mixtures of the same concentration by the spin-echo R . 4 . .
15 . . Cylindrical samples of solidHe—*He mixtures, 4 mm in
method.” In Fig. 2 we present the ratio @ /D as a func- . S
diameter and 20 mm long, were grown from an initial gas-

tion of temperaturg(concentration As the measurements ous mixture containing 3.18%ie by the capillary blocking

: . e
were ca_rrled out along the phase separation curve, a mUtu%ethod in an experimental ckllcooled with a nuclear de-
conformity between temperature and concentration takes

place. One can see thBt, and D, practically coincide at magnetization refrigerator. After annealing for a day near the

high temperatures. This means, that the quantum diffusiorrw’nelting temperature, the molar volume of the samples was
g P > e - qu ) (20.3+0.05)cni/mol. The 250 kHz pulsed NMR spectrom-
under such conditions is the main mechanism which pro-

vides the®He inclusion growth in théHe matrix. However, ((e_':_e; vrvgle;st%dn ttci)mrgia;#;esg}ﬁ Z%E:fggtgg(eif?gi;;én_Spln

2 .
as the temper.ature goes dovdr becomes much less than The difference between spin-lattice relaxation times in
D, and the difference is more than two orders of magnltudt%he

: ' matrix, with a low®He concentrationT¢, and in the
at the lowest temperatures. As follows from Fig. 2, the im- . : .
: e : . . concentrated dispersed pha%§, made it possible to sepa-
puriton quantum diffusion from the matrix to the inclusions

; . . rate the NMR signals from the two phases after phase sepa-

is strongly suppressed in the low-temperature region. The . : . . :

. . . . fation. Consequently, the spin-lattice and spin-spin relax-

most probable reason for this effect is the influence on dif- .~ . . . . .

; o . . . ation times were measured in both the matrix and inclusions
fusion of the elastic fields that appear in the matrix during

nucleation and growth of new phase inclusions with a molarOf concentratedHe.
The temperature dependencedgfandT, are shown in

volume much higher than that of the matrix. Under SUChFig. 3. The timesTS and TS for the concentrated phase in-

conditions the diffusion flux density can be written as . . .
follows:16 cIusmns. are seen to be practically mdepepdent of temper_a-
ture. This allows us to propose that in this case the main
Dx/Vx VU relaxation mechanism is connected with the Zeeman—tunnel
I== _(T+ ﬁ) (€©)) interaction. This is supported by the coincidence of our ex-
perimentalT{ value of 200 ms with the theoretical results
wherew is the atomic volumeYx is the concentration gra- given in Ref. 7. As in this experiment the Larmor frequency
dient, andVU is the potential gradient characterizing the is much less than the tunneling exchange frequeagy
inhomogeneous stress field. A significant decrease of madhe timesT; and T, in solid *He almost coincide in the
transfer may take place at low temperatures on the conditioffexchange plateau” region and are given as follolys:
that Vx and VU have opposite directions and comparable 10 w2\,
values. The elastic force gradient appearing during the solid  (T$) 1~(T$) !~ —( —_—,
®He inclusion growth in théHe matrix can strongly influ- 3 “E
ence the QD, slowing it down through either the action of awhereM, is the second Van Vleck moment.
direct force or an energy level shift of neighboring lattice Besides, the values obtained f3f are equal to the
sites. known values for bulk solidHe in the “exchange plateau”
Thus the®He mass transfer in the system formed duringregion under the same conditiohdhe main difference is
phase separation and consisting®de inclusions in a solid that the exchange plateau for solid bidle exists at tem-

w

o
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peratures above 0.25 K, but at lower temperatures a sharp
increase ofl ; occurs. This increase is due to a weakening of
the bond between the exchange reservoir and the lattice. This 10L A a
bond in bulk samples is provided by both vacancion and F ANA
impuriton relaxation mechanismisMleanwhile, temperature -

independence of{ for the *He inclusions in théHe matrix I
obtains over the temperature region in question down to 1.5
mK.

The disagreement may be due to the small inclusion 1
sizes and a considerable amount’de in the inclusions, at o
least neafT,s. However, the mechanism that provides the v
strong bond between the exchange reservoir and the lattice 0.01
under such conditions is unclear.

As is clearly evident from Fig. 3T5 is temperature in-
dependent in the region 50-200 mK and equals (0.21 -
+0.02) s. The temperature independenc&pand its coin- r
cidence with both the experimental valtiesf T, for bulk L
pure*He and the calculations according ) allows us to . .
suppose that the spin-spin relaxation mechanism is deter- 0.1
mined by the’He—*He tunneling exchange frequency, inde- X, %
pendent of temperature. Nevertheless, Tjetime tends to
decrease down to 0.15 s belows0 mK (see Fig_ 3 FIG. 4. Concentration dependence of the spin-latfigd A) and spin-spin

The decrease dF, is usually considered as being due to T, (V) relaxation times in the dilute hcp matrix. The experimental results

d . inD 18 é y h Ha g 7 obtained in Ref. §0J, ¥), Ref. 9(A), and Ref. 6(O) were normalized to
are UCtjgn In S* ur _meaSl_Jremems show thag is ( _our experimental conditions. The solid lines correspond to dependences
+2x10 8)cné/s in the inclusions down to 1.5 mK. This T,~x 0% andT,~x 1.
value of Dy is close to that for pure bulRHe of the same
density’
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We report the observation of high-resolutih008 cm?) infrared absorption spectra of GO
molecules isolated in solid parahydroggrH;) matrices aff =2.4 to 4.8 K. Several
extremely shar0.01 to 0.04 crm® full-width-at-half-maximum absorption features appear in
the 2343.5 to 2345 cit region. We assign the three strongest peaks ta ghmode of
isolated CQ molecules. The spectra are consistent with trapping of the i@@ecules in three
distinct double-substitutional sites in hcp and fcc regions ofptHe solid. We offer

several hypotheses as to the origins of the numerous weaker absorption featur&300©
American Institute of Physic§S1063-777X00)00509-7

1. INTRODUCTION These last two tasks motivate our interest in the spectroscopy
of dopants in solidoH,.

This manuscript is a status report on our continuing ef-  Our new “rapid vapor deposition” technique produces
fort to observe and analyze vibrational spectra of moleculaeasily doped, millimeters-thickH, solids of remarkable op-
dopants isolated in cryogenic solid parahydroggsH{) tical clarity!®” The compatibility of this method with most
hosts. As detailed below, our investigation of the micro-MIS dopant trapping schemes enables the isolation in solid
scopic structures and dynamics underlying many of theseH, of a wide variety of previously inaccessible chemical
spectra is at a preliminary stage. Despite this, we believe thepecies. The excellent transparency of rapid vapor deposited
experimental observations themselves merit being reportesemples is unusual fqvH, solids produced by vapor depo-
at this time. We hope that these new high-resolution data wilfition onto a substrate-in-vacudfrand enables their charac-
stimulate interest in the rigorous testing of theoretical modelderization by optical methods.
of vibrational spectroscopy of impurities in condensed  Our early work on doped cryogenic hydrogen solids em-
phases. ployed medium-resolution ultraviolet/visible and infrared

The suitability of solidpH, as a host for high-resolution (IR) diagnostics®~** However, we recently added a high-
(Av/v~10"®) vibrational spectroscopy was discovered by'esolution IR capability and were repaid by the observation
Oka and co-workefs® and was further investigated by ©f very sharp(~0.01 Cm—,l full-width-at-half-maximum,
Shida, Momose, and co-work&r&%and by Winnewisser and FWHM) V|br§1t|onal absorption featureg for dopaqts in rapid
co-workerst’~14 The favorable properties of solipH, vapor deposited samples._Moreover, h|gh-resolut|or_1 IR spec-
contributing to this phenomenon have been discussed iffa of SeY‘?fa[pfes_“mabD’S'mp'e molecular dopants in S,Ol'd
detail2° Here we note simply that soligH, is very “for- pHo exhibit amazingly rich structure. Not only are the vibra-
giving” of highly nonequilibrium sample preparation tech- tional transition energies often more precisely defined than

nigues such as direct gas-to-solid condensation. Stl’uCtUI‘]:a?r the same dopants in rare gas SARGS hosts, but such

. Spectra also typically include a larger number of distinct,

defects in such samples may be less numerous, and/or have a : .

smaller influence on dopant vibrational spectra, than in othe\rNe”_reSOlVed features. The increased precision and complex-
P P ' ity of these spectral measurements may require extraordinary

vapor deposited cryogenic van der Waals solids traditionall)éfforts for their complete assignment, but the reward should

employed as hosts for matrix isolation spectrosc@is). be a deeper and more quantitative understanding of dopant

Ol,” wprk on solidpH, is supported by the U.S. 1’?" trapping site structures and vibrational dynamics in solid
Force’'s High Energy Density MattefHEDM) program,” 1 ‘than has been achieved to date by MIS in RGS hosts.

our project’s ultimate objective is to demonstrate practical \we zre in the process of surveying high-resolution IR
energy storage in cryogenic solids for use as advanceghsorption spectra for a variety of dopants in sqid,. A
chemical rocket propellants. Thus our attention is focused ogypstantial database of such spectra should help to determine
the problems ofa) trapping large concentrations of isolated which physical effects dominate the vibrational spectroscopy
energetic dopantgb) scaling-up sample quantities beyond of different classes of dopants in sofiH,. For example, the

the thin films typically encountered in MIS studids) rig- spectra of CH/pH, solids®7 91022 5 case in which the
orously characterizing the chemical identities, concentraspherical-top dopant fits easily into a single-substitutional
tions, and trapping site structures of the incorporated enetrapping site, accordingly show line spacings and inten-
getic species, an¢d) evaluating the thermal and chemical sity progressions commensurate with slightly hindered
stabilities of these prototypical “cryosolid” propellants. rotors®??~2’Structurally, the spectra demonstrate that in as-

1063-777X/2000/26(9-10)/8/$20.00 653 © 2000 American Institute of Physics



654 Low Temp. Phys. 26 (9-10), September—October 2000 S. Tam and M. E. Fajardo

prepared rapid vapor depositpth, solids some of the CH tion of crystal-field or RTC models at this time. We end this

molecules are initially trapped in face-centered cuhc) manuscript with a summary, and list some of our immediate
regions' and that these regions convert irreversib|y to hexp'&ﬂS for future experimental and theoretical work to test the
agonal close-packethcp upon annealing? The polariza-  Proposed hypotheses.

tion dependences of the GHH, transitions further indicate

that annealing also results in improved alignment of the hcp. EXPERIMENTAL

crystallites’ c-axis orientations with the deposition substrate

surface normat? Dynamically, all the CH/pH, spectra can

be rigorously assigned by considering the rotational
vibrational dynamics of Cllat the center of static external

fields havingDg, (Ref. § and O, (Ref. 22 symmetries. (Substrate cooled t~2K in a liquid helium (He) bath

Thus a satisfactory explanation of these transition energi
>LoTy €xp . . 179 cryostat. We operate the ortho/para hydrogen converter at 15
does not require consideration of constrained rotational-

- ) A o
translational couplindRTC) in a rigid trapping sité® ! or fés?giglggthiglogroozrgﬁ ;z?rﬁlel?r)i'?;s?'?ﬁmﬂg floc\)n./oiif
of more general RTC interactions within a dynamic trapping ydrog 2 Imp : ok

site structurd?-3"These lessons learned from the JHH, pinges upon the substrate at a 45° angle; during a deposition

; . . ) . the pressure of uncondens as remains below
studies provide an excellent starting point for the asS|gnmen{1 y quH; g

© 74 . . .
of out 6centy observed nighly stuctured Gt specta 10, Tor The CO dopant s metered o e deposton
another case in which the dopant molecule should fit readil Y P 9 9 ' P

. . o Ynlet is situated at an angle of 45° from the substrate surface
into a single substitutional vacancy.

; normal, at 90° to theH, source. Individual sample prepa-
In stark contrast, we find that spectra of many larger k ple prep

. . rc?tion details are given below in the figure captions.
species, such as lower symmetry polyatomic molecules, an

We record IR absorption spectra of our &£/@H,
hydrogen- or van der Waal_s—bonded clusters of s_maller dOps’amples across the 800 to 7800 ¢mange at a resolution of
ant molecules, show no evidence of overall rotation. We be

. O ) ~0.008 cm'}; the main optical axis is parallel to the substrate
lieve end-over-end rotation is inhibited by strong anisotropic

: . ithin the | lti-substituti Inormal. The Fourier transform IR spectrometd@ruker
interactions within the lower symmetry multi-substitutiona IES120HR is equipped with a glowbar source, a KBr beam-

trapping sites required t9 ac_commodatg such l"’_‘rge_SpeCie§plitter, and a liquid nitrogen cooled HgCdTe detector. To
Thus, these larger species likely exist in the “librational” accommodate the IR diagnostic, the entire optical path is

limit, oscﬂla’ung aroundrﬁ(%ertam eqwhbnum orientations in- o |ncaq within a 0.5 Anpolycarbonate box purged with a
stead of rotating as a urfit.Yet, despite such strong dopant— ., <2t flow of dry N gas.

host interactions, many of these larger dopant systems ex-
hibit even sharper vibrational absorptions than those
observed for smaller dopants trapped in highly symmetricaf- RESULTS

single substitutional sites! A satisfactory analysis of the Figure 1 shows the 12C'®0, region of absorption spec-
spectra of these larger librating systems must deal with thga from three different as-depositexH, solids containing
additional complication of simultaneously considering bothco2 concentrations ranging frorr0.01 ppm up to 1.2 ppm.
inherent and trapping-site-induced spectral features. The concentrations are estimated as described prevfdusly
Before attempting such analyses, we turn first to a Simusing a value of 550 km/mol for the; CO, integrated ab-
pler model system of a linear triatomic molecule such ag COsorption coefficient® The peaks labeled, 3, and y domi-
in solid pH,. Our IR spectra of CQ/pH, samples show nate all three spectra, but show minor sample-to-sample
complicated patterns of sharp lines which do not appear tQariations in relative intensities. Not shown are the
match a rotational dynamic&ide infra), and so may be ,13C%0, and v;%0*C*0 regions of the spectrum de-
comparable in this respect to the larger dopants. Howevepicted in trace(1c), in which similar features, also matrix-
the gas-phase vibrational transitions of £are very well  shifted by~—5 cm * from the gas-phase vibrational band
known; thus, any peculiar features in spectra of,0fH,  origins;®*! appear for each natural abundance isotopomer.
are immediately attributable to either dopant—dopant interacthe observed peak positions and linewidths are summarized
tions or to interactions with the@H, host. We think the in Table I.
CO,/pH, system will prove to be an excellent arena for  Figure 2 shows the effects of repeated temperature cy-
evaluating the various elements of the RTC models in theling on the v52C!0, band of the 1.2 ppm CQpH,
limit of strongly hindered rotation. sample depicted in tracd.c). The most pronounced change
In what follows we describe briefly our experimental observed during the initial warming frofi=2.4 to 4.8 K is
methods and present our preliminary high-resolution IR abthe strong irreversible decrease in the intensity oftipeak
sorption data for the CQOpH, system. We will show that at 2344.64 cm®; the same behavior is observed for the other
the strongest absorption features are due to isolated CQO, isotopomers, as well. We also note the simultaneous
molecules and not to (C), clusters. We discuss these growth of thea’ peak at 2343.91 cit, the weakening and
monomer spectra in terms of candidate trapping site strucsharpening of thex line, the strengthening and broadening of
tures, and the corresponding rotational vs librational dynamthe 8 peak, and the appearance of<#.5 cm ! broad ab-
ics of the trapped molecules. We will give a list of hypoth- sorption lump near 2344.6 cm Trace(2c) shows that upon
eses about the possible origins of the numerous weakee-cooling toT=2.4K thea anda’ peaks weaken, a new/
absorption features but will attempt no quantitative applicadine appears at 2343.98 ¢rhtogether with other weaker

Our experimental apparatus and sample preparation
_techniques have been described in detail befbté?'Doped

pH, solids are prepared by rapid vapor deposition of pre-
cooledpH, gas and room temperature €@as onto a Baj-
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The gas-phase vibrational band origin for the localized

1 2'_ T o S o asymmetric stretch mode of “slipped parallel” G@imers
“l . e o T < is observetf to be shifted by+1.63 cm! relative to the

monomerv 3 *2C'®0, band origin at 2349.14 cnt; theoreti-
10k B cal calculation®=*° predict shifts of between 0 and2
cm !, depending on the dimer geometry. The cydlg,

, symmetry CQ trimer band origin is shifted by-2.58 cm?
0.8 (Ref. 46 and the noncycli€C, symmetry CQ trimer shows
- two bands with origins shifted by-5.85 cm* and +3.58

=z ] cm ! (Ref. 47, all shifts again referenced to the gas-phase
= 0.6} monomem 5 band origin. Larger gas-phase (§@cluster®
c;,o— i and ultrafine particlé€ show broad absorptions across the
2 L 2340 to 2380 cm' range. The absorption maximum in pure,
0.4 crystalline, natural isotopic abundance solid £éazcurs at
I C J 2344.8 cm?, but solid samples prepared by different meth-
L ods can show absorptions anywhere between 2330 and 2380
02+ b L || cm ! (Refs. 50-53
I Matrix isolation studies involving generxl—CO, com-
o2 | LL x4 plexes are far too numerous to list here exhaustiv&ly?
LR B SELEL L LA B UL U H : _
9340 0344 0348 0350 The IR absorption spectrunf a 1 ppm CQ/N, solid care

c fully prepared from the melt shows a single sharp line with a
Wave number, cm width of ~0.007 cm* at T=11K, which is assigned to

FIG. 1. IR absorption spectra of three as-deposjtild solids atT=2.4 K librating CO, molecules isolated in single-substitutional

containing different concentrations of natural isotopic abundance. CO sites®” All other previously reported); region spectra of

Trace(1a) is for a 13 ppm COpH, sample containing-0.01 ppm CQas  solely CQ doped rare ga@‘ezdeuteriumff&mandsz (Ref.

an unintentional impurity; sample thickness is 2.7 mm. Trdd® is for an 65) matrices show muItipIe absorption features Spanning a5

8 ppm HCIlpH, sample containing=0.04 ppm CQ as an unintentional —1 . i}
impurity; sample thickness is 3.0 mm. Trade) is for a 1.2 ppm CQ/pH, to 10 cm ~ range. These features are preparation-, concen

sample that is 1.4 mm thick. The inverted triangles at the top of the figurdration-, and annealing-dependent, and are assigned to CO
indicate the positions of several gas phase ro-vibrational lines fovshe molecules in multiple trapping sites, and/or to aggregated

mode of'“C'°0, (Ref. 40. Trace(1a) has been rescaled by a multiplicative (CO,), species. Most directly relevant to this discussion are
Igfigonr.of 4; all the traces have been displaced vertically for ease of presenp o spectra of (C§), clusters in solidpH,, which show a
complicated pattern of peaks throughout the 2345 to 2350
cm ! region®
. B ) Finally, the absence of additional features in traCes
features in the 2343.6 to 2343.9 chregion, thep feature and (1b), for which the CQ is actually an unintentional im-
strengthens and broadens further, and the 2344.8 mp  pyrity in samples containing 10 ppm of other dopants, fur-
broadens and/or diminishes. Repeating the te'mperaturtﬁer supports the argument for negligible dopant aggregation
cycle, traceg2d) and (2e), shows the largely reversible na- ynder the present sample preparation conditions. Not shown
ture of these changes. As reported in Table I, the broadeninge spectra from other experiments at higher HCI concentra-
of the v *C*%0, B feature upon annealing is largely due 10 tjons whichdo show absorption features in the 2346 to 2346
the appearance of a shoulder on the red side of the maig,,1 region attributable to (HCJ(CO,), complexe<?
peak; thev3'°0'*C'°0 p feature actually splits completely These 2 to 5 cmt blue shifts from the matrix isolated mono-
into two sharp, well-resolved peaks separated 9.02  mer absorptions are in line with the2 cm* shift reported
cm - - _ in previous HCI/CQ/Ar studies®”®8 Thus, clustering during
Figure 3 shows the 2345 to 2350 cinregion of the  geposition to form (C@), should be even less important for
same spectra as depicted in Fig. 2. Several sharp new peaj more dilute 1.2 ppm COsample depicted in tradd.c).
appear upon temperature cycling, most notably those near \we thus conclude with confidence that theB, and y
2345.25, 2345.37, 2346.67, and 2347.25 ¢m features are due to isolated ¢@olecules. The appearance
of all detectable absorption features in as-deposited samples
within a narrow~1 cm ! region, especially tracedc) and
4. DISCUSSION (3a), further suggests that even these weaker features may
also be due to isolated GOnolecules. The new weak fea-
] . tures which appear only upon annealing, especially those
We assign they, 8, andy features to isolated Cmol- \yjth significant shifts from the band center, may be due to

ecules as opposed to (GJ3 clusters due to(1) the extreme  (c(,), clusters. We will discuss these possibilities further in
dilutions of the sampleg?) the lack of any systematic con- the following sections.

centration dependence, aff) the absencéfor as-deposited
CO,/pH, solidg of any other absorption features outside a
narrow~1 cm ! window. Assessing the validity of this last
point requires a brief review of the literature on (g@clus- We attribute the appearance @it least three separate
ters. absorption peaks for monomeric @ trapping of CQ

4.1. Isolation of CO , molecules

4.2. CO, molecule trapping site (s)
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TABLE |. Peak positiongcm 1) and widths(FWHM, rounded to nearest 0.005 ch), and assignments for the main IR absorptions in, GG,
The labelse, B, andy refer to the three largest peaks observed in as-deposited samples; thexlaBetba” refer to two additional strong features
that appear betweenand g upon temperature cycling. The “as-deposited” spectra are tak&€r&4 K, the “annealing” spectra a&t=4.8 K, and
the “annealed” spectra upon re-cooling 16=2.4 K. The gas-phase vibrational band origing, are estimated from data in Ref. 40.

Peak positions (widths)

Label Assignment
as-deposited annealing annealed
o 2278.296 (0.040) 2278.300 (0.015) 2278.299 (0.010) vy ¥c'®o,
o n.0. vy = 2283.48
o 2278.454w (0.025)
B 2278.861 (0.030) 2278.872 (0.030) 2278.867 (0.025)
¥ 2279.099 (0.015)
o 2326.835 (0.035) 2326.842 (0.015) 2326.842 (0.015) v 0t2cto
o n.o. v = 2332.11
’" n.o.
2327 41w 2327.42w 2327.399 (0.010)
2327.422 (0.010)
¥ 2327.656 (0.020)
o 2343.813 (0.040) 2343.818 (0.020) 2343.814 (0.015) v; 12C'0,
o 2343.912 (0.015) vo = 2349.14
o 2343.979 (0.020)
B 2344.395 (0.025) 2344.404 (0.030) 2344.397 (0.040)"
¥ 2344.639 (0.020)

w-weak, signal/noise-1; n.o.—not observed, signal/noisel;x —shoulder at 2344.372 crh

molecules in multiple trapping sites. Each distinct trappingmade up of separate hcp and fcc regith®: "#The introduc-
site by definition corresponds to a different time-averagedion of up to~1000 ppm concentrations of dopants like £H
structure of dopant and host molecules and so, in principleand CO, which are nearly the same *“size” apB, mol-
can generate a distinct pattern of gas-to-matrix spectral shiftscule in the van der Waals sense, does not significantly affect
for the dopant vibrational transitions. For purposes of thishe pH, structure. Thus, trapping of such dopants in single-
discussion, we can ascribe the formation of multiple trappingsubstitutional vacancies results in the formation of two dis-
sites during the highly nonequilibrium sample depositiontinct classes of trapping sites: &f;;, symmetry in hcp re-
process to(1) imperfections in the underlying host crystal gions, andO,, symmetry in fcc regions. The experimental
structure, and/of2) mismatches in the “sizes” of host and CH,/pH, and CQ/pH, spectra are all consistent with this
guest molecules. relatively simple picturé?=8
As mentioned in the Introduction, the microscopic struc-  However, if our spectroscopic diagnostics are only sen-
ture of our rapid vapor depositgaH, solids is far from that sitive to interactions with nearest neighbpH, molecules,
of the perfect, single hcp crystals that can be produced bthen we would necessarily detemtly two fH, environments
slowly freezing liquidpH, (Ref. 69. The hcp(...ABABAB..)  for anyarbitrary stacking pattern of basal planes, i.e., sites in
and fcc(...ABCABCABC.) structures are only two of the layers B8) embedded in regions of local hcp stacking
infinite number of densest close-packed structures that cafKABAX, “hcp-like”), or local fcc stacking(XABCX,
be produced by stacking of close-packgbasal”) planes. “fcc-like” ). Dopants substituted into hcp-like sites would
Patterns with longer repeat uniggolytypism), non-periodic  experience external fields of very neay,;, symmetry,
structures such as twin and stacking faults, and even randomhile those in fcc-like sites would exist in nearly octahedral
stacked close-packed structures are also posSible. environments. Depending on the particulars of the dopant—
Fortunately, the combination of IR and Raman spectrospH, interactions, the distinction between, for example,
copies of pure soligpH, reveals the symmetries of the sites “hcp-like” and “true hcp” may be undetectable in a given
occupied by thgH, molecules’~"*We have not detected spectroscopic experiment.
any vacancy defects in as-deposited undgpldg solids, and In the case of CQas the dopant, the situation is further
we have further shown that these samples are not amocomplicated by the larger size of GQelative to thepH,
phous; rather, they appear to the densest close-packed solidsst. Figure 4 shows this size discrepancy in a semi-
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o:a J
o343 | 2344 | 2345 " o346 Judging from the drawings in Fig. 4, we consider it un-

4 likely, but not impossible, for a COmolecule to occupy a
single-substitutional vacancy in soljgH,. A relaxed trap-
FIG. 2. Annealing behavior of the 1.2 ppm G¢@H, sample described in  PiNG site structure would require considerable distortion of
Fig. 1. Trace(2a) is an expanded view of the as-deposited spectrum prethe surroundingpH, molecules away from their original lat-
sented above in tradéc). The temperature sequence(@a) T=2.4K, (2b) tice positions' |eading to numerous smaller repu'sive
T=48K, (20 T=24K, (2d T=4.8K, and(2¢) T=2.4K. The labelr’ 1y o1y interactions. On the other hand, the double-substi-
and a” denote two new features that grow in during annealing. . . .
tutional site readily accommodates a £@olecule, and the
triple-substitutional site appears perhaps overly spacious.
We can most easily explain our observation of three
quantitative manner, with the GOmolecule depicted in main peaks in the spectra of as-deposited (B, solids by
single-, double-, and triple-substitutional vacancies in basdarapping of CQ molecules in three distinct double-substi-
planes of sphericgdH, molecules. Overlap between molecu- tutional vacancies. In each case the JO@olecules should
lar outlines indicates repulsive interactions, whereas interexist as strongly hindered librators and not as rotors. By
vening space indicates attractive interactions. comparison with the recent GIN, experiments; we would
The pH, molecules are drawn as circles with diametersexpect a single sharp line as the main signature for each
representing the 3.8 A nearest-neighbor separation in solitapping site. There is only one type of double-substitutional
pH, at IHe temperature® We use the nearest-neighbor site in an fcc solid, while there are two different ways of
separation, instead of the minimum separation for theemoving two adjacent host molecules in an hcp solid. These
pH,—pH, interaction potential, to include the effects of are designated “in-plane’lip) if both host molecules are
guantum zero-point motion on the structure of sqiid,,  removed from the same basal plane, and “out-of-plane”
which would be absent in a simple potential energy minimi-(0op) otherwise’®
zation. We were unable to find an angle-dependent Based on their annealing behaviors, we assign the three
CO,—pH, interaction potential in the literature, so we re- major lines to CQ molecules trapped in double-
sorted to a recently calculated G&He potential instea’.  substitutional sites as follows: theline to the oop-hcp site,
Since the minima of thespherically averagedHe—He,
H,—H,, and He—H potentials occur at separations of: 2.94
A,7®3.4 A% and 3.4 A" respectively, we expect only minor
differences between the length scales of the,€aH, and
CO,—He potentials. Subtracting the 1.9 A effective radius of
the pH, molecules from the angle-dependent minimum of
the CQ—He potential produces the outline of the £@ol-
ecule. The “dip” in towards the central C atom indicates the
presence of an attractive well, and correctly reflects the exl-:IG. 4. Hypothetical trapping sites for G@olecules in soligpH, based on

perimentally determined T-shaped global minimum;E8e  single-, double-, and triple-substitutional vacancies in close-packed planes
geometry7.8 of pH, molecules.

Wave number, cm™
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the B line to the ip-hcp site, and theline to the fcc site. The peaks. The irreversible changes observed upon annealing
virtual disappearance of the line upon annealing matches would thus correspond to the disappearance of some of these
our previous experience with irreversible loss of fcc regionsmetastable trapping site structures. The logical extreme of
during annealing. We attribute theline decrease an@ line  this model, in which each and every line corresponds to the
increase upon annealing to the improved alignment of thabsorption of CQ molecules in a particular trapping site,
hcp crystallitec-axis directions with the substrate surface raises the interesting notion of inhomogeneities as discrete,
normal. Since our IR beam propagates parallel to this sameountable entities; challenging the traditional “continuous”
direction, CQ molecules oriented perpendicular to the sur-depiction of inhomogeneous broadening.

face normal will exhibit better alignment of their; mode The extreme dilution of our samples weighs against at-
transition dipoles with the electric field of the IR beam. tributing the weak features in the 2343.5 to 2345 ¢me-

We exclude trapping of C{O molecules in triple- gjon to long-range interactions between O@olecules. Vi-
substitutional sites because such molecules should exist &$ational shifts due to resonant interactions between, CO
slightly hindered rotors. Since the rotational constant o, CO molecules die off with increasing separation Rs® (Ref.
is only ~0.4 cm %, several rotational levels would be popu- 4¢); their absolute magnitudes fall below0.1 cm* for
lated at the temperatures employed in these experiments. W@parations greater thas20 A. At a concentration of 1 ppm
see no evidence in the spectra for the evenly spaced absorp: solig pH,, the number density of COmolecules is only
tion lines expected for rotational transitions from such levelsy gx 1016cm~3; for a random distribution the mean separa-
We note that our results do not absolutely exclude the posjon petween closest GOmolecules is~200 A. Further-
sibility of trapping of CQ molecules in single-substitutional ore denoting the distribution of separations between clos-
sites. In analogy to the argument made previously for the,g; CQ molecules a$(R)dR, then from the peak value near

double-substitutional sites, one can conceive of two types ok _ 500 A f(R) tends towards zero aB? for decreasing
relaxed single-substitutional sites in hppl, which differ in separatioﬁs. Thus, very few of the C@olecules will be

the orientation of the trapped G@nolecule with respect 0 556 enough to communicate in this manner. An intriguing

the hcpe :_ms]. , ; i is the ab ion | mechanism in which dopants interact via the strain fields
, One final point o comparison 1S the a 59”0_“0” Ine- they induce in the surrounding host lattice has been proposed
widths expected for the single vs double-substitutional trapz explain sharp features in IR absorption spectra qf/SF

plngljltes. In. the fwsi case, bOtT N nd; (t)f the,{?aﬁble(ftjr:e th matrice<® In fact, the spectra reported in that study bear a
would experience -strong repuisive interactions wi epassing resemblance to our &PH, spectra. However, we
nearest-neighbqvH, molecules, suggesting the likelihood of

. . . find it difficult to accept that such a mechanism could oper-
strong coupling between the G@; asymmetrical stretching : . . .
: _— .~ ate over the~100 matrix host diameters intervening between
mode and theH, solid. For the double-substitutional site, CO, dopants in our 1 ppm samples
especially if the center of mass of the €@olecule is b P pies.

. . . The models proposed so far in this section cannot ex-
strongly localized near the center of the trapping site, the , . .
. plain the observedeversibletemperature-dependent changes
ends of the C@ molecule should experience much weaker

L : , : to the spectra. Several of the weaker features appear to origi-
attractive interactions with thoseH, nearest neighbors nate from thermally populated initial states. On the other
aligned with the molecular axis. In this case, we would ex- Yy pop '

pect very weak coupling of the, mode with thepH, solid hand, thea” line appears to originate from a very easily
and correspondingly narrow ab350rption lines 2 ' thermally depopulated initial state; we estimate that the

height of thea” peak decreases-50-fold upon warming
_ from T=2.4 to 4.8 K. Since the lowest-lying vibrational state
4.3. Weak absorption features of a gas-phase COmnolecule is the), bending mode at 667

We turn finally to the origins of the numerous weaker cm 1, these thermally populated states must involve interac-
absorption features in the G@pH, spectra. Ultimately, suc- tions with thepH, solid, although we can as yet offer no
cessful quantitative modeling of these features should yiel@pecifics as to the libration—translation dynamics involved.
the best insights into the GQrapping site structures and Another possibility is the aggregation oH, impurities
librational dynamics, as well as the more general lessons waround the C@molecules. Assuming complete equilibration
hope will help us interpret the spectra of larger non-rotatingn our ortho/para convertérat T=15K, the residuabH,
dopant systems. At present, however, we can only offer ougoncentration is=100 ppm. Actually, assuming natural iso-
qualitative speculations in the form of a list of hypotheses tdopic abundance, thpH, solids should also contair-300
be examined in the future. ppm HD molecules, but HD molecules are immobilized in

The same multiple trapping site argument used above tthe solid atlHe temperatures. On the other hand, frel
explain thea, 8, and y peaks can be extended to include “ortho” excitations are mobile by a process known as
some or all of the peaks observed in the 2343.5 to 2345'cm “quantum diffusion,” i.e., the conversion of adjacent
region in as-deposited G@pH, samples. In place of 0H,—pH, pairs intopH,—0oH, pairs®®"3882any J=1 ex-
double-substitutional sites in hcp and fcc regions we substieitation that diffuses into the vicinity of a trapped ¢@ol-
tute the concepts of hcp-like and fcc-like trapping sites dis-ecule would localize to form awoH,—CO, pair bound to-
cussed above. In contrast to the JidH, case, for which we gether via the electric quadrupole—quadrupdlEQQ)
found no such distinction, for CpH, subtle differences in interaction. Based on previously published Bl /pH,
final relaxed trapping site structures due to non-neares@and D,/oH,/pH, spectrd;® this same EQQ interaction
neighbor interactions might induce thel0% differences in  should be capable of producing complex features ovetla
gas-to-matrix shifts required to account for these minorcm ! region of the CQ@ spectrum. In this picture, the revers-
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Solid parahydrogen is an excellent matrix for matrix-isolation spectroscopy because of its high
spectral resolution. Here we describe the rovibrational structure and nuclear spin

conversion of CHHembedded in parahydrogen crystals studied by infrared absorption spectroscopy.
The vibration—rotation absorptions of Gldxhibit time-dependent intensity changes at 4.8

K. These changes are interpreted to be a result of the—1=2 nuclear spin conversion that
accompanies thé=1—J=0 rotational relaxation. The half-lifetime of the uppk&r 1

rotational state is unchanged by the addition of up to 2% orthohydrogen molecules but decreases
with more than 10% orthohydrogen molecules. The increase of the decay rate at higher
orthohydrogen concentration indicates that the magnetic field gradient acrqsdu€hb the
orthohydrogen molecules mixes the nuclear spin states, which accelerates the convers2600 ©
American Institute of Physic§S1063-777X00)00609-3

1. INTRODUCTION The sharp linewidth indicates that parahydrogen crystals

Matrix isolation spectroscopy at cryogenic temperaturesare a prom'i‘?g med'“.’“ for high-resolution matrlx.|solat.|on

has grown to be a methodology for a variety of appIicationsSpeCtrOSCOpy" F?IIOW|ng_the v(;/ltci)rk of th_e gro,up in Chi-

in the field of molecular spectroscopy. Its application to the@90: the a.uthors group '?3 Ky ‘"?‘”d Fajardo’s group at

study of unstable molecules has piloted gas-phas dwards Air Force Bagé ' have independently initiated
igh-resolution spectroscopic studies of atoms and molecules

spectroscopy.Not only unstable but also stable molecules in .
cryogenic matrices have been the subject of studies for une_mbedded in parahydrogen crystals. We showed that most of

derstanding physics and chemistry in the condensed ﬁhaset.he spectral widths Of molecules in parahydrogen crystals are
In the early works by Lewis in the 1940s, organic mo- sharper than 0.01 cnt at low temperature¥’ The spectral

lecular solids were used as the isolation matritBare gas reselution of 0.01 cm is high enough to discuss intermo-
matrices, which were introduced by Pimentel and hislecular interactions and molecular motions in the condensed

co-workers* have been widely used in recent studies becausBNase in great detalf . .
of their chemically inert property and weak perturbations. N @ series of papers we have extensively studied
The interaction from the environment, however, is not smalfrotation—vibration transitions of methane molecules embed-
due to the proximity of surrounding atoms and moleculesded in parahydrogen crystals by high-resolution infrared ab-
which makes the spectral linewidths of matrix-isolated speSOrption spectroscopy** The analysis of observed spectra
cies broader than those in the gas phase. The typical lindeveals that the rotational energy levels of the methane is
width of vibrational transitions in rare gas matrices is on thefully quantized, having the rotational quantum numbeis a
order of 0.1-1 cm*. The spectra in the condensed phasedood quantum number. Here, we again discuss methane mol-
must contain much important information, such as intermo£cules in parahydrogen crystals, but we focus on the nuclear
lecular interactions and hindered motion of molecules unde#pin conversion of methane.
perturbation of the surrounding electrostatic potentials. Un-  In the case of Cli the four equivalent protons can be
fortunately, the broadening of the spectra wipes out most ogoupled into three nuclear spin stat¢s;0, 1, and 2. The
the fine spectral structures containing such information.  Pauli principle requires that only certain nuclear spin wave
Recently, it was found that the spectra of molecules infunctions couple with any particular electron—vibration—
parahydrogen crystals are surprisingly sharp, as was initiallyotation wave-function§>** As a result, the]=0 rotational
noted by Oka and his co-workets’ They studied parahy- state is associated with tHe=2 nuclear spin quintet state
drogen crystals using high-resolution infrared and Ramamnd theJ=1 state is thd =1 ftriplet state, while the)=2
spectroscopy and showed that not only the parahydrogen istate is coupled with both thé=1 triplet state and the
self but also isotopic impurities such as orthohydrogen and=0 singlet state. Even if the temperature is lowered suffi-
deuterated hydrogen in parahydrogen crystals exhibit shargiently, the equilibrium distribution cannot be achieved be-
absorption feature®® The sharpest transition so far observedcause conversion among the different nuclear spin states is
is the absorption of deuterated hydrogen, whose width i$orbidden®? Only weak nuclear spin—nuclear spin magnetic
only 4 MHz (full width at half maximum, FWHM28 The interaction and spin—rotation interaction may cause the con-
width is almost two orders of magnitude narrower than thatversion among different nuclear spin states in the gas
of Doppler-limited gas phase spectra. phas€3~% In condensed phases, evidence for the triplet (

1063-777X/2000/26(9-10)/8/$20.00 661 © 2000 American Institute of Physics
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=1)—quintet ( =2) transition in solid methane has been ob-scopically® The lattice constant of solid hydrogéd.78 A) is
served by proton magnetic resonance spectrostbp§The  considerably larger than that of N8.16 A). The large lattice
transition of methane in solid argon and krypton has beemronstant of hydrogen results from large zero-point lattice vi-
observed by infrared spectroscopy® A conversion time of  bration due to the small mass of,HThe large lattice con-
about 100 min has been reported in these condensed phasst@nt of parahydrogen provides more free space for a guest
which is still a slow process compared with other relax-molecule as compared with other matrices.
ations. The importance of parahydrogen as the matrix for infra-
In a previous papé? we briefly reported the fact that the red spectroscopy was first proposed by @kal.°and has
J=1 rotational level is populated in spite of the null Boltz- been proved by the authors’ grddp® and Fajardo’s
mann factor at the observed temperature, and that the popgroup??*® Independently, Miyazakiet al. found that the
lation of theJ=1 rotational level decreases with time, which parahydrogen matrix is useful for ESR spectroscopy because
can be attributed to a relaxation of rotational energy accomparahydrogen does not have any magnetic moments which
panying a nuclear spin conversion. The present article presause a broadening of ESR linewidffs.
sents additional data and arguments to support the view that Visible and UV spectroscopy of atoms in solid hydrogen
the existence of impurity orthohydrogen in parahydrogerhas been conducted by Fajardbal. They have studied the
crystal increases the conversion rate. reactive dynamics of dopants in solid hydrogen with the ul-
In Sec. 2 we briefly describe the properties of parahytimate aim of finding high-performance rocket propelldfits.
drogen crystals to demonstrate the usefulness of parahydro- Infrared studies of rovibrational transitions of molecules
gen matrices for isolation spectroscopy. Experimental detailssolated in parahydrogen crystals have been developed by the
are given in Sec. 3. In Sec. 4, infrared absorption spectra aduthors’ group and Fajardo’s group, independently. Tech-
CH, embedded in parahydrogen crystals and their analysesques for making parahydrogen crystals in two groups are
are briefly overviewed. Analysis and discussion on thedifferent. In Kyoto, we made the crystals in an enclosed cell,

nuclear spin conversion are given in Sec. 5. as is described in the next sectit® In the Edwards Air
Force Base research, Fajardo developed a technique to grow
2 PARAHYDROGEN MATRIX transparent crystals on a cold surface in an open vacuum.

) ~_ Due to the relatively high vapor pressure of él/en at liquid

There are two kinds of hydrogen molecules existing inHe temperatured! the standard deposition technique which
nature: para- and orthohydrogen The parahydrogen mol- s ysually employed for isolation spectroscopy of rare gas
ecule possesses a nuclear spin angular momentuns6f  matrices can not be applied straightforwardly. Fajardo found
while for orthohydrogeri = 1. Because the total wave func- 5 condition for growing completely transparent crystals of
tion of H, has to be antisymmetric with respect to the per-mjllimeter thickness by controlling the deposition rate and
mutation of hydrogen atoms, parahydrogen in its groungne temperature of the substrafeOn the other hand, our
electronic state is associated with the rotational states of evegthclosed cell technique allows us to grow crystals at a higher
guantum numbers, while orthohydrogen is associated Wm?emperature, which maintains the equilibrium between gas
odd numbers. Since the interconversion betwee® and  anq solid phases without encountering the problem of vapor-
I=1 nuclear spin states is very slow in the absence of agation of samples.
external magnetic field, the parahydrogen and orthohydrogen The two methods have their own advantages and disad-
can be considered to be different molecules under norma}antages. The advantage of growing the crystal in an en-
conditions. Since the rotational constants of hydrogen molgjosed cell is that the crystal structure surrounding the guest
ecules is as large as 60 cm(Ref. 37, the para- and ortho- molecules becomes completely HépTherefore the fine
hydrogen occupy rotational quantum numbersJefO and  strycture of the observed spectra in an enclosed cell can be
J=1, respectively, at liquid He temperatures. Herein, thereated by a quantitative analysis of the molecular interaction
termspara- andorthohydrogerare used to signify hydrogen and molecular motions in the condensed phase based on first
molecules withJ=0 andJ=1, respectively. principles. Crystals grown by Fajardo’s deposition technique

Since parahydrogen, with the rotational quantum numbege found to be a mixture of hcp and fcc structuieghe
J=0, has no permanent electric moments of any order, Wgjifierent environment surrounding embedded molecules
consider the molecule to be spherical, like rare gas atomgayses extra transitions, which makes the quantitative analy-
Due to the spherical nature of parahydrogen, the crystal ofjs of the spectra more difficult. On the other hand, one can
parahydrogen provides a homogeneous environment for gspe any molecules in solid hydrogen by the deposition tech-

guest molecule. On the other hand, orthohydrogen, with th@jque, while a very limited number of molecules can be iso-
rotational quantum numbel=1, has a permanent quadru- |ated by our enclosed cell technique.

pole moment® Thus the interaction influenced by orthohy-

drogen is strpnger than that by parahydrogen. From the speg_— EXPERIMENTS

troscopic point of view, the existence of orthohydrogen in

the crystal causes additional broadening due to the quadru- Parahydrogen crystals were grown in a cylindrical cop-

polar interactiorf. Therefore, it is desired that the concentra- per cell with both ends enclosed by Bakindows with in-

tion of orthohydrogen be as low as possible. The concentradium gaskets. Pure parahydrogen gas containing less than

tion of orthohydrogen can be reduced to less than 0.05% b§.05% orthohydrogen was obtained by passing high purity

using an ortho—para convertéf® operated at 13.8 K. (>99.9995% normal hydrogen gas through an ortho—para
The crystal structure of pure parahydrogen is a completeonverter at 14 K. A detail of the converter is given in a

hexagonal close-packeticp), as has been proved spectro- previous review articlé! About 10 ppm of methane was
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mixed with the converted hydrogen gas at room temperature. R(0)
Concentrations of orthohydrogen higher than 0.05% were 3
controlled by adding normal hydrogen to the converted para-
hydrogen gas. Then, the mixed gas was continuously intro-
duced into the copper cell installed under the cold surface of
a standard Dewar-type liquid He cryostat. The temperature Q) R(1)
of the cell was keptta8 K during the crystal growth, which
takes about 2 hours. The typical flow rate of the gas was 100 P(1)
cm’min. The crystal, which was completely transparent, was A
grown from the copper wall toward the inside. The crystal b
thus grown is a completely hexagonal close-packed struc- 3000
ture, as is proved by the stimulated Raman gain spectroscopy
of the Q,(0) transitioff and infrared absorption of methane FIG. 1. Infrared absorption spectrum of thg transition of CH embedded
in the crystal®!® The ¢ axis of the crystal is along the di- in a parahydrogen crystal. The orthohydrogen concentration is 0.05%. The
rection of crystal growth. spectral resolution is 0.25 crh

Infrared absorption spectra were observed by a Fourier
transform infrared FTIR) spectromete(Nicolet Magna 75D

with a resolution of 0.25 c'. A globar source, KBr beam o crystal field ofDg, symmetry. In this case, the first an-

splitter, and a liquid-Mcooled HgCdTe(MCT) detector isotropic crystal field potential is found to be
were used for recordings. All the measurements were done at

4.8 K.
In an experiment to determine the concentration depen-
dence of orthohydrogen impurity on the conversion rate, or-

g N

T N BRARARAR NN RS S S n RS s LR nns ey e n s n
3020 3030 3040 3050
v, cm?

T
3010

v<m=esc§1[o<z?§m>—D@%,3<m

thohydrogen molecules were added to the premixed gas in +D5 5(0) =D _5(Q)]

concentrations of 0.05, 0.2, 2, 10, 20, 30, and 75% while 5

maintaining the concentration of GHThe conversion rate =g4,——[ —2 cos 2 cos cos 3p

was followed by observing the relative intensities of the 4

FTIR absorption of the lines arising from different nuclear +5in 2y(1+ co€ 6)sin 3¢]sin @ (1)

spin states. Several spectra were recorded for each sample ) )
intermittently at reasonably separated times. One recordin%hereﬂz()('gv‘»") IS tPe Euler angle of methane relative to
took about 10 minutes. During the interval of the recordingsthe crystal axis, an®{),(Q) is Wigner’s rotation matrix®
the globar source was turned off in order to avoid conversior! € definition of the Euler angles and of Wigner’s rotation

due to photoexcitation by the globar light. matrix is the same as employed by Houd&mhe symbol
£4¢ IS a crystal-field parameter to be determined by analysis

of the observed spectra. Equati@t) can be easily derived
with the use of the extended group thedty®
The interaction potentiaV/({2) in Eq. (1) causes the
Since the intermolecular distance of solid hydrogen ofsplittings of degenerat®l-sublevels of the spherical rotor in
3.78 A is significantly larger than the van der Waals diametethe free space. The rotational energy levels in the ground
of methane at about 3.24 A, methane molecules can rotatgbrational state can be calculated as the eigenvalues of the
almost freely in para-hydrogen cryst4fdn previous papers, matrix of HamiltonianH =B"J%+ V() whereJ is the rota-
we have shown that the rotational quantum numbef the  tional angular momentum operator, aBd is the rotational
methane is still a good quantum number in parahydrogewconstant of the ground state. The rotational levels in the tri-
crystals and that the effective rotational constant is only 10%ply degenerate excited vibrational states can be obtained by
smaller than that in free spate!®8 taking into account the Coriolis interaction in addition to the
Figure 1 shows an FTIR spectrum of thg band of rotational Hamiltonian. In a previous paper, we have deter-
methane in a parahydrogen crystal. The orthohydrogen comined molecular constants of methane and the crystal field
centration is 0.05%. The large splitting, of about 9 ¢mis  parametergs., by the least-squares fitting of the observed
assigned to the rotational branches of methane; the trandiransition wave numbers with the use of the crystal-field po-
tions at around 3008 cht are assigned t®(1), those at tential given in Eq(1).1® Refer to our previous papers for a
around 3017 cm' to Q(1), those at around 3025 ¢thto  complete analysis>*®
R(0), andthose at higher than 3031 ¢thto R(1). The It should be noted that all the observed absorption lines
small splittings of 0.5 cm® appearing in each rotational can be assigned to the rotational branches, and thus the so-
branch are due to thié quantum number of methane, which called rotationless transiti8hi*” is absent in our spectrum.
is the projection of the rotational quantum numiBJealong  Rotationless transition have been observed in the case of
the crystal axis. The splitting of tHd-sublevels is caused by water isolated in rare gas matric®¢’ Recently, it was ob-
the crystal field of solid parahydrogen. served that HO in solid parahydrogen also exhibits a rota-
All the transitions appearing in Fig. 1 can be quantita-tionless transitiot® The presence of rotationless transitions
tively interpreted by assuming that methane occupies a sulwere interpreted as indicating that the molecules are firmly
stitutional site of the hcp crystal structure of solid hydrogen,trapped in interstitial sites of the lattice. The absence of the
and the methane, havinf symmetry, rotates freely under rotationless transition in the case of methane in parahydro-

4. OBSERVED SPECTRA AND ROVIBRATIONAL ENERGY
LEVELS OF METHANE
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TABLE |. Time-dependent absorption intensities of Cid parahydrogen

0.05 %
i a crystals.

ortho
concentration,| Time, min® |[I[R(O)]® | I[Q(1)]?| Sum® | c(t)?
%

0.05 50 0.104 | 0.041 |0.223 |0.467

D WDV e S 85 0.113 | 0.038 |0.223 |0.506
3000 3010 3020 3030 3040 3050 3060

v, cm 175 0.137 | 0.031 |0.227 |0.604

205 0.140 | 0.030 |0.227 |0.617

0% 270 0.152 | 0.027 |0.230 | 0.660

b 340 0.161 | 0.024 |0.231|0.698

0.2 32 0.044 | 0.020 |0.104 |0.429

92 0.046 | 0.015 |0.088 |0.521

152 0.052 | 0.014 |0.091|0.568

2.0 50 0.122 | 0.048 | 0.261 |0.467

3000 3010 3020 3030 3040 3050 3060 100 0.138 | 0.042 |0.260]0.531

v, cm™ 160 0.151 | 0.036 |0.2550.591

220 0.161 | 0.033 |0.257 |0.627

FIG. 2. Temporal behavior of the; transition of CH in para-hydrogen
crystals with orthohydrogen concentration of 0.0%8b and 10%(b). The 270 0.171 0.030 | 0.258 | 0.663
solid line is the spectrum observed just after crystal growth. The dotted line
is the spectrum observed 2 hours after crystal growth. The sharp spikes a
due to the absorption of moisture in the air.

10 60 0.146 0.046 | 0.2790.523

115 0.172 | 0.040 |0.2880.597

gen crystals confirms that methane occupies a substitution 160 0.184 | 0.034 |0.2830.651
site of the crystal, but not any interstitial sites. 220 0.199 | 0.029 [0.283 |{0.703

Figure 2 represents a time-dependent change of spectr 280 0209 | 0.023 |0.276]0.758
structure for the:_/g, transition (spectra of crystals yvith the 340 0205 | 0.022 |0.269]0.763
ortho concentration of 0.05% and 10%, respectixeljhe
solid line is the spectrum observed immediately after the 20 14 0.143 | 0.038 |0.25310.565
growth of the crystal, while the dotted line is the spectrum 74 0.179 | 0.027 |0.257 | 0.696
observed 2 hours after crystal growth. It is clearly seen tha
all the absorptions except those at around 3025'dmecome 134 0.191 0.020 10.24910.767
weaf after a few hours, while the absorptions around 302! 194 0.198 | 0.018 }0.250 0.791
cm ~ become strong.

In Table | the observed integrated intensities of R{6) 30 15 0.598 | 0.147 11.024 0,584
andQ(1) transitions at various times are given for the crys- 75 0.751 0.092 | 1.018  0.738
tals with orthohydrogen concentrations of 0.05, 0.2, 2.0, 10 135 0.795 | 0.074 |1.010]0.787
20, 30, and 75%, respectively. Note that the time when we 195 0.809 | 0.067 |1.003|0.806
finished making the crystal was taken as the origin of time 255 0.813 | 0.065 | 1.002|0.812
(t=0) given in the second column. It is observed that the
integrated intensity of theR(0) transition increases with 75 6 0.439" | 0.052 |0.590 0.744
time, while that of theQ(1) transition decreases. The time- 36 0.472 | 0.045 | 0.603)0.783
dependent absorption changes are due to the nuclear sy 66 0.476 | 0.043 | 0.601{0.792
conversion of methane. In the next section we discuss th 96 0.475 0.042 | 0.597 | 0.796

conversion in detail. aThe time when we finished making the crystals was taken as the origin of

time (t=0).
b Integrated intensity of alM-sublevels of each transition.
¢The value ofI[R(0)]+2.9[Q(1)], which is supposed to be a constant

. . . . irrespective of time after the crystal growtbee text The absolute value
It is convenient to review the salient features of the of the sum varies depending on the concentration of @Htrystals.

nuclear spin modification of the methane molecule. TheiThe mole fraction ofi=0 methane, defined in E).

Pauli principle requires the total wave-function of molecules

to be antisymmetric with respect to the permutation of any

identical nuclei. It follows the fact that only certain nuclear tational wave function of a CHmnolecule is connected to the
spin wave function couples with any particular electron—symmetry of the nuclear spin wave function by the require-
vibration—rotation wave functions. The symmetry of the ro-ment that the total wave function be antisymmetric with re-

5. NUCLEAR SPIN CONVERSION
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spect to the interchange of any two protons. It was fullyTABLE Il. Energies and Boltzmann distribution of the vibrational ground
discussed by Wilsdfl that the requirement is met if both State of CH in parahydrogen crystals.
rotation and spin wave functions belong to the same repre

P ; : Equilibrium
sentation in the pure rotational tetrahed{@l point group. dflt buti
The twol =0 states . , | distribution

Statistical| Term value”, at 5K

J r® I

12 Y4 2|aaBB)+2|BBac)—|aBaB)—|Baap) ot weight em™!
without] after
—|aBBa)—1BaBa)l, NSC © | NsC ¢
4~V |apap)+|BaBa)—|aBBa)—|Baap)] —
belong to the irreducible representati@ the ninel=1 2 EE 0 ‘ 36448 100 ) 00
states 2 | EF, 1 6 31.426 | 0.0 | 0.0

.Y _ _

4 2[|aaa'8> |aa,8a)+|a,8aa> |Baaa>]' 2 Aif 0 2 29.527 0.01 0.0
27" |aBaB)—|BaBa)], _

_y EF, | 1 6 28.828 | 0.0 | 0.0
4~V |BBBa)—|BBaB)+|BaBB)—|aBBB)], -
471/2[|aaa,8)—|aa,8a)—|a,8aa)+|ﬂaaa)], 2 A1F2 1 3 27.789 0.0 0.0
2" Y| appa)-|Baap)], 2 | EE | o0 4 23501 | 0.2 | 0.0
4~ Y| BBa)—|BBaB)—|BaBB)+|aBBB)], 1 | AF | 3 9.485 | 0.16 | 0.03
4" |aaap)+|aaBa)—|aBaa)—|Baaa)], t | EF, | 1 6 8.815 | 0.40 | 0.08
27 q|aapp)-|BBaw)], 0o |44 | 2 5 0.000 | 0.31 | 0.89
479 |BBBa)+|BBaB)—|BaBB)—|aBBB)] 2Representation of the rotational wave function in the extended group

1y ja )| )| ) ation

belong to the irreducible representatiéin and the fivel G="Dg® Gy, (See Ref. 1k .
9 P b Calculated with the molecular parameters obtained in Ref. 15.

=2 states ¢ Population of each rotational level at 4.8 K if the nuclear spin conversion
is completely forbidden. The ratio of th F, andE nuclear spin states is

|aaaa), assumed to be 5:9:2 at room temperafdre.

4_1/2“ aaa,B>+ | aa,@a) + | a,@aa}-l— |Baaa)], dll:é);:)cl)it.ion of each rotational level at 4.8 K without the nuclear spin modi-

6 "4 |aapp)+|pBaa)+|aBaB)+|BaBa)

+|Baap)+|apBal,

4-Yq|pBBa)+|BRap)+|BaBB)+|aBBB)], The fifth column of Table Il shows the energies of the

| ) ground vibrational state of CHin parahydrogen crystals,

BBBB calculated using the previously determined parameRers
belong to the irreducible representatién Therefore, theJ =4.793cm ! andeg.=—25.8cm L. Together with the sta-

=0 rotational state having th& representation i is com- tistical weight in the fourth column, the population of each
bined with =2 (A) spin states, thd=1 rotational states state at any temperature can be calculated. The equilibrium
having theF representation are combined with 1 (F) spin  distribution at 4.8 K with and without the nuclear spin con-
states, and thd=2 rotational states having thé and F version is given in the sixth and seventh columns of Table II.
representations are combined witk=0 (E) and 1=1 (F) Without the nuclear spin modification, the equilibrium Bolt-

spin states, respectively. zmann distribution of the ground rotational levels at 4.8 K
The same coupling between rotation and nuclear spimas to be 0.89, 0.08, and 0.03 for the 0 level,J=1, M
wave functions is required also for a Ghholecule in a =1 level, andJ=1, M=0 level, respectively. However, as

crystal, since the symmetry of space does not affect on this seen in Fig. 1, the spectral intensity Bf1), Q(1), and
symmetry of the permutation of nuclei within a molecule. In R(1), all of which are transitions from thd=1 levels, are
Table Il, the representation of the rotational wave functionapparently stronger than the intensity predicted from the
and the coupled nuclear spin state are listedJfe0, 1, and  equilibrium distribution given in the seventh column in
2 levels of the ground vibrational state. The first, second, andable Il. This indicates that there is an appreciable popula-
third columns show the total rotational angular momen@im tion of theJ=1 levels just after the crystal growth, contrary
the representation of the rotational wave function in the exio the 4.8 K Boltzmann distribution. The non-Boltzmann dis-
tended group,*® and the total nuclear spin angular momen-tribution is due to the nuclear spin modification.

tum I, respectively. Thel=0 rotational state is combined It should be noted that no absorption from the 2 ro-
with | =2 spin states, thé= 1 rotational states are combined tational states was observed at any time, as is seen in Fig. 2,
with 1 =1 spin states, and the=2 rotational states are com- although the lowest rotational state coupled with te0
bined with eitheld =0 orl =1 spin states. The fourth column nuclear spin state is thé=2 state. There has to be an ap-
shows the statistical weight of each lev2l. preciable population in thé=2 levels just after the cooling
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of the temperature of CH as is seen in Table 2 but we
have never observed transitions from the 2 levels. The 0.8 ;/Y—H
absence of thed=2 population may be explained by fast
relaxation from thel=2 levels toJ=1. TheJ=2 rotational
state is coupled not only with tHe=0 nuclear spin state but
also with thel =1 nuclear spin states. Due to the proximity
between thd =0 andI=1 in the J=2 level, the nuclear
spin—rotation interaction could yield mixing between the
=0 andl=1 nuclear spin states, which results in the fast 04
relaxation from thel=2 to J=1 rotational states. The relax- % ortho
ation might be too fast to observe on our experimental time 0.05
scale. In the following, we consider only the conversion from 0.2
theJ=1 levels toJ=0. 02 | fé)
In order to discuss the nuclear spin conversion process 20
guantitatively, we define the mole fraction of the-0 state 2
as

0.6 -

PN K § N ]

75

I ] 1 !

c(t)=[3=01/([I=0]+[I=11,) ) ° R iy

where [J=0]; represents the concentration &0 mol-  FIG. 3. The time-dependent behaviorb# 0 methane molecules at various
ecules at time. The mole fraction is related to the integrated orthohydrogen concentrations. The solid lines are the theoretical curves of
absorption intensities as Eq. (4).

c()=I[RO)1/([RO) ]+ AILQ(D) ] ®) It is seen in Figs. 3 and 4 that the conversion rate is

wherel[R(0)], andI[Q(1)]; are the integrated intensities of Unchanged by the addition of up to 2% orthohydrogen but
the R(0) andQ(1) transitions, respectively, amlis a con-  Ncreases with more than 10% orthohydrogen. The fact that
stant which is equal to the ratio of the transition probabilitiesth® conversion rate increases with increasing orthohydrogen
of R(0) andQ(1). Although we do not know the transition Cconcentration indicates that the nuclear spin conversion is

probability exactly, we can estimate it by the fact that the€nhanced in the presence of orthqhydrogen molecules.'Since
sum of [J=0],+[J=1],, which is proportional to the orthohydrogen has a magnetic mom&rthe magnetic

I[R(0)],+AI[Q(1)];, should be constant at all times. We field from the orthohydrogen enforces the forbidden spin re-

found that the value oh=2.9 gives approximately constant /@xation froml=1tl=2..

values ofl [R(0)],+AI[Q(1)]; as is seen in the fifth column In order to obtain a q_uahtatwe p|c_ture of th(_e effect (_)f_
of Table I. We therefore assume here that®(e) transition orthohydrogen concentration on the spin conversion rate, it is
is 2.9 times stronger than th@(1) transition for thew, necessary to know the number and distances of orthohydro-

mode of CH in parahydrogen crystals. With the assumption9€" molecules from a methane molecule. Here we approxi-
of A=2.9, the mole fraction at any given time is obtained asMate the number of orthohydrogen molecules on the assump-
shown in the last column of Table I. tion of a homogeneous distribution of orthohydrogen and

The change of the mole fraction with time is plotted in methane molecules in the crystal. If we assume that the crys-

Fig. 3 for different orthohydrogen concentrations. If we treat

the time-dependent change of the methane absorption spectra 5
with first-order kinetics, the time dependence of the mole

fraction c(t) may be written as

c(t)=[c(0)—c()]exp(—kt) +c(), (4)

wherek is the sum of theJ=1—J=0 rate and thel=1
—J=0 rate. In Fig. 3 the best-fit functions of the form of
Eq. (4) are also drawn for each concentration. Here the value
of ¢()=0.89, given in Table Il as the equilibrium distribu- 2
tion, was assumed for the samples with low orthohydrogen *
concentration<10%). For higher orthohydrogen concentra-
tion (=10%), we treated thec() as a parameter of the 1L
fitting.*® The conversion raté& defined in Eq.(4) obtained
from the least-squares fitting method are plotted in Fig. 4 as oo
a function of the orthohydrogen concentration. 0 L

The first-order kinetics in Eq4) gives acceptable agree- 0 20 40 60 80
ment with all the experimental time dependence, as is seen in ortho concentration , %

Fig. 3. This indicates that the S|mple first-order kinetics ISFIG. 4. Dependence of the conversion rate upon orthohydrogen concentra-

appropriate for the nuclear spin conversion of methane ifon. To obtain the conversion rate, the first-order kinetics of @gwas
parahydrogen crystals. assumed.

k, 10® min™
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tal is a hexagonal close-packed structure whose nearestEmail: momose@kuchem.kyoto-u.ac.jp
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Atomic oxygen is photogenerated in solig By 193 nm irradiation of samples initially doped
with molecular oxygen. The atoms are detected by laser-induced fluorescence at the
O(*s—1D) transition, which occurs at 559 nm, with a fluorescence lifetime of 280The
absorption leading to this emission is indirect, attributed $Xp:O(°P) pairs. Complementary
studies are carried in solid [xo-doped with Xe and §) in which, in addition to ionic

XeO centers, the atomic &— D) transition with a radiative lifetime of 5@s is observed.

The photogeneration of the atomic centers and the stability of the atomic and molecular
emissions are sensitive to sample preparation and thermal and irradiation histories. In annealed
solids at temperatures below 6.5 K the atomic emission does not bleach, implying that

the vertically prepared GD) atoms undergo intersystem crossing to fornt®)( rather than

react with D.. The barrier to insertion on the &)+ D, potential energy surface in

solid D, is explained as a many-body polarization effect. The recombination #®)Ogtoms

can be initiated thermally and can be monitored by their thermoluminescence at the
molecular Q(A’— X) transition. The thermal onset of recombination varies between 5.5 K and
9 K, depending on the sample preparation method. In all cases, the thermally induced
recombination is catastrophic, accompanied by thermal runaway, pressure burst, and material
loss. This is interpreted as an indication that the process is initiated by self-diffusion of

the host, consistent with the notion that atomic O centers stabilize the host latticRO0®
American Institute of Physic§S1063-777X00)00709-X]

1. INTRODUCTION emission over the various electronic states that correlate with
0(®P)+0(®P) is observed?!! Due to the light mass and

Oxygen—.doped solid hydrogen and it_s isotopes prov id?/\/eek forces in the hydrogen quantum solid, we would expect
an opportunity for the study of photophysics and 'Chem'Strysigniﬁcantly reduced stopping power of the host. Whether O
in quantum hosts. In addition to fundamental motivations

solid hvdrogen doped with atomic oxvaen is a prototvoe of 'will undergo facile photodissociation under 193 nm irradia-
ydrog b vg P yp %ion in solid hydrogen is the first question of interest. Quite

r_nono-propellant, Wh'.Ch'. W'th optimized dopant _c_on_centra-clearly, in addition to the different kinematics of quantum
tion, could have a significantly enhanced specific impulse

. . ersus classical solids, now reactive channels for the forma-
over the standard liquid oxygen/hydrogen mix presently used ’ . o
as rocket fuet. The present study was motivated by the ab—t'on of OH and K0 are open to the photodissaciation of. O

sence of the rudimentary data required to assess the possib-ﬁhe laser induced fluorescenddF) probes used in our ex-

ity of this concepf Our experimental studies show the sta- periments give no evidence as to the presence of.these reac-
bility of atomic oxygen with respect to diffusion, and, more tiV€ channels; we only detect molecular and atomic oxygen,
significantly, we uncover the non-reactivity of both ground-2nd in both cases only a fraction of the population is de-
state and electronically excited atomic oxygen with the D t€cted. We have previously reported on the spectroscopy of
host. Reports of these findings have appeared as conferengi®lecular Qisolated in solid hydrogen and deuten&frWe
proceedingsand in a thesid.Here, we collect some of the Tely on the orbitally forbiddem’ (°A,) —X(°Z¢) transition,
more important observations, which have served as the basi§own as the Herzberg IIl barfd,as the laser-induced fluo-
for theoretical analyses that have already been published. rescence probe of the isolated molecules. This transition
The experimental plan is based on our prior studies oBains its intensity by matrix-induced mixing betweeg(Q’)
atomic and molecular oxygen in rare gas sofidsThe and the nearby repulsive,(I1) state. Based on the sym-
in situ photogeneration of atomic oxygen, by ArF laser irra- metry requirements for the mixing, we have argued that only
diation of O-doped solid hydrogen at 193 nm, is the pro- molecules isolated in fcc sites and oriented along][ ]
posed starting point. Note that, although this radiation proaxis of the unit cell are observable. Only a fraction of the
vides an energy 1.3 eV in excess of the dissociation limit ofmolecules are observable in solic,Dand none are detect-
the molecule, the strong cage effect in rare gas solids preable in solid H, although the presence of the isolated mol-
vents dissociation of the molecule, and the recombinanécules could be verified there by thermal cycling of solids

1063-777X/2000/26(9-10)/7/$20.00 669 © 2000 American Institute of Physics
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over-coated with a film of Xe. It was inferred that in solig H Thermal shield Temperature sensor
the guest @ molecules are exclusively isolated in hcp sites. T~12K s (Silicondiede)
This consideration is the main reason for carrying out the
present studies in solidDin which metastable fcc sites can | 3/4.m spex
be produced via thermal cycling. In rare gas solids both | or
atomic and molecular oxygen can be monitored through | 1/4-mOMA
fluorescence induced by laser irradiation at 193 nm. The

same applies in solid ) although, as will be argued, this

Copper
substrate
T~4K

Laser power-meter

non-resonant probe is also limited to detection of special Deposition | g ;

. - ) eposition line i (Photo-diode)
sites. Nevertheless, the availability of a method of monitor- Mg F, window | ‘
ing O atoms, via its J(S— D) emission, allows verification , Helis laser
of its photogeneration and permits drawing direct conclu- H—
sions with regard to chemical stability and thermally induced ) -
recombination. As will be discussed, we find the concept of S R Lr,:lg:;r
an atomic impurity diffusing through the solid lattice to be ¢ o

misguided. The more surprising result is the absence of 250 nm laser

chemistry on the JD) + H, potential energy surface, which ' _ _

in gas phase binary collisions would lead to formation off!G. 1. Expenmental setup. The Hg flow cryostat is adapted for simulta-

OH-+H (Ref. 14, but in the presence of a third body should neous monitoring of fluorescence induced by the 193 nm laser and the
kAl p . . y doubled dye laser from the same interrogation volume. The temperature of

form H,O. According to the most refined potential energy the cryotip is monitored with a Si diode, the output of which is read out by

surfaces the gas phase reaction is barrier’fiéBo ensure the computer, along with the fluorescence and thermoluminescence data.

that the solid state observations of non-reactivity were not he _He:Ne Ia;er_ is used to monitor thickness of the growing film; otherwise

. . . e films are invisible to the eye.
peculiarity of the special sites probed, we carry out measure-
ments in solid B co-doped with @and Xe, in which Xe acts

as a sensitive detector of atomic oxygen in its various elecéomputer for further data analysis. The same computer is

. 6 . . wge .
tronic states! These studies more definitively confirm the 454 interfaced to the temperature sensor/controller and the
chemical stability of OfD) in solid D,. This unexpected i delay generator used to synchronize the lasers.

result could not be rationalized in molecular dynamics cal-  aq excitation source. the doubled output of an excimer-

culations using refined, non-additive, but covalent pairpumped dye laser and/or the direct output of an ArF laser
potentials’ However, the more recent theoretical treatment,oherating at 193 nm is used. In many of the experiments the
using the diatomics-in-molecules approach, which takes ity |asers are synchronized to correlate resonantly induced
account the ionicity of interactions, succeeds in providing &,orescence from the molecules with the 193-nm-induced

rationale for the many-body origin of the reaction be}ri‘i7er_. chemistry and fluorescence of atomic and molecular oxygen.
Here we provide the experimental data that has inspired

these theoretical developments.
3. RESULTS

2. EXPERIMENTAL 3.1. O,-doped solid D ,

We prepare the doped films by spray-deposition of pre-  The majority of experiments were performed in oxygen-
mixed gaseous samples on an oxygen-free copper substratiped solid deuterium samples with a gas mix composition
mounted on the cryotip of a He flow-cryostaee schematic of 1:500. Excitation of @/D, samples at 193 nm leads to
in Fig. 1). The cryostat is contained in an all-stainless-steelemission on both molecularz()A’3AuHX3Eg) and atomic
ultrahigh-vacuum shroud fitted with metal-sealed MagRd O(*S—!D) transitions, as shown in Fig. 2a. The fluores-
sapphire windows. A silicon diode of0.05 K accuracy cence lifetime of the molecular emission is %4, while that
(Lakeshore Cryotronigamounted on the back of the copper of the atomic emission at 559 nm is 23@ (measured at 4
substrate, is used for temperature measurements. The shrokigl In addition to this LIF scheme, the photogeneration of O
is evacuated with a turbomolecular pump to a base pressusoms can be verified through their thermoluminescence
below 10 8 Torr at room temperature. The samples are de{TL). The thermally driven recombination of atoms,3®}
posited at temperatures ranging from 3.8 K to 5.5 K, with+O(®P), produces the sam&’— X spectrum, as shown in
film growth rates ranging from 1.am/min to 3.6 um/min.  Fig. 2b. The same emission spectrum is obtained through
The sample thickness is measured during deposition byesonantA’«< X excitation of the molecule, as previously
monitoring interference fringes from a reflected He: Ne laserdescribed in some detdfl.Note that the fluorescence yield
Typical film thicknesses vary from 50 to 1Qam. The films  of the resonant excitation depends on structural changes of
are transparent to the eye. the solid, since it probes only a sub-ensemble of molecules in

Emission from the sample is recorded using either arfcc sites. Also, the 193-nm-induced molecular emission is
optical multichannel analyzeiPrinceton Applied Research contingent upon cage-induced recombination of the atoms
OMAZ3) equipped with a 0.25-m polychromator, or using aand is therefore not a direct probe of the molecular concen-
photomultiplier(Hamamatsu R-666after dispersing the ra- tration. Further, the excitation resonance responsible for the
diation through a 0.75-m monochromataiSpex. A  193-nm-induced atomic emission is not clear. We can estab-
digitizing/averaging scopgTektronics 243D is used to lish that the atomic emission arises from a broad structure-
record transients, which are then transferred to a person#&ss absorption. This is illustrated in Fig. 3 and contrasted
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FIG. 4. Thermal and irradiation histories of molecular laser induced fluo-
rescence in a quench-condensed solid. The sample, 0,28s0lid D,, was
deposited at 3.8 K. The temperature is varied during irradiation, and its
history is indicated ina). The flat regions centered at 200 and 700 pulses of
the 249 nm laser correspond to periods where the laser beams were blocked
off.

To correlate the thermal and irradiation histories of the
atomic and molecular fluorescence, we simultaneously moni-
tor LIF from the 193 nm laser and the doubled dye laser. The
latter is tuned to the molecul#’ (v’ =8)—X(v"=0) reso-
nance at 249.33 nm, the lasers are delayed by 1 ms relative
to each other, and the fluorescence is gate-detected to distin-
guish the various contributions. Figures 4 and 5 illustrate
typical histories in “quench”-condensed samples, prepared
by slow deposition at 3.8 K, the lowest temperature of the
cryostat. The data illustrate that:

with the sharp molecular resonances in the same spectral a) In the freshly deposited samples, at 3.9 K, 193 nm
range. A search for direct access of the emitting atomic statérradiation does not cause a measurable change in either the
via the forbidden'S—2P transition near 297 nm, failed. resonantly induced Qemission(Fig. 4), or in the 193 nm
Thus, the 193 nm probe of the O atoms is also indirect andnduced atomic and molecular emissidifsg. 5).

as will be shown below, not a quantitative probe of the atom  b) Upon warming the sample to 5.5 K with continued
concentration in the solid.
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FIG. 3. Excitation profile of the atomic %—'D) emission. In the inset,
the excitation spectrum for the moleculag(@’— X) emission is shown.
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irradiation, a sudden, tenfold growth in the 193-nm-induced
molecular and atomic emissions are observed. This is accom-
panied by a sudden 90% loss of the resonantly induced mo-
lecular emission. This sudden transition suggests gross struc-
tural change in the lattice. With continued irradiation, the
193-nm-induced emission decays in time, while the reso-
nantly induced emission does not recover. Clearly, the O
molecules probed by the two different lasers belong to two
different ensembles. The 193-nm-induced the emission in-
tensity remains constant decay is verified to be laser aided,
by noting that when the irradiation is interrupted. The level
to which the emission decays is temperature dependent.
When the temperature is lowered to 4 K, the emissions sub-
side to pre-warmup level.

¢) The resonantly induced molecular emission does not
respond when the warm-up cycle is repeatEd). 4). The
193-nm-induced molecular emission repeats its behavior
(Fig. 5b), and the atomic emission does not fully regenerate
in subsequent cycle$ig. 59.

d) Note the thermal runaway at 5.3 K, as evidenced by
the temperature spikes in Fig. 5c. They repeat at the same
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FIG. 5. Thermal and irradiation histories of 193-nm-induced atq@iand higher temperatures, 4.5 K-55 K, and at a deposition rate of

molecular(b) fluorescence in the quench-condensed s@i@% G, in solid ~3 ,LLm/min the recombination occurs at a temperature be-

D,). The thermal runaway spike is associated with gross change in th ' .

morphology due to phase transition of islands in the s@jd %Ween 7Kand9K.In sampleg which are pr_e-annealed at 9
K, then cooleda 4 K and irradiated, the TL is observed at
temperatures as high as 11 K.

temperature and are clearly independent of the atom content

of the solid. This behavior is consistent with the known re-3.2. N,O-doped solid N , and neat solid O ,

versible, hysteretic phase transition of quench-condensed Extensive 193 nm iradiation of J0 doped solid

;ohd deuteriumt® The initial 90% drop in the resonantly No(M/R=1:1000) and neat solid Odid not produce any

induced molecular fluorescence can therefore be understoo bl ission f . : he f h

as due to an fcc-to-hcp phase transition in crystallites. The .eteCt‘f" € emission from atomic O. Given the fact thsON
" “dissociates readily in solid NRef. 19, the absence of 193-

Fransmon evidently gengrates sites in which the 193'nm_nm-induced O atom emission supports the notion that the
induced Q fluorescence is observed.

. . . . atomic LIF observed in solid Parises from special centers.
A substantively different behavior is observed ba P

n : . Co .
samples deposited at higher temperature, between 4.5 K ar-lrdhe absence of 193-nm-induced atomic emission in sojid O

5.5 K. An example is shown in Fig. 6 for a sample depositedﬁlsut;kglrzhéséhat the observed emission in sojidsmot from
at 5 K, annealed at 9 K, then slowly cooled to 4.4 K to start '

the radiation process. A correlated growth of both atomic ) )
and molecular fluorescence is observed upon 193 nm irradia:> Solid D, co-doped with O » and Xe
tion at 4.4 K. As the temperature is increased6t K with To avoid the uncertainty of LIF detection of O atoms in
continued irradiation, both atomic and molecular emissionsolid D,, we carried out a set of studies in ternary solids
grow. As long as the temperature is held constant, thesprepared at a mole ratio df:5:5000,:Xe:D,. After depos-
emissions remain stable at this level. iting the samples at 5 K, the /@xcitation spectra were in-

In principle, glow curves obtained by a programmedvestigated with the doubled dye laser. The excitation and
temperature ramp should enable the characterization of diemission spectra of £are identical to those obtained in the
fusion and recombination kinetics of atoms. This method hasbsence of Xe, indicating that only isolated molecules are
previously been implemented successfully for atomic oxygerinterrogated in both cases. This is consistent with the fact
in rare gas solid We have failed to obtain any meaningful that theA’— X emission is quenched by Xe. Excitation at
glow curves in solid B. The recombination occurs suddenly, 193 nm immediately produced a bright emission from XeO
leading to a flash that lasts ony10 us. The flash is always centers, as illustrated in Fig. 7. The molecular fluorescence
accompanied by a temperature and pressure surge, similaritaduced at 193 nm, which was the dominant feature in the
the laser-induced fluorescence spikes shown in Fig. 5. Th®,/D, samplegsee Fig. 2is practically absent in the spec-
temperature at which the catastrophic recombination occursum of Fig. 7. The spectrum now consists entirely of atomic
depends on the gross sample morphology, determinedmissions. In the time-integrated spectrum, théSo¢!D)
mainly by sample deposition conditions. In samples preparedmission can clearly be identified. While the peak is virtually
by slow deposition at 3.8 K, the recombination occurs be-unshifted at 559 nm, the effect of Xe is to reduce the radia-
tween 5.5 K and 7.5 K. In samples deposited at somewhdatve lifetime to 50 us (230 us in D,). Thus, it may be more
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the same upper state. Given their short radiative lifetime,
they can be confidently assigned to the "R& —XeO
charge transfer transitions. Given that only the Xe&()L
state, which correlates with @D)+Xe('S,), is deep
enough to sustain the vibrational progression, the transition
can safely be assigned to X@ (3'3)—XeO(1l%). This
would then suggest that the broad emission at 590 nm is due
to Xe"O (313)—XeO(Il). In both cases the terminal
state of the transition correlates with {) + Xe(*S,). The
vibrational progression seen here is quite similar to that ob-
served for XeO in solid Af? and the numbering is simply
taken from there.

We monitored the 193-nm-induced fluorescence of the
atomic centers as the samples were warmed up. The emission
stays nearly constant up to 12 K, and permanently decays as
D, starts to evaporate. These samples do not show significant
TL, presumably because,(A\’) is quenched by Xe. All re-
combination must occur at Xe sites as thedvaporates.

4. DISCUSSION

. s
FIG. 7. Fluorescence spectrum obtained with 193 nm irradiation of sglid D 4-1- The non-reactivity of O (“D)

co-doped with @and X€0,:Xe:D,=1:5:500. The spectrunta) is obtained
with time integration, the spectrufi) is obtained with a 100 ns gate. All
features in the spectruitb) have the same lifetime of (1306) ns, while

the atomic oxygen emissidi@ has a lifetime of 5Qus.

appropriate to assign this transition to Xe®§2-113)

The interpretation of the experiments i Xe/D, is the
most direct with regard to the chemical stability of atomic
oxygen in its various electronic states in solid. The ob-
servation of the molecular resonant excitation immediately
after deposition establishes the presence of isolated mol-
ecules. Subsequent irradiation at 193 nm generates the O and

(Ref. 20. In addition, a vibrational progression centered atxeO emissions without a trace of the molecular spectrum.
530 nm and a broad band at 590 nm are observed. Both af/fe may conclude that Ocan be photodissociated in solid

these emissions have lifetimes of (138) ns. Accordingly,

D, by 193 nm irradiation. Despite the excess energy of 1.3

they can be separated from the atomic emission by gategl, the impulsively generated €R) atoms survive in the P
detection, as shown in Fig. 7b. With the help of the Xe—Ohost. The absence of any 193-nm-induced recombinant mo-
potential energy curves illustrated in Fig. 8, the nature ofiecular fluorescence is a good indication that the cage is in-
these emissions can be identified with some confidéhce. effective in solid D.

Given that the vibrational progression and the band at 590 The O atoms scavenged by Xe are interrogated via the
nm have the same lifetime, they are likely to originate fromXeO charge transfer transitions, which can be assigned with

£ 4r -
<° _ -~ "Xe+o('s)
e 1

= 8- 2’2’

>

>

e :

i 2+ 1A Xe+O(1D)

1°L7 Xe+0('P

)

FIG. 8. The gas phase XeO potentials and the required placement of t
upper emitting statédashed lingin the fluorescence spectrum of Fig. 7.

4

some confidence. They invariably terminate on theOn)(

+ Xe potential energy surface. We can be sure that the O: Xe
pair is surrounded by B since in Xe clusters the XeO emis-
sions occur at 740 and 370 nhThe fact that the XeO tran-
sitions do not bleach with extended irradiation, establishes
that the photogenerated &) atoms do not react with the
host.

It would seem that the proximity of Xe atoms is suffi-
cient to generate a barrier toward the'Dj + + D, reaction.
This barrier cannot be due to the binding betweehi)(and
Xe, since, at least in the 559 nm transition, which is red-
shifted from the gas phase value of 557.7 nm, the transition
must terminate on the flat part of the interaction potential.
The perturbation that may be ascribed to Xe is the change in
transition dipole of the atomitS—*D emission, evidenced
by the shortening of the radiative lifetime to 5@. The
origin of this perturbation is well understood to be due to the
ionicity of the XeO(23)), which is derived by mixing with
the Xe"O™(313) charge transfer state. Indeed, to rationalize
the observed emission spectra of the charge transfer states,

"¥e must conclude that due to solvation in the polarizable

. — l .
Note that a double minimum is implied to arise from the mixing between Medium, the Xé0™(3'Y) and XeO(2X) potentials are

33 and 23 potentials.

strongly mixed. The situation is quite similar to that of XeO
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in solid Ar (which has polarizability similar to that of i ~ The most consistent assignment that can be offered is that
for which we had suggested the creation of a double minithe absorption is due ©X):O(°*P) pairs, distinct from
mum due to the crossing of the solvated™ (3'%) and  0zone. Since both O and,@re present in the sampleg €an
XeO(2'3) potentials’ This is shown schematically in Fig. 8. be formed. However, the excitation wavelengths used, 193
Note that the double minimum can arise by mixing betweermm-255 nm, do not have the requisite energy to produce
the charge transfer and covalent state, rather than the creati@(*S) from the ground state of ozone, and cannot therefore
of an actual crossing which would require the lowering ofexplain the LIF signal over the &%—!D) transition. The

the Xe"O™(3'3) state by~1.5 eV?! The fact that the ra- main dissociation channel of ozone in this excitation range is
diative lifetime of the transition is 130 ns is sufficient to the production of O{D).° As in the case of D and Q
identify the nature of the transition as that of charge transferisolated in rare gas solids, we expect that ozone would un-
and therefore the upper state as”Xe. Why would this  dergo facile photodissociation in solid, DEven though the
prevent chemistry on the terminal ) + D, surface? We magnitude is difficult to obtain with confidencap initio
surmise that the partial charge in XeD’~ prevents the for-  calculations invariably show an angle dependent potential
mation of the O—H bond, which can only proceed by devel-harrier to formation of Q from O,(X):0(®P).?3?* A con-
oping positive charge on the targeted hydrogen molecule. Ifnuous excitation spectrum, starting near 250 nm, can then
effect, the partial charge transfer on the-%®('D) can be  pe ascribed to absorption over the dense manifold of inter-
thought to create a polarization barrier. This is the essence Qfglecular Q-0 potentials, from which branching to
the theoret7|cal analysis of O-doped solid #thich we con- 0,+0(*S) and to Q(A')+O is to be expected.

sider next. The above consideration complicates the interpretation

. 1 g . .
Consider the O{S—'D) transition in ) in the absence ¢ the 193-nm-driven photodissociation yields of @ solid
of Xe. Independent of the excitation channel, since this em'SDz. The samples containing Xe indicate facile dissociation,

sion does not bleach, we have to conclude that atomic OXY3ccompanied by migration of O atoms to reach the Xe sites.
gen in all of its electronic states, and in particular in-iis

. . . In the absence of Xe we cannot establish photodissociation
state, does not react with the host. This, at first, seems

odds with the well-established fact that the'Dj+ H, sur- %rrobabilities or, equivalently, the caging efficiency of the

: . . . .. host, since the observed atomic and molecular densities can
face does not contain a reaction barrier. The diatomics Ir(]antirel be attributed to special centers. Indeed, in samples
molecules(DIM) calculations of Kunz, in which ®,),, is y P : ' P

considered with the explicit inclusion of the ionic manifold where LIF from the atomic centers is nearly absent, a strong

of states for the cluster, show the many-body nature of théhermolummescence Is observed upon warm-up, indicating

barrier!” The picture is as follows: The @D)—H, interac- Lhit 2”'3’ E fracttrl]or: of t?e OI atotr:st arr]e SP?C”OSCOP:CTW
tion gains its binding character due to its ionicity. When in etected. INevertheless, it1s clear that chemistry, hamely for=

the middle of an octahedral array of fholecules, the cen- mation Qf I'-bo, is not a significant channel in the dissocia-
tral O atom can mix with the charge transfer states of alliV€ €xcitation of Q.

neighbors. The insertion coordinate, however, requires the

localization of charge on one hydrogen molecule to reach the

ionicity of the O—H bond in it4d—O—H transition state. The

barrier arises as the energy of localization of the excited state ) o

charge density, from the 12 nearest neighbors to one moft-3- Thermally induced recombination

ecule. The charge distribution in the excited state is mirrored  The thermally induced recombination of oxygen atoms
by the polarization on th&D surface. In effect, the polariza- in solid D, differs fundamentally from what is observed in
tion barrier centers the O atom in the cubic site and preventge classical rare gas solids. There, it is always possible to
the reaction. In the absence of the many, there is no barriefamp up the temperature at a rate at which the glow curve
To our knowledge, this is the most direct demonstration of &an be measured, to extract the diffusion kinetics of impuri-

many-body-potential control of chemical dynamics. ties in the solid. This is not possible in the solid hydrogens.
Instead of a glow curve, we obtain a sudden flash, accompa-

4.2. Nonresonant excitation mechanism: O  ,(X):0(3P) nied by an uncontrollable thermal runaway and pressure

centers surge. In effect, the host diffuses around the impurities. The

Although 193-nm-excitation is used to follow both O theoretical a_malysis of O-doped solid hydrogens give_s a use-
and G in solid D,, the mechanism of this excitation is indi- ful Perspectivé. Due to the deeper guest—host potential, hy-
rect, preventing quantitative determinations of impurity con-drogen molecules are significantly more localized near the
centrations and photodissociation yields. The excitatiodmpurity site. In fact, a linear increase in the density of the
spectrum in Fig. 3 indicates that the atoms are accesse¥lid is predicted as a function of concentration of O atoms.
through a broad band that cannot be ascribed to the isolatdfl effect, the O atoms are coated with a layer of hydrogen,
atom but rather to an M—O adduct, similar to the chargewvhich is less mobile than the bulk. It would therefore be
transfer states of Xe—O. Similarly, the observation that thelifficult to imagine the coated impurity diffusing while the
193-nm-induced molecular emission grows with irradiationhost retains its integrity as a solid. The experimental obser-
time, as seen in Fig. 6, clearly indicates that we are novation is rationalized as the fusion of O centers in a solid
simply interrogating the molecular concentration. The closeundergoing gross structural change due to self-diffusion of
correlation of the thermal and irradiation histories of 193-the host, with the recombination energy of the guests serving
nm-induced O and ©emissions suggests a common origin. as positive feedback for the thermal runaway.
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Structure characteristics of methane-doped solid normal hydrogen
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Structure studies of the quantum crystal of solid normal hydrogen doped with methane and
deuteromethane are carried out by powder x-ray diffraction within the temperature range 5 to
12 K. The concentration of the dopants in the gas mixtures used for sample preparation

by quench condensing is varied from 0.5% to 5%. It is established that the equilibrium solubility
of both methanes is substantially below the lower fraction indicated. The abnormally high
apparent extra volumes per impurity may be ascribed to van der Waals complexes formed
around isolated dopant particles. 00 American Institute of Physics.

[S1063-777X00)00809-4

INTRODUCTION information on the rotational spectrum of the matrix-isolated
) ) ) molecule but do not tell directly about the actual geometry of

Recently, solid hydrogen with the lowest possible con-ye rejaxed lattice around the impurity, which can be inferred
centration of the orthomodification has been SUggestsd  rom the known or assumed potentials. In this respect, struc-
promising material for matrix isolation. Optical spectra of e stydies, in which some independent conclusions about
molecules embedded in solid hydrogen allow investigationye response of the surrounding lattice can be drawn directly,
of rather intimate quantum-crystal effects in the dynamics Otmay be treated as complementary to optical measurements.
these matrix-isolated molecules. There is also another intefrpis was our main motivation of the work reported here.
esting aspect, namely, the possibility of looking into some A aqditional motivation of this structure study was to
properties of the hydrogen matrix itself, in particular, into the goa \whether the methane molecule in solid hydrogen exhibits
response of the nearest-neighbor environment to the intr4pe effect of abnormal excess volume, which is well observ-
duction of a single molecular impurity. Additional interest in able, for example, in the Ne—+system® and cannot be
these solid-state issues comes from the fact that solid hydrjpserved in some other dilute hydrogen-based solid mix-
gen is a quantum crystal, and all the solid-state renormalizg, .12 The strong effect of even weak doping with neon
tions should take account of th'i circumstance. The recenf s attributed to the formation of van der Waals complexes
work of Momose and co—worke?r‘s. on the mfrared spectra Ne(H,),,. From optical and x-ray studies at high pressures
of the methanes Cfaind Ch;, matrix isolated in parahydro-  ,nq room temperatulit follows that then-H,—CH, system
gen, provides a good ba3|§ for a dgtalled study Qf the 6?bp\’@xhibits numerous stoichiometric compositions in the solid.
effects. In particular, they fitted their spectra within the rigidy/o thought that some related effects might be felt at low

lattice approach and extracted the values of the crystal ﬁe'?emperatures in molar volumes as a function of the impurity
parameters and the renormalized rotational constants. FQE . entration.

complete understanding of the effects observed, a few issues
still need theoretical consideration and comparison with the
relevant experiment. First, quantum-crystal renormalization:y periMENTAL
of the parameter&nd, possibly, of the forjnof the noncen-
tral interaction potential of the methane molecule with its  Experiments were carried out on a DRON-3M powder
matrix environment. Second, calculation of the displacex-ray diffractometer equipped with a liquid helium cryostat.
ments of nearest neighbors within Nosanowtr more  The diffractometer control and the data collection and pro-
advancell’ approaches. These displacements are importartessing were automated. The samples were prepared by
for the evaluation of the crystal field parameters, also to b&uench condensing gas mixtures of known composition on a
renormalized in a quasistatic approximation for a soft latticeflat copper substrate at a temperature close to 5 K. Normally,
which constitutes the third issue. Such evaluations, knownve obtained polycrystalline samples about 0.1 mm thick with
for classical systemrequire reconsideration for the case of grain sizes 10*—10 °mm. Condensation of every batch
guantum crystals. Finally, one more problem is the evaluaresulted in a heating of the substrate by 3 to 4 K. The purity
tion of the dynamic renormalization of the rotational con-of the gases used for sample preparation were: normal hy-
stant of a single matrix-isolated methane molecule. For thelrogen 99.999%, methane and deuteromethane 99.99%. The
classical case such a procedure is knditne difficulty of  error in the impurity concentration measured by means of the
this program is aggravated by the fact that good energy suP—V-T method did not exceed 5% of the rated impurity
faces for the interaction between €Hnd H, are at present fraction. The concentration ranges studied are 0.5% to 5%
unavailable. for CH, and 1% to 5% for C2 The temperature ranges are

It is obvious that, however precise, the optical data givefrom 5 K to the melting points of the hydrogen matrices.

1063-777X/2000/26(9-10)/4/$20.00 676 © 2000 American Institute of Physics
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FIG. 1. X-ray powder diffraction patterns fromH,+0.5%CH, solid mixtures at the temperatures indicated. The most intense methareubie 111 is
well discernible. The arrows indicate Bragg reflections. Traces are shifted vertically to avoid overcrowding. The intensity counts are iruaitsitbary
which are the same for all traces.

Temperature stabilization and measurement were performed Even for methane and deuteromethane fractions about
to within =0.05 K. The lattice parameters were determinedl% and lower, the diffraction patterns display the brightest
to within =0.02%. (112 line of the respective fcc lattices of both CEnd CD,

(see Figs. 1 and)2this line grew in intensity as the dopant
fraction was increased.

Typical diffraction patterns for the region of smaller dif- __H€ating of the samples entailed a noticeable shift of all
fraction angles, where the most intense reflections from th¥iSible reflections to smaller diffraction angles, which is
solid mixturesn-H,+0.5%CH, andn-H,+1%CD, were ob- caused by thermal expansion. When _subsequently cooled
served, are reproduced in Figs. 1 and 2. Both plots includdoWn back © 5 K the positions of the lines were restored
patterns from as-prepared samples & and from the same (§ee Fig. 2 completely, as inferred from the calculated lat-
samples warmed up to and kept for 30 minutes at 12 Klicé parameters before and after warmup. It should be also
Figure 2 also shows a diffraction pattern taken after g2dded thatthe linewidths did not change after thermocycling.
cooldown b 5 K following the above annealing. The patterns Such behavior implies that the methane molecules have not
from both systems exhibit a very strori@02 texture with ~ been redistributed during the procedure.
the hexagonal close-packed layersmet, being predomi- Owing to the considerable molar volume difference be-
nantly parallel to the substrate plane. The presence of metfiveen then-H, matrix (22.83 cni/mol)** and CH, (30.27
ane impurities serves as a factor that stabilizes the textur@/mol)*® or CD, (29.37 cni/mol),*’ formation of the solid
obtained during quenching. The texture did not undergo nomixtures should be accompanied by substantial lattice distor-
ticeable changes when the crystals were warmed up to préi.OﬂS around the impurities, which in turn must entail broader
melting temperatures and subsequently cooled dé¢see and weaker diffraction lines. In our experiments the reflec-
Fig. 2). Similar textures were observed previously when pureiions belonging to the matrix are narrg@®.2° to 0.4j, com-
n-H, or p-H, samples were also quench condensed on colgparable with those in pure normal hydrogen. This finding,
substrates at liquid helium temperatdfé®But unlike doped together with the fact that we see reflections from a methane-
crystals, warming up polycrystalline pure hydrogen samplegich phase, gives us grounds to conclude that the equilibrium
to a few tenths of a kelvin below,, usually resulted in an solubility of the methanes in solid hydrogen is extremely
enhanced texture, viz., presumably due to recrystallizationpw.
the crystals exhibited single-crystal features: the reflection The molar volumes of the normal hydrogen matrix
(002 grew in intensity by orders of magnitude, and the otherdoped with the light and heavy methane isotopes are plotted
lines disappeared. Subsequent cooldown did not change the Figs. 3a and 3b. One can see that within the entire con-
patterns obtained at higher temperatures. centration range studied, starting with fractions as low as

RESULTS AND DISCUSSION
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FIG. 2. X-ray powder diffraction patterns fromH,+1%CD, solid mixtures at the temperatures indicated. The pattern with the thick downward arrow is for
the same sample cooled down to 5 K after a warmup to 12 K. Other notations are as in Fig. 1.

0.5% of CH, and 1% of CI), the molar volume of the matrix is in dispersed form, we would obtain for the reduced extra
is virtually concentration independent. A similar indepen-volume per impurity[ V(x) —V,]/(xVo), a very large value
dence holds for higher temperatures, 1 2K below the of around 5.2-1.8. We think that the effect observed in the
melting point ofn-H,. This result is in line with the conclu- normal hydrogen matrix might be, at least in part, due to van
sion formulated above that the equilibrium solubility of der Waals complexes formed around the methane impurities,
methane molecules in hydrogen is very low, at a level of fewas has been assumed for the presumably similar effect in
tens of ppm. neon-doped normal hydrogén.

Notwithstanding the low solubility, the effect of this mo- We note that the introduction of methane molecules into
lecular impurity on the lattice parameters of the matrix isthe hydrogen lattice entails an effect on the measured molar
abnormally strong, just as in the case of neon. Introductiorvolume of the matrix, which is comparable to that due to
of a small amount of methane results in an increase of théhermal expansion over the entire range of existence of the
molar volume of the matrix by 1.3%. If these solid solutionssolid phase 4V/V=1.4%)" or due to conversionXV/V
were ideal, the dissolution of 1% methane would have in-=1.04%)2" This must lead to noticeable changes in the
creased the volume of the matrix by 0.3%r deuterometh- thermodynamic and structural characteristics of hydrogen—
ane the figure is 0.28%lf we assume that half of the dopant methane alloys. As to the latter, we found that the admixture
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FIG. 3. The molar volumes af-H,—CH, (a) andn-H,—CD, (b) alloys versus the methane concentration as calculated form the patterns at 5 K. The impurity
concentrations correspond to their content in the gas mixtures from which the polycrystal samples were prepared.
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A family of rare-gas-containing hydrides HX%vhere X=Kr or Xe, and Y is an electronegative
fragmenj is described. These molecules are experimentally prepared in low-temperature
matrices by photodissociation of a hydrogen-containing HY precursor and thermal mobilization
of the photodetached hydrogen atoms. The neutral HXY molecules are formed in a

concerted reaction HY —HXY. Experimental evidence for the formation of these species is
essentially based on strong infrared absorption bands that appear after annealing of the
photolyzed matrices and are assigned to the H-X stretch of the HXY molecules. Computationally,
the formation of these HXY molecules decreases the H-X distance by a facte? éfom

its van der Waals value, which emphasizes their true chemical bonding, possessing both covalent
and ionic contributions. The estimated dissociation energies vary from 0.4 to 1.4 eV and

hold promise for forthcoming observation of these molecules in the gas phase. The experiments
with the HXY molecules widen our knowledge on solid-state photolysis dynamics of
hydrogen-containing species. In particular, the photolysis of small HY hydrides in solid Xe
seems to be a quite local process, and the accompanying losses of H atoms play a minor role.
© 2000 American Institute of Physid$1063-777X00)00909-9

INTRODUCTION ported in early 2000 by Frohn and coworkétsThe chem-

The rare gas atoms have generally been regarded as inéﬂry of fluorine-containing rare gas compounds has been re-

due to their stable electronic structure lacking chemical bon&ﬁntly. tthoroquhlytrev!ewed Ey Holloway antcri] Hoﬁej[h? X
formation capabilities. However, back in 1933 Pauling sug—C emistry of krypton 1S much moré sparse than that of 2.

gested, based on consideration of the ionic radii of different N€ first Kr bonds were found in fluorine-containing com-

elements, that xenon and krypton were capable of neutr&ounds Kri (Refs. 35-3yand KrF, (Ref. 38 in analogy to
chemical compounds especially with fluorihé. took three ~ X€NON. In addition, krypton is known to bind with nitrogen
decades before Bartlett was able to make the first rare g&dd 0xygen, and tg‘isze studies have been pioneered by the
compound This molecule constituted an ionic XgPtR;]~  >chrobilgen groug”™* Besides the neutral Xe- and Kr-
crystal, which was later showito consist most probably of a €Ontaining compounds, a large number of ionic rare gas spe-
mixture of XeF PtF; and XeF PtF;;. Simultaneously with ~ C1€S have been predicted and found, and the reader is encour-
Bartlett's discovery, Hoppe and coworkbugere able to iso- 29€d to 0ok, for example, in Refs. 43-47. _
late XeF;, and slightly thereafter Claasset al® prepared The first characterization of KgFand Kr!:4 _espe(_:|ally
XeF,. These pioneering findings stimulated enthusiastic rel00k advantage of the low-temperature matrix-isolation tech-
search on rare-gas-containing molecules, and several xené#fiué, which was originally developed to study unstable
compounds, in which Xe was bound to fluorine or oxygen,molecules and reaction intermediaf8s>® The substance to
were reported and reviewed extensively later®off. The be studied is deposited in large dilution with inert gases on a
theory of Xe binding has been authoritatively discussed byeold surface or generated photochemicallgitu from a pre-
Coulsont’ cursor molecule already deposited. The solid rare gas envi-
Neutral-xenon chemistry has been enriched constantlfonment is regarded as inert towards chemical bond forma-
and several xenon-containing species of similar ionic naturéon and the cage effect is employed to isolate the chemical
to those of Bartlett's first report have been characterized. Thaystem under study. Further examples of rare-gas-containing
first Xe—N bond was found in FXel$O,F), by LeBlond and ~molecules are, for example, XeQlRef. 51, XeCIF (Refs.
DesMartead® and many similar but more complex com- 37, 52, and FXeBF, (Ref. 53.
pounds have been characterized since {fief?. Neutral Evidently the formation of such molecules makes the
FXeCF, and X&CF;), have been discussed in the inertness of the solid rare gases questionable, and, indeed,
literature?’~2°but neither of them has been spectroscopicallyrecent reviews of photochemical processes in low-
characterized. A stable Xe—C bonded molecule, fluorophetemperature matrices underline the interaction between mo-
nylxenon (11) fluoroborate [CsHsXe][B(CgHs)sF]) was re-  lecular species with the environment upon irradiafibrr
ported in 1989° and a number of organoxenonium com- These interactions and their consequences on dynamics and
pounds have been prepard? The latest molecule to join chemistry will be discussed in this review, and we will de-
the family of organic Xe compounds isg8@sXeF, BF,, re-  scribe the solid-state synthesis of several HKrY and HXeY
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HXY linear molecules - ecules are challenging. The large number of electrons quite
rapidly prohibit the use of extensive quantum chemical
— methods by increasing the computational task beyond the
0:02‘9 Q—O—LEJ current computer capabilities. As a useful approach, effective

core potential{ECP3S are used, which reduces the number
of electrons taken into account in the calculations. Many

HXeH HXeCl, HXeBr, HXel, possible ECPs are available and usually 8 or 18 electrons are
Hﬁ?&Nﬁ%gnc’ included in the valence shell, and the core is substituted by

an effective potential resembling the behavior of the inner
electrons. This approach has been taken in all the studies of
HXeY and HKrY molecules discussed below, and computa-
tional data of the experimentally observed HXeY and HKrY
molecules are collected in Table I.

Calculated structures and energetidhe first computa-

ozor«ij . 0 =0 tional studies of HXeY and HKrY molecules employed
e

HXY bent molecules

second-order perturbation theory and small basis sets

(MP2/LANL1DZ).53>*These calculations are very economic
HXeOH, HXeSH HXeNCO and fast, and for the equilibrium structures they are surpris-
ingly adequate. Up to now our experience of these calcula-
tions on the HXeY and HKrY molecules shows that they are
able to predict the existence of the molecule. This fact is
evidenced, for example, by halogen-containing HKrY mol-

(Y=an electronegative fragment) rare-gas-containing mo'?}cules. The calculations predict that HKrCl should exist but
{

FIG. 1. The known neutral HKrY and HXeY molecules.

ecules in low-temperature matrices. It should be emphasize .
that these moIeCLE)Ies are not van der Waals compl%xes b at HKrBr and HKrl are not stable. Indeed, this corresponds

truly chemically bound species with very characteristic vi-© experimental observations: only HKrCI has been isolated

brational spectra. The HKrY and HXeY molecules are pre-In low-temperature matriceS, but not HKrBr or HKrl de-

pared from a suitable hydrogen-containing precurséy), spite extensive attempts. These low-level MP2/LANL1DZ

which is photodecomposed, producing a hydrogen atom anﬁalculatic?ns give reasonable bond distancgs and vibrational
an electronegative fragmerty). After preparation of the frequencies. On the other hand, they predict the HXY mol-

neutral photoproducts, hydrogen atoms are mobilized thef2CU!€S 10 be higher in energy than the neutral atomic disso-
mally. The neutral HKrY and HXeY molecules are then ciation limit. For higher-level calculations this is reversed, as
formed in a concerted reaction 4HKr/Xe+Y ——HXey/ Was pointed out by Runeberg and coworkers based on their

HKrY. Quantum chemical calculations are combined withnigh-levelab initio calculations on HXeH>™ This work is
the experimental results to aid the interpretation and undefh€ best and most extensive computation on HXeH, and the

standing of the structure, spectral characteristics, energetic@uthors studied its structural and vibrational properties as
and bonding of these new molecules. The formation of theVell as the energetics by various computational methods
HKrY and HXeY molecules involves motion of hydrogen from the perturbation theoryMPn) to the state-of-the-art
atoms, and the extent of photo and thermally activate¢oupled clustetCCSOT)) and multireference configuration
chemical processes highlights the basic concept of fragmeffiteraction(MR-CI) calculations. The study showed that in-
mobilization in the solid rare gas lattice. Studies of the for-créasing the level of correlation requires also a larger and
mation of HXY molecules at various precursor concentraflexible basis set to achieve chemically reliable results for
tions and at different extents of photodissociation indicate1XeH. For this molecule, practical methods like MP2 with a
strongly that the primary photolysis of HY molecules is aStandard basis set including multiple polarization and diffuse
very local event. We shall show that the analysis involvingfunctions predict a Xe-H bond distance of ca. 1.86 A. The
the novel compounds can shed light on the solid-state dymost extensive CCSD) calculations by Runeberet al.* "
namics regarding particularly the mobility of H atoms. This estimate the Xe—H bond in HXeH to be around 1.95 A. It
review is essentia”y based on experimenta| and Computd.nust be noted here that this value is much shorter than the
tional research on the reactivity of rare gases carried mainlijté—H van der Waals minimum being 3.8"A.
out at the Laboratory of Physical Chemistry, University  For all known Xe-containing hydrides the MP2 calcula-
of Helsinki during 1995—-1998%-5° and all the experimen- tions estimate a Xe—H bond between 1.66 and 1.86 A, the
tally observed molecules included in this review are showrlongest Xe—H bond being found for HXeH. It can be noted
in Fig. 1. that the calculated parameters follow a general trend. The
H—Xe bond length decreases with increasing partial positive
charge on the xenon. The positive charge residing on xenon
is largest(+0.88 for the HXeNC molecule, corresponding
to the shortest Xe—H bond lengit1.659 A). For deeper

All the HXY (X=Xe or Kr) molecules have been pre- bound HXeY molecules the contribution dHXe)* in-
pared in solid rare gases and there does not exist experimeoreases, and the HX bond length approaches the value of the
tal data on their geometries and charge distributions. FronXeH" cation, for which computations at the same level pre-
the computational point of view the rare-gas-containing mol-dict a bond distance of 1.596 A. The reason for this is the

COMPUTER EXPERIMENTS ON HXeY AND HKrY
MOLECULES
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TABLE I. Computational properties of different HXeY and HKrY compounds at the MP2 Rvel.

Compound Al rxn) () g(H) g(xX) q(Y) q(2) Dipole EA (5)'
A moment, D eV
HXeH 1.861 —-0.344 0.688 0.0 0.754
HXeSH P 1.774 2.729 1.334 -0.226 0.671 -0.435 -0.009 4.5 2.314
HXel 1.747 3.095 ) -0.178 0.645 —0.467 6.4 3.059
HXeOH 1.718 2.208 0.962 -0.237 0.818 -0.814 0.232 4.1 1.828
HXeCN 1.707 2.392 1.178 —-0.203 0.847 -0.401 —-0.242 7.4 3.821
HXeBr 1.694 2.837 -0.156 0.802 —0.647 7.3 3.364
HXeCl 1.685 2.663 . -0.165 0.816 -0.651 7.2 3.613
HXeNCO ¥ 1.675 2.326 N-C 1.215 -0.169 0.863 —-0.566 C 0.263 7.8
C-01.193 O -0.391
HXeNC 1.659 2.342 1.187 -0.161 0.880 -0.424 ~0.295 9.3 3.821
HKrCN 1.466 2.349 1.177 —6.206 0.886 —0.488 -0.193 9.2 3.821
HKrCl 1.435 2.666 -0.178 0.887 -0.709 9.4 3.613

dFor Xe and Kr 18-VE ECP and for | 17-VE ECP were used, while all other atoms are described by-6+&I(2d,2p) basis set.
YThe calculated ¥—S—Hangle is 91°.

9The calculated angles are H-Xe—0 177° are-X0—-H109°.

9The calculated angles H—Xe—NeXN—C and N—C—0 ar&78°, 125°, and 178°, respectively.

9Electron affinity, fromHandbook of Chemistry and Physi&RC Press, Boca Raton, 72nd €H991).

larger ionic contributior(HXe) "Y ~ in the molecule, and this idea on larger systems. Computations on formic acid indicate
is discussed in more details below. Similarly for the Kr com-that the HCOOXeH molecule is stable, and the HCOO group
pounds the increasing charge separation approaches KrHs only slightly perturbed from its structure in the HCOOH
for which the calculated bond distance is 1.382 A. It is alsomonomer’* This idea can be extended to other carboxylic
worth noting that all these molecules have very large dipoleacids and amino acids, which all behave similarly to formic
moments due to the extensive charge separation. acid. The largest molecule tested was aspartic acid

The HXY molecules observed experimentally up to now(HOOCCHCHNH,COOH), where the most prominent in-
are shown in Fig. 1. HXeH is the smallest and simplest of thesertion of Xe into the side chain of the molecule was noted.
family of rare gas hydrides, but HKrH does not exist eitherThis result suggests that in principle Xe can bind metastably
computationally or experimentally. One of the hydrogens into amino acids, which are building blocks for proteins. In
these species can be substituted with an electronegative fratis respect it is important to note that it has been suggested
ment to form a linear HXY molecule, where Y is a halogenthat anesthetic substances bind directly to proteins, but yet
or a pseudohalogen like CN. A second group of rare-gasno definitive evidence of the location of the binding sites
containing hydrides is obtained from bent hydrogen containexists’® Since Xe is known to have an anesthetic effect, the
ing precursors, and the rare gas atom is inserted into the H-isertion of Xe into a covalent O—H bond might have an
bond. Such molecules characterized so far are: HXeOHmpact on understanding its anesthetic mechanism.
HXeSH, and HXeNCO. The HXeSH molecule is the first It should be noted that computationally the HXeY and
example of a Xe—S bofiwith a Xe—S—Hangle of around HKrY molecules are practically linear with respect to the
91°, which is very similar to the angle of,8. Moreover, the H-Xe-Y bond. For HXeOH the deviation from linearity is
calculated S—H bond distance of 1.334 A is very close to thebout 3°, and for the carboxylic and amino acids deviations
experimental S—H bond in 43, being 1.336 A% Similarly,  up to 5° have been reportédiFor the nitrogen bound Xe
the HXeOH and HXeNCO molecules follow closely the compound HXeNCO a few degrees tilt in the H-Xe—N bond
structure of their precursors, i.e., water and HNCO. It ap4s found®® For FXeOSGF also the F—Xe—O angle was pre-
pears that the rare gas atom inserted into a covalent H—VYiously reported to be 177.5Ref. 76, bearing some simi-
bond has a negligible effect on the rest of the molecule. Thidarity to the H—-Xe—O and H—Xe—N groups in the HXeY
observation opens up interesting possibilities that can be firgsholecules. In principle, a simple explanation for this can be
tested by computational methods. The success with Xe insefeund from the three-center four-electron model applied for
tion into the O—H bond of water prompted us also to test this=XeF’ and HXeH®"* The highest occupiedo(;) orbital is
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centered around the terminal H and F atoms in HXeH andcribed as a resonance hybrid between several possible struc-
FXeF, respectively. This molecular orbital is nonbondingtures, the most important being HX ~. The other impor-
and is occupied by two electrons. In HXeH, the lowest or-tant structures are neutrel—X—Y andionic H"X*Y. The
bital (o) is formed from the $ orbital of xenon and the ionic structures tend to stabilize the compound and the neu-
orbitals of the hydrogens. This molecular orbital possessesal structure destabilizes it. Recently the bonding nature of
two additional electrons and is responsible for the covalenHXY molecules has been studied by topological analysis of
bonding. A similar simple linear model should be valid alsothe Electron Localization FunctiaiiELF), in which three dif-
for other HXY molecules if the othes orbitals are replaced ferent resonance structures were considered:X¥",
by the proper orbital of the Y fragment. The tilt in the linear HX*Y ™, and HX Y * (Ref. 83. For HXeCl and HKrCl the
bond indicates small external perturbations in the bondingecond structure has the largest weight, about 60%. For the
induced by the rest of the molecule. first structure the approximate weight is about 20%, and the

A model of bondingEven though the equilibrium struc- remaining 20% resides on the structure with the positive
ture of the HXeY and HKrY molecules are qualitatively re- charge localized on the halogen. It was therefore concluded
produced also with the modest computational approachethat the positive charge is mainly localized on the rare gas
compared to the state-of-the-art approaches, the energeticsatbm, and that the H—X bond is mostly covalent in nature. It
the rare-gas-containing molecules is more challenging. Thevas concluded about the interaction between the rare gas
origin of the bonding can be understood on the basis of @atom and the halogen that this binding is mostly of a so
model in which both neutra(HXY) and ionic (HX"Y ™) called unshared-electron type, i.e., the interaction is mainly
bonds contribute. The idea of the ion pair was originallyionic but with a nonnegligible fraction of a covalent charac-
applied on HXECI™ by Last and George based on semi-ter. This conclusion is in agreement with the simple model
empirical DIIS calculationg! It is informative to discuss the derived above, where both neutral and ionic potential sur-
main factors affecting the stability of the HXY molecules. In faces contribute to the HXY molecule.
principle the HXY molecules have a strongly ionic nature for ~ The H—X bond distance reflects directly the fraction of
the equilibrium structure, which is evident from the partial the ionic contribution in the molecule. The computationally
charges in Table I. This equilibrium structure corresponds tstrongest HXY molecule among the experimentally observed
an ion pair dissociation limit HX+Y ~. However, when the ones is HXeCN, which has a dissociation energy of 1.43
HXY molecule is stretched along the molecular axis theeV®® with respect to the dissociation limit +Xe+CN.
ionic adiabatic potential surface is crossed by a repulsiveCISD (configuration interaction with single and double exci-
surface corresponding to the neutral fragmentsXHY. tationg calculations on HXeCl estimate the binding energy
The dissociation limit of the HXY molecules corresponds toto be 0.9 eV, and the first excited state was found to include
the neutral fragments due to the avoided crossing betweea minimum in accordance with the curve crossing. The first
the neutral and ionic potential surfaces. Therefore the ionizaexcited state was calculated to be bound by 2.0 eV and lie
tion potential(IP) of X, electron affinity(EA) of Y, and the almost 5 eV above the ground state for thé3X" equilib-
dissociation energy[,) of XH' determine the energetics rium structuré* In general, computationally the ground-state
between the neutral and ionic limits. A low ionization poten- HXY molecules are bound by 0.4-1.4 eV.
tial of X and a large electron affinity of Y are favorable to Vibrational properties The agreement of the calculated
the formation of HXY. TheD, values of XeH and KrH" and experimental vibrational frequencies reflect the ad-
are about 4.05 and 4.8 eV, respectivély?! The closer the equacy of the potential energy surface for the given theoret-
ionic surface lies to the neutral surface, the larger is thacal approach. As noted above, the equilibrium structures are
expected interaction between the two surfaces and the furtheeasonably well reproduced already at modest computational
from the HXY minimum is the avoided crossing. Altogether, levels, and therefore the vibrational frequencies are also
there is a rather subtle balance between the different factoigualitatively correct. However, the HXY molecules are rela-
affecting the energetics of HXY compounds, and their prop+ively weakly bound, and the potential energy surface near
erties depend strongly on Y. One factor is the electron affinthe dissociation limit cannot be described accurately without
ity of the Y fragment(shown in Table ) and also the effec- extensive basis sets and electron correlation. For HXeH the
tive size of Y. A small Y could be thought intuitively to MP2 calculation gives the following frequencies: symmetric
stabilize HXY more than a larger one because it can apstretch at 1559 cit, antisymmetric stretch at 1385 ¢
proach closer to the HXfragment, hence producing a larger and bending at 876 cht. Increasing the electron correlation
Coulombic stabilization. This consideration indicates that theo CCSOT) decreases both the symmetric and the antisym-
lighter rare gases, especially argon, could form similar HArYmetric stretches to 1279 and 1216 chrespectively®
molecules. However, the ionization potential of Ar is largerAlso, the CCSIT) calculations predict the bending mode at
(15.759 eV than that of Kr and Xe, and ArHis less stable 773 cm 1. Recently we studied the effect of anharmonicity
(3.87 eV than KrH" and XeH (Ref. 82. Nevertheless, for HXeH at the MP2 level, and found that both the antisym-
based on the simple arguments discussed above argon couttetric stretch and the bending modes are much more har-
combine with an extremely electronegative fragment to formmonic than the symmetric stretéh These results are col-
a new HArY molecule. Indeed, computationally both HArClI lected in Table Il and compared with the harmonic MP2 and
and HArF have been characterizZ€dCCSD(T)/6-31G(d, p) CCSOT) results. The symmetric stretch, which corresponds
calculations predict HArF to be the more strongly bound ofto the lowest energy path for dissociation of the molecules, is
these two molecules, with a binding energy of 0.2%8V. predicted to decrease by about 100 ¢nfrom its harmonic

In terms of resonance structures, HXY should be devalue.
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TABLE II. Comparison of calculated and measured vibrational frequencies of some HXeY compounds. The numbers in the parentheses are the IR

intensitied (in km-mol™2).

Compound v (Xe-H) 2v (Xe-H) 8 (H-Xe-Y) 28 (H-Xe-Y) v (Xe-Y)
HXeH
MP2 harm. 1385 (2503) 876 (69) 1559 (0)
CCSD(T) harm. 1279 773 1666 (0) 1216
MP2 anharm. 1337 (4594) 2648 (0) 839 (69) 1469 (0)
Experiment 1166, 1181 701 840 b)
HXeCl
MP2 harm. 1740 (2058) 595 (4) 1143 () 267 (46)
MP2 anharm. 1642 (1288) 3194 (20) 577 (2) 260 (2)
Experiment 1648
HXeBr
MP2 harm. 1679 (4102) 526 (1) 182 (29)
MP2 anharm. 1544 (1445) 2967 (15) 506 (2) 997 (33) 180 (48)
Experiment 1504 2869 489 965
HXel
MP2 harm. 1514 (5423) 500 (1) 143 (18)
MP2 anharm. 1359 (2429) 2585 (51) 477 (1) 937 (44) 142 (38)
Experiment 1193 2190 450 886, 896 129 ¢
HXeOH
MP2 harm. 1823 (1456) 653 (7) ¥ 437 (126) @
CCSD(T) harm. 1678 629 9 4199
MP2 anharm. 1713 (1043) 3342 (12) 627 (5) ¢ 1242 (4) 425 (269) ©
Experiment 1578

dCalculated using dipole moments obtained from SCF wavefunctions.
Calculated from the; + v combination band observed at 2003 ¢m
9Calculated from thes; + v3 combination band observed at 1322 ¢m
9HXeO out-of-plane bend.

9Xe—OH stretch.

The anharmonic vibrational calculations are based on thintensities for the Xe—H stretch in various molecules are
ab initio calculated points on the potential energy surfaceshown also in Table Il. For the strongly bound molecules
which allows us to estimate the wave numbers of the comlike HXeCl and HXeBr, the MP2 calculations are good
binations and overtones. For example, an experimentally okenough to reproduce the correct molecular properties and
served band at 2003 crhbelongs to HXeH, but no conclu- PES characteristics. Even though the computational vibra-
sive assignments for this mode could be given. Theional frequencies are generally overestimated, the system-
anharmonic MP2 calculations predict the combination banditic trend among the present HXY molecules is correctly
of the symmetric and antisymmetric stretchings to have sigpredicted. When a HXY molecule is strongly bound, the
nificant intensity, and we can assign the 2003 ¢rband  Xe—H bond distance is shorter, and this is reflected as a blue
accordingly. This gives us an indirect measure of the IRshift of the X—H stretching vibration. This is in accord with
inactive symmetric stretch, which should be about 840tm the experimental Xe—H wave numbers, which shift to higher
The derived wave number is much lower than predicted byalues from the most weakly bound HXeSH to the most
any computational methods using the harmonic approach tstrongly bound HXeNC, as shown in Fig. 2, where the ex-
calculate the vibrational frequencies. perimentally observed Xe—H stretching wave numbers are

The X—H stretching motion is an essential part of theplotted against the calculated harmonic values. For compari-
vibrational calculation of the HXY molecules. For more son, the XeH vibrational frequency in the gas phase has
strongly bound HXY molecules the MP2 vibrational calcu- been reported at 2270 crh(Ref. 78.
lations become better, but HXetds well as HXeSHrepre-
sents_ a borderline case and requires more-sophisticated COMY o RIMENTAL RESULTS
putational approaches. In the course of our work, we have
found that even the moderate MP2 calculations give reason- Formation ofHKrY and HXeY molecules The starting
able qualitative results not only for the structures, chargepoint for solid-state synthesis of the HXY molecules is to
separation, and vibrational frequencies but also for the higlechoose a hydrogen-containing precursor likgOHH,S, hy-
intensities of the X—H stretching absorptions. The calculatedirogen halides, HNCO, etc. The precursor mole¢H¥) is
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HXeNC A valuable observation was made concerning the forma-
tion of the HXeNCO molecule in HNCO photolysis in solid
Xe ®8 The rare gas molecule was observed to form not only
in the annealing but also directly in the photolysis of HNCO.
The kinetics of HXeNCO was followed during 193 nm pho-
1400} tolysis, and the HXeNCO molecule rises rapidly, reaches a
HXel maximum, and decreases eventually completely due to its
L m own photodecomposition. The experiment was performed
HXeSH photolyzing HNCO using different wavelengtlig25, 240,
15'00 . 17'00 . 250, 266 nny, but the formation of HXeNCO was observed

1900 _12100 to occur only under 193 nm irradiation. The maximum con-
Calc. Xe-H stretch, cm centration of HXeNCO produced during photolysis was es-
FIG. 2. Comparison of calculatdt¥P2) and experimental Xe—H stretching timated to be about 0.4% from the initial Concem.ratlon of the
values for HXY molecules. precursor HNCO. There are different alternatives for the
mechanism of formation of HXeNCO: HXeNCO can be
formed directly from HNCO/Xe in a photoisomerization pro-
diluted with excess of krypton or xenon, and the mixture jgCeSS: Of it can be formed from a hydrogen atom loosing its

) . - kinetic energy in the immediate vicinity of the NCO frag-
trapped on a cold surface of an IR-transparent window. It is ent. Nevertheless, once formed, the subsequent photode-

important that the precursor be as monomeric as pOSSibkg:] . . o
. . : .. composition of HXeNCO provides much more kinetic en-
since precursor aggregation complicates the photochemistry, . . L

P gareg P P gy to the H atom than the direct dissociation of the HNCO

as has been shown, for example, in the case of hydroge . L : .
halides®® In order to promote the isolated precursor to gPrecursor at the same irradiation wavelength. Finally, it
dissociative state, various light sources can be used. For h hould be noted that HXeNCO can be decomposed by 405

Jm irradiation, and it produces HNCO andHNICO with a

-
(o)
(=]
o

1000

Exp. Xe-H stretch, cm-1

drogen halides simple UV lamps are suitable, since the di ) X 5
sociation energies of these molecules are around ¥ @\~ Pranching ratio of 70%/30% _

ditionally in the preparation of HXY molecules, excimer N general, the HXY molecules are easily detected by IR
lasers(248, 193, and 157 nhand tunablgdown to 225 nm spectro;copg/ g)‘é‘g t& ége extremely intensive X—H stretching
radiation of an optical parametric oscillator have been useoe_\bsorptloné, P and the position of the stretching
The main objective of the photodecomposition process is t®and is very characteristic for each Y. In addition to the
separate the H and Y fragment of the HY precursor. TheXé—H absorption bands, other bands like combinations,
extent of the mobility of the fragments during the primary Overtones, and fundamental bands characteristic of the Y

photolysis, especially of the hot H atoms, will be addressedesidue in the HXY molecules have been observed, and they
below. are collected in Tables Il and I, including the frequencies
Upon ph0t0|ysi3, neutral fragments H and Y are |0Ca|_f0r the deuterated SpeCieS also. A Striking example of the
ized in a rare gas matrix. For example, in the cases of HI angensitivity of thev(Xe—H) absorption on the properties of
HBr the presence of | and Br atoms is clearly evidenced byhe Y fragment is found by comparing the two isomers of
their spin—orbit ¢P,—2P5,) absorptions at around 7600 HXeCN. For the lowest-energy isomer HXeCN the—H)
and 3600 cm?, respectively’! Both the H atoms and Y frag- absorption is at 1624 cit and it shifts by+227 cni* to
ments are stable below the mobilization temperature oft851 cmi* for the higher energy species HXeNElIn fact,
hydrogen atoms(30-50 K. In very dilute matrices this also measures the anisotropy of the CN fragment.
(M/Aratio>1000), it is possible to convert a major part of Several vibrational overtones and combinations have
the precursor to H atoms and neutral Y fragments. In moréeen reported for the HXY moleculdsee Table i. For
concentrated matrices, other processes like clusterization ariXel and HXeBr both the bending and the Xe—H stretching
photoinduced reactions of hydrogen atoms produce morévertones show measurable intensities arising from anhar-
complicated products as well as hydrogen molectfi8. monic effects. The most striking effect is the enhanced in-
The second step in the solid-state synthesis of HXY moltensity of the bending overtones compared with the funda-
ecules is annealing of the photolyzed matrix to the pointmental bands for HXeBr and HXel. For HXeCl, the bending
where the H atoms start to diffuse. Several separate exper@vertone is predicted by anharmonic MP2 calculations to be
ments have shown that the diffusion occurs at around 30 anf low intensity, and indeed, this vibration has not been ob-
40 K in solid Kr and Xe2*#-9The diffusing H atoms even- served experimentally. For the Xe—H stretching vibrations of
tually find a rare gas atom which has a fragment Y as a nedrdXeBr and HXel, the first overtones are computationally
neighbor, and the three fragments H, Y, and X react formingather weak compared with the fundamental modes, but they
the HXY molecule. Reaction of two hydrogen atoms with aare still intensive enough to be observed experimentally.
Xe atom between them produce HXeH. In the case of kryp-  The overtones of HXel have played an important role in
ton, this last reaction has not been observed to occur, an@solving the mechanism of formation of the HXY
also computationally the HKrH molecule is unstable. Mostmolecules’® The v(Xe—H) frequency of HXel is at 1193
importantly, in solid Xe the HXeY and HXeH molecules cm !, 2v(Xe-H) is at 2190 cm?! and around energies
seem to be the major trapping sites for H atoms and Y frag3v(Xe—H) close shown to 3000 cnt the molecule
ments in solid rare gases after mobilization of hydrogendecompose® This is shown schematically in Fig. 3. The
atoms®® HXel infrared photodissociation experiment yields an ab-
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TABLE Ill. The observed IR absorption@n cm™?) of different HXeY and
HKrY compounds.

Compound v ¥ v Y
[X-H(D)] |[H-X-Y]|[X-YI] [yl
HXeCl 1648
DXeCl 1198
HXeBr 1504 489
DXeBr 1100
HXel 1193 450 | 1299
DXel 893
HXeCN 1624
DXeCN 1178
HXeNC 1851 2044 (vCN)
DXeNC 1339
HXeNCO 1788 2148 (v, NCO)
DXeNCO 1299 2145 (v, NCO)
HXeOH 1578
HXeOD 1572
DXeOH 1149
DXeOD 1141
HXeSH(D) 1119
DXeSH(D) 833
HXeH [1166, 1181 (v,))| 701
840 (v,
HXeD | 1093 (vXe-H) | 621
753 (vXe-D)
DXeD 846, 856 514
HKrCl 1476 544
DKrCl 1106
HKrCN 1497 618
DKrCN 1109

dCalculated from the difference between thet+v; combination band

(1322 cnmi'l) and the antisymmetric stretchy( 1193 cnTl).

PCalculated from the difference between thiet+v, combination band

(2003 cm'l) and the antisymmetric stretchy( 1166 cnil).

Lundell et al.
~3000 cm™!
—
\ A=15-30K ~
3655 c Cage
\ potential
2859

\ / H+Xe+l
1864

671\l /
\V

HXel

FIG. 3. Photodissociation upon IR irradiation and recombination upon an-
nealing of HXel.

pictured in Fig. 3. The increase of the spin—orbit absorption
of iodine atoms at around 7600 ctis correlated with the
infrared-induced decrease of HXel and vice vefsahe low
energy of the infrared photons, which is insufficient to pro-
duce ionic centers in the matrix, indicates that the HXY mol-
ecules correlate with the neutral atom asymptote. Additional
evidence for formation of HXY from neutral atoms is avail-
able from Feldman and coworkets?? These authors com-
bined infrared and ESR-spectroscopic methods to study
electron-irradiated xenon matrices containing various hydro-
carbons, and they found that the decrease of hydrogen atoms
correlated with the growth of HXeH. Adding electron scav-
engers which enhance ion formation decreased the yield of
HXeH 5192

We can also estimate the anharmonicity of ttige—H)
stretch from the experiments, and the derived anharmonicity
constant eXe) is about 100 cm? in solid Xe* This value
has been used to calculate the energy levels(¥e—H) in
HXel, and they are marked accordingly in Fig. 3. The ex-
perimentally derived barrier height for the recombination of
the neutral fragments to form HXel is around 700 ¢rfRef.

58).

As mentioned above, one of the most weakly bound
molecules HXel dissociates already at(Ze—H) excitation.
Besides this, the electronically excited states lead to decom-
position of the HXY molecules. All HXY molecules decom-
pose with visible or UV light, and the decomposition onsets
vary from near IR to 350 nm. HXeH was found to be the
most photostable member of this family, and it is rather long-
lived under 400 nm irradiation. The electronic states in-
volved in the photodecomposition of the HXY molecules are
not known yet, but there exists a trend in the VIS-UV-
stability of these molecules. For example, the onset of pho-
todecomposition of the halogenated xenon hydrides is the
following: HXel dissociates at wavelengths belevw00 nm,
HXeBr below ~450 nm, and the most stable of this series,

sorption profile for the 8(Xe—H) transition with an onset at HXeCl, requires wavelengths below350 nm.

2950 cm%, which could be considered as an approximate

Production ofH atoms in the photolysis of small hy-

value for theD dissociation energy of HXel. After the IR drides in solidXe. The experimental preparation of the HXY
decomposition the molecular form can be restored by anneahydrides is closely connected with the dynamics of H atoms
ing at temperatures considerably below those needed for tha rare-gas solids, both during photolysis and annealing. A
global mobilization of H atoms in solid xenon. Therefore, thegeneral description of these processes can be found in a re-
3v(Xe—H) excitation of HXel produces atoms in close con- cent review by Apkarian and Schwentriérand we discuss
tact with each other, and HXel can be recovered by slighbelow only some aspects of solid-state photolysis related to
warming or even at the lowest temperatures by tunneling, athe present consideration. A number of experiments with
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HXeY compounds allow us to estimate the absolute amount 1.5
of H atoms generated under UV photolysis of an HY precur-
sor in solid Xe. This consideration especially concerns light-
induced travel distances of “hot” H atoms after photolysis
and their losses via the two most evident reactions:
H+H—H, and H+HY —H,+Y. This approach allows us to
distinguish the local and global primary photolysis events.

The UV photolysis of HI, HCN, and HNCO in Xe was
studied, and the concentrations of | atoms, CN, or NCO radi-
cals were measured by IR absorption spectrosédpy°éit
was found that annealing of the photolyzed matrices at
40-50 K decreases the concentration of | atoms, CN, or
NCO radicals typically by about 40%, and this decrease was
attributed to the formation of HXel, HXeCN, and HXeNCO ./
molecules. Furthermore, HXeH molecules were formed in 0 —'5'0'.’ ’ 3'0 * 4'0 ’ 5'0
annealing, consuming some part of the photogenerated H Annealing temperature , K
atoms. The results clearly indicate that the amount of H at-
oms after photolysis is comparable with the amount of theFIG. 4. The formation of HXel molecules in annealing. The HIf4£000
other dissociated pal(ﬂ, CN, or NCO) and also with the matr_ix was photolyzed at 310 nm. The annealing was performed with the 2
amount of the photolyzed precursors. It follows that IOSSK/mm rate. At temperatures 35 and 48 K the warming up was s_topped for

about 8 and 16 min in order to check the saturation of the reaction.

channels due to extensive mobility of H atoms do not play a
major role during photolysis of HY precursors in monomeric
matrices.

Ternary HI/CO/Xe matrix mixtures were prepared in or-

1.0

0)_...‘—.

16 min

/

HXel absorbance, arb. units

8 min

during annealing is presented in Fig. 4. Two stages of an-
X o - nealing producing HXel, around 28 and 40 K, be approxi-
der to estimate the lower limit of the H atom concentratlonmate|y distinguished and they should be qualitatively con-

produced in photolysis by monitoring the decreas(g of CQyected with local and global mobility of H atoms. Indeed, it
during annealing due to the reactiontBO—HCO.™ A 5 wel| established that the global mobility of H atoms in

HI/CO/Xe=1/2/2000 matrix was extensively photolyzed at g4)ig Xe starts at temperatures above 3%R20n the basis
310 nm. Upon annealing, the amount of HCO formed correyt the efficient low-temperature formation of HXel, we have
sponded to~15% of photolyzed HI, and HXel and HXeH g ggested a quite local distribution of H atoms in the primary
were formed with an efficiency similar to the case of Co'freephotolysis of HI in solid X& In this model, the locally
matrices. During the photolysis, HCO appeared but it§rapped H atoms can form HXel via reacting with the parent
amount remained an order of magnitude smaller than the atom in the low-temperature annealing, similarly to the
amount measured after annealing. Thus the proportion of Hrocess discussed above for the IR decomposition of HXel.
atoms consumed to HCO during the photolysis is about 1%=yrthermore, the local distribution of H atoms generated in
despite the twice-higher CO concentration compared to tha§hotolysis agrees with the absence of major losses of H at-
of HI. This observation indicates a low probability for the oms during primary photolysis. This conclusion of minor
distant reaction of the hot H atom with CO or/and a short-|gsses of H atomsluring photolysisshould be distinguished
distance travel of the H atoms. It is plausible that a similarfrom the diffusion-controlled processeturing annealing
inefficiency is also applicable to losses via the reactionsyhen H atoms move globally and may quite efficiently form
H+H—H; and H-HY —H,+Y. H, molecules, as mentioned earlier.

Thus it can be concluded that losses of hot H atoms due  The experimental model of local photolysis agrees com-
to extensive light-induced travel in a low-temperature Xepletely with the molecular dynamics simulations of 273 nm
lattice are quite minor. Moreover, the losses of H atoms durphotolysis of HI in solid X&*% These computations indi-
ing annealing seem to be essentially due to the formation ofate that the photolysis of Hl is a rather local process and the
Xe-containing molecules. On the other hand, additionabbtained trajectories lead to trapping of the H atom in the
losses are evidenced by the gradual decrease of HXel inearest interstitial sites. Elorant alemployed another ap-
multiple cycles of annealing and selective light-induced deproach in simulating the distribution of H atoms under pho-
composition of HXeF? and formation of H molecules is the  tolysis in different rare-gas matric&&In their study, an H
most probable process. In this respect, the diffusion-limitecitom was placed into a substitutional site of a perfect fcc
reactions of H atoms with HXeH and HXeY molecules lattice and provided with 2.5 eV of kinetic energy, and most
should be taken into account. of the resulting trapping position in solid Xe corresponded to

As mentioned earlier, the losses of H atoms during UVthe nearest interstitial site.
photolysis should be connected with its light-induced travel  Experiments with HXel molecules suggest the existence
distance. The experiments with rare-gas-containing molef hidden secondary processes during photof/sEhe pro-
ecules at various precursor concentrations support only veryortion of HXel forming in low-temperature annealifg38
limited light-induced travel distances under UV photolysis inK) becomes smaller for longer irradiation times. Most impor-
solid Xe. In this respect, the efficient generation of HXel in tantly, this proportion decreases further with irradiation time
low-temperature annealing~30 K) of photolyzed HI/Xe even aftercompletedecomposition of HI, approaching zero
matrices is an important observatidtiThe increase of HXel for very long irradiation. The HXeH/HXel ratio measured
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after annealing at 48 K increases with irradiation time, and it
is influenced by the irradiation time after the complete de- 06k o
composition of HI as well: it increases in prolonged photoly- ) —
sis. On the basis of these observations, it was concluded that
H atoms could be driven from the parent cage not only in the
preliminary decomposition of HI but also in some secondary
processes involving other species. The first hidden process
was suggested to be neutralization ofM€, which provides
kinetic energy for the H atom when the Xe atoms relax
quickly from the perturbedbound configuration to their
lattice positions. The mobile electrons providing the neutral-
ization are photodetached from the Yragments. The other
proposed hidden process involves the HXel potential sur-
face: if an escaping H atom forms the HXel intermediate, it
can gain more kinetic energy in photodecomposition of the

HXel molecules. In consonance with the latter hypothesis, 0 ' é ' é ' é ' 1'2 15
HXeNCO was found to form directly in photolysis of HNCO 4

in solid Xe, as described earli#.In the case of HI, no Number of pulses (x10°)

detectable amount of HXel is observed in the photolysis OﬂilG. 5. The LIF and IR absorption kinetics of CN during 193 nm photolysis
HI, most probably because of a very effective photodissociaef a HCN/Kr matrix at 7.5 K. The last data point corresponds to decompo-
tion of HXel. Up to now, the computer simulations of the sition of 65% of HCN.

photolysis of HI in solid Xe do not include the molecular
HXel potential, and this neglect might be a severe oversim

04

LIF and IR of CN radicals

oor X in practice. First, rare gas solids often cannot be regarded as
plification of the system, suggesting the need for a theoretiz yica |1y thin, and the depletion of the excitation field during

cal reinvestigation of the process. _ its penetration into the matrix layer plays an important role
Some controversial conclusions on the dynamics of, quantitative kinetic studie®:5":%-1%%¢ 3 sample contains
small hydrides in rare gas solids can be found in literature, gfficient number of precursor molecules, photogenerated
LaBrakeet al. suggested a migration distance-e10 nm for ey species can essentially absorb the photolysis radiation
H atoms upon 193 nm photolysis of HBr in a Xe matrix, anq hence decrease strongly the photolysis efficiency for
extensive losses of H atoms via thetHBr—H,+Br reac-  geeper matrix layers. Hence tiresitu-detected LIF signal of
tion, and a very small amount of H atoms generated in thene photogenerated species saturates faster than their aver-
photolysis® The conclusions derived in Ref. 88 are based omaged concentration do8This effect was also qualitatively
the deviation of the LIKlaser-induced fluorescendenetics  giscussed by Caderzet al1%?
of photodissociative fragments from the simplest one-  The second factor strongly influencing LIF kinetics is
exponential form. Some support for such extensive lossegtroduced by photogenerated species that are capable
was obtained by Elorantet al, who reported extremely low  strongly of absorbing the detected emission. This process can
amounts of H atoms in UV photolysis of HBr and HCl in a strongly alter the detected LIF spectra from different matrix
Xe matrix based on the very weak EPR signals from Hgepths, thereby introducing an additional error between the
atoms?’ In a more recent paper of their laboratdfythe  L|F and true kinetics. One example of rising absorbers is
possibility was suggested that the signal from H atomsprovided by a charge-transfer mechanism known for species
trapped only in lattice substitutional sites was measured ifike oxygen, iodine, etc. in rare gas solitfs-2%1%The ex-
Ref. 97. traordinary disappearance of one emission band in the NO
The origin for the disagreement between the LIF and IRprogression generated in the 193 nm photolysis of HNCO/Xe
absorption estimates of the photoproduct concentrations imatrices was explained by considering charge-transfer
rare gas matrices can be explained by taking into account thgbsorptiorf’
evolution of matrix optical properties during photolysis. The Finally, Rayleigh scattering enhances the two above-
problem with quantitative analysis of photolysis kinetics by mentioned mechanisms because it increases the path length
using LIF measurements was explicitly demonstrated experief radiation in the sample and limits penetration of the radia-
mentally. For instance, in the 193 nm photolysis of HCN/Kr tion into the deeper matrix layers even if the matrix absorp-
matrices, the 775 nm emission of CN clearly saturates fastefon is rather weak. Even alone, Rayleigh scattering destroys
than its IR absorption dog#ig. 5, and this saturation was the ideal one-exponential photolysis kinetics for concentra-
explained by self-limitation of the photolysi§ Other related  tion due to spatial redistribution of the radiation inten&iy.
examples can be found elsewh&f&@he observed dispropor- Intrinsic properties Until recently, the HXY molecules
tion evidently breaks the assumption of proportionality be-have been prepared in solid rare gases, mainly Kr and Xe.
tween the LIF signal and the product concentration used iiBince the molecules are strongly polar, there arises the ques-
Ref. 88, casting strong doubts about the numerical estimate#n of their intrinsic stability and of the stabilization effect
of H-atom travel distance and losses during HBr photolysisof the polarizable hosts. To address this question of intrinsic
in Xe. stability, photolysis of HBr and HCI in Xe-doped neon ma-
In order to describe LIF kinetics properly, a number of trices was performet?* Quite surprisingly, even at very high
factors should be considered, being extremely difficult to dadilution, mobilization of H atoms in Ne at9-10 K resulted
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We present here results concerning the first attempt of determining the trapping site structure of
molecules isolated in inert matrices at low temperature by the EX@&x&nded X-ray

Absorption Fine Structujemethod. The experiments have been performed aKtbhdge of argon,
silicon, sulfur, and chlorine for pure solid argon, and for SiI®CS, and HCI isolated in

different cryogenic matrices. The EXAFS technique is sensitive to the local environment around
the absorbing atom, and the spectral features induced by the matrix méterixle, N,,

and CH,) are clearly evidenced here. The data allow a characterization of the double substitutional
site for OCS in argon and xenon, while no structure can be determined for the accommodation

of SiH, in argon. A discussion of the best choice for the guest/host system to obtain a

good EXAFS signal is included. @000 American Institute of Physics.

[S1063-777X00)01009-4

1. INTRODUCTION lated in matrices have focused on the study of the species
structure itself. In some of these studfesa distance related
Isolating molecules in cryogenic and inert matrices usuto the matrix cage has also been measured. The only work
ally leads to simplified spectra because of the absence of fally devoted to cryogenic inert matrix structure concerns
rotational structure, but these spectra often show fingerprintdifferent rare gas and nitrogen matrie$he authors per-
due to the weak interaction existing with the solvent. Theformed EXAFS measurements on solid xenon, krypton, ar-
guestion then arising is about the nature of the trapping caggion and on mixed rare gas matrices, at khedge of Ar
Generally, using spectroscopic methods is not straightfor¢3203 e\ and Kr (14 330 eV and at theL; edge of Xe
ward for obtaining a direct comparison between a calculate@782 eVj. They were able to compare the miscibility of
structure and the experimental observations. Other techkenon and krypton in argon, neon, and nitrogen matrices,
niques as x rays or neutron diffraction are more suitable t@nd they measured a Kr-Ar distance of 3.82 A for diluted Kr
get structural information directly, but these methods ardn Ar, intermediate between the pure argon and the pure
sensitive to the long-range order in the matrix rather than tdrypton ones, and close to the free ArKr molecule value.
the local environment around the molecular imputity. The experiments presented in this paper are the first at-
X-ray absorption is another way to obtain structural in-tempt of characterizing the environment of a molecule
formation about the environment: as a matter of fact, thdrapped in a cryogenic medium by the EXAFS technique.
x-ray absorption spectra are deeply modified when goingVe Wwill review here the results obtained for molecules
from the gas phase to the condensed phase and are sensitf®CS, Sit and HC) in rare gas, nitrogen and methane ma-
to the nearest neighbors surrounding the absorbing atom. THECes, excited at th& edge of an atom belonging to the
|0W_frequency part of the spectrum is called XANE)S.ray mOIGCUIG(S, Si and C)| Up to now, we have obtained both
Absorption Near-Edge Structyr@nd contains information qualitative and quantitative results, and we will point out the
about the electronic structure, while the high-frequency parfn@in criteria to be considered in order to get the most ad-
of the spectrum is called EXAFEExtended X-ray Absorp- Vantage out of this kind of experiments.
tion Fine Structurgand gives directly the distances between
the absorbing atom and its neighbors. We will present in par§: NTRODUCTION TO THE BASICS OF X-RAY ABSORPTION
2 an introduction to the basics concerning the way to obtaiffy THE CONDENSED PHASE
the structural information by this latter method. Figure 1la shows the x-ray absorption spectrum of argon
Previous EXAFS experiments concerning species isoin the gas phade ) and in the solid phaséu). This last

1063-777X/2000/26(9-10)/8/$20.00 691 © 2000 American Institute of Physics



692 Low Temp. Phys. 26 (9-10), September—October 2000 Roubin et al.
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FIG. 1. X-ray absorption at th&
edge of solid argon(a) Solid argon
(w); gas phase (uo); the hatched
lines indicate the ionization limitb)
EXAFS oscillations ky) as a func-
tion of the photoelectron kinetic en-
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spectrum has been obtained by us and is in good agreemeng to the propagating photoelectron. The matrix element is
with previously published resulfslt is recorded as a func- nonzero only in the region where the core state is nonzero—
tion of the photon energliv for the excitation of an electron that is, on the absorbing atom. It is thus only necessary to
belonging to theK shell (n=1) of the argon atom at energy determine the final wave function at the center of the absorb-
Eq~3202eV. ing atom. The optical path length contributing to the phase

The first intense line of the gas phase spectrum is due tehift between the outgoing and the backscattered waves is
the absorption towards thep4 Rydberg state(ls—4p  then KR, Rbeing the distance between the central atom and
dipole-allowed transitiop the weaker structure at about 2 eV its scattering neighbor aridthe photoelectron wave vectdx.
from the first line is due to the nextsi5p transition”® s given in a first rough approximation by the following for-
Above the ionization limitindicated by the hatched lings mula: #2k?/2m=hv — E,, wherem is the mass of the elec-
the absorption cross section decreases monotonically. Noteon. The waves will add or subtract depending on the pho-
that the peak at 3225 eV is due to multielectronic effééfs. toelectron energy, and this will give rise to the EXAFS
On the contrary, for the solid phase, the spectrum containgscillations. The EXAFS spectrum is defined = (u
additional oscillations, which are due to the structure of the— u)/ o and is obtained here after fitting the atomic ab-
nearest neighbor of the absorbing atom. This oscillatory
structure is characteristic of solids, liquids, or molecular
gases, and its theory was originally proposed by rigan
1931 It was only worked out in detail after 1974 with the
works of Sternet al,'? Lee and Pendry® and Ashley and
Doniach'* At the same time, it became a very fruitful and
powerful experimental tool with the development of syn-
chrotron radiation. We will present here the main ideas for
the understanding of these experimeffisr more details,
see, for example, Refs. 15 and)16

For a photon energy well above the absorption edge the
ejected electron possesses a kinetic en&gyhich is ap-
proximately equal tdw — E,. This energy is large compared
with its interaction energy with the surrounding atoms, and
the photoelectron can be modeled by a free outgoing wave.
This wave is scattered by the neighboring potentials and, as a
result, the final state is the superposition of the outgoing and
scattered waves$Fig. 2). Single scattering—i.e., scattering
by only one atom—is a first-order process and is generally
the most important. The absorption cross section is propor-

tional to the square of the usual dipolar matrix elemént _ , ,
FIG. 2. Schematic of the EXAFS interferences: the bold circles represent

= |(¢ilH] l//f_>|’ where ¢ is the _mltlal-State_ wave function, the electronic direct outgoing wav@ave numbek) coming from the ab-
corresponding to the electron in the atomic core of the censorbing atom which interferes with the different scattered waves coming

tral atom, and; is the final-state wave function, correspond- from its neighbors. The corresponding optical phase shiftig.2
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sorption ug by a polynomial function of degree 3 and nor- tained by adding all their contributions with the simple for-
malizing the data by the Lengeler—Eisenberger metfiod. mula mentioned above. In the case of molecular species iso-
The qualitative picture given above can be directly translatedated in matrices, we are mainly interested in the

into an expression fog, and the formula obtained is intermolecular scattering, but we have to remember that this
contribution will add with the intramolecular one. We always
Fi(k) took into account in the simulated EXAFS spectra all the

X:Z kR'z Sin(2kRi+ &) single- and multiple-scattering paths whose length were less

than 8 A and contributing more than 2.5%. In the simulations
Xexp —2R; /)\)exp(—2k20i2), concerning isolated molecules in argon or xenon, we used
) the Debye—Waller factor given by the FEFF program for a
wherei designates the different neighbors of the central ato”ﬂemperature of 15 K, with a Debye temperature of 92 K for
at distanceR;; F; is the backscattering amplitude due 10 grgon and 64 K for xenon. All the simulations presented in
atomi, and ¢; contains the different phase shifts undergoneig paper were done with the FEFF6 version of the code.
by the electronic wave during first, its passage through the  Figyre 1d shows the fit of the inverse Fourier transform
central atom §,), second, to its back-scattering;}, and  of the first-neighbor peak of Fig. 1c with the amplitude and
finally to its passage through the central atom, so $iat phase shift calculated by the FEFF programoAfactor of
=20, +¢;; N designates the electronic mean free p@h 024 & and a distance of 3.75) A are obtained for this fit.
few A), and the term exp(2R /) phenomenologically takes This |ast value is in good agreement with previous
into account the decoherence of the outgoing and the scafjetermination® and gives an indication of the validity of
tered waves due to both the core and the photoelectron lifgne phase shift as determined by the FEFF code. Let us recall

times. It represents the probability that the electron travels t§qre that the nearest neighbor distance in afgespectively,
the backscattering atom and returns without scattering or thf?enon is 3.76(4.34 A at 20 K.

core hole being filled\ contributes to the weakness of the
far neighbor contribution in the EXAFS signal and is a func-
tion of k. Oscillations are also damped as a functiork diy
the thermal disorder: noncorrelated movements of the central When studying isolated molecules, the signal was re-
and the scattering atoms lead to a spreading of the instantaerded in a fluorescence mode, while for pure argon it was in
neous values oR;, which can be modeled, for a low disor- a transmission mode. The first method allows a selective
der and for a Gaussian distribution of the distances, by aetection of the signal due to the absorbing molecule and is
factor of expeZkzoiZ), analogous to the Debye—Waller fac- thus more efficient for dilute samples. The gas mixture was
tor in diffraction experimentsai2 is the relative mean-square deposited onto an Al foil stuck with silver paste on the cold
variation of the interatomic distand® and can be approxi- finger of a He-cooled cryostat. The mixture was prepared
mated by the Debye mod®.The introduction of a larger outside the vacuum cell and introduced through a tube open-
factor than that expected by thermal fluctuations may be nedng at about 2 cm in front of the cold sample holder at a rate
essary in order to fit the experimental damping, and this reef about 20umol/min, so that the deposition conditions were
veals the existence of some additional static disorder. similar to the usual ones. The concentration was 1:100 and
The experimental spectrumis often weighted by in  the temperature was about 15 K during all the experiments.
order to give more importance to its high-frequency part, andrhe thickness of the film was a few microns, as can be esti-
Fig. 1b shows the EXAFS spectruky corresponding to the mated by the observation of visible interference fringes dur-
absorption of solid argon plotted in Fig. 1a. In the following, ing the deposition. The basic pressure in the cell was
we will plot (ky) as a function oE and, when necessary, the 10 8 Torr, and the pressure was increased to°IDorr dur-
spectra will be offset for clarity. Figure 1c shows the Fouriering the deposition.
transform corresponding to the EXAFS data of Fig. 1b. A The photoabsorption measurements were carried out at
Kaiser window going from 2.1t0 8.7 & (17 t0 290 eV has  the Laboratoire pour I'Utilisation du Rayonnement Electro-
been used to calculate this Fourier transform. The differeninagnetique LURE-Orsay on the SA32 beamline equipped
peaks emerging in Fig. 1c at 3.3, 5.0, 6.2, and 7.2 A correwith a double-crysta[InSb (111)] monochromator, which
spond to the first, second, third, and fourth shells of the arallows an energy resolution ranging from about 0.7 eV for a
gon atom’s nearest neighbors and are very similar to previphoton energy of 1800 eV to about 1.4 eV at 3500 eV. The
ous result. Remember that it is necessary to take intoSuperACO storage ring was operating at 800 MeV, with a
account the phase shift; in order to get the actual distances typical current of 200 mA. The incident beam was monitored
in the crystal. by measuring the total electron drain current of a polyure-
According to the EXAFS formula, knowledge of elec- thane foil covered by 80 nm of Ti, located downstream the
tronic parameters such &s, ¢;, and\ allows one to obtain monochromator. The focused spot on the sample was about
structural parameters such &, aiz, and the number of 500 um horizontally and 30@wm vertically. The energy cali-
neighbors. One way to obtain these electronic parameters kwation was performed by taking thé€ edge of a sample of
to calculate them by the FEFF cotfeThis code gives the ZnS at 2472 eV. The absorption spectra at khedge of
contributions of both the single- and multiple-scattering pro-silicon (1839 eV}, sulfur (2472 eV}, chlorine(2833 eV}, and
cesses by investigating all the different scattering paths. largon(3206 e\j were collected in the fluorescence mode as
then calculates their corresponding effective amplitlélg;,  a function of the incident photon energy i 1 eV step.
from which FEFF takes its nameand effective phase shift We recorded several scans for each sample, so that the total
(defr), SO that the total EXAFS spectrum can be readily ob-collecting time for one point ranged from 10 to 20 s. The

3. EXPERIMENTAL
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FIG. 4. EXAFS oscillationky of the spectra of Fig. 3 as a function of the
L photoelectron energy. The spectra have been shifted for the sake of clarity,
but the scale is exact for their amplitudes.
1 1
2500 2550 questions are then arising: do these spectra actually contain
hv, eV information about the OCS environment? Don't they only

_ _ ~ reveal the structure of OCS itself? Moreover, the concentra-
FIG. 3. X-ray absorption spectra at theedge ofS for OCS isolated in tion of 1:100 is indeed high enough for clustering to occur
argon, xenon, nitrogen, and methane matrices. The fluorescence signals haved h | | fl h f '
been normalized to unity at the maximum of the first line. and the spectra may also only I’(.E ect the structure of some
aggregates. As a matter of fact, infrared measurements per-
formed on OCS isolated in nitrogen, in argon or in xefiénh
fluorescence yield was measured at 90° from the inciderfi€veal that clustering and/or multiple trapping sites were

Mesures for the K, /K, lines, with an energy resolution and so we will examine now in detail whether there is evi-

better than 150 eV. In the case of pure solid argon, the setu%enﬁ] for a 5|g(;1ature of |_solat|on In-our sp;zc;[jra.dﬂ 100
was different and the direct absorption spectrum through ar- e same data are given on an expanded dddle

gon deposited onto a thin Al foil was recorded with a silicon€Y) I Fig. 5 in order to focus on the low-energy part of the
diode detector. spectra. Significant differences are observed on the oscilla-

tions, reflecting differences in the environment of the absorb-
ing sulfur atom. This proves that, whatever the exact rate of
4. RESULTS AND DISCUSSION clustering in the matrix, a signal corresponding to the iso-

4.1. Probing the host material: OCS isolated in argon,
xenon, nitrogen, and methane matrices

Figure 3 shows the absorption coefficigntlisplayed as 0.5 ' s
a function of the photon energy from 2450 to 2600 eV at the . tey Ar
K edge of the sulfur atom in the case of argon, xenon, nitro- K Tl et
gen, and methane matrices. The pre-edge contribution has o * et . Xe

been subtracted for each spectrum after its fit by a linear -0.5F" ALY

regression, except for xenon. For this last case the signal was =2 SR }

much weaker than for the other cases, because the absorptior=% R

of the fluorescent photons by the matrix itself reduces their CRY R N2

escape depth. Such a low-level signal frequently induces a =15k e W T e

perturbed profile for the data: in order to correct it on this PR

figure, we have subtracted a fit of all the data above the edge

by a polynomial function of degree two. CH4
The corresponding EXAFS spectra kx(=k(u 20F

— ol o)) are displayed in Fig. 4 as a function of the pho-

toelectron’s kinetic energy. Oscillations are clearly visible up , , , . .

to 300 eV above the absorption edge. 20 40 60 80 9(
A close look at Fig. 4 shows some similarity on the E eV

high-energy part of the oscillatiorifrom 80 to 350 eV es- ’

pecially for the Xe, N, and CH matrices. The following FIG. 5. The same as Fig. 4 on an expanded scale.

)

K
'
.
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FIG. 6. The same as Fig. 4 for OCS isolated in methane and pure OCS, and
FEFF simulations of the OCS molecular single scattering signal.

FIG. 7. Scheme of the two-hole trapping site for OCS in an argon matrix.

lated molecule and, thus, information about the molecular

cage structure is unambiguously present in these measure- _ . .
ments. positions, with S-Ar distances spreading around a mean

In order to clear up this point, we have recorded thevalue of 3.74 A In the case of xenon, in addition to this Site,
EXAFS spectrum of pure OCS deposited under the sam@ second site, in which the oxygen atom is at the center of
conditions. It is represented in Fig. 6 and is compared wittPne of the two holes, has been found to be unstable. Figure 8
the data for OCS isolated in methane. We recognize onceompares the EXAFS signals of OCS isolated in argon or in
more the same high-energy oscillations, and the question éfenon with FEFF simulations performed with the geometry
clustering rises again. We have also done an FEFF simul&leduced from Ref. 23 and corresponding to Fig. 7—the sul-
tion of solid OCS based on tHéSm(Cgv) crystal structure fur atom being about at the center of a substitutional hole.
determined by neutron diffractidid.We have extracted from Concerning the xenon matrix, the FEFF results correspond-
the calculation the EXAFS contribution of the excited OCSINg to the unstable site are not represented here, for the sake
molecule by selecting only the intramolecular single diffu- Of clarity, but they clearly do not agree with the experimental
sion paths, and this result is added in Fig. 6. It is clear thasignal. On the contrary, Fig. 8 shows that the oscillations
the resulting periods of the oscillations fit those of the ex-corresponding to the calculated stable site agree well with
perimental Spectra, and we can conclude that the high_enerdpe three first main structures observed between 20 and 100
structures appearing for OCS isolated in Xg, Bind CH, are
mainly due to intramolecular S-C and S-O scattering.

Let us explain now why the matrix signature is mainly
present only in the first part of the spectra. A general reason
is the damping induced by the thermal excitation of atomic
movements: as a matter of fact, intramolecular bonds are 1k
stiffer than intermolecular bonds, and thé factor is much
lower for a pair of atoms both belonging to the molecule than
for a sulfur—argon pair. In the case of ¢Bnd N,, a second
reason is the well-known poor scattering efficiency of the
low-Z atoms. In addition, the backscattering amplitudes de-
crease as the photoelectron kinetic energy increases, and the
more rapidly the lighter the element. For example, the maxi-
mum of the backscattering amplitude is found for a kinetic 0 A
energy of about 20 eV in the case of N, while it is about 90
eV in the case of Ar. These reasons explain why we do not

=

measure a significant contribution coming from the N or C E

neighbors for an energy larger than 50 eV. L 4 A
The IR spectrum and the trapping site for OCS isolated 50 100 150

in argon and xenon have been modeled by Witifihe mol- E,eV

ecule is found to accommodate a two-hole site, as repre-

: : : ~IG. 8. EXAFS oscillationddots and FEFF simulations of the two-hole
sented schematically in Fig. 7. In the case of argon, the Suf:ite of Ref. 23 for OCS isolated in arggh) and in xenon(2). In the latter

fur atom is rO_Uthy at the center of one qf the two hOIeS!.anciase, the additional lin8 is the FEFF simulation of molecular OCS as in
the neighboring argon atoms occupy different well-definecrig. 6.
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S—Ar distance(Fig. 9b. We found that our results were
consistent with a shell of 11 argon atoms at a mean distance
of 3.7811) A, larger than the pure Ar—Ar distance found with
the same FEFF daté8.751) A). A static disorder around
this position has been measured by an additional Debye—
Waller factor ofa?>=0.006 A2, which corresponds to a root-
mean-square displacement of about 0.08 A. This disorder is
moderate and this is in good agreement with the measured
relaxation of the argon positions in order to accommodate
the molecule. These parameters for the cage are also in
agreement with the two-hole site picture represented in Fig.
7, and they differ only slightly from the perfect cage struc-
ture calculated by WinA® they correspond to a structure
which is less organizea unigue mean S—Ar distance in-
stead of a set of well-defined positigremd to a larger mean
S—Ar distancg3.78 A instead of 3.74 A We must remark
that the concentration of our sampl&100 is high enough

so that our matrix crystal is probably disturbed by the OCS
dopant, and it is thus not surprising to obtain a structure that
differs from the perfect one.

0.12

0.08

0.04

Fourter transform

4.2. Probing the distortion induced by the guest molecule:
OCS, HCI, and SiH , isolated in an argon matrix

The absorption spectra of Sjkand HCI isolated in an
argon matrix at thek edge of the silicon and the chlorine
atom, respectively, have been recorded and are reported in
Fig. 10a. For comparison, the spectrum of OCS in argon at
the sulfurkK edge, already presented in the preceding section,
is reproduced in the same figure, as well as the spectrum of
pure argon recorded at the argkredge. This last spectrum

1 2 can be thought of here as Ar in Ar. A shift of the photon
200 energy corresponding to théelectron binding energi, is
E eV applied for each spectrum in order to be able to compare
’ them, so that the abscissa liw —Ey and roughly corre-
FIG. 9. OCS isolated in argdi.(a) Fourier transform of the EXAFS oscil-  Sponds to the photoelectron kinetic energy. The oscillations
lations represented in Fig. 4b) inverse Fourier transform: the dots corre- gre observed above the absorption edge in the cases of OCS,
spond to the exp_erimental data, _and the continuous line corresponds to a Ii-‘CL and Ar, while they are much more rapidly damped in
with the electronic parameters given by the FEFF code. . ..
the case of Silj Moreover, when existing, they undoubtedly
show a similarity, especially in the 40—150 eV regidfig.
eV. The line 3 corresponds to the EXAFS simulations of thelOb), which proves that they are the signature of a similar
OCS molecule alone as for Fig. 6, and it fits well the oscil-argon environment. The peak existing for HCI only, at about
lations between 100 and 250 eV. This shows that the S—X#he origin of the energy scale of Fig. 10a, corresponds to the
contribution is only visible up to 100 eV—as a matter of transition towards the molecular antibondiag state®® The
fact, the backscattering amplitude rapidly decreases above 36llowing peak can be readily compared for HCI in argon
eV—and confirms that the following part of the spectrum isand for pure argon: it corresponds to the-14p Rydberg
dominated by the pure OCS contribution. In the case of artransition®2® which is expected to be very similar in both
gon, it seems, clear that the main oscillating period obtainedases because of similar electronic structures.
in the calculations is larger than the experimental one, and The EXAFS signals Ky) for pure argon and for HCI
this reveals that the measured mean S—Ar distance is largesolated in argon are superimposed in Fig. 11, and no signifi-
than the calculated one. On the other hand, we can obserwant difference is observed between the two spectra. This
that the sulfur—rare gas contribution is more dominant forconfirms that a single substitutional site readily accepts HCI
argon than for xenon, and thus the OCS/Ar system appeargithout perturbation of the crystalline structure. The size of
the best candidate for a quantitative analysis of the signal. the molecule is actually close to the size of the argon atom,

This has been done in a previous papand the results and, moreover, it is well-known that the molecule undergoes
are summarized now. The Fourier transform of the EXAFSalmost free rotation in the cage, indicating a negligible
spectrum obtained for OCS in argdhig. 98 shows three hindering®?” by the neighboring atoms. The beating be-
peaks corresponding to S—C, S—0, and S—Ar distances, sween different oscillations that is observed in the spectra
that the structure of the first shell of argon atoms surroundingsee Fig. 11is due to the addition of the contributions of the
OCS can be analyzed by fitting the oscillations given by thalifferent shells of argon surrounding the excited atom and of
inverse Fourier transform of the peak corresponding to thenultiple scattering. A detailed analysis of the different path

Inverse Fourier transform

100
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FIG. 11. EXAFS spectrakly) as a function of the photoelectron energy of
pure argon(continuous ling and of HCI(dot9 isolated in argon.

gon, indicating two sites for its accommodation. The mean
low-frequency peak arises over a very broad and structured
band due either to rotation or to multiple configurations of
the site. Silane is approximately a sphere whose diameter is 5
A and is probably too large to fit into a one-atom vacancy of
an argon crystal. It will neither easily occupy a two-atom one
(Fig. 7), which can accommodate only a prolate molecule of
reduced size. We have also considered the case of the four-
atom vacancy of tetrahedral symmetry, as has been done for
some metallic atom® In Fig. 12 the FEFF results obtained
for silane in a one-atom vacancy and for silane in a four-
atom vacancy are compared with the experimental data.
There is clearly no agreement between the oscillating struc-
tures of the simulations and the experimental results, and we
cannot draw a conclusion as to the validity of either of the
two sites. Nevertheless, the experimental spectrum may also

FIG. 10. X-ray absorption spectra as a function of the shifted photon energy
(hv —Ey),E, being theK edge energy of Cl for HCI, S for OCS, and Si for
SiH, (fluorescence modeand theK edge of Ar for pure argoftransmission
mode. In the case of HCI, the spectrum has been corrected to eliminate an
important unwanted structure at 45 eV due to a glitehspectra from-10

to 150 eV;(b) the same spectra in an extended range.

contributions given by the FEFF code shows that the main
oscillating structure corresponds to the sine function built
with the first nearest neighbors at a distance of 3.75 A, while
the secondary maxima appearingkat 67 and 100 eV are
due to a constructive addition of the third and fourth shell
sine functions and of the double-scattering contributions, es-
pecially those coming from two Ar scattering atoms aligned
with the central atom. This latter signal indeed involves a
forward scattering and is enhanced because of its high am-
plitude (focusing effeck

On the contrary, silane, whose tetrahedral symmetry is
well-suited for a cubic crystal, does not give rise to long-
range oscillations. Infrared spectrosctp’? reveals two

0.5
Z o,
.%f
'Oslb 1 1
50 100
E,eV

peaks for the Si—H stretching band of silane isolated in artline 2).

FIG. 12. EXAFS spectrumk(y) of silane isolated in argofdots and FEFF
simulations of silane in a one-hole sitkne 1) and in a four-hole site
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The matrix isolation technique is traditionally used to investigate the properties of the matrix-
isolated species themselves or to solve some special questions of the theory of defects in

solids. We showed here that the optical spectroscopy of real matrix-isolated molecules can be
successfully used to investigate the host crystal qualities, too. We demonstrated the

capacity of modern FTIR spectroscopy to study the properties of cryocrystals such as phase
transitions, solubility boundaries, orientational order parameter, etc., by monitoring the behavior of
the IR-active molecules, which are present in matrices under investigation as a natural
contamination(40 pph. Due to the excellent optical quality of our crystal samples, we were able
to determine a part of the binary phase diagram C@DCO concentrations less than 1

ppm) as well as to investigate the kinetics of phase transitions. Furthermore, we successfully used
the spectroscopy of the matrix-isolated molecules to proof thatitBgphase transition of

the matrix crystal (Q) is of first order. © 2000 American Institute of Physics.
[S1063-777X00)01109-9

1. INTRODUCTION in comparison with Raman scattering to investigate small
impurity concentrations. Therefore, it is meaningful to em-
The matrix isolation{MI) technique is used in general to ploy IR-active Ml molecules to probe indirectly of host crys-
investigate properties of the isolated molecules small  tal qualities of spectroscopically inactive matriqgeare gas
groups of themsuch as their shape, their spectrum, the ressolids, etd. In Fig. 1, we present the internal vibration spec-
laxation of molecular excitations, etc., as well as their chemitrum of CO molecules matrix isolated in solid oxygen. Our
cal and physical behavior. Receritlye have shown that the oxygen gas use¢purity 99.998% contains these CO mol-
matrix isolation technique can also be used successfully tecules as a residual contamination. Analyzing the integrated
render some fundamentally important information on theintensity of this peak in combination with known absorption
properties of the host crystal, where these molecules wereoefficient of CO, we determined the CO concentration in
dissolved(CO or CQ in a N, matrix). The principal prereg- the solid oxygen to be 410 8.
uisite to employ the MI technique for this special purpose is  Our aim is to study theeal matrix isolated case and to
to work with areal MI case to avoid any segregation pro- probe solid-state aspects of the matrix. We have chosen CO
cesses or cluster formation and to neglect any interactioand CO molecules matrix isolated in solid nitrogen and oxy-
between dissolved impurities. The basic physical idea of ougen as an example. Our paper is structured as follows: in
approach is relatively simple: the spectroscopic characterissec. 2, we briefly describe our experimental procedure
tics of the internal vibrations of a well-isolated molecule (method, crystal growth, determination of impurity concen-
(frequency, bandwidthare unambiguously determined only tration, etc). Experimental results are presented together
by the properties of this molecule itself and the crystal fieldwith the discussion in Sec. 3. We will analyze first the phase
of the host crystal in which this molecule is embedded transitions in the host crystals. Second, we will interpret the
Changes in the crystal-field-varying external conditionsbehavior of mode frequency to gain information on the host
(such as temperature, pressurause corresponding changes crystal qualities; third, we will study the low-concentration
in spectroscopic characteristics of the MI molecule. Therepart of the phase diagrand€0, in nitrogen and oxygen, and
fore, by monitoring the behavior of this Ml molecule care- CO in oxygen; fourth, we will discuss mode relaxation pro-
fully, we can probe the host crystal qualities such as phaseesses of impurities in these selected cryocrystals.
transitions, intermolecular distance, order parameter, dynam-
ics, and relaxatlc_m processes, etc. I\/I_oreov_er, starting from 8 EXPERIMENTAL PROCEDURE
real Ml case it is possible to investigate the low-
concentration part of the phase diagram of binary systems We investigated C®and CO molecules dissolved in
correctly. Our previous resultshange traditional opinions condensed phases of nitrogen and oxygen at equilibrium va-
about the MI case, such as the solubility limit in cryocrystals;por pressure by FTIR spectroscopy in the temperature range
we have shown that the thermodynamic equilibrium solubil-from 10 to 90 K. The spectra of the impurity fundamentals
ity limit for CO, molecules in solid nitrogen is lying at molar were recorded in the mid-infrared spectral region by a Fou-
concentrations of about 10— 10" . rier spectrometefBruker IFS 120 HR Two sets of light
FTIR spectroscopy is a substantially more sensitive tookources and beam splitters were used: a glowbar source and a

1063-777X/2000/26(9-10)/13/$20.00 699 © 2000 American Institute of Physics



700 Low Temp. Phys. 26 (9-10), September—October 2000 Minenko et al.

COinO,
F

0.04}
i)
k=
5
S 0.03F
S
©
)
(&)
g
Qo 0.02}
[}
3 !
Q
<

0.01

0 R 1 R 1
2135.6 2135.8 2136.0
1 FIG. 2. The sample cell specially designed for IR-spectroscopic investiga-
Frequency, cm tions of cryocrystals and their mixtures at zero pressure.

FIG. 1. Mid-IR spectrum of the internal vibration of the CO molecules
matrix isolated inae-oxygen(T=11 K, spectral resolution 0.003 cr). The

CO molecules are present in our oxyg@9.998% as a residual contami- .
nation (CO/O, ratio E4X 10°9). Yk % +0.01 K atT<25K and=*=0.03 K at higher temperatures. To

obtain information on the real absolute sample temperature
the Si diode was calibrated by comparing a registered sample
KBr beam splittespectral range 800-5000 ¢ as well as  temperature to known fixed thermodynamic temperature
a tungsten lamp and a Cabeam splitter(spectral range points (solid-solid phase transitions, melting and boiling
1900-11000 cm?). The diameter of the diaphragm was 1 points of 5 substances;HNe, CH,, O,, N,). This procedure
and 0.8 mm, respectively. Liquid-Mooled InSb and MCT allows us to reach an absolute accuracy of determination of
detectors were used. The frequency resolution was variethe sample temperature of about 0.1 K in the whole tempera-
from 0.003 to 3 cm?, depending on the bandwidth of the ture range from 10 to 120 K.
investigated spectral lines. A cutoff filter for the spectral re-  To ensure good thermal contact with copper digussi-
gion 2000—3000 cm' was used to improve the signal/noise tion B in Fig. 2) a sample gas was condensed to liquid at
ratio. overpressure of about one bar. This overpressure was main-

To investigate cryocrystals in the whole spectral regiontained until a crystal was completely grown. The samples
(from far infrared to ultraviolgton thesamesample without  were slowly grown from the liquid to obtain perfect crystals
changing the window material, a special sample cell withwith good optical quality. This crystal quality was immedi-
diamond windows (accessible spectral range 10-43000ately controlled by eyémicroscopg during growth as well
cm 1) was designedFig. 2). This cell consists of a brass as by a determination of the bandwidth of the MI molecule
corpusA and two copper discB with polycrystalline dia- fundamental at low temperature. The grown crystals were
mond windowsC (©3 mm). The diamond windows are completely transparent to visible light and had very small
glued onto the copper discs. The copper discs are separatessidual inhomogeneous broadenit@pout 0.01 cm?t). We
by a brass rind (inner diameter of 10 minas a spacer to could not detect any traces of the IR-inactivedd O, vibron
vary the sample thickness. The inner akebbetween the two (host crystal, consequently, our crystals are perfect. To
copper discs serves as the sample chamber. Copper was ss&ercome the difficulties connected with the big volume
lected as a material for sample chamber to exclude consigump at the y-8 phase transition in solid oxygefabout
erable thermal gradient across our sample. The thickness 6t4%) and to obtain high quality crystals of low-temperature
the samples was 1.2 mm in the present studies. The indiu®, phases, a special procedure worked out in Ref. 3 was used
rings were used to seal the sample chan{skown by dark and slightly modified for our demands-O, crystal of per-
dots in Fig. 2. A steel capillary tubd- connects the sample fect quality was slowly(0.05 K/h cooled through they-8
chamber with the gas system. phase transition. At a temperature slightly lower thanh@

The sample cell was mounted on a cold finger of atransition point AT=0.02—-0.03K) a perfect crystal of
closed-cycle He cryostdposition G in Fig. 2). The sample B-oxygen was grown at constant temperatiemperature
temperature was measured by a calibrated Si diode with #uctuations were smaller thah0.02 K). The changes in our
temperature resolution of 0.005 K in the temperature regiorsamples during whole growth procedure were continuously
below 25 K and 0.05 K at higher temperatures. The accuracynonitored spectroscopically. During the recrystallization of
of the temperature, stabilized by a computer, was better thatie 8 phase, we observed an increase of the optical transpar-
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FIG. 3. Temperature dependences of the spectroscopic characteristicswafftlamental of C@ matrix isolated in solid nitrogen: frequen¢g®) and
integrated intensityb). The CGQ molecules were present in our nitrogen ¢88.999% as a residual contamination (GON,=1.35x1077).

ency of our samples. If the transparency did not improvesubstances react sensitively to this phase transftiea Ref.
further more, the crystal g8-oxygen was slowly0.1 K/min) 1), the most obvious changes are observed in the spectro-
cooled down. Near phase transitions, the samples werscopic characteristics of the;-CO, fundamental(Fig. 3).
cooled (or warmed at a much slower rat¢0.005 K/min.  These changes were completely reproducible under cooling
Two series of experiments with different admixture/matrix and warming. One 3-CO, band in thea phase is split into
(A/IM) ratio were carried out for both matrix materiéls, or  two bands in thg3 phase exactly at the phase transition point
O,). In the first seriegA), we monitored the behavior of the (Fig. 39. The clear jump is observed in the temperature-
IR-active molecules, which were present in our sample gasegependent bandwidth of the MI molecules at this tempera-
(O, 99.998% and B 99.999% as residual contaminations: ture, too. These observations, gained by the spectroscopy of
CO; in nitrogen(135 pph as well as CQabout 40 ppband  MI molecules, are confirmed by monitoring the two-vibron
CO, (about 1 ppmin oxygen. In the second seriéB), we  pand ofa-N,, which disappears in thg phase(see Fig. 6
investigated nitrogen enriched in GQ75 ppm and oxygen  Ref. 1). The integrated intensity of the,-CO, fundamental
enriched in CQO(about 0.9 ppm is proportional to the total number of MIG@nolecules. The

The methods used to determine the impurity concentramtensity of the one5-CO, band in thea phase is equal to
tion in solid nitrogen were described in Ref. 1. In the case ofnhe total intensity of twa3-CO, bands ing-N, (Fig. 3b.
the oxygen samples, we determined the A/M ratio via knownsince the number of MI molecules is constant at this transi-
absorption coefficients' as well as via partial pressure. tion, the MI CQ, molecules must be distributed between two
different sites inB-N,, in accordance with the two possible
orientational positions in the hcp structure ®fN, (Ref. 1).

The detailed analysis of thew-g phase transition
showed that the spectroscopic behavior of the, @ihda-

a) N, matrix . To test our approach—to probe host crys- mental mirrors all characteristics of a first-order phase tran-
tal quality—we first studied the well-investigatedB phase  sition: a frequency jump; a thermal hysteresis of all of the
transition in solid nitrogen. This phase transition is a first-spectroscopic characteristics; the coexistence obthed 5
order phase transition accompanied by a volume j(aput  phases.

0.8% at the equilibrium vapor pressute.The low- b) O, matrix. For 30 years it has remained unclear in the
temperaturer-phase of solid BhasPa3 cubic structure and literature if thea- phase transition in solid oxygen is of first
possesses long-range orientational order. The hexagonai second order. We applied the matrix isolation technique to
B-phase(space grou?65/mmnj is an orientationally dis- clarify this question.

ordered phase. O, molecules possess nonzero electronic spin in the

To probe indirectly thew-B phase transition of the ma- ground electronic state. Therefore, solid oxygen combines
trix (N,), we monitored the behavior of the CO and £O properties of a cryocrystal and of a magnetic material. Solid
fundamentals as a function of temperature. Although botloxygen exists in three phases at ambient pressg®; (T

3. RESULTS AND DISCUSSION

3.1. Investigation of phase transitions
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FIG. 4. Temperature behavior of the internal vibration of the CO molecules matrix isolated in solid oxygen,(@D{@0 8); temperature dependence of
the CO fundamental frequendgtar is the data of Ref. 19a); thermal hysteresis of the-B phase transition in solid oxygeh); the coexistence region of
the « and 8 phases during cooling, from monitoring of the CO fundamental band in both pt@s&e resolution was 0.003 to 0.037 chand the error
in absolute frequencies is smaller than the symbols.

=54.36-43.8K), B-0, (T=43.8-23.87K) anda-O, (T To obtain unambiguous experimental information on the
<23.87K). The low temperaturea phase is an order of thea-g phase transition we carefully monitored the
antiferromagnet, whereas theB and y phases possess no behavior of the spectroscopic characteristics of the internal
long-range magnetic ordérs-0, has the rhombohedral lat- Vibration of CO molecules Ml in solid oxygen. In the litera-
tice of space grouﬁﬁm, whereas the structure of tkeO, ~ ture, we found one spectroscopic study on CO dissolved in
belongs to the space gro@2/m.®8 The crystal structures of Solid oxygen(resolution 0.25-0.30 cnt).*® CO molecules
the & and 8 phases are actually very similar, and both struc-were produced by UV photolysis of ;0 H,CO and
tures consist of closed-packed layéoasal planes The dis-  O2:H2C20,(2000:1) solid mixtures af =12 K.
tance between nearest molecules in the basal fage-3.4 Figure 4a shows the temperature dependence of the CO
R) is substantially smaller than the distance between nearefifndamental in thex and 8 phases of solid oxygen, repro-
neighbors from different layers=4.2 A).2 ducible in cooling and warming. At temperatures higher than

The properties of solid oxygen near its phase transition$4 K, the CO peak becomes very brdaddndwidth about 0.1
have been extensively investigated by different experimentsfm ~ at 34 K) and therefore cannot be observed at such
techniques: by x-ray and neutron diffractidt®** heat ca- small CO concentrations. A jump in frequency is clearly vis-
pacity measurement$;*® IR and Raman spectroscopy?  ible at thea-g phase transition. This change in the environ-
thermal conductivity’* etc. However, the available experi- mental shift of the vibration frequency of the MI molecules
mental and theoretical data on the order of the phase (@crysta— @gad iS determined by changéd in the intermo-
transition are both of a contradictory nature. On the experilecular distances of the host crystal and by chartges the
mental side thex-3 phase transition is considered to be of host crystal orientational order parametéf.
second order according to the temperature dependence of the Figure 4b presents the temperature dependence in fine
magnon frequency observed in Ref. 9 and tondike  steps(0.05 K) of the CO fundamental frequency in the vi-
anomaly of the heat capacity observed in Ref. 10. The parcinity of the a-g phase transition for one of our samples. The
allel and perpendicular magnetic susceptibilities do not cointemperature at which the new band shows up as proof of the
cide at thea-B phase transition poirt: Thermal hysteresis new phase lies at 23.85 and 24 K on cooling and warming,
was observed by elastic neutron diffractiband heat capac- respectively. The concrete temperature values varied from
ity measurements’ Consequently, this-3 phase transition one sample to the other, but these fluctuations were not more
is considered to be first order on the basis of the experimerthan 0.1 K. Our temperature range for hysteresis is a bit
tal results of Refs. 11-13. X-ray studtésiemonstrate that smaller than the thermal hysteresis observed in Ref. 13.
both phases coexist withil K near then-3 phase transition; Figure 4c shows our spectra near {Be> « phase tran-
however, those authors did not detect any hysteresis. sition. The coexistence region of the and B phases is

In theoretical literatur®"*2there is also no consensus clearly visible at 23.85 and 23.80 K. This coexistence of the
on the physical origin and classification of theg phase « andp phases was observed in every sam@eseries as
transition: a pure crystallographic transition, magneticallywell as during both cooling and warming.
driven, and/or magnetoelastically driven. Different theoreti-  The jump in the CO fundamental frequency (0.09
cal models to describe this phase transition have been ext0.01cm?) at thea-8 phase transition is comparable with
ploited to characterize the order of this phase transition. Fothe temperature-caused changes in frequency in the tempera-
example, the authors of Ref. 15 described th@8 phase ture range ofa-O, (0.17 cmY). Since the intermolecular
transition as a second-order transition, while according tanteraction between Omolecules in the basal plane is sub-
Refs. 17 and 25 the-B phase transition is of first order. stantially stronger than the interlayer interactf8rihe jump
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and 1636 cm?). The maxima of the fine structure corre-
spond to a combination of the oxygen vibron with lattice
phonons at the Brillouin zone boundary—frequencies of 49
and 54 cm relative to the vibron frequency. The features at
1580 and 1636 cm' relate to a high frequency magn¢e-
quency about 28 cit) and a lattice phonor{frequency
about 84 cm?), respectively. Each of these six values in the
phonon sideband spectra far-O, agrees quite well with
experimental®? and theoreticdf data. As can be seen, no
observable changes in the spectra occur in the temperature
range from 23.7 to 23.85 K. By a temperature of 23.9 K all
the extra features of thea-O, side band have already van-
ished and only the typical side band g8tO, is present. A
subsequent increase to 24 K causes no further changes in the
spectra. Therefore, the first-order phase transition occurs be-
tween 23.85 and 23.90 K during warming of the sample. A
similar behavior shows up between 23.80 and 23.75 K dur-
ing cooling of this sample. In other words, thermal hysteresis
takes place in the spectroscopic characteristics of solid oxy-
gen at thea-B phase transition, too. It is important to note
that these temperature point§23.85k—23.90K and
23.80Kk—23.75K) coincide exactly with the values deter-
mined by monitoring the behavior of the CO molecules in
FIG. 5. Spectra of the oxygen vibron side band in the vicinity oféhg  the same sample.
phase transition. The arrows indicate the maxima in the side bands. This eminent behavior—such as discontinuity and
hysteresis—at the-B phase transition is not only observed
. ) ) ] ) at the vibron side band and at the internal vibration of CO
in the CO frequency is mainly determined by changes in thenatrix isolated in solid oxygen, but is also clearly confirmed
basal plane. Our own analysis of the structural data of o%hersby us at other elementary excitations of ®uch as excitons,
showed that no discontinuity is observed in the area of th@yciton—vibrons, and two-vibron bound states. A two-phase
basal plane of a unit cellrepresenting theg phase by the  cqexistence temperature region was observedtoo.
monoclinic axesat the «-3 phase transition. Therefore, the  a| these spectroscopic results allow us to draw two con-
frequency shift of 0.09 cm'" obtained by us reflects the cjysions: first, thex-3 phase transition in solid oxygen is of
monoclinic distortion of the basal plane of solid oxygen, e first order; second, the changes in the host crystal lattice

which appears/disappears at the point of éR8 phase tran- 4t 3 phase transition can be successfully probed by spectros-
sition and, consequently, can serve as a quantitative measuggpy on the guest molecules.

of this distortion.

Thus we have obtained strong experimental evidence
(frequency jump, thermal hysteresis, coexistence of ¢he 3.2. Indirect estimation of volume changes in the host
and B phasesthat thea-B phase transition in solid Os a  crystal

first-orderphase transition. _ _ In general, the temperature dependence of one mode fre-
This result gained by analysis of the spectroscopic datq ency must somehow contain the temperature dependence

of MI molecules, i.e., indirectly, was confirmed by the care- ¢ e crystal volume. Therefore, we will try to exploit this in
ful investigation of the behavior of the oxygen vibron side 4o M| case and deduce information on matrix volume.

band, i.e., directly. Figure 5 demonstrates the temperature  an enyvironmental frequency shift of the internal vibra-
evolution of the side-band spectrum in the vicinity of @8 1o of a MI molecule @oysia 0gad S determined by the

phase transition during warming of the sample. B,  iyieraction between the embedded molecule and the mol-

side band contains only two maxim@t 1591 and 1617 ¢ es of the host crystal, averaged over relative translational
cm ) without any additional fine structurespectrum aff and orientational motions of the impurity and the matrix

=24K). These maxima had been observed previdisipd  6jecylest® The general formulas for the environmental fre-

assigned to an IR f\lbsorption of a combination of OXY8€Mhuency shift of the linear molecules are given in Ref. 1. In
vibron [vo=1552 cm (Releza] with a libron (39 em™®) ¢ case of CO in solid oxygen and nitrogémo atomic
and a lattice phonof6s cm %), respectively. Both features |inear molecules matrix isolated in the orientationally or-

exist in the side band of-oxygen, too(spectrum atT  jereq phas@sthese expressions can be written in the self-
=23.70K. However, the maximum at higher frequency is .,ngjstent approximation in the following form:
substantially enhanced in comparison to the one ing@,

side band; the additional contribution originates from theA _ z% S AR+ 7
second libron branch=70 cm %), which exists ina-oxygen @ Poystal” Pgas™, 1 2 (Ry)F 7imp
only. The «-O, side band also possesses an additional fine

structure (at frequencies about 1601 and 1606 cinbe- +3 Ug(R) 7: | L =KW(R, T) 1)
tween the two main maxima and two small maxitaa 1580 = Do o

0.6

i
N

Absorbance, arb. units

1550 1600 1650 1700
Frequency, cm™

; Ui(R))
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FIG. 6. Internal vibrational frequency of the CO molecules matrix isolated in orientationally ordered phases of solid nitrogen and oxygen versus the
nearest-neighbor separati® CO in a-nitrogen (CO/N=5x10"7) (a); CO in 8- and a-oxygen (b) and (c), respectively(CO/O,~4x 10"8 as well as
4x1077). The experimental and theoretical values according to(Bgare shown by diamonds and dashed lines.

Here B, and w, are the rotational and harmonic vibrational where R is the distance between nearest neighbors in the
constants of the MI molecule, respectively;,, and »; are  a-nitrogen ang3-oxygen. Combining Eq2) and Eq.(1), we

the orientational order parameter of the Ml and host crystabbtain a simple expression to model the experimentally de-
molecules, respectively; is the intermolecular distance be- termined mode frequency behavidiw(T) in the phases
tween the MI molecule and thgh matrix particle;A(R), where this behavior is governed by one crystal lattice param-
U.(R), andUy(R) are combinations of the first and second eter. TheW(Ry) and dW/JR, values obtained by modeling
derivatives of the potential energy of the MI molecule in athe experimental data are presented in Table |. The nearest-
matrix with respect to the impurity interatomic distance, neighbor distanc&® at 0 K and 24 K was chosen &, for
which are evaluated at the equilibrium interatomic distancethe «-N, and 8-O,, respectively.

K=B¢/we; W is the normalized matrix shift. The agreement achieved between experiment and model
The three force constants presentedlinhave different is excellent(Fig. 6a and 6h Consequently, it means that
origins: A(R) is determined by the isotropic part of the in- spectroscopic data on Ml molecules can be successfully used
termolecular interaction between the Ml and host crystato deduce and estimate the molar volume changes in a host

molecules, whereabl;(R) and Uy(R) are formed by the crystal if this is not known!
noncentral part. The force consta®dJ,, andU, in Eq. (1) We drew this conclusion from spectroscopic measure-
are functions of the distand@between the Ml molecule and ments at equilibrium vapor pressure. Nevertheless, we expect
host-crystal molecules. Of course, the host-crystal moleculethat the same situation takes place also qualitatively at high
are deformed by the impurity around them. The deformatiorpressure, i.e., the temperature behavior of the mode fre-
field around an impurity causes some changes in the forcguency of MI molecules during any isobaric route mainly
constant quantities in comparison to the undeformed crystateflects the thermal expansion of the matrix material. The
However, the temperature-caused changes in the deformati@orresponding experiments are planned to prove our assump-
field (e.g., an excess volume caused by one impurie  tion directly. Now we would like to discuss this mode fre-
mainly determined by the thermal expansion of the hosfjuency behavior of Ml molecules in more detail. Comparing
crystal®* Therefore we expect that the temperature behavioFigs. 6a and 6b, this behavior of the mode frequency of CO
of the mode frequency of our MI molecule is governedmolecules MI in solid nitrogen is quite different from the
mainly by the thermal expansion of the host crystal lattice behavior in solid oxygen. This qualitatively different behav-
too. ior comes from the difference in the nature of the stability of
We confirmed these general considerations by spectrahe a-nitrogen and oxygen phases as well as from the differ-
scopic data for CO molecules MI im-nitrogen and
B-oxygen (Fig. 6a and 6p (as well as for CQ in solid
nittogen’ as follows. Taking in account that the ragi | Normalized matix shift of CO fundamental frequency in differ-
temperature-caused changes in the intermolecular distance &ft matrices.
the host crystal are relatively smalibout 1% at the equi-
librium vapor pressure, we can expand the normalized matri: Host crystal W(R,), cm™t IW /IR, cm1-A-1
shift W in equation(1) into a Taylor series:

a-nitrogen -3911 = 11 —9942 *+ 412

W(R(T))=W(R)|r,+ (dW/dR)|r [R(T) —Ro] o- and B-oxygen 8066 + 44 12560 + 81

+higher orders, (2 *For details, see Eq2).
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ence in the intermolecular potential between the MI mol-
ecules and host crystal particles. TdaeN, structure is stabi-
lized by the central part of the intermolecular potential
together with the quadrupole component of the noncentral
interaction® whereas tha@oncentralpart of the repulsive in-
teraction is responsible for the stability of the orientationally
ordered phases of solid oxygé&hTherefore, the matrix shift

of the fundamentals of impurity molecules is governed by
the sum of an isotropic and a quadrupole—quadrupole inter-
action in case o&-nitrogen and by the noncentral part of the
repulsive interaction in the case af and 8-0O..

Unexpected behavior of the CO fundamental was ob-
served ina-oxygen. We tried to model the experimental fre-
quency w(T) or w(R) similarly to the situation ing3-O,.
Because of the monoclinic distortion ézoxygen, two inde-
pendent variables must be used in that case. We chose the
effective distance between neighb®s; (Res=+3"Y2S, S
is the area of the basal plane of a unit pelhd the relative 60 K
distortion in theb direction § (6=b—Rgg; b is the unit cell
parameter This selected geometry allows us to preserve the 0
similarity of « and 8 phasesRy; like S, shows no disconti-
nuity at the«-B phase transition, and is zero in 8-O, by
definition. Then, we can paraphraé® in a form that is

appllcable to the speC|aI case @fOy: FIG. 7. Spectra of the;-fundamental of the COmolecules matrix isolated

W ~ (R(T).S(TH=W(R:) + ( W/ IR in liquid oxygen at two different temperatures. The C@olecules are
a Oz( (T),8(T)) (Ro)+( /9Ro) present in our oxygef99.998% as a residual contamination.
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X[Ret(T) = Rol+ (IW/38)|o8(T).
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As values forW(R,) anddW/ R, in the case of ther phase m(_)IecuIes matrix isolated in Ii_qui_d oxygen at 2342 ©m
we kept the corresponding values obtained earlier forghe (Fi9- 7). In our IR spectra of liquid oxygen we could not
phase. The valuedfV/d6)|, was obtained by modeling the observe and identify any other impurity absorptions. This

experimental dependence at temperatures near-f@hase vs-CO, band is present in the spectra of both series of our
transition and is equal to (4862) cm *A 1. This value is samples(A and B), with no substantial differences in fre-

substantially smaller than th&\V/dR, value(see Table LIt~ 9Uency, bandwidth, and integrated intensity. Therefore we

means that the changes in frequency of the CO fundament3f!i€ve that our oxygen gas contains L@olecules as a

in a-oxygen are mainly determined by the changes in thdesidual contamination without external leakage of the
areaS of the unit cell basal plane. This result of our model- Vacuum system. We did not find any information in the lit-

ing is shown by a dashed line in Fig. 6c. A relatively small erature about COmolecules in condensed phases of oxygen.
but distinct discrepancy is seen between the modele®) The temperature dependence of the mode frequency and
and experimentab(T) values. This difference between ex- the bandwidth is pre_sented in Flgs.ga_ and 8b, respectively.
periment and theorgabout 0.07 cm?) exceeds considerably 1€ Spectral resolution was 0.3-3 ctrin these measure-
the experimental inaccurady-0.005 cm'Y). We associate ments. Both temperature dependence_s were quite reproduc-
this deviation(Fig. 60 with an increase in the magnetic or- ible on cooling and warming. The profile of thg-€O, fun-

der as the temperature decreases. Due to the strong depéﬁx_mental is rather well described by a Lorentzian fun_ct|on.
dence of the exchange interactiap on the mutual orienta- "€ temperature dependence of the integrated intensity was
ton Q; of interacting i and j molecule&3 (J; very surprising to usgFig. 80. _Th|s behawor_was reproqu-
=f(R;;,{;;)), an influence of the magnetic order on the ible but not identical on cooling and warming. On cooling,

orientational order paramef&must be considered here too, € intensity increases slightly from 87 to 82 K, remains
i.e., an increase in the magnetic order causes a mutual ii/MOSt constant to 72 K, and decreases rapidly to 60 K. A

crease in the orientational order parameter. Therefore, th&f"Y Weak trace is visible at 57 K and disappears completely
difference between the modeleqR), (broken ling and ex-  near the melting point; no traces of this band are observable
perimental w(T) (symbols in Fig. 6k values reflects the I the. solid state. This band of the Ml Q@appears durln_g

temperature-caused changes in the orientational order paraff2ming at 75 K. As the temperature increases, the inte-

eter, resulting from changes in the magnetic order of th&rated intensity of this band increases, too.
a-oxygen, which were not taken into account in E8). To estimate the amount of G@nolecules in liquid oxy-
gen we compared the integrated intensity of th&€®, band

in liquid oxygen with our data on the intensity of this band in
a-nitrogen(see Fig. 3h In the latter case, the G@oncen-

a) Solubility limit of CO, in oxygen and nitrogenin  tration (135 ppbh was independently determined by mass
liquid oxygen, we observed the;¥undamental of the C©  spectroscopy. This comparison shows that the concentration

3.3. Determination of part of the binary phase diagram
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FIG. 8. Temperature dependences of the frequéacybandwidth(b), and integrated intensitic) of the v;-internal vibrations of the COmolecules matrix
isolated in liquid oxygerithe lines in Fig. 8c emphasis a sequence in firBars show experimental inaccuracy.

of the CQ in liquid oxygen is varied from about 1.4 ppm at Sition: (i) degree of overcoolindor overheating i.e., the
82 K to about 0.19 ppm at 60 K. difference between the actual temperature and temperature of
We interpret this specific result as a direct determinatiorthe transition poin{23.90 K in the case shown in Fig. Ra
of the thermodynamic solubility limit of COin oxygen. The and (i) exposure time at concrete temperature point in the
solubility of the CQ in liquid oxygen decreases as the tem-two-phase temperature region. To determine which factor
perature decreases and becomes practically zero in solid oxgainly rules the kinetics of the- phase transition in solid
gen: the C@ molecules evaporate out of the sample. Duringoxygen, some spectra were specially recorded during this
warming of the sample, COmolecules are again dissolved phase transition at constant temperature as a function of time
in the sample. The different behavior at opposite temperaturgp to hours. About 3% of the new phase was created during
routes can originate from differences in kinetics duringll h at the constant temperature only, as displayed in Fig.
evaporation and dissolution. 9b. The following decrease in temperature of 0.05 K creates
A similar low solubility is also observed for COn solid  about 40% of the new phagghe time of recording of the
nitrogen? In nitrogen samples doped with 75 ppm £@e-  spectrum is about 3 )h(see Fig. 9a Therefore, time-
ries B), we observed spectroscopically crystalline clusters oflepending kinetics does not play a significant role atdihg
about 200 C@molecules in solid Bl Besides this band due phase transition in solid oxygen, unlike theB phase tran-
to clusters, an additional band was observed, which we assition in solid nitrogen(see Fig. 7c of Ref.)1
signed to the y¥mode of CQ molecules matrix isolated in To investigate the influence of CO on theg phase
N,. Due to Ref. 1, we believe that the solubility limit of GO transition in more detail, we monitored the behavior of the
in solid nitrogen lies at about 1 ppfor less. CO fundamental near this transition in both opposite tem-
b) Influence of small amounts 6O on phase transitions perature routegduring cooling and warmingand deter-
in solid oxygen No information on the @CO phase dia- mined the integrated intensity of the CO bands in both coex-
gram exists up to now. To investigate part of the £CO isting phases. The ratio of the integrated intensity of the CO
phase diagram at small concentrations of CO we premixeband in thea phase(at the— « phase transitionand in the
0.9 ppm CO gas with ©gas (seriesB of our samples B phase(at «— g phase transitionto the total intensity of
condensed this gas mixture at 87 K, and grew the crystaiwo coexisting bands corresponds to the relative portion
samples as described in Sec. 2. Only monomers of CO wer€;,,(0<Cj,,<1) of CO molecules dissolved in this phase
observed in these samples. The integrated intensity of th@=ig. 10a. It is obvious that the transition on warming
CO band is 0.0080.001 cm . Using the absolute absorp- (T.—p) begins at a lower temperature than the transition on
tion coefficient for gaseous CHie estimate the actual con- cooling (Tg—a), i.€., thea-g transition in solid oxygen has
centration of the CO in solid oxygen (3410 7). The  been split into two transitions in these samples!
temperature evolution of the CO fundamental band near the According to our considerations, there are two reasons
a-f phase transition during cooling is shown in Fig. 9a. Onefor this feature T, ;<Tz_,). First, this temperature be-
can clearly recognize that the intensity of the CO band irhavior results from some peculiarities of the3 phase tran-
B-0O, is decreasing, whereas the intensitynifO, is increas-  sition (magnetic+ structural transitions, intermediate phase,
ing as the temperature decreases. Therefore we can associate) and due to relatively high intensity of the CO band in
these changes in the spectfag. 99 to changes in the phase these samples, this special oxygen feature could be observed.
composition of the sample during theB phase transition. Second, it is a usual splitting of phase transitions in binary
This transition is extended for 0.6 ©3.90-23.30 K in Fig.  systemgO,—CO in our casg To differentiate between these
9a) in this series of our samples in comparison to 0.15 K intwo possibilities we probed thg-y phase transition by
samples of serieA (Fig. 40. In general, two external factors monitoring the oxygen vibron side band, whose shape is
control a phase transformation rate at first order phase tramualitatively different in these two phasésee Fig. 10p
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FIG. 9. Spectra of the CO band in the coexistence region ofthed 8 phases of solid oxygen (CO©4x10™") during cooling: temperature evolutida);
spectra recorded at 23.5 K just after a temperature dectsabe line) and 11 h latefdashed ling (b). The resolution is 0.015 cm.

Temperature steps of 0.05 K were used. A shift of about 0.panied by two processes: first, a change in the volume ratio
K towards higher temperatures is clearly observed for oupnf the co-existing phases, and second, a change in the con-
samples enriched in C&ee Table I\ centration of the impurity in these phases. Both processes
It means that CO molecules indeed influence the phasifluence the temperature dependence of @hg, values.
transitions in solid oxygen even at such low-concentrationS herefore, the difference in kinetics #—a and a—p
(about 4x 10 7). phase transitions, observed by monitoring the intensity of the
The second remarkable feature in Fig. 10a is the differCO bands, could result, in principle, from the thermody-
ent temperature behavior of the integrated intensity of Cnamic equilibrium redistribution of the CO molecules be-
bands duringd— « and a— B phase transitions. In general, tween two coexisting phases. To verify this explanation of
the phase transformation in the two-phase region is acconthe results observed, we calculated the relative amount of the
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FIG. 10. Influence of CO molecules (concentratighk 10~ ") on phase transitions in solid oxygen: the ratio of the integrated intensity of the CO band in the
a phase during coolingV) and in theB phase during warmingA) to the total intensity of two coexisting phas@s; the vibron side bands recorded during
y— B phase transition just after a temperature decreégg@thase and 1 hour latef8 phase (b); the same experimental values as in Fig. 10a in comparison

with the portion of CO molecules dissolved in the new phase, calculated biAEgsing the Gibbs phase ruldashed lines—on cooling, dotted line—on
warming as a function of a suitable relative temperatareT — T a5 (C).
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TABLE Il. The -y phase transition points obtained monitoring the vibron

side bands. 80 Ar-CO
Liquid
Temperature of the phase transition, K 7-0, —
60
Samples ‘ . v | %
y — B (on cooling) | § — y (on warming) { - - o
o 40 I+
A (O, , 99.998%) 43.65 43.90
2 4375 = '
[ [}
B (0, + 0.9 ppm CO) 43.85 44.00 soli :
h |
! T [3—02 ‘I 1 1 1 i !
- F 0 20 40 60 80 100
impurity dissolved in a new phas&€f,) in the two-phase Ar co
temperature region using the Gibbs phase rule. Due to very
small concentrations of the second component, we presumed 239
that both phase boundaries are linear functions of the total - :
impurity concentration. As a result, we obtained the follow-
ing simple equation for the temperature dependence of the
Cimp values: a-0,
Cimp:|7|/(TtCrans_ T\tl;lan v 7= T=Tyans (4) -
Here Ty ,,sand T,qs@re the transition points on cooling and } £
warming, respectivelyT ., andT, .z in our cas® Tyansis 0, ~107 . Co
the transition point on the thermal route that is considered; Concentration
TaﬂﬁgTsTlBHa; OSCimpgl- FIG. 11. Oxygen-rich part of the £CO phase diagram. The Ar—-CO

According to the thermodynamic calculatiofsqg. (4)],  diagrant’ is used for illustration purposes.
the temperature-caused changesCig,, must be identical
during cooling and warming. However, this is not the case
(Fig. 100. On decreasing temperature, the experimedja) mental band of the CO molecules matrix isolated in solid
values increase noticeably more slowly than the calculate@xygen does not show any noticeable changes atotite
ones atr=—0.4K. At 7=—0.45K (T=23.45K), the rela- phase transition. To model the measured profile of absorp-
tive portion of CO molecules dissolved in the phase in-tion bands of MI CO molecules a Voigt function was used.
creases practically by a jump and shows behavior similar tdhen this Voigt profile was deconvoluted into a Gaussian
the theory for lowering temperature. At the— 3 phase and a Lorentzian component, as shown in Fig. 12.
transition(warming, the portion of news phase grows very a) Gaussian bandwidth In general, the Gaussian band-
quickly at 7=0.1K (T=23.6 K) and changes very slowly at width is a superposition of an inhomogeneous broadening
higher temperatures. All these changes wesmpletelyre- — and a quasistatic broadening. The former results from some
producible during every temperature cycle. In our opinion,host crystal imperfections and has practically no temperature
two different physical mechanisms are responsible for thesgependence. The latter originates from instantaneous fluctua-
peculiarities of the kinetics of the-B phase transition. First, tions of the environmental frequency shift of the impurity
the nucleation and growth of the new phase insidegtamd  internal vibration because of orientational and translational
a phases create different deformation fields, and thereforgotions of both dissolved and host crystal molecules. That is
the elastic strains accompanying ie- g8 transition are dif- why the quasistatic broadening possesses a temperature de-
ferent on opposite temperature routes. Second, the nonmagendence. Both components of the Gaussian bandwidth con-
netic B phase is nucleated on the CO impurities; thereforefribute to the residual{— 0 K) Gaussian broadening; how-
CO molecules accelerate tle— 8 phase transition. ever, only the inhomogeneous broadening can serve as a

The O-rich part of G-CO phase diagram reconstructed measure to characterize crystal structure perfection.
from our results is shown in Fig. 11. We expect peritectoid ~ The Gaussian component of the CO fundamental band-
and eutectoid points for thg-y and a-B phase transitions, Wwidth in solid nitrogen is characterized by small values at
respectively, at higher concentrations of CO. Remarkablylow temperaturegrig. 123. According to our modelingthe

our diagram starts at concentration as low ad0 ’, inhomogeneous broadening is zero in that case, and the re-
whereas usuall —x% diagrams start at % onlysee the sidual Gaussian broadenind@ -0 K) is determined by the
phase diagram in the inset of Fig.)11 zero-point oscillations of the CO and,olecules.

The Gaussian bandwidth of the CO fundamental in solid
oxygen is much larger in comparison to the case of solid N
and has no clear temperature dependence at low tempera-
tures. Therefore the residual Gaussian broadening of the CO

For possible theoretical studies, we display the temperaband (T— 0 K) is mainly determined by imperfections of the
ture dependences of CO mode in i@ Table Ill. Figure 12  oxygen crystal.
shows the temperature dependence of the CO fundamental The Gaussian component of the fundamental bandwidth
bandwidth in solid nitrogen and solid oxygen for compari-of CO in N, and in G is characterized by a pronounced
son. The temperature dependence of FWHM of the fundatemperature dependence at temperatures higher than 20 and

3.4. Bandwidth of the CO fundamental in solid nitrogen and
oxygen
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TABLE Il Fr_equencies of the CcO fgndamental in orientationally ordered impuriw_zg Let us now, model the experimental temperature
phases of solid oxygefexperimental inaccuracy:0.005 cmt). dependence of the Lorentzian bandwidth by E). First
step: in the case of CO molecules matrix isolated in both
crystals, only one depopulation decay channel exists at low
a-oxygen temperatures, i.e., energy transfer to the isot6@®. That
is why we chose the difference between the frequencies of
12C0O and™¥CO isotopeg47.2 cn!) as the frequency gepop
13 2135.838 of lattice phonons involved in the depopulation processes.
Becausaw gepopiS about 50 cm? and the concentration of the
15 2135.855 13CO isotope is very low, the contribution of depopulation
17 2135.882 processes to the Lorentzian bandwidth is expected to be very
small. Second step: we varied three other paraméeBges,,,
18 2135.891 Baepn @and wgepn in Eq. (5). The result of our modeling is
19 2135.912 shown in Figs. 12a and 12b by dashed lines. The frequencies
of the phonons involved and the values of the anharmonic
coefficients obtained by modeling are presented in Table IV.
21 2135.946 In the case of-nitrogen the frequency gepn (31 cm ) of a
mode suited for a dephasing process matches very well with
the frequency of one of the maxima of the phonon density of
23 2135.986 states(DOS) of the host crystal. This means that the cou-
pling of the CO internal vibrations with the-N, lattice
phonons is responsible for the broadening of the CO funda-
B-oxygen mental by dephasing processes. The vibronic dephasing of
the CO molecules matrix isolated in solid oxygen is gov-
erned by a mode with frequeneyyepi= 77 cm ! (Table V).
24.5 2136.108 This frequency is close to the high-frequency boundary of
the phonon density of states of solid oxyg@®3 cm %) and
_ does not match with its maxim&t0 and 70 cm').3® we
26 2136.144 think that this mode ai ep= 77 cmi'! corresponds to a lo-
calized mode generated by perturbations due to the embed-
28 2136.193 . : .
ding of the CO molecules in the oxygen crystal. This analy-
30 2136.249 sis shows that the CO molecules fit into the nitrogen crystal,
whereas the CO molecules cause significant perturbations in
the oxygen crystal.
34 2136.363 Our modeling of the Lorentzian broadening of the CO
fundamental gives reasonable results only up to 32 K for
both matrices. The pure dephasing mechanism results from
38 2136.517 the anharmonic interaction between the Ml and host crystal
40 2136.594 molecules. Because we considered only the lowest-order
quartic processes in Ed5), the observed discrepancy be-
42 2136.672 tween the experimental values and fitted values shows that
higher terms of the dephasing processes must be taken into

account at higher temperatures.
30 K (Fig. 12, due to quasistatic broadening. Near phase

transitions, fluctuations of the orlentat!onal ord_er become4. CONCLUSION
very large and therefore cause a strong increase in the Gauss-
ian bandwidth(e.g., abot5 K below T 4 in solid nitrogen. Our aim was twofold: first, to realize theeal matrix
b) Lorentzian bandwidth. The Lorentzian bandwidth isolated caséimpurity/matrix ratio~10"’— 10 8); second,
broadening of the impurity fundamental is determined byto probe the matrix material by analyzing the data on the
depopulation and dephasing processes and can be modeleetrix isolated molecules. This was achieved for CO and
by the following formula at not too high temperatures: CG, isolated in solid nitrogen and oxygen by FTIR spectros-
copy. We investigated several impurity concentrations. We
AL =Baepof 1+ Ndepop + Bueptdept 1+ Naiepi- ®) were able to grow optically perfect crystdlashomogeneous
Here Bgepop: Ndepop @Nd Bgepn, Ngeph @re the squares of the bandwidth, and cooling and heating of the sample over a
effective anharmonic coupling coefficients and the occupawide range proved the reproducibility of the measurements.
tion numbers of corresponding phonofiggepe, aNd  gepr From our spectroscopic data we are able to draw conclu-
for the depopulation and dephasing processes, respectivelysions about the matrix isolated particle and its coupling to
The dephasing process in E§) may contain two physi- the matrix: from the mid-IR spectra we determined the fre-
cally different kinds of lowest-order quartic processes: aguency, bandwidth, integrated intensity, and band shape of
dephasing by host crystal lattice phondfisnd a dephasing the molecular vibratiofCO and CQ) as a function of tem-
by localized (or quasi-localized modes induced by an perature, concentration, and matri©, and N,). For ex-

Temperature, K Wy 4 em-1

1" 2135.822

20 2135.924

22 2135.959

23.5 2135.999

24 2136.099

25 2136.121

32 2136.299

36 2136.442
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FIG. 12. Temperature dependence of the CO fundamental bandwidth in the orientationally ordered phases of solidanitnogexygenb) (experimental
values, #): the spectral profile of this band was first deconvoluted into a Lorent{Zigrand a Gaussiaf+) band. The dashed line shows our fit of the
bandwidth by a pure Lorentzian band shape.

. , This method was confirmed by direct observation of phonon
ample: the measured band shageigt profile) was modeled side bands and a two-vibron band of the matrix, which show
b¥ a;}GiusscljandaEd Lorentzian componenlz ThiGau53|an P Yistinctive behavior at phase transitions. From the tempera-
of the ban er1 t contlalns ltWO _trerrr:)s toe()lm oToger:jeou%re dependence of the environmental frequency shift
term mirrors the crystal qualipi{(T—0)< cm), an Werysta— @gag Of impurity vibrations, we could unambigu-

the quasistatic term is related to the orientational and trans:ously draw conclusions about the thermal expansion of the
lational relative motions between the impurity and matrlxmamx material, which sometimes is not known. Commonly,

molecules. Near phase transitions, this quasistatic contrlbt{he matrix-isolated case is realized by 1% or 1%, whereas
tion to the Gaussian bandwidth increases enormously, a e studied an impurity/matrix ratio of about 16— 108,

we characterize this anomalous behavior as a precursor to tbI‘%erefore we could make correct statements about the influ-
phase transition. The Lorentzian part of the bandwidth i ence of the amount of impurities on the phase transition of

mainly governed by dephasing processes via lattice phono
(including localized modgsand is hardly affected by de- rﬁe(;znztgg(u?rldpc;;arly determine solubility im0, in N,

population processes via isotopes of impurity molecules.
From our spectroscopic data of matrix-isolated mol-  This work was supported by Deutsche Forschungsge-

ecules, we are able to draw conclusions indirectly about theneinschaf{Grant No. Jo 86/11j1and H. J. J. acknowledges

matrix itself. We are able to classify the order of phase transupport by NATO(Grant No. 950285 We appreciate the

sitions of the matrix material via fingerprints in spectrahelp of S. Medvedev during the last stages of the experi-

(jump in frequency, hysteresis, coexistence of phases, etcments. The authors are grateful to both referees for critical
remarks.

. - *E-mail: jodl@physik.uni.kl.de
TABLE V. Parameters of the relaxation processes determining Lorent2|ar1).|.he coéxst?npceyoﬂ and 8 phases near the- phase transition could be

broadening of_ the CO bandwidth i-nitrogen and orientationally ordered caused, in principle, by small temperature gradients in our samples. One
phases of solid oxygen. may consider several origins for such gradienth&ating of our sample by

light irradiation; since the illumination of our sample as well as its absorp-
Bdeph tion is different in different regionémid-IR to visible spectral regionand

since the two-phase region in our spectra is always present, this is no
explanation; 2 a permanent temperature gradient throughout the sample
due to the cold finger and cell geometry. Since we varied the diaphragms
of illumination (from 0.8 to 1.5 mm and also since the spectra were not
affected, this cannot be the case. In addition, we studied 5 samples and 11
heating/cooling cycles and reproduced all our results. Therefore, we are
convinced to that we are monitoring the true phase coexistence region in
our spectra.

B

wdepop depop wdeph

Matrix

cm

o-nitrogen 47.2 0.003 31 0.08

47.2 0.013 77 1.5

Oxygen
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Fourier transform infraredFTIR) spectroscopy is used to study the vibrational spectrum of

ozone trapped in amorphous i¢e situation observed on icy satellites in the solar system
Evaporation of ozone from ice is investigated from 30 to 150 K under a static pressure of
10" " Torr. Condensed and chemisorbed ozone on the surface of micropores is released at a
temperature between 40 and 80 K, and ozone in water lattice evaporates starting from

120 K. The release of ozone probes the gradual transformation of water ice. The photochemistry
of ozone in excess ice is also investigated using 266 nm laser irradiation. At low temperature,
condensation of kD/O; mixtures leads to ozone trapped in pores and cavities, gt} fi$
produced through the hydrogen-bonded complex between ozone and free OH bonds. At

higher temperature, when a solid solution of ozone in water is obsery€y, isl formed by the
reaction of the excited oxygen atom 1)) with the nearest water molecules. Kinetic

studies suggest that recombination of the dioxygen molecule with ground-state atomic oxygen
O(®P) is a minor channel. €2000 American Institute of Physid§1063-777X00)01209-3

1. INTRODUCTION sorbed at the surface of the pores, and another one at higher
. . . temperature due to ozone which has diffused in the water ice
Due to the importance of ozone in the atmosphere, Ny
. . . lattice.
frared spectra of isotopic and natural ozone have been widely
studied in the gas phase and in various matric@ecently, > EXPERIMENTAL
from observations by the Hubble Space Telescope, oxygeh
and ozone have been recently identified on Ganymede The helium gas used was supplied by Air Liquitho5).
satellite ofJupite)F‘Sand on Rhea and Diorléwvo Saturnian  Water vapor was taken from distilled waté@Prolabo for
satellite3.® All these satellites have surfaces rich in waterchromatographywhich was first subjected to several degas-
ice. Oxygen, which resides in a condensed state at the susing cycles under vacuum. Ozone was prepared from oxygen
face of Ganymede in spite of the temperature ra@®to  (Air Liquide N50) contained in a glass vacuum finger excited
140 K, depending on the latituflds produced from the de- by a Tesla-coil discharge with trapping of ozone at liquid
composition of water molecules in the surface ice by plasmaitrogen temperature. Residual oxygen was removed by a
bombardment. Thanks to defect-trapping bubble productiofreeze—pump—thaw cycle with liquid nitrogen. Water—ozone
by the ion fluxes, surface adsorption, and clathrate forma-gas mixtures were deposited onto a gold-plated mirror with
tion, a large fraction of oxygen can stay in small ice voids.helium as carrier gas. Above 15 K, helium does not con-
Dissociation of oxygen by UV photons or incident ions pro-dense. Several }0/O;/He mixtures with different ratios of
duces ozone, which in turn dissociates. Competition betwee®; and H,O were prepared. The total pressures of ozone and
active production and destruction of ozone leads to amwater were typically 12 Torr, and the pressure of helium was
0O,— 03 equilibrium. On Ganymede the density ratio of 150 Torr. Cooling was provided by an Air Product Displex
[05]/[O,] was estimatetito be 104 to 1073, a value in  202A rotating closed-cycle refrigerator with KBr optical
agreement with the Chapmann equatfoinsiuding quench-  windows for performing IR measurements and one quartz
ing of O(!D) by O, and Q. Although there is a general window for UV photolysis. The static pressure was
understanding of the processes involved, a quantitative urt0 ' Torr. The temperature of the metal substrate was con-
derstanding has not been achieved. In the present work weolled by a silicon diode(Scientific Instruments 9600)1
describe the IR spectra of ozone-water mixtures at low temThe gas mixture was deposited via a capillary with a rate of
perature, and then we examine the capacity of amorphous xmol-h™1. The deposition nozzle parameters were 1 mm
water ice for trapping @at temperatures between 15 andinner diameter and a distance of 20 mm from the gold sub-
150 K. Finally, photodissociation of ozone in ice at 266 nmstrate. The thickness of the layers was typically less than 500
is reported. Ten years ago, as a part of their studies on phd. The spectra were recorded with a FTIR Bruker IFS 113 v
tochemistry of solid ozone, Sedlacek and Wight mentionedpectrometer in the reflection modengle of incidence 5°
briefly that irradiation of ozone in excess ice produced hy{rom the normal to the surfageThe nominal resolution was
drogen peroxide, HOOF We confirm this observation and 0.5 and 2 cr'. Ozone photodissociation was carried out at
show that there are two origins for,8, formation: first a 266 nm using the fourth harmonic of a Nd-YAG lag¥iG
low-temperature one due to an ozone monolayer chemi/81C-20 from Quantg¢hwhich operates at 20 Hz with a 4-ns

1063-777X/2000/26(9-10)/7/$20.00 712 © 2000 American Institute of Physics
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pulse duration. The initial power was adjusted to 10—-25 mJ 0.6
per pulse. The light intensity was spatially homogenized with
a divergent lens placed in front of the cryostat UV window.
The fluence inside the cryostat was estimated from the power
measured with a PSV 3102 Gentic S/N 61592 detector with
a cross section of 1.76 dmhat was placed after the lens
and a Cak window simulating the entrance window of the
cryostat.

3. SPECTROSCOPY
3.1. Water ice

At low pressure and temperature, water ice exists in
metastable states which are not in thermodynamic equilib-
rium. All structural transitions are time-dependent and irre-
versible!® Water vapor deposition below 30 K results in the
formation of high-density amorphous i¢e.1 gcm™3), gen-
erally labeled as,l,, which has a great degree of polymor-
phism depending primarily upon the deposition conditions.
Between 30 and 70 Kgj transforms gradually into another,
more ordered amorphous ice, labeled low-density ice,
1,,(0.94 gcm™3) which exists till about 130 K. At the glass 0 | | | |
transition temperature 127-133 K, transforms into a third 3750 3500 3250 3000
amorphous phase, called the “restrained phasg;) (which 1
has the character of a strong liquid and which coexists with
cubic ice | from 130 to 220 K. The transition of both &nd  FIG. 1. Typical infrared spectra in the,, region of water ice films depos-
l,, in hexagonal ice is only observed under confinementted: at 11 K with different deposition ratesmol-h™: 0.06 (), 2 (b), 6 (0);
pressure at 195-223 K. Crystalline ice is converted to amordt 70 K(d); at 150 K(e).
phous ice by ion irradiatidh'? and short-wavelength UV
irradiation®

Absorbance units

Wave number, cm’

our configuration, no dangling OH band at 3699 ¢prchar-

di Abmo_rph(f)us ice is microporous, with "; wide porehs'zeacterizing triple coordinated water molecules at the surface,
istribution (from 10 to 30 A. Apparent surface areas have were observed, perhaps because of orientation effects or to

been calculated from gas adsorption isotherms. According teir weakness When,lis obtained by annealing of a;

deposition t(_emperature and hence to the morphology of thﬁlm we observe an increase in intensity of the broad coupled
amorphous |ce11'the surface areas can vary frc_)m ab_out ,40 590,4 band due to formation of OH...O bonds. Spectra of wa-
about 200 rfrg™* (Refs. 14—18 Thus the density which is ter ice deposited directly at 150—-160 K or obtained by an-
measured from the compact bulk depends on the number arr'%aling of amorphous ice above 130 K are characterized by a

the distribution of voids and can reach values of less tharﬂ)artially resolved doublet at about 3200 and 3130 tm
0.75 gcm 2 (Ref. 17.

Numerous studies have been devoted to the IR spectra %fz Solid ozone
ice because the coupleg,, band, the band most studied up =
to now, reflects the structure of ice, and its shape and the As previously reported® solid ozone has two solid
frequency of its maximum can therefore be used to distinphases, an amorphous phase which is obtained below 11 K
guish the different forms of ice between 10 and 160 K. Aand a crystalline phase which is obtained above 50 K. Over
thorough description of the absorptions of water under outhe temperature range 11-50 K, condensation of ozone re-
experimental conditions has been recently repofie8pec- sults in a mixture of disordered and ordered phases. The
tral effects on thev gy stretching band related to structural amorphous phase is stable until 50 K and the crystalline
differences are discussed in light of previous works. Figure Jphase sublimes from 61 K with an activation energy of (23
compares typical spectra of ice films deposited at different- 2) kJ-mol ™2,
temperatures. High-density amorphous icg,X(T<<30K) Representative spectra of ozone deposited at different
has a strong polymorphism, and according to the depositiotemperatures are shown in Fig. 2 in thgregion of ozone.
rates the broad band around 3380 ¢ris often accompanied As can be seen, the; band, the most intense in the gas
by secondary maxima as illustrated in Fig(tiaces a, b,)c  phase or in matrices, shifts from 1037 chto 1026.2 cm*
Narrow bands observed at about 3690 and 367I'care  and narrows, with a full width at half maximutFWHM)
assigned to free OH bondslangling bandsof water clus- from 9.1 cmi ! to 1.4 cmi %, when going from the amorphous
ters. The more ordered low-density amorphous phagei§l  to the crystalline phase. The two satellites features measured
characterized by a band at about 3250 ¢rfwhatever the at 1054.4 and 1048.0 cm in the spectrum of crystalline
deposition typewith a shoulder at 3380 cri, correspond-  0zone have been assigned to clusters of ozone formed in the
ing to a small amount of high-density amorphous ice whichgas phase. Characteristics of other baffdadamentals and
persists over extended periods of time and above 130 K. lsombinationg are given in Ref. 19.
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0.7 band from one sample to another with similar composition,
indicating that ozone in ice is in different states depending
on the condensation process, as discussed below. In the less
ozone-rich film(trace d of Fig. 3thev 3 absorption appeared
as a nearly symmetrical band with a maximum at 1035.6
cm ! and a FWHM of 10.2 cm'. In the vy region of
water, a new band located between 3647 trand 3640
cm 1, depending on the composition, appeared due to the
interaction of ozone with water molecules having a free OH
bond. Such a banthereafter labele®,,) was also observed
when ozone was deposited on the surface of a thin water
film, and it was assigned to a monolayer of ozone hydrogen
bonded to water molecules in the bulk pores of amorphous
ice!® In the mixture rich in ozone this band appeared as a
b shoulder on the dangling bands at 3683 and 3666'arhar-

] S acterizing free OH groups of water clusters.

In spite of premixing of the water and ozone gases, ex-
periments showed that condensation of ozone/water mixtures
0.1k at low temperature has varying efficiency and leads to sev-
eral uncontrolled metastable states of ozone. As a matter of
a fact, the ratio between integrated intensities of thgy

L 1 coupled band and of the; ozone band was not accurately
1100 1050 1000 correlated to the initial ratio of }0/O; pressures. In the
Wave number, cm‘1 same manner, the ratio between integrated intensities of the
6.2, FTIR soectrain i o of condensed fims of I perturbed OH band at 3640.5¢cf{Dg,) and of thevs
e by o8’ pested ozone band vatied from 0.7 t0 3 for fims having the same
initial composition. Amorphous ice is a disordered material
containing pores, cracks, voids, and capillarities, into which
3.3. Water/ozone mixtures ozone can penetrate. According to the composition, codepo-
sition of H,0/O; samples on cold substrates at 30 K can
‘generate separate ozone layers on the amorphous ice surface,
ozone large clusters trapped in the ice, a monolayer of ozone

X ; : ) molecules hydrogen-bonded to water in the pores, condensed
carrier gas. Higher ratios could not be accurately studied du820ne in the pores or cracks, and, probably, only a very

to the weakness of ozone in thin ice films. Figure3compare§ma” amount of ozone in substitutional sites of the ice
the spectra of some films with different compositions. In thelattice

v 4 region of ozone, the spectrum of the sample rich in ozone

(trace a is nearly similar to the spectrum of pure ozone

deposited at 30 Ksee Fig. 2, trace)bWith increasing water

concentration, the; ozone band broadens, becomes more  Two sets of experiments were carried out. In the first set,

symmetrical, and shifts weakly towards high frequency.after deposition at 30 K the mixed films were annealed at

However, small changes were observed in the profile of thd60 K at a rate of 5 K min~%, and successive spectra were
recorded after each temperature increase. In the second set,
mixed films were deposited directly at 70 K.

- 0.6

05

0.4

0.3

Absorbance units

|

In order to examine the effect of water ice on the spec
trum of ozone, several mixtures with differeny®fO; ratios
(from 0.25 to 10 were deposited at 30 K with helium as the

4. TEMPERATURE EFFECTS

VoH V3(Os) ) .
1.0 4.1. Mixtures deposited at 30 K

d 4.1.1. Mixtures rich in ozone

Figure 4 shows the evolution with temperature of a spec-
trum of a initial mixture rich in ozone (}0/0;=0.25). Be-
tween 30 and 50 K, the intensity of tihg band of ozone and
of the associated dangling bardl;, at 3647.5 cm? re-
mained unchanged, while the,, band of water increased in
intensity, indicating that 4\, begins to transform into,|,
with the loss of the 3683 and 3666 cinfeatures assigned at
free OH in clusters. Only the frequency of tbg, absorp-

.O_IJ\NJI’\'I\—I_?- 0 /] tion shifted from 3647.5 cm' to 3642.4 cm?. In the 50-55
3500 3000 1100 1050 1000 K temperature range, amorphous ozofmultilayers and

ozone in interaction with watgmdisappeared, as monitored
by the disappearance of the high frequency of ¢heband

FIG. 3. Infrared spectra in wataroy and ozonevs regions of Ho/o,  and the decrease in intensity of thg, feature, which was
mixtures deposited at 30 K. Initial ratio: 0.28); 1 (b); 5 (c); 10 (d). now located at 3640.5 cnl. From 55 to 60 K the spectra
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FIG. 4. Annealing effects on they band of water and on the; band of I v (Dga) 1 v3(O3)
ozone after deposition at 30 K of a,B/O; mixture rich in ozone g g L
(H,0/0;=0.25): after deposition at 30 Ka); after successive annealing at - -
different temperatures, K: 50 (b); 55 (c); 60 (d); 65 (e); 70 (f ). All spectra >, = L
. _ 3638 1032

are recorded at the annealing temperat(tds 3v; band of ozong
remained unchanged. Above 60 K, crystalline oztmelti- 3635 . 1030———~—1 11
layers and ozone in interaction with watéregan to evapo- 20 80 140 20 80 140
rate and disappeared totally at 70 K. Water ice also disap- T.K T.K

peared nearly totally Qt 70 K along with the ozone. . . FIG. 6. Integrated band intensities as a function of temperature for the
The overall behavior of water between 30—60 K, similarassociated ozone dangling band and ozenéand of the experiment pre-
to that of a pure water film, suggests that water moleculesented in Fig. &). Temperature dependence of frequencies of the associated
. . . . 1 1
trapped in the ozone matrix probably diffuse in the ozone a§H band(3640 cm™) (b) and thev; ozone band1033 cm™) (c) of the
. . . experiment presented in Fig. 5.
the temperature increases, forming islands of water mol-
ecules which stay inside the ozone and sublimate when the

ozone desorbs. the evolution of the frequencies of thg ozone band and the

associated OH bandD(;,) with temperature. Two distinct
ranges of ozone release are observed. The first part starts at
As expected, a great difference was found between filmgo K and stops at 80 K. The second part starts at 120 K and
rich in ozone, which sublimate at 70 K, and films rich in js totally exhausted when the sample is kept at 150 K. The
water, which evolve nearly in the same manner for initialsame trend was observed in other experiments, except that in
ratios HO/O; ranging from 2 to 10. Figure 5 shows typical some, but not all, of the more water-rich samples ozone re-
spectra of an BD/O; film (initial ratio 3) deposited at 30 K mained at 160 K, suggesting that the formation of a local
and gradually annealed at 150 K, and Fig. 6 presents thgydrate clathrate could occur by rearrangement in the solid
evolution of the integrated intensities of thg ozone band  state, depending on the mixture composition as well as con-
and of theD g, band as a function of temperature as well asdensation and annealing processes. Indeed, ozone release,
which is in competition with ozone diffusion in the bulk of
water at temperatures higher than 60'%results from
Vo 0.20 V3(O3) changes in the ice morphology. Between 50 to 80 K the
L release of ozone condensed in the pores parallels the struc-

w tural transformation of high-density amorphous ice into low-
W density amorphous ice, as monitored by the evolution of the

‘.__./L von band shape. Between 50 to 60 K few changes are ob-

served, and the intensity of the 0zone band weakly dimin-

d
I ishes. Between 60 to 70 K the transformation is achieved,
r c and a strong decrease of thg ozone band is observed.
C Upon warming, the pores collapse and the part of the ozone
. b trapped in the pores is released. From 120 to 150 K low-
a

4.1.2. Mixtures rich in water
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density amorphous ice transforms into crystalline ice, and the

; ' rearrangement of water molecules opens some of the blocked
3500 3000 1050 1000 channels and results in the loss of diffused ozone in substi-
Wave number,cm‘1 Wave number,cm‘1 tutional water sites. These results are similar to previous
_ , _ ~ findings for the release of GHAr, N,, Ne, H,?%?! and
FIG. 5. Spectral changes with temperature indhg region of water and in

1-24 ;
thewv; region of ozone after deposition at 30 K of a®O; mixture rich in Co? _from water Ice_' .
water (HO/0,=3): after deposition at 30 Ka); after annealing at different As is seen from Fig. 6, the profile and the frequency of

temperatured, K: 50 (b); 60 (c); 70 (d); 80 (e); 120 (f); 140 (g); 150 (h). thewvy 0zone absorption change with the temperature. In the
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30-60 K temperature range, the initial band at 0.4
1033.2cmY(FWHM=17cnm'}) shifts gradually to 1030.6 L /f
cm L. Above 80 K, a narrower, nearly symmetric band -
(FWHM=10.2cmY) clearly emerges and shifts from 0.3 \/
1033.1 to 1032.3 cit between 120 and 150 K. In fact, the "
v3 0zone band is a composite of several overlapping bands 0.2 J
which probe the annealing-produced changes in the sur- r
rounding water solid and the diffusion of ozone in water ice.

Absorbance units

Y
’

The OH dangling bond in interaction with ozone is also very 0.1

sensitive to the structural change of ice with temperature, but a

warming of the ice substrate affects this band differently than 0 I - SR S T RS
the v3 ozone band. From 40 to 80 K, it diminishes mono- 3750 2750 175_01 750
tonically and shifts from 3640.1 to 3636.1 ¢t This band Wave number, cm

probes the collapse of the por_es, which begins at 40 K V.VIthf:IG. 7. 3750-700 cm® region in the spectrum of a J®/O; mixture

out the release of ozone at this temperature; ozone beglns E920/03=4): after deposition at 17 Ka); after irradiation at 17 K for 80
sublimate from 50 K. Traces of this band are observed bemin with a 266 nm laser line(photon flux=5- 10" photonscm 2
tween 80 to 120 K but not above 120 K, indicating that the-s 1)(b). New bands which appear after irradiation are indicated by arrows.

crystalline ice is nonporous.

lished dat&® They are quite comparable in frequency and
width to bands observed in the spectrum of amorphous hy-
Direct deposition of mixtures above 80 K showed thatdrogen peroxide deposited at 83 K, as shown in Fig. 1 of
ozone was not trapped in water ice. Deposition at 70 K, &ef. 26. They correspond to the {2,v,+v4,206) anduv,
temperature at which solid ozone sublimes, led to a solidnodes of HO,, respectively. The weak band at 1256 ¢m
solution of ozone in water. Ozone appeared as a very weaan be assigned to thg mode.
band at a frequency in agreement with that observed previ- Figure 8 shows the key regions of spectra recorded after
ously between 80—120 K and with a comparable intensity fodifferent irradiation times. After 100 seconds, thg, band
the same initial composition. When the temperature was indisappears totally, the 2858 cthabsorption of HO, nearly
creased from 140 to 160 K, ozone was slowly released, but geaches its maximum in intensity, and thg ozone band is
part remained in the bulk until evaporation of the water. Thisreduced to 17% of its initial intensity. Upon subsequent pho-
behavior might be an indication of the formation of local tolysis the ozone that remains in the lattice disappears totally
clathrates, as suggested previously, but it could also be dugter 80 min of irradiation, with only a weak increase in
to ozone locked in deep voids without the possibility of re-intensity of the 2858 cmt absorption. These results are an
lease. indication that in this experiment the formation of hydrogen
Overall, the experiments described above show thaperoxide is mainly due to photodissociation of 0zone chemi-
ozone that is produced on icy satellites of the solar system byorbed on the water surface of micropores. Int@-H:O,
photodissociation of oxygen can be kept inside water ice atomplex, HO, is formed by the transfer of an oxygen atom

4.2. Mixtures rich in water deposited at 70 K

temperatures higher than 120 K. from ozone to HO. Such behavior is in agreement with
previous studies in matrices. In an argon matrix, irradiation
5. IRRADIATION EFFECTS of the isolated one-to-one complex®tO; also led to the

formation of HO, (Ref. 27).

Irradiation with the 266 nm laser lingphoton flux=5 e s .
Kinetic studies of the disappearance of ozone and ap-

X 10*®photonscm™2-s7%) was carried out at 17 K, first on _ _

H,O/0, mixtures rich in water, deposited at 17 K, and thenP&arance of KD, were carried out. The decrease in the con-

on a mixture annealed at 130 K and cooled to 17 K. Incentration of ozone was tracked by the decrease of the inte-

mixtures deposited at 17 K, ozone is mainly trapped in pore§ratéd intensitA of the D4, absorption at 3636 cnt and of

and voids as probed by the strobyg, band at 3636 cmt,

while in the preannealed mixture ozone resides mainly in the

water lattice. VDga V(H205) v3(0s)
At an incident wavelength of 266 nm ozone produces 0.5 e

atoms OtD) and OEP) with primary quantum vyields of i e 1075 g

0.83 and 0.17, respectivefy. e s P | A
pectivefy W 0.2 0_50__/,/\\ c
b

5.1. Mixtures deposited at 17 K /f 0 1% 0.95 / \ __bj
i & AL i

Figure 7 compares in the 3750—700 chiegion a typi- 1
cal spectrum recorded after deposition at 17 K with a spec- 3700' ' 136‘00 1(3)000I '27'00 (%075 1025
trum recorded at 17 K after 80 min of irradiation correspond- Wave number , cm™ 1
ing to the total disappearance of ozone. After irradiation, two
weak, broad bands at 2858 chand 1425 cm' (FWHM FIG. 8. Comparison of the spectra in the 370(_)—35751:r6000—2650 cmt
=79cnm ! and 102 cm?, respectively, with a weak feature Z”d 1080-1000 cnt regions of a HO/O; mixture (HO/O;=4): after

1 eposition at 17 K(a); after irradiation at 17 K with a 266 nm laser line

at 1256 cm - appeared. These two new bands can be UnNamMgphoton flux=5- 101 photonscm™2-s72) for 20 s(b), 40 s(c), 100 s(d), 80
biguously assigned to hydrogen peroxide according to pubmin (e). Difference spectrum betweds) and (d) is (f ).

o
)
[6)]

o
M.
[4))]

e
o
o

Absorbance units




Low Temp. Phys. 26 (9-10), September—October 2000 Chaabouni et al. 717

5r 203 VDga V(H202) V3(O3)
! So2l B )02 AL
4 y 8 Yer a/ L/ \Q\ 0.3} \\ ,a
g .. 0.1] g
gotr \/ |7 N -
3r . 2 1 0 I 0.1]
o <0 3700 3600 2900 2750 1075 1025
2 Wave number , crmi |
1+ FIG. 10. Comparison of the key region of the difference vibrational spectra
between spectra recorded before irradiation and after irradiation at 17 K of
a H,0O/O; mixture deposited at 17 Ka) and of a HO/O; mixture annealed
] 1 1 ! 1 at 130 K and then cooled at 17 ().
0 100 200 300 400
t,s

FIG. 9. Plots of g3 /AL ) (@), '”(Agg!AEgQ (A), and —In(1-Al 5/ sities b_etwe_zer_1 the 2858 ¢rhband, which appeared at the
Afi.0,) (W), denoted as Y, versus the operating time of the laser at 266 nnﬁ_nd of irradiation, and the ozone band at 1031-5](2|'Wh|0h
(photon  flux=5-10%photonscm™2-s™%) for a H,0/0, mixture disappeared totally after 10 min, was very different from that
(H,0/0;=4) deposited and irradiated at 17 K. observed after irradiation of unannealed mixtures, as illus-
trated in Fig. 10. It was found to be 25, a value forty times

. . . larger than the ratio found previously. The following expla-
thewv; ozone absorption. The increase of the concentration of 9 P y g exp

: . . ._hations can be suggested for these observations.
hydrogen peroxide was monitored by the increase of the in- 99

. . _ . . Absence of the, band of hydrogen peroxide can be due
1 2

tegrated intensitp of thg 28.58 .me absorpnon.peak, which to our configuration using infrared reflection with an angle of

reached an asymptotic limiA” at long times. Plots

o incidence of 5°. Indeed, with this near-normal incidence on
of In(AOOSIA‘oS), In(Agga/A}Dga)’ and _In[(AH; Oz_AtHzoz.)/ the surface, due to the metal surface selection rules, only the
Afi,0,] Vversus irradiation times for a typical experiment yransverse optical mode, with a transition dipole moment
(photon flux=5x 10" photonscm™2-s™%) are shown in Fig. parallel to the surface, can be excited. Thus in ordered ice the
9. The kinetics of HO, and of the —O—-H:@complex con- H,O, molecule produced by the reaction of atomic oxygen
forms to a first-order process with an apparent rate constantith a water molecule could have an orientation preventing
of (3.520.5)x10 ?s ! (photon flux=5x10' photons the observation of the 1425 c¢rhband.

-cm~2-s71)) whereas the ozone kinetics does not conformto  In the first set of experiment@nannealed mixtures de-

a first-order process. Two distinct phases are observed. Thgpsited at 17 Kthe v ozone band corresponds not only to
first phase shows the same linear dependence versus time@smplexed ozone but also to pure condensed ozone on the
observed for HO, and —O—H:Q curves, whereas the second surface or in the pores. Only the hydrogen-bonded complex
phase, at longer times, is characterized by a smaller plot withetween ozone and water produces hydrogen peroxide, and
an apparent rate constant ofx@0 %s™l. Such kinetic hence the ratio between the intensities of the 2858’camd
curves have also been found for photodissociation of solidhe 1033 cm? absorption lines can be weaker than that ob-
ozoné€ and ozone trapped in argon matriteand have not served after irradiation of isolated ozone trapped in the ice
been accurately explained. In fact, as recently demonstratdedttice. This explanation is in agreement with the temperature
by Kriachtchevet al,?® during photolysis in the condensed effects described in Sec. 4.1.2, which showed that a very
phase the medium becomes more absorbing and leads to d@wall amount of ozone resides in the lattice. The great dif-
crease of the laser intensity with depth. Thus the photolysigerence between the initial ozone that produced the same
is more efficient near the surface as compared with deeper iamount of HO, by irradiation in the two experiment&ig.

the bulk, where it slows down with time. As a matter of fact, 10) indicates that deposition of a,8/0; mixture at 17 K

the kinetic rates at the same photon flux on a thicker wateleads mainly to ozone multilayers in pores and voids. How-

ice film were lowered. ever, a difference in the IR absorption coefficients between
ozone on the ice surface and ozone inside the water lattice
5.2. Annealed mixture cannot be ruled ont.

Kinetic studies of the appearance of®} and of the
disappearance of ozone were carried out. The same shape of
%he kinetic curves was observed foy® and Q. The curves
were similar to that previously observed for ozdsee Fig.

9) with a rate, at short times, of the same order of magnitude
(4.0-0.5)x10 25! for a photon flux of 5<10'photons

.cm 2.s L. Recall that the photokinetic rate constafh )
depends on the photodissociation cross sectgn) in
cm?/molecule(base ¢of ozone at 266 nm, the quantum yield
(\), and the photon fluf(\) in photonscm 2.5

A H,0/O; mixture (initial ratio 4) was deposited at 40 K

associated OH band)(y,); this process was accompanied by
the formation of partially cubic ice. Then the sample was
cooled to 17 K and irradiation was carried out at 266 nm
with the same photon flux used previously. Growth of the
2858 cm! band was observed, indicating thaj®3 in this

experiment is produced by reaction of the!D} atom with

the nearest FO molecules. Two unexpected observations
were made. First, the, band of hydrogen peroxide at 1425 ¢
cm 1 did not appear. Secondly, the ratio of integrated inten-  k(A\)=c(N)@(N)F(\).
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Thus at short times the photodissociation of ozone form-  This work was supported in part by Program National de
ing an O¢D) atom appears with the same apparent quantunChimie Atmospheque and Program National de Plaole-
yield for ozone in the-O—H:0; complex, pure condensed gie.
ozone(as verified in a subsequent experiment where amor-
phous pure ozone was irradiated under the same experimen-
tal conditiong, and ozone in the lattice. Unfortunately, in the *E-mail: i I

. . -mail: schriver@ccr.jussieu.fr
absence of knowledge of the photoabsorption cross sections
of ozone at 266 nm in water ice and in the condensed state;,
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Vibrational stimulated emissions of G@apped in low temperature argon matrices have

been found experimentally not only in the 1#n region(v, manifold but also at 1Qum

(v3—v4 transition in the double trapping site of concentrated samples. A detailed experimental
description of these emissions is reported, including spectral analysis, time-resolved

studies, laser energy dependence, and concentration and temperature effects. The characteristics
of the emissions are discussed, giving some insight into the nonradiative intramolecular

V-V transfers from the laser excited levei=1 towards thev, manifold, and inside this

manifold. © 2000 American Institute of Physids$51063-777X00)01309-§

INTRODUCTION temperature effects. Besides, a new result has been obtained:

3 . we have found stimulated emission also in theul0 region.
Recently 3 we have shown that low-temperature matri-

ces offer favorable conditions for the observation of vibra-xpeRIMENTAL SETUP
tional stimulated emission. Excitation by an infrared laser . .

o . . Details about the apparatus and experimental procedures
pulse leads to large population inversions among the vibra-

. . can be found in Refs. 1 and 7. We briefly recall here the
tional levels of the guest molecules, so that the matrix be-"_". . . .
. . . main features. Solid argon samples are obtained by deposi-

comes an amplifying medium at the corresponding frequen: : ;
tion of a gaseous mixture onto a gold plated copper mirror

cie;. Spontaneously emitted photons are then amplified o old at 18 K in a liquid helium cryostat. The sample thick-
their passage through the samplg, a pherl%menon l.Jsuar%ss is known from the amount of gaseous mixture used
cgllgd amplified sp'onta'neous em!§S|0hSE). When. It during the deposition. A calibration of the thickness versus
originates from a vibrational transition, the process is alsqhiS amount is recorded during growth of the sample using a
referred to as IRSHEinfrared stimulated emissi¢ror VSE

(vibrational stimulated emissign This phenomenon only He—Ne laser. The sample is then cooled to 5 K. Carbon and

happens if the population of excited molecules exceeds glatmum resistors measure the temperature, which can be

. NS . varied between 5 and 30 K. The concentration of the @2©
threshold, which discriminates between stimulated and spon-_. . . .
.__.Mmixture is chosen in the range 1/200—1/10000. The infrared

taneous processes. When compared to spontaneous emissior, ..~ . . .
2 VSE sianal appears amolified and shortened by a factoerXC'tatlon pulse is obtained by frequency difference between
9 PP P y a dye lasefpumped by a frequency doubled YAG lasand

which can reach several orders of magnitude, depending OMe YAG residual. The system, purchased from Quantel

numerous factors such as the linewidth and line strength o )
o . . . France, generates pulses of 2Q8) maximum energy, 5 ns
the transition, density of excited molecules, thickness of the. ; "y . 2
ime width, and 0.8 cm™ spectral width. The repetition rate

sample, and temperature. The amplified pulse should be fol- -
b€, b P b is 20 Hz. The laser, focused on an area of 20~ 2cn¥,
lowed by the spontaneous fluorescence of the molecules, . ) .
N . rmpinges normally on the sample mirror. The detection

whose population inversion has decreased to under thresh-

old. This has been observed, for example, in the case of C ngle, us_ually 45°, can be varied B8SD. Signals are de-
. : . ected using an MCT detect@Belov Technologyand accu-
trapped in a mercury doped nitrogen maftikhe stimulated

. . . mulated in a digital oscilloscopélektronix TDS 540. A
f:ril;iésinablzl:]t 1f?l?ort:ar2§§nlcaggzrn(tjh?tnist hoenlma:)th)rsnngeg fir:h igh-pass filter { =8 um) is used to get rid of the scattered
9 9 : ! y " Faser light. Absorption spectra of the sample are recorded
narrow temperature intervall7—-22 K. In most experi-

mentsi=3 on the contrary, we detect a giant pulse Withoutusmg a Bruker IFS 113V FTIR spectrometer with a maxi-

. . . mum resolution of 0.03 cit. Emissions are spectrally ana-
any longer spontaneous signal, this fluorescence being obvj-

o : lyzed by means of filters, or through a Perkin-Elmer mono-
ously too weak for the sensitivity of our detection. Among chromator equipped with a 16m blazed grating60 lines/
the three triatomic molecules recently studied 0CG?, quipp J

and NO'B!, CO, provides the richest system due to the mm). The effective resolution is a few cfh

rather long time scale of the 16m emissions. Moreover, expERIMENTAL RESULTS

these emissions arise from different vibrational levels in the )
1. Spectral analysis

v, manifold. .
The aim of the present paper is to complete the prelimi-L&)- Absorption spectroscopy
nary result$ by a thorough experimental study involving It is now well known from experimental wofland from

spectroscopic details, time analysis, and concentration anthlculations that argon matrices offer two different trapping

1063-777X/2000/26(9-10)/8/$20.00 719 © 2000 American Institute of Physics
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FIG. 1. FTIR absorption spectrum dfCO, in solid argon at 16um 0.20 o
(CO,/Ar=1/2300,T=5 K, thickness=13 um, resolutior=0.03 cnT?). >_ b o
[}
50.16- .
sites to the C@molecule. The more stable one is unambigu- EO 12
ously assigned to a single substitutional site, where the mo- g T .
lecular axis coincides with the &ymmetry axis of the site. S °
The other site is “unstable,” which means that the absorp- ,80,08— o
tion by molecules in this site decreases irreversibly upon L%
annealing. It is described as a more or less distorted double 0.04L o
substitutional site, where the molecule is placed asymmetri- ’ 8 *
cally, which results in the lifting of the, mode degeneracy. 0 l&’k ,gi
For a quantitative study of stimulated effects, we need line- 22168 T oomad o280 2288

width values for CQ under our experimental conditions, 1
namely after deposition at 18 K, a temperature chosen a little
lower than usual in order to favor the double site, so that theg, 2. spectral analysis of the excitation for laser energies*5@nd 77
same detection conditions can be used for the two sites. Thef/pulse(O) (CO,/Ar=1/2000,T=5 K, thickness-90 um). Transmission
at 5 K we recorded, with our best resolution, the absorptiorﬁpe_Ctltum of the laser, z_at i_ncidence 485y excitation spectrum of the 16m
spectra of unannealed samples similar to those studied {f"ssion: detected at incidence (@).

emission experiments. The, region is displayed in Fig. 1:
the low-frequency line (FWHM:92x 10 3cm ) belongs o »
to the single site. The high-frequency doublEWHM =38 of the sample multiplied byv2. As theu 5 transition of CQ
%1073 and 30<10 3cm™) is assigned to the double site. is very intensive, saturation of the absorption may occur,
Two very narrow extra lines, which do not decrease uporgspecially for dilute samples, which can be checked by com-
annealing, cannot be confused with the double-site monomdtaring the “laser transmission spectrum” recorded point by
absorption, and we tentatively assign them to a dimer. Thesoint, for different laser energies. We emphasize that by this
assignments rest upon irreversible annealing effects: heatirgjocedure the laser width and the molecular linewidth are
the sample up to 32 K, during a few minutes, results in arfutomatically taken into account. Moreover, an additional
increase of the two small lines at 644.6 and 644.8 tm detector is placed at=0° in order to monitor the emission,
(dimer 9, whereas the 643.2 isolated line decreases by 5941Us providing the corresponding excitation spectrum. This
(monomer, stable siteand the 644.5—645.0 ¢ doublet has been done at the concentration of 1/2000 for different
decreases by 23%monomer, unstable siteThe measured Sample thicknesses. Figure 2 displays the results for @80
linewidths are consistent with those obtaitfedith a reso-  thick sample and clearly shows saturation effects, which
lution of 0.010 cm* for 12CO, in argon deposited at 20 K Means that, at least in the first layers, at high energy, the
(FWHM=75x10"3, 29x1073, and 2510 3cm™%, re- percentage of excited molecules approaches 50%. This had

spectively, at 5 K In the v region, which will be used for been predicted in Ref. 2 and is now quantitatively estab-
excitation, we measure linewidths of 0.36 and 0.12 ¢m lished. Doubling the thickness decreases the saturation effect

respectively, for the single and double sites. appearing on the spectrum, which only gives a mean value of
the excited population, as the excitation is not homogeneous

_ - all over the sample. The perfect correlation between the

1b) Absorption of the exciting laser by the v 5 mode emission and the absorption is clearly established for the two

Specific experiments have been performed to get thsites.

number of photons absorbed from the laser, tuned through Besides, this experiment allows an additional observa-

thev; region: the laser is presently incident at45° and the  tion concerning the absence of directionality of the emission.

transmitted energy is collected after reflection on the samplés a matter of fact, the detector, without a lens and remain-
mirror, so that the absorption length is equal to the thickneség at a constant distance from the sample, sees a constant

Wave number, cm
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FIG. 3. Discrimination between 1Am and 16um emissions by means of filtet€0O,/Ar=1/525,T=5 K, thickness-40 um). Detection through a BaF
plate(a); detection through a.= 13 um high-pass filtefb); detection without filtefc). In each case, except to record the laser,a8 um high-pass filter

eliminates the scattered laser light.

signal (largest deviation16%) when the direction of obser- 2. Time analysis

vation is moved between 0 ant10°. Going back to the
usual geometry, with the laser beam coming in normally to

the mirror, and moving the detection to #8°, also gives 2a) 10 um emission

an equal signal within the same precision. As the absorption
length is now reduced by a factor @2, there is a little, if

angle is increased.

Short-time measurements are limited by the characteris-

. 7 - . tics of the detection. The apparent half-width of the 5 ns laser
any, increase of the emission efficiency when the observa’uoBulse reaching about 400 ns, is shown in Fig. 3a, where the

laser is recorded in the absence of absorption and without

any filter. The 10um emission appears with a delay too

1c) Emissions in the 10 and 16 um regions

In the N,O cas@ thev,— v, transition, originating from constant of the system.

the laser-excited ;=1 level, is the only transition observed,
i.e., amplified by stimulated emission. It was not observed
for CO,/Ar samples of similar concentratiofi/2000 and
similar thickness(90 to 260um). It was searched for, and
found, at higher concentratior$/500 and 1/200but com-

ing only from molecules in the double site. With the 60
lines/mm grating, we cannot observe L@m radiation
through the monochromator. We then characterize therhO
emission by Caj-or BaF, plates absorbing at 1am. A 5

mm thick Cak plate decreases the emission by a factor of
1/3. The emission is highly unstable, which makes its detec-
tion tricky. Only single shots are meaningful. Even when
optimization is achieved, and for large laser shots, the emis-
sion intensity is random. Figure 3a displays a particularly
strong single-shot signal detected through a Baihdow.
Replacing the Bajby a high-pass filter,= 13 um) allows

the detection of the 1@m emission described previously, in
Ref. 2, which is shown in Fig. 3b. Figure 3c displays the
total signal, only through an g@m high pass filter to elimi-
nate the scattered laser light. The trace presented in Fig. 3b is
shown in heavy shading in Fig. 3c to recall its contribution to
the total signal. Using the Balplate, we checked the lack of
directionality of the 1Qum emission, and found that it is not
polarized, just as was found for the L#n emission. The 16
um emission, analyzed through the Perkin-Elmer monochro-
mator, exhibits three lines for each site, shifted by 1 tin
wave number from one site to the other. The measured wave
numbers(626, 613, and 595 cnt) allow their unambiguous
assignment to combination bands inside themanifold, as

is shown in Fig. 4. The lines at 626 and 595 chare iden-
tified with the 110(2)—10°0(2) and 110(2)—02%0(1)
transitions, whereas the 613 ciemission comes from the

Energy,cm™

(gas phase)

1

small to be measured. Both decays, identical, reflect the time

Vibrational mode
(<2300cm )

\

2037 =l 1 110(1)

1946.4

1896.2

1370

1297 =
1265 =

Laser

648.5 =

0

03%0(1)
11'0(2)

10%(1)
0220(1)
10%0(2)

01'o(1)

00%0(0)

V3

Vit+Vy, 3vy
Fermiresonance

vi,2v,

Fermi resonance

V2

10°0(2)—01'0(1) transition. The fundamental, transition £ 4. vibrational energy levels GfCO, up to 2300 cm™. 1, 2, 3: 16um
at 644 cm* has been searched for without success. emissions—) and 10um emission(— — —).
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FIG. 6. Dependence of the emission amplitude on the laser pulse energy

One the contrary, a measurable delay is found for thgT=5K, sample thickness360um, single sit}, 16 um emissions,
onset of the 16um emissions. Their time shape is clearly CO,/Ar=1/2000, linel (O); line 2 (+); line 3, short and long components
different from the laser one, as detected through the mond?* andA. respectively.
chromator in the fourth order of the gratifgig. 5. This
time analysis of the dispersed emission reveals that the three
lines of the two sites have different time behaviors. The on-
set and the signal maximum are reached faster in the singf@ately linear in the range studied, as was observed in the O
site than in the double one. Moreover, for a given site, thdRef. 1 and NO (Ref. 3 cases. The existence of such a
three lines exhibit a different time delay, and they have beehreshold gives direct evidence of the stimulated character of
numbered according to this delay. Last but not least, the 6181 process, in addition to the large amplification and short-
cm ! emission(line 3) of the double site shows a peculiar, €ning effects relative to spontaneous fluorescence.
rather intricate, time behavior. An intense peak, on a short The 29—wv3 transition at 613 cm' (line 3) behaves
time scale similar to that for the other two lines, is followed peculiarly in the two sites. In the double site, the short com-

by a much weaker and longer component, covering a fewponent exhibits a sharp threshold at 143, whereas the
tens of microseconds. longer one, with a much weaker amplitude, shows a slower

decrease. Finally, it disappears into noise, and it is impos-
sible to measure a precise threshold different from zero. The
stimulated or spontaneous character of this component is
The dependence of the emission amplitude on laser erthen not established. For the single site, Fig. 5 does not show
ergy is shown for each transition in Fig.(§ingle sit¢ and 7  two distinct time components for this transition. However, at
(double sit¢. These data correspond to 360m thick  high laser energy, the delay of this emission is smaller and
samples at concentrations of 1/2000 and 1/500 for the 16 anits width (FWHM) is broader, as if a short component of
10 um emissions, respectively. Below a sharp energy threshsimilar amplitude was added at the beginning of the signal.
old, depending on the transition, no signal is usually de-This observation may be used to discuss the two regimes
tected. Above the threshold the dependence seems approgippearing in Fig. 6¢. A high threshold of 10Q is assigned

3. Threshold measurements
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110, and 115.J, with an absorption around 50%. Figure 7d
yields a threshold of 12@J for the 1um emission from a
sample of similar thickness, but with a concentration in-
creased by a factor of 4, resulting in an evaluated absorption
of the order of 94%.

0.08F Line 1

0.04+

4. Concentration and temperature effects

Emission amplitude, V

The most important concentration effect is the appear-

1"50 : 200 ance of the 1Qum emission of the double site for concentra-
tions higher than 1/1000. On the contrary, in this case, the 16
pm emission is weaker than for the concentrations of 1/1000
b . and 1/2000. In this range the 16n signals are maximum, if
one compares samples of approximately equal optical den-
sity, i.e., keeping constant the product of the concentration
by the thickness. Of course, a concentration decrease from
1/2000 to 1/10000 also decreases the signals, since we can-
not grow samples thick enough to keep the optical density
constant. We focus our attention on the concentration depen-
dence of the long component of lirin the double site,
- because it could be assigned to spontaneous emission from
0 40 80 120 160 200 its time behavior and its threshold uncertainty. We unsuc-

Laser pulse energy, pJ cessfully tried exponential fits of its decay. However, a time
constant extracted from its last part shows an unusual con-
c centration dependence, as it clearly decreases with increasing
0.02F |jne 3 dilution.

Another way to characterize the time behavior of this
component is to decrease the laser energy below the thresh-
old of the short component. We thus observe an onset, a
maximum and a decay, and an approximate value of the time
during which the signal remains higher than the noise. Once
again, this time clearly decreases with increasing dilution.

Temperature effects can be studied up to 30 K only for
the single site, since the density of double sites decreases
irreversibly upon annealing. For the single site, increasing
1.0 d the temperature from 5 to 17 K results in an increase of line
1 by about 35%, including a very little increase in duration,
10 pm emission ° 9 measured by its full width at half maximuFWHM). Be-
tween 17 and 21 K this line remains approximately constant.
It disappears at 28 K. On the contrary, lirkand3 keep on
decreasing from 5 to 21 K. Their amplitude and width de-
crease together, and they disappear at 28r¢ 3) and 23 K
(line 2). At 5 K, after this temperature cycling, the emissions
of the three lines are increased by about 40#te 1) and

1 L (] ° 1 L
0 40 80 120
Laser pulse energy, nJ

0.04r Line 2

0.02f

Emission amplitude, V

T

Emission amplitude, V

0.01

A 1 LAA |

0 40 80 120 160 200
Laser pulse energy, pJ

1 1

0.6}

Emission amplitude, V

0.2

1

0 40

3'0 120 1éo 200 more than 60%lines 2 and3). This effect may be explained
Laser pulse energy, pJ by a narrowing of the lines due to annealing.
For the double site, the temperature dependence studied
FIG. 7. Dependence of the emission amplitude on the laser pulse energyp to T=21K is approximately similar. Line and 3 de-

(T=5K, sample thickness360um, double sitg 16 um emissions, ; :
CO,/Ar=1/2000: linel (O), line 2 (+), line 3, short and long components crease and dlsappear at 20 and 19 K, rESpecuvely’ whereas

(A and A, respectively, 10 um emission, CQ/Ar=1/520 (CJ). line 1 is nearly constant. Moreover, such a mild temperature
cycling also produces an overall increase of the emissions at
T=5K, very likely related to a line narrowing.

to the additional short part, the global threshold being lower,

at 40 uJ. DISCUSSION

The threshold value measured for each component is an _ _

essential parameter for any quantitative discussion, provide%i Inversion population threshold for ASE

that the laser absorption is known. To sum up, the present ASE is considered to start as soon as one spontaneous

results are the following: threshold values of 65, 97, 100photon produces a stimulated photon on its passage through

(and 40 wJ are found for lined, 2, and3, respectively, in the sample. Defining a mean path lendth as the mean

the single site, which absorbs about 86% of the laser energylistance from any point to the boundaries of the excited vol-

The corresponding values for the double $keg. 7) are 80, ume, this condition can be written as
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ANy (=1, (1)  threshold values of the;=1 level population, 118 10",
180X 10'®, and 180x10*®cm™3, respectively. This shows
where o [cn?] is the cross section for stimulated emissionthat only about 10% of the molecules have relaxed from the
from upper levelu to lower levell, andANy[cm 3] is the  p,=1 level towards the &, one, when ASE starts in the,
population inversion between these two levels. Equivalentlymanifold. Using the delay of ling (~70 n9 we get an order
one can define a loss coefficiemt = 1/1) and write of magnitude valuek=3x10"s ! for this intramolecular
V-V transfer rate in the double site.

ouANy—a =0. 2
The threshold condition for the population inversi@NL is
then 2. Low directionality of the emissions
ouANT = a, ) In the experimental Section, we established that the
emissions exhibit low directionality. This observation is in
with contradiction with the high directionality predicted for ASE
in the gas phas®® where the length of the amplifying me-
873 vy, ,1[n?+2\2 dium is a crucial parameter. In the present experiment, the
U= 3he %|Rlu| nhl\"3 | @ excited part of the sample is a disk about 2@ thick and

1.5 mm in diameter, so that the preferential emission direc-
oy mainly depends on molecular parameters, such as thgon should be in the plane of the disk. However, in the
squared transition momef®,,|?, the wavenumbes,, and  matrix case, light scattering by the polycrystalline material,
the linewidth y,, of the transition. It is also related to the for both excitation and emission, provides random propaga-
nature of the matrix by its refractive index but does not tion directions as well as random optical path lengths. The
depend on the geometry of the sample. On the contrarys  low directionality of the emission, which is proven here, can
essentially related to the thickness of the sample and thghen be understood.
diameter of the laser-excited spot. Consequently, we can
compare threshold population inversioﬁNL for different , , . )
transitions provided that the matrix and the geometry of the3' Time behavior of the emissions and relaxation scheme
sample are not changed. This can be performed at a semi- The 10um emission reproduces almost exactly the laser
quantitative level, taking the following gas phase valieS pulse, within the response time of the detection. This is not
for |Ry|% 1.77x10°%, 0.67x10°3, 50.6<10 3, 20.3  surprising, since this emission comes from the lavgk 1
x107%, and 21.%10 % Debyé for the transitionsv;  directly excited by the laser and was observed also in the
—v1, V3= 20y, 3vi—209, 3vi-2v2 and 29-vl, re- N,O case. This does not provide any information on the life-
spectively. ThéR,, | values of the 1Qum transitions are one time of this level, since ASE itself decreases the population
or two orders of magnitude smaller than the a6 ones, below threshold.

which explains why detection of 1@m emission requires For the 16um emissions, it is surprising that two signals
higher concentrations, although the emitting level is directly(lines 1 and 2) exhibit such different time behaviors even
laser excited. though they come from a common Ievelu@, which is

For the linewidthsy,, , which cannot be measured at the populated via intramolecular V-V transfer from thg=1
solid argon temperature for combination or hot bands, wdevel. One easily understands that the threshold for ASE is
tentatively use the values measured in the present study foeached faster for the transition with the higher transition
the corresponding fundamentals. The measured thresholdsoment(line 1). But we have to explain why the onset of
displayed in Fig. 6 for the emissions of the double site can béine 2 coincides with the decay of ling, although the emit-
analyzed within this approximation. First, considering the 10ting population is the same for the two lines. Moreover, in
um emission, we can safely assign it to the-v, transition  the double site, lind is the more intense, while in the single
on the basis of théR,|? values, which makes the;—2v,  site the reverse is true. Let us consider the level scheme
threshold higher by a factor of 2.6. A calculated value ofdisplayed in Fig. 4. ASE operating on line 1 tends to equalize
64x 10 °cn? is found for the cross sectiom,, of the v, instantaneously the populations of the upper and lower lev-
—v4 emission. Using the threshold energy, and the estimatedls, resulting in saturation of the gain. If the relaxation of the
absorption of 94%, we get the inversion population thresholdower level is not fast, both populations increase as the trans-
ANT =0.37x10"°cm 3. We then obtaine, =24cm* for  fer v;—3v3 goes on. Such a process has been described by
the loss coefficient. This value is somewhat too high for aApkarian* using a kinetic model for a two-level system. The
360 um thick sample, when compared to the value of 26emitted signal exhibits oscillations on a very short time
cm ! determined using the 10m emission of NO (Ref. 3 scale, corresponding to a step-by-step increase of the lower
in a 180 um thick sample. Taking into account holly de-  level population. When the z@ population reaches the
pends on the thickness, if one neglects light scattering, wéhreshold for ASE on lin€, the dominant process changes.
would have predictedr, =18 cm %, Nevertheless the order Indeed, a well known “energy gap law® for multiphonon
of magnitude is correct. More interesting is the comparisorvibrational relaxation in matrices states that the nonradiative
with the other emissions in similar samples. The valye rates decrease exponentially with the number of phonons to
=24cm ! allows a prediction ofAN/, equal to 9.5 10',  be created for energy conservation. One can then safely as-
25x 106, and 23<10'cm2 for lines 1, 2, and 3, respec- sume that the lower level of lin&(2v3) relaxes faster than
tively. Let us compare these values with the experimentathat of line 1(202) because of the small energy difference
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between these two levels as compared to the gap of 613
cm ! between 29 andv3. Consequently, the gain of the 0.006 |-
amplifying medium on lin€ does not saturate, since there is
no equilibration of the populations. Moreover, ASE on Iihe
contributes to the population of the lower level of lide
which qualitatively explains why, when liris on, linelis

off. The relative intensities of linet and2, going from one

site to the other, is probably explained by differences be-
tween the nonradiative rates populatingés In the double
site, where the molecule has a wider space, it is probably less
coupled to the phonon bath, so that all rates are smaller. This
is consistent with the longer delay before the onset of the 0 10 20 30 40 50
three lines. This effect may be different for the different Time, us

nonradiative transfer rates. A clue confirming this interpreta- ) o )
FIG. 8. Single-shot record of 1in8, just below the threshold of its short

tion is provided by the temperature effect. When the matrixcompcmem(T:5 K. CO,/Ar=1/2000, sample thicknes260 xm, double
is heated, the V-V nonradiative transfer rates generally insig).

crease. Saturation of the gain on lihds decreased by the

faster relaxation of the lower leveld. Line 1 is then fa-

vored. Moreover the nonradiative relaxation of levebds  concLUSION

also faster. The two channe(sadiative and nonradiative

that depopulate @} are then increasing. This explains the  Vibrational emissions of°CO, trapped in argon matri-
decrease of lin@, until finally its threshold cannot be over- ces have been studied in the At and 16um regions. They
come. The de|ay observed for the onset of heeflects the all behave like stimulated emission, even in the case of the
time necessary for the different transféradiative and non- long component of the ?—wv3 transition, which lasts over
radiative to provide the threshold population inversion of some tens of microseconds. An order of magnitude value of
line 3. A quantitative rationalization of the time evolution of 3X 10" s™* can be set for the nonradiative V-V transfer rate
the emissions would imply a complete kinetic model, in-from the excitedvs level to the 3)% level. Other intramo-
spired by that of Apkariaif but taking into account the lecular V=V transfer inside the, manifold have been dis-
wholev, manifold instead of a two-level system, and includ- cussed qualitatively. A quantitative estimate of these rates
ing the nonradiative V-V transfers between all the involvedmight be extracted from a kinetic model including spontane-

levels. This model may allow an estimation of the transferous and stimulated emission and nonradiative transfers.
rates. Simulations based on this model are presently in progress.
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access to the lifetime of the emitting level. In matrices, due
to possible intermolecualr V-V transfers towards impurities
or dimers, occurring at high concentration, it is generally
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Mobile F atoms react with Nfimolecules in an argon matrix at temperatufes7—-35K. The
open-shell NH-HF complex was observed by EPR and infrared spectroscopies as the
main product of this reaction. The hyperfine constants of the-NH complexay=1.20 mT,
ay=2.40mT, andag=0.70 mT were determined from the EPR spectra of samples using
NH,;, ®NH; and ND, isotopomers. Prominent features of the infrared spectrum of-¥HF are a
strongly red-shifted HF stretching mod&v ~ — 720 cni ' relative to that for isolated HF

and strong absorptions at 791 and 798 ¢rattributed to HF librational modes in the complex.
Quantum chemistry calculations reveal that the hydrogen-bonded-NH complex has a
planar G, structure and a binding energy of 51 kJ/mol. Calculated hyperfine constants and
vibrational frequencies of the complex are in good agreement with those observed in the
EPR and IR experiments. @000 American Institute of PhysidsS1063-777X00)01409-2

1. INTRODUCTION photogenerated “hot” F atoms is more then 0.5 eV. The
“hot” F atoms formed by UV photolysis are believed to
The dynamics of atom—molecule reactions are importanmigrate over distances approaching 3 #itt.Once thermal-
in many areas of chemistry, including atmospheric chemisized, the F atoms are essentially immobile in the matrix at
try, combustion/flame suppression, and chemical lasersemperatures less than 18 K. However, at 20—26 K, F atoms
Long-lived intermediate complexes play a special role inare able to diffuse approximately 10 nm on a time scale of
such reactions because they can allow extensive energy ree’—10*s because the barrier to thermal diffusion in solid
distribution and randomize the final scattering angles of thergon is only 4.5-5.8 kJ/m8l.The ability to control the
products. It is therefore essential to gain a detailed knowlmobility of F atoms through changes in temperature provides
edge of reaction intermediates, especially in the region of & unique opportunity to carry out solid-state chemical reac-
transition state, in order to develop a comprehensive descrigion of F atoms with isolated molecules in an argon matrix.
tion of any elementary chemical reaction. This type of invesBecause the crystalline environment prevents reaction prod-
tigation constitutes one of the most active fields of modernucts from flying apart and promotes fast relaxation of excess
chemical research. Various time-resolved techniques are benergy released in the reaction, the stabilization and spectro-
ing used to access this part of potential energy surface afcopic observation of open-shell intermediate species that are
elementary gas phase reactiofsee, for example, Refs. not observable in gas phase studies can be realized.
1-3. However, low-temperature spectroscopy of matrix- Based on these unique peculiarities of F atoms, we have
isolated species continues to play a prominent role due to itdetermined the spectral characteristics of open-shell interme-
universality and reliability in the interpretation of experimen- diates formed in reactions of mobile F atoms with ethEne,
tal data. For the last 20 years, a variety of methods have beanethane?'* hydrogen® carbon monoxidé®® oxygen'®
developed for stabilizing intermediates in cryogenic inertnitric oxidel!” and ozoné® We have shown that the combi-
matrixes, such as freezing of reaction products from the gasation of two complementary spectroscopic techniques, EPR
discharge, photolysis and radiolysis of complexes, and laseind FTIR, allows one to obtain:
ablation(see, for example Refs. 4}.6 a) direct evidence of a radical intermediatey EPR
Recently we have used a combination of FTIR and EPRspectroscopy
techniques in rare gas matrices to study free radicals and b) the complete set of hyperfingf) constants of stabi-
radical-molecule complexes formed by reaction of fluorinelized intermediate$®*’
atoms with small polyatomic molecules. This methodology  c¢) reliable assignments of the infrared bands of the in-
takes advantage of the widely used matrix isolation techtermediate from comparison of kinetics of radical formation
nigue for immobilizing molecular species as well as the highobtained in EPR measurement with kinetics of growth of
mobility of fluorine atoms in rare gas solids, as observed bynew bands in FTIR measurements;
Apkarianet al.”8 The quantum yield for photodissociation of d) branching ratios for reaction channels that yield
F, in solid argon is nearly unity if the initial kinetic energy of closed-shell and radical producfst®

1063-777X/2000/26(9-10)/9/$20.00 727 © 2000 American Institute of Physics
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e) molecular structure of intermediate species in the lat-
tice from comparisons of measured and calculated hf con-

stants and vibration frequencits® 4 a
Particular attention has been given to H-atom abstraction

reactions:
F+RH—HF+R. (1)

We have observed the open-shell complexes;-&IH and x4 b

H-HF as intermediate products in reactions of diffusing F

atoms with CH and H, molecules trapped in a matrix-*° Cooo L e

EPR spectroscopy is especially useful in these studies be- NH,

cause the hf interaction of the unpaired electron with mag-
netic nuclei in the complex is very sensitive to the distance
between the radical R and the HF molecule and to their mu- ‘ c
tual orientation.
In the present study, we have used this approach to study
the reaction of F atoms with NHmMolecules isolated in an
argon matrix. Usually, gas phase reactions of typegive 310 313 316 319 300
rise to extensive HF internal excitation and population H,mT
inversions'® which are required for laser action. However,

attempts to obtain an inverted HF state distribution in FIG. 1. EPR spectra of the Ar:Nf#,=1000:1:1 sample after exhaustive
photolysis at 15 Ka); after subsequent cooling to 7.7(K); after annealing

F+NH;—HF+NH,, AHy=~-130 kJ/mol (2 of the photolyzed sample for 30 min at 25 K and subsequent lowering the
temperature to 15 Kc). Intensities of the spectra are corrected in accor-

were unsuccessful, despite its high exothermiti§% It was  dance with the Curie law.

assumed that the failure was due to formation of a long-lived

FNH; species during the reaction. The existence of such an

intermediate complex causes randomization of the exoergidSpectra gases, 10% in argpNH; (Matheson, and ND;

ity among its internal modesAb initio calculations per- (Cambridge Isotope Laboratories, Inc., 99% Were used

formed by Goddardet al”* predicted that the Np-HF  without further purification.

formed in the exit channel of reacti@®) should be bound by Fluorine atoms were generated by UV photolysis of F

~50 kJ/mol(~33 kJ/mol when corrected for zero-point en- molecules using 337 nm laser light in the EPR experiments,

ergy effect$. In our preliminary EPR study?*we observed and 355 nm laser light in the infrared experiments. The av-

the intermediate complex NHHF for the first time. In the erage laser power did not exceed 20 mW/démeither type

present paper we report a detailed EPR, FTIR, and compf experiment. To distinguish the chemical reactions involv-

tational study of this reaction intermediate to obtain the totaing photogenerated “hot” F atoms from those of diffusing

set the hf constants and vibrational frequencies. The result§ermal atoms, photolysis of,fnolecules was performed at

show that the structure of the complex and the binding enl5 K and the samples were subsequently annealed in a sepa-

ergy are close to the predictions of Goddatdl.?? and that ~ rate step.

the complex suffers only a minor distortion in the argon  The EPR spectra of freshly prepared samples exhibit no

lattice relative to its gas phase equilibrium geometry. lines due to paramagnetic species. Very weak infrared bands

of CO, (661.9 and 2340.5 cit) were found in the IR spec-

tra of deposited samples. A sharp absorption assigned to

FO,(1490cml) appears in the spectra of photolyzed

samples at 20—25 K. Oxygen is a common impurity in fluo-
The experimental technique used was described in detailne gas and is difficult to remove by fractional distillation.

elsewheré? Briefly, solid argon films doped with reactant

molecules were formed by vapor deposition of Ar-N&hd 3 RESULTS AND DISCUSSION

Ar-F, gas mixtures through separate inlets onto a substrate at ) )

15 K (sapphire for EPR experiments; Csl for the infrared3-1- EPR spectra of dilute mixtures Ar:-NH  3:F,=1000:1:1

study. The sample composition was typically Ar:NHF, photolyzed at 15 K

=1000:1:1. Infrared spectra were recorded with a Mattson A complex anisotropic spectrum consisting of two series

Model RS/1000 FTIR spectrometéspectral region from of lines (shown in Fig. 1ais produced by 337 nm laser

500 to 4000 cm® and spectral resolution 0.5 ¢. photolysis at 15 K. In the initial stage, the intensity of the
In the EPR experimentg§performed in Russja argon  EPR lines is proportional to the photolysis period, but ap-

(99.9995% and fluorine(99.99%9 were used without purifi- proaches a limiting value under exhaustive photolysis due to

cation. Ammoniat*NH; (and *®NH;) was used after drying depletion of the F concentration. Temperature-induced

over NaOH. Deuterated ammonia, BlDwas prepared by changes of line shapes and intensities are reversible in the

repeated exchange of Nkvith D,O followed by distillation  range 7.7—18 K, which shows that the concentration of radi-

and drying over NaOD. The deuterium isotopic purity wascals does not change after completion of photolysis. Lower-

estimated at 90%. In FTIR experimentgerformed in the ing the temperature causes a broadening of most of the an-

United Stateg argon (Spectra gases, 99.999%fluorine  isotropic lines, whereas lines in the other series are

2. EXPERIMENTAL
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FIG. 2. EPR spectra of Nfradical generated by UV photolysis of NH
molecules in solid argon at different temperatures.
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FIG. 3. EPR spectra of the samples after photolysis at 15 K and subsequent
annealing at 25 K: AMNH;:F, (a); Ar:®NH;:F, (b); Ar:¥*ND;:F, (c). Al
spectra were recorded at 35 Khe “ND, used in experiments contains
~10% YNH,; therefore, the weak outer lines in this spectrum correspond to
YNH,—HP).

3.2. EPR spectra of products forming upon annealing of the
samples Ar:NH ;:F, photolyzed at 15 K

To initiate reaction of diffusing thermal F atoms, we

narrowed. Only 9 narrow lines remain in the spectrum at 7.7nnealed the photolyzed samples at temperaflire80 K.
K, as shown in Fig. 1b. Thus, the spectra correspond to th&he post-annealing EPR spectruimeasured at 15 Kis
superposition of spectra of at least two products. The EPRhown in Fig. 1c. Comparison of the spectra befdig. 1a
spectrum of the radical whose lines are narrowed upon cooland after annealing shows that concentration of, Kidlicals
ing consists of 9 lines: a 1:1:1 triplet of triplets with hf split- does not change, but the intensity of lines of the other radical

tings of 1.05 and 2.40 mT, angl=2.0058. Recall that usu-

increase approximately fourfold due to reaction of F atoms

ally only absolute values of hf constants are determined inhat diffuse through the argon matrix. The EPR lines of this

EPR experiments. The hf constants apdactor are all in
good agreement with the data of Cochrinal?® obtained
for the radical NH in solid argon at 4.2 K@a,=2.38 mT,
any=1.04mT andg=2.0049.

radical become narrow and isotropic at temperatures above
30 K, as shown in Fig. 3a. The spectrum consists of narrow
lines (~0.1 mT) formed from a 1:1:1 triplet splitting with
a;=1.20mT, a 1:2:1 triplet witre,=2.40mT, and a dou-

To elucidate the unusual temperature behavior of EPRleta;=0.70 mT. Becausa,~2Xa;, four of the lines are
lines of NH, radical in temperature region 7.7—15 K, a seriesunresolved due to accidental overlapping. Thus, only 14
of additional experiments was carried out. The samples$ines are observed in the spectrum, instead of the usual 18
Ar:NH;=1000:1 were irradiated by a deuterium lamp at 7.7lines associated with a triplet of triplets of doublets. Two of

K to generate stabilized NHadicals. EPR spectra of NH

the triplet splittings,a; anda,, are similar to those of the

radical at different temperatures are shown in Fig. 2. TheNH, radical, and this allows us to ascribe the doublet split-
spectrum detected at 7.7 K corresponds to the spectrum d&ihg a; to the magnetic interaction with one of the magnetic
NH, radical shown in Fig. 1b. There are three prominentnuclei of the HF molecule bound to the complex NHHF.

features of the spectrum of stabilized NHThe first and

In order to distinguish the hf constants on H, F, and N nuclei,

well-known peculiarity is that two equivalent hydrogens of we have performed a series of similar experiments with iso-
NH, yield the triplet pattern 1:1:1, instead of the expectedtopically substituted ammonia.

1:2:1 at 7.7 K2° The second is that different linewidths are EPR spectra obtained after photolysis and annealing of
observed for components corresponding to different nucleamatrices containing At’NH;:F, and Ar:ND;:F, are shown
projections of the N atom. The third feature of this spectrumin Figs. 3b and 3c, respectively. Referring to Fig. 3b, the use

is the unusual temperature broadening of the EPR lines otsf °NH; leads to replacement of the tripleta(**N)

served in this study.

Because the same spectral lines of N Ar:NH3 mix-
tures are observed following photolysis of Ar:NiH,
samples, we may conclude that Mi4 one of the photolysis
products formed in reactio(2) of photogenerated “hot” F
atom with NH; molecule. However, the Njconcentration
did not exceed 15% of the total concentration of radicals.

=1.20mT) by a doublet gy(*®N)=1.55mT), while two
other splittingsa, andas, remain the same. In the samples
containing NI, the triplet @,=2.40mT) is replaced by a
quintet @p=0.37 mT). These results permit a definitive as-
signment of the hf constant, and a, to the NH, group.
The last doublet splitting; (which was unchanged by iso-
topic substitutioh is ascribed to thé®F atom, because it is
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FIG. 5. Difference spectrum of photolyzed sample Ard\i3=1000:1:1
before and after annealing at 25 K. The spectra were recorded at 15 K.

1030 1010 990 970_1 950 complex[ F,—NHz] are totally destroyed in the initial stage
Wave number , cm of photolysis:7;~ 10 min for a photolysis laser intensity of
FIG. 4. Infrared spectra of the, region of NH; in Ar:NH;:F,=1000:1:1 10 mW/cnf. Prolonged photolysis leads to a reduction of the
sample at 15 Ktrace(a)]. Traces(b) and(c) are difference spectra showing IR bands of isolated Ngimolecules as shown in Figs. 4b and
changes of band intensities after 20 min and 300 min photolysis 355 nm aic. Only about 1-2% of the NHs consumed after exhaus-
power 10 mW/ctf respectively. tive photolysis, and the time scale for this processris
~200 min under the same conditions as above.

Photolysis reveals two new series of bands. The first
the only other atom in the system having a nuclear dpin series grows in the initial stage at the same rate as the dis-
=1/2. Because N§F is a closed-shell molecule, we can at- appearance of th¢F,—NH;] complexes. These product
tribute the EPR spectrum to the radical-molecule complexhands were observed by Andrews and Lascola previéusly
NH,—HF, presuming that the hf constant of the H atom ofand were attributed to the closed-shell product complex
the HF moleculeay, is less than spectral resolution 0.05 mT. NH,F—HF:

Therefore, the main product in the reactions of photoge- .
nerated “hot” and thermally diffusing F atoms with isolated [F,—NH3] —— NH,F—HF. (4)

ammonia is the open-shell complex bHHF:
The second series of new bands appears at 3267, 1512,

F+NH; NHz—HF. (3) 1465, and 797791 cm ! under prolonged photolysisrg
_ _ _ ~200 min). Also, weak, sharp absorptions in the 3800—-3900
3.3. Infrared absorption spectra of dilute mixtures cm L region appear due to formation of isolated HF
Ar:NH 3:F,=1000:1:1 photolyzed at 15 K molecules® Their intensities are 10—20 times less intense

NH; molecules trapped in rare gas matrices at low tem-
peratures have been the subject of numerous experimental
studies?®28 It has been shown that the, bending vibra- 5
tional mode for NH in an argon matrix exhibits several
well-resolved bands, which can be assigned to transitions 1.2
involving rotation and inversion of the NHmolecule. The
assignment of these bands given by Abouaf-Margetial 2’

is shown in Fig. 4a for the sample Ar:NHF,=1000:1:1. O ogl

The band at 1000 cit, labeledA in Fig. 4a, is due to dimers -

of NH; (Ref. 27. The broad band at 966 ¢t labeledK in g V5+Ve
Fig. 4a, was assigned earlier by Andrews and La$tdta -

the reactant complekF,—NH;]. These authors ascribed a 0.4f V5,NHg

new weak absorption at 781 ¢to the perturbed Fvibra-
tional mode in this complex. Our experimental evidence sup-
ports their assignment of these bands: both of tii@86 and
781 cmi'l) appear in samples containing Bnd NH, mol-
ecules only, and their intensities are proportional to the con-
centratlon_ of E molecules in Ar:_Nh!:FZ samples. FIG. 6. Growth of the intensitiek,, of the major product bands and con-
The kinetics of UV photolysis of the Ar:NkiF, samples  sumptionC of the NH, band versus intensityof the FO, (1490 cni%) band

exhibit two characteristic times. The infrared bands of theduring annealing of the photolyzed sample Ar:NF,.

&

0 0.003 0006  0.009
I(FO,)



Low Temp. Phys. 26 (9-10), September—October 2000 Misochko et al. 731

than the band at 3267 crh Growth of this second series of
bands occurs at the same rate as consumption of isolated I0.02 Vs
NH.

Using the difference in photochemical reaction rates, we
can distinguish photoinitiated reactions in complexes from
reactions of translationally “hot” F atoms formed from pho-
tolysis of isolated Fmolecules. The photodissociation quan-
tum vyield of F, in solid argon at 355 nm i$,~0.3—-0.5'
The photodissociation rate;= o/®, (where o=102°cn?
is the absorption cross section of, andl is the light inten- I Vg
sity) is very close to the observed “slow” photochemical PPN S
reaction rate f,) ~1. Therefore, we may conclude that con- V3(ND3) V,(ND,)
sumption of isolated NEland the corresponding formation T T T T
of new productgthe second series of bands plus)HEsult 2600 2200 1200 800
from the reaction of translationally “hot” F atoms with iso- Wave number , cm™!
lated NH; molecules.

Ve, Vg

Absorbance

2
7/

FIG. 7. Difference spectrum of a photolyzed sample ArzNB=1000:1:1
before and after annealing at 25 K. The spectra were recorded at 15 K.

3.4. Annealing of the Ar:NH ;:F, samples photolyzed at 15 K

Annealing of photolyzed samples was carried out byF atoms during the annealing cycles. Figure 6 shows the
step-by-step procedure. After completion of photolysis at 18ntensities of the major product bands and the decrease of the
K, the sample was annealed for 3—5 min at 25 K. Then théNH3 band relative to the FOband upon annealing of the
temperature was lowered back to 15 K, and the IR spectruraample. The linear dependences of changes in the band in-
was recorded. This cycle of photolysiannealing was re-  tensities provide convincing evidence that this series corre-
peated 10-12 times until the reaction was complete. Theponds to a primary reaction product of diffusing thermal F
final IR spectrum is shown in Fig. 5. Annealing is accompa-atoms with isolated Nkimolecules. Note that the reaction of
nied by the consumption of isolated Niholecules and the thermal F atoms consumes10% of the NH molecules,
growth of the same series of intense bands at 3267, 1512pout 5 times greater than the yield during exhaustive UV
1465, and 79791) cm ! that appeared upon prolonged pho- photolysis at 15 K.
tolysis. In addition, a sharp band at 1490 chdue to FQ As we have concluded in the EPR study, the main reac-
radical appeared also. This radical is formed by addition retion product of photogenerated “hot” and thermal F atoms
action of diffusing F atoms with impurity Omolecules, as with isolated ammonia is the open-shell complex, NHF.
was shown in our previous stud¥: To assign the observed IR bands, we have performed similar

experiments with NB.

F+0O, FO, ®) The infrared spectrum of a photolyzed and annealing
Although the presence of a minor,Gmpurity might be  sample Ar:NQ}:F, is shown in Fig. 7. It illustrates the con-
viewed as a nuisance, we have used readms an inter- sumption of isolated NPmolecules(series of bands in the
nal standard for characterizing the reaction rate of diffusing/, and v regions of NI at 760 and 1200 cnt) and the

TABLE |. Vibrational frequencies of the complex NHHF (ND,-DF).

Wave number, em™!
Assignment NH,-HF ND,-DF
expt. calc.?) expt. calc.
v,(a,) HF str. 3267 (17.5) 3486 2423 (17.5) 2531
Vy(b,) NH, str. asym 3211 tentatively 3497 (0.4) 2575 (0.5)
va(@,) NH str..sym 3401 (0.4) 2458 (0.1)
vy(a,) NH, bend 1512 (1.0) 1527 (1.0) 1132 (1.0) 1127 (1.0)
2V or 2V 1465 (0.4) 1056 (0.05)
vs5(b,) HF libration (in-plane) 797 (3.1) 860 (6.3) 601 (3.2) 622 (4.5)
vg(b,) HF libration (out-of plane) 791 (3.4) 817 (8.5) 587 (3.5) 596 (6.8)
v,(by) 280 212
vg(a;) hydrogen-bond stretch 257 244
vy(b,) 221 164

JRelative integrated intensities of bands are given in parentheses.
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growth of a series of new bands at 2423, 1132, 1056, anfif constant at the proton of the HF molecalg is less than
601(587 cm™*. Growth of these products bands and diminu-0.05 mT and, as was noted above, could not be resolved
tion of ND3 bands are linear with increasing intensity of the ynder our experimental conditions.

FO, band at 1490 ci', similar to the result with Nhi It is The calculated frequencies and relative intensities of IR
apparent that the number of new product bands and thegands for NH-HF and NBQ-DF complexes are listed in
pattern of intensities correlate closely with the Nigsults,  Taple I. If the HF molecule is bound to the radical-molecule
as shown in Table I. This permits a straightforward determi-commex, its two rotational degrees of freedom become two
nation of the isotopic shifts. For example, the isgtopic shiftyE Jibrational modes in the complex,vg), whereas the
for the strongest band at 3267 chAv =844 cm ', is clo?e HF fundamental¢,) remains in the complex. These funda-
to that calculated for a pure HF vibratioku =898cm ™. mentals give rise to very strong infrared absorptions that are
Since the infrared band of HF molecule isolated in argon I'e%)redicted by the calculations and observed in the experi-
atv>3900 cm}, the position of its absorption below 3700 ments for both NH and ND; isotopomers. The three trans-
cm ' is characteristic of an HF molecule that is strongly lational degrees of freedom become a hydrogen-bond

hydrogen-bonded with another molectfeThus, we defini- stretching modeu(g) and two bending modes of the complex
tively assign this barld tp the HF molecule in the complex.(vwvg); these fundamentals occur at low frequencies and
The band at 1512 cnt lies very close to the, bending give rise to much weaker absorptions.

vibration qf Nl—b. in splid argon, 1,5123 .le (Ref. 39. Its A relatively weak band at 1465 cm of NH,—HF could

observed Isotopic shlmv:iSS cm is in good agreement  po ascribed to one of the overtonessdr 2vg, Or possibly

\k’)\"th dc?lc;ﬂatedﬁu :d{140 c]rcnth, alilld, hence, \f/vtehatt':llbuta't:ms to both of them because the shape of this band shows a
an IO €v bending of the Ni group of the NH- superposition of two unresolved bands split by 2—3 tnin

comprex. _the deuterated complex this band lies at 1056 trand its

The combined results of the EPR and infrared EXPeI o ative intensity is about 10 times less than for the normal

ments proyldes clear and convincing ev!dence that the prl}f)roteated complex, providing support for the assignment as
mary rgactlo_n produqt of F atoms with isolated Nhhol- an overtone.
T e o o, 1 Qenra 1 agreement wih the caeted and o
based on the o%served data and vibrational ar?alysis for Cé?_ervedlfrequencies anqilso-topic shifts is excellent. The single
culated structure of the Ni+HF complex exception is a~200 cm - difference between the observed
' and calculated frequency of the HF stretch vibration in the
complex. This is likely due to anharmonicity of the intramo-
lecular and intermolecular potentidfs®® The calculations
predict weak intensities for the NH stretching vibrational
modes of the complex. In the IR spectrum, a weak broad
We carried out quantum chemical calculations in orderband at 3007 cm'* in Ar:NH3:F, (2265 cmi tin Ar:ND3:F,)
to clarify the structure of the Nj#+-HF complex, and to es- is observedsee Figs. 5 and)7 We tentatively assign this
tablish its spectroscopic characteristityyperfine constants band to the NH asymmetric stretch, although a reasonable
and fundamental vibrationsAll of computations were per- alternative assignment could be to the HF stretch in the com-
formed using the Gaussian 98 suite of cotfed density plex located in a perturbed lattice site.
functional method B3LYP with AUG-cc-pVTZ basis setwas  In our previous papéf we calculated the charge distri-
used for geometry optimization and calculation of the spechution in the complex Ng-HF. In line with this distribu-
troscopic characteristics. tion, we have concluded that the contribution of electrostatic
The NH—HF complex has a planar equilibrium structure intermolecular interaction to the binding energy of the com-
with C,, symmetry. The optimized geometry is similar to plex is 12-15 kJ/mol, i.e;~25% of the total binding energy.
that calculated earlier by Goddaed al?? The binding en-  On this basis, we conclude that the NHHF complex has
ergy of the complex is equal to 51 kJ/m@4 kJ/mol when  significant covalent bonding character, and the nature of the
corrected for zero-point energy effectdhe geometry and intermolecular bond should be similar to that in the
both experimental and calculated isotropic hf constants ohydrogen-bonded Ni+-HF complext® It was shown earlier
the complex are given in the scheme that displacement of the fundamentals of a hydrogen-bonded
complex below their isolated value and the appearance
strong infrared absorptions originating from librational
modes in the complex are indicative of a strong intermolecu-
. lar hydrogen bond’ Although various hydrogen-bonded
T 105.14 molecular complexes M—HF have been studied by spectro-
scopic method2®*°to our knowledge there are no system-
atic data on the thermodynamics of the hydrogen-bonded
a(calc),mT -0.70  0.02 1.15 -2.30 molecular complexes M—HF. Thus we can compare our data
alexp), mT 0.70 <0.05 1.20 2.40 with those for the well-studied strong hydrogen-bonded com-
plex NH;—HF only. The energy of the hydrogen bond, 64
(6)  kJ/mol, has been calculated by several quantum chemistry
The calculated hf constants, ay, and ar are in good methods?® Infrared absorptions of this complex were de-
agreement with those obtained in experiment. The calculatetbcted at 3044(;) and 916 cm? (2-fold degenerates) in

3.5. Calculated structure and vibrational analysis of the
NH,—HF complex

0.937A 1.783A 10224
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FIG. 9. Differences between the calculated isotropic hyperfine constants of
NH,—HF and those for the equilibrium geometry as a function of the out-
of-plane bending angle.

FIG. 8. Arrangement of the complex NHHF in argon lattice. Twelve
nearest-neighbor argon atoms are shown.

results in a slight distortion of its geometryARyy:

an argon matrix by Andrew¥. Comparison of these bands =0.001nm, ande<4°. Such minor deformations of the
with those obtained for NH-HF shows that the binding en- complex are probably due to the near coincidence between
ergy of the NH—HF complex should be comparable to thatthe N-F distance and one-half the lattice periad?2. The
of NH;—HF. Hence the calculated binding energy of good fit of this molecule extends to the perpendicular axes as
NH,—HF complex, 51 kJ/mol, is quite reasonable. well, as shown in Fig. 8. The two nearest argon atoms along
the x axis, located at 4,0,0) and a,0,0), shift only
+0.002 and—0.0016 nm from their initia(undistorted po-

Starting from the calculated structure, we performed sasitions, respectively.
geometry optimization of the NJ+HF complex in an argon The calculated hf constants are sensitive to the out-of-
lattice. A detailed description of energy minimization proce-plane bending angle, particularly if « is greater than 10°
dure for NH—HF located in a substitutional site of an argon (Fig. 9). Based on the excellent agreement of the measured
cluster containing 365 atoms was given earlier in a previousf constants with those calculated for tGg, structure, we
paper??4|n the first step, we have used the “hard” collin- may conclude complex suffers at most a minor distortion in
ear complex obtained in computatiofScheme6). In those the argon lattice relative to its gas phase equilibrium geom-
calculations, the complex retained its collinear structure anetry. This conclusion is further supported by the fact that the
sizes. The resulting arrangement of the complex in Ar clusteobserved HF librational modes in the complex, andvg,
is shown in Fig. 8. The position of the nitrogen atom of theare nearly degenerate, like the doubly degenerate bending
NH, group is close to the center of the substitutional sitemode in a linear triatomic molecule.
(0,0,0. At the other end of the complex, the fluorine atom of
the HF molecule occupies the nearest octahedral interstitial
site O, (—a/2,0,0), wherea=0.54 nm is the parameter of Ar
lattice. Obviously, any external forces directed along@he 3:7- Rotation of NH  in an argon lattice
axis of the CompleX should induce an OUt'Of'plane deforma- As shown in the previous Sections’ two types of radical
tion and should lower the symmetry of the complex fromproducts are observed: NHHF complexes, and isolated
Cy, t0 Cs. To investigate this possibility, we performed ad- NH, free radicals. The EPR spectrum of the complex is an-
ditional calculations that included two floppy coordinates Ofisotropic at 15 K, and thermal averaging of the anisotropic

3.6. Arrangement NH ,—HF complex in an argon lattice

the complex: the distance between N antlatoms,Ry.',  magnetic interactions in the complex occurs only at tempera-

and the out-of-plane angle tures above 30 K, as shown in Fig. 3. Because the complex
has a large size along 8, axis, it is difficult to imagine

RNH. that the averaging of the anisotropic interactions occurs by

®——® ————— @ reorientation of this axis in the lattice. Our calculations show

that the barrier to this type of rearrangement is high—12
kJ/mol. It is more likely that the averaging of anisotropy
occurs via intramolecular bending vibrations in the complex
and large amplitude libration of the NHroup in the lattice.
Figures 1 and 2 illustrate that the EPR spectrum of the
@) isolated NH radical exhibits the aforementioned unusual
The corresponding force constankg=24N/m and k,  1:1:1 triplet splitting of the protons. In contrast, the expected
=5.3N/m were obtained from quantum chemistry calcula-1:2:1 triplet splitting for two equivalent protons of NH
tions. Optimization of this “floppy” complex in the lattice group is observed in the EPR spectrum of the,NHF com-




734 Low Temp. Phys. 26 (9-10), September—October 2000 Misochko et al.

Free rotation  Tunneling Libration

rotation (stopped rotor)

e o=
J= 2= — P -~

S —~
-~
-
-
e
—~ e ——=——=n=0
J = 1=.4 —_—— _ - ~
a AE, -~
—
/
-
—
J=0 Sa”
0 Vbar
X axis, A ®
FIG. 10. Arrangement of the Nitadical in an argon lattice. The directions N this case, pOth_ proton mljldear spin states are represented
of the axes coincide with those of the lattice shown in Fig. 8. equally, resulting in the familiar 1:2:1 hyperfine splitting pat-

tern in the EPR spectrum.

4. CONCLUSIONS

plex. McConnél® attributed the 1:1:1 triplet pattern of NH In the present research we have demonstrated that the

to free rotation in the argon lattice at 4.2 K. The Pauli prin-combined use of infrared and EPR spectroscopic techniques

ciple requires that the overall symmetry of the wave functiont© stqdy radical _intermediates formed in solid-state chemical
reaction of mobile F atoms enabled us to observe and make

is antisymmetric with respect to permutation of the two pro- = : . .
y P P P reliable assignments for the hyperfine constants and vibra-

tons. The electronic wave function is antisymmetric with re-. :

. . . tional frequencies. It was shown that the geometry of the
spect to rqtatlon about th€, axis. Therefore, rotational stabilized intermediate can be determined by comparison of
states having eved quantum numbers2, 2, 4, etdl aré o measured spectroscopic data with those from quantum
uniquely associated with the symmetric proton nuclear spignemistry calculations. The main results of this study are as
state (4=1). Conversely, odd-states are associated with follows:
the antisymmetri¢ ;=0 proton nuclear spin state. Given the 1. The radical-molecule complex NHHF is observed
small rotational moment for rotation about t@g axis, most as an intermediate product in the reactions of mobile F atoms
of the NH, radicals are in thd=0 rotational level at argon with NH3; molecules trapped in solid argon.
matrix temperatures, and we should expect to observe the 2. The EPR spectrum of NHHF is characterized by
three components of the EPR hyperfine structure with equdhree hyperfine splittings: the 1:1:1 triplet wittay
intensities. =1.20mT, the 1:2:1 triplet witla;=2.40 mT, and the dou-

However, Jeff pointed out that this mechanism cannot blet splittingag=0.7 mT. The hf constant at the H atom of

explain the different linewidths of components of the EPRthe HF molecule is less than 0.05 mT.

spectrum having different nuclear projections of the N atom 3. A strong red shift of the HF band relative to isolated
P 9 brol HF, Av~720cni?}, is observed in the infrared spectrum of

This means that the anisotropy of.the magnetic interactions ifhe NH,—HF complex. The next prominent feature is a
not completely averaged due to hindefedncoherentrota- strong doublet band at800 cni* that corresponds to the
tion. The apparent contradiction can be resolved if the stabig,q in-plane and out-of-plane HF librational modes of the
lized NH, has one rotational degree of freedom around theomplex,vs andvg. These features of the IR spectrum of
C, axis only, whereas rotations around other axes of thehe complex are indicative of the relatively strong intermo-
radical are strongly hindered in a lattice. Figure 10 shows théecular hydrogen bond in the complex.

calculated arrangement of the Bliradical in a substitution 4. Density functional calculations revealed that the
site of the argon lattice. The NHHF complex, in contrast, NHy—HF complex has a plan&,, structure and a binding
exhibits a normal 1:2:1 hyperfine splitting due to the protonenergy of 51 kJ/mol34 kJ/mol when corrected for zero-
nuclear spins. The important distinction is that whereas rotaPint energy effecs The calculated hf constants of the com-
tion about the ¢ axis is essentially unrestricted for NH PI€X are in good agreement with those observed in EPR ex-
(calculated barrier oF, =420 J/mo), the corresponding mo- periments. The calculated vibrational frequencies for,NH

tion in the NH—HF complex is strongly hindergdalculated bending and HF librational modes in the comple, and

: B . . . . vg, correspond well to those obtained in FTIR measure-
bamerE.b—ZlOO J/mo). Per_turbatlon.of rotational n_10tmn N ents. The=200 et difference between the observed and
the solid phase was first studied by Pauffhgand

5 ) calculated frequency of the HF stretching vibration in the
Devonshire,” who calculated energy levels for a linear mol- complex is due to anharmonicity of the intramolecular and
ecule in a field withO,, symmetry. They showed that the jntermolecular potentials.

lowest energy level of a strongly hindered rotor is a doublet  5_|f the C, axis of the NH—HF complex coincides with
that has both symmetric and antisymmetric components, a#e C, axis of the host fcc argon crystal, then the interaction
shown in Schemé¢): with lattice atoms induces only minor distortions to the equi-
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librium structure relative to that in the gas phase. However?|. U. Goldschleger, A. V. Akimov, and E. Ya. Misochko, Mendeleev
the interactions between the complex and host argon atomsCommun.4, 132(1999.

hinder rotation of the NElgroup about it<C, axis, whereas
this motion is essentially unrestricted in isolated NH
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Laser-ablated aluminum atoms react with dinitrogen on condensation at 10 K to fpradidals

and the subject molecules, which are identified by nitrogen isotopic substitution, further

reactions on annealing, and comparison with isotopic frequencies computed by density functional
theory. The major AIN product is identified from three fundamentals and a statistically

mixed nitrogen isotopic octet pattern. The aluminum-richNABnd ALN species are major

products produced on annealing to allow diffusion and further reaction of trapped species. This
work provides the first experimental evidence for moleculgiNglIspecies that may be

involved in ceramic film growth. ©2000 American Institute of Physics.

[S1063-777X00)01509-7

INTRODUCTION Infared spectra were record with 0.5 chresolution and 0.1

. . o . cm ! accuracy on a Nicolet 750 instrument. Matrix samples
The importance of aluminum nitride as a semiconductor

; i : Lo were annealed to different temperatures, and selected
and ceramic materiahas led to numerous investigations of . .
: ; . . . samples were subjected to broadband photolysis by a me-
the solid materialand its formation by chemical vapor depo-

sition (CVD) from reactions of aluminum alkyfs? The only dium pressure mercury arc lamphilips, 175W with the

molecular aluminum nitride investigated. AIN, has been ob—gIObe removed240-580 nm

served by emissionand investigated by post-Hartree—Fock Densny functional theoryDFT) calculations were (_10ne
S i 7 . for potential product molecules expected here using the
ab initio calculation€:” In order to prepare AN, species of

relevance to the CVD process, laser-ablated Al atoms havGaUSSIan 94 prograrit.Most calculations employed the hy-

i A grid B3LYP functional, but comparisons were done with the
been reacted with ammoriiaSuch compounds have been BP86 functional as wel’18 The 6-311 G* basis set was
modeled by electronic structure calculations. '

) o . _used for both Al and N atoms,and the cc-pVDZ set was
A recent investigation of laser-ablated Ga atoms reactin

with nitrogen revealed a series of (B§ species that increase %mployed in several computatioffsThe geometries were

stepwise on annealing to allow diffusion and reaction to formfu"y optimized and the frequencies were calculated from

GaN and GaN in a manner that might approximate gallium analytic second derivatives.
nitride film growth® The stability of similar AN and AN,
molecules has been verified by recent electronic structurgeg g
calculations:* However, investigations of the Bi\reaction
revealed NBNN as the most abundant proddce Here fol- Infrared spectra and density functional calculations of
lows a combined matrix infrared spectroscopic and densityluminum—nitrogen reaction products will be presented in
functional theoretical study of novel M, molecular spe- turn.
cies. Infrared spectra Matrix isolation infrared experiments
were done on a 10 K salt window with laser-ablated alumi-
num and pure nitrogen. Representative infrared spectra are
illustrated in Figs. 1, 2, and 3 for Al in pure nitrogen for
The technique for laser ablation and infrared matrix in-three regions, and the product absorptions are listed in Table
vestigation has been described previodé*°The alumi-  I. The strong N radicat??! absorption at 1657.7 cr (not
num target/Aesar, 99.998%was mounted on a rotating rod. shown is 13 times stronger than the;Nband at 2003.3
The 1064 nm Nd:YAG laser beafSpectra Physics, DCR- cm 1. As a measure of limited oxide contamination, the NO
11) was focused on the metal target. Laser energies rangingand at 1874.7 cim' is very weak(absorbancé=0.001, not
from 20—60 mJ/pulse were used in the experiments. Ablatedhown, and trace AJO is detected at 988.7 cm (A
aluminum atoms were codeposited with pure nitrogen onto & 0.005) %2 The major aluminum product absorbs at 2150.9/
10 K Csl window at a rate of 2—4 mmol/h for 30 min to 2 h. 2144.0 cm?, 1391.9/1386.0 cit, and 509.7 cm® (not
Nitrogen (Matheson and isotopic'®N, (Isoteg, 1*N,+°N,,  shown with A=0.036, 0.006, and 0.004, respectively. An-
and N, +NN+1°N, (Isoted mixtures were employed. other product has bands at 1501.6 and 956.7 canother at

EXPERIMENTAL AND COMPUTATIONAL METHODS

1063-777X/2000/26(9-10)/8/$20.00 736 © 2000 American Institute of Physics
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FIG. 1. Infrared spectra in the 2160—2060 cnregion for pure nitrogen
isotopic samples codeposited with laser-ablated Al atoms after annealin
to 25 K. (@ N, (b) N, (c) 50% ¥N,+50%N,, and (d) 25%
14N,+ 50% NN+ 25% N, (major site octet indicated

FIG. 3. Infrared spectra in the 700-580 chregion for the same pure
ﬂitrogen isotopic samples as in Fig. 1.

C.., structure 76.6 kcal/mol higher at the B3LYP/cc-pVDZ
777.9/770.3 cmt, and different products absorb at 656.9 andlevel). Table Il shows that the cc-pVDZ set gave slightly
650.7 cnmi’. Finally, an experiment with the lowest laser longer(0.017 A bonds and a 47 citt lower antisymmetric
energy used here markedly reduced the 956.7 and 779.8fretching frequency than the 6-311Get for ALN. The
770.3 cm! bands relative to other products. Al,N molecule has a high computed Al-N-Al frequency, near

Similar experiments were done witfPN,, and the that for Al-O-Al.
shifted bands are reported in Table I. Analogous investiga-  Following our work with boron, where NBNN was the
tions with 2N,+ 25N, and 2N,+ NN +25N, mixed isoto- ~major product specie$;**we calculated NAINN and found
pic samples gave important diagnostic multiplets. Isotopic(*A’) NAINN to be 73.0 kcal/molabove (*=*) AINNN

spectra are compared in Figs. 1-3 and the multiplet absor@luminum azide, presumably owing to weaker Al-N bonds.
tions are listed in Table I. Our results for AINNN(Table Il) are in accord with recent
Calculations Langhoffet al. have performed CASSCF MP2 calculations! Similar B3LYP calculations were done
and MRCI calculations on th&1 ground state of AIN and with NBNN and BNNN for comparison, and the boron azide
found 744 cm* and 1.816 A and 746 cit and 1.813 A for  is 34.0 kcal/mol higher. The BNNN stretching frequencies
the harmonic frequency and bond length, respectiV@yr — are 2324 cm' (742 km/mo), 1519 (536) and 979(128).
B3LYP/6-311+G* calculation gave 730 cit and 1.805 A  Also, following our observation of NBN? the aluminum
for the AIN ground state, which are in very good agreemen@nalog was calculated to havé'H,, ground state.
and serve to “calibrate” the calculations reported here. The  After finding ALN to be a stable radical, the saturated
B3LYP/cc-pVDZ calculation gave 717 cm and 1.821 A Al3N molecule was computed to be very stable. The Al-N
for AIN. bond lengths and highest frequenci®3LYP) suggest that
Three isomers were considered for,| including a  the molecule is essentially trigonal planar, in agreement with
triangle, AIAIN, and AINAI. The?S ! AINAI species was higher level calculation’!

the most stabléthe C,, form is 54.5 kcal/mol higher and the Six structures of formula AN, that might result from
the dimerization of AIN radicals were calculated at the

B3LYP/cc-pVDZ level, and the results are summarized in

0.21 AINAI Table IIl. The two lowest-energy structures are shown in Fig.
0 19:/\ (AlN), 4. The global minimum has a plane of symmetry, and a
' \ A a strong infrared absorbing frequency calculated at 1153'cm

0.17 The C,, bridged structure is 28.5 kcal/mol higher and has

M lower frequencies. The linear species is 39.1 kcal/mol higher,
015 but it has a strong fundamental calculated at 1132%cifihe

coplanar C,,) version of the global minimum is 95.1 kcal/

0.13k/\\w mol higher and is not listed.

Figure 4 illustrates the geometries of important,Ni:

0.11 :/I\\W species.
J

Absorbance

0.09¢ AINAI (ALN),
960 940 920 1 300 DISCUSSION
Wave number , cm™ The new product absorptions will be identified from iso-

FIG. 2. Infrared spectra in the 965895 chregion for the same pure topic shifts, splitting patterns, and density functional isotopic
nitrogen isotopic samples as in Fig. 1. frequency calculations.
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TABLE I. Infrared absorptiongcm™) for laser-ablated Al atom reactions with pure 8llrina condensation at 10 K.

14N, 1N, N, + 14NIN + 15N, 4N, /15N, | Identification
2327.6 2250.3 2327.6, 2289.6, 2250.3 1.03435 N,
2178.4 2106.5 1.03413 | (N,~AINNN)
2172.3 2100.6 1.03413 | (N,-AINNN)
2167.9 2096.4 weak intermediate bands 1.03411 (N,-AINNN)
2150.9 2080.1 1.03404 AINNN site
2144.0 2073.2 2144.0, 2138.7, 2125.1, 2119.4, 2098.8, 2093.4, 2079.5, 2073.4 1.03415 AINNN
2077.8 2009.6 1.03394 | X-N;
2003.3 1837.5 2003.2, 1992.7, 1981.7, 1959.4, 1948.7, 1937.4 1.03396 N,
1874.7 1841.8 1.01786 NO
1657.7 1603.5 1657.7, 1649.3, 1640.0, 1621.5, 1613.0, 1603.5 1.03380 N,
1501.6 1474.9 1501.6, 1474.9 1.01810 AINAI
1391.9 1345.4 1.03456 AINNN site
1386.0 1340.2 weak intermediate bands 1.03417 AINNN
1132.8 1106.0 1.02423 ALN,
1126.8 1100.4 1.02399 ALN,
1061.9 1040.7 1.02037 ALN,
1054.3 1033.4 1.02022 ALN,
956.7 931.7 ‘ 956.7, 931.7 1.02683 AINAI
923.2 899.4 923.2, 909.2, 899.4 1.02646 (ALN),
777.9 758.6 777.9, 758.6 1.02544 ALN
770.3 751.2 770.3, 751.2 1.02540 ALN
680.0 664.9 680.0, 773.0, 664.9 1.02271 ALN -(N,),
656.9 645.4 656.9, 649.5, 645.4 1.01782 NAIN
650.7 636.5 650.7, 636.5 1.02231 N,—AIN
648.2 634.0 648.2, 640.8, 634.0 1.02240 ALN,
632.7 612.3 632.7, 618.2, 612.3 1.03332 ALN,
623.6 605.8 624, 610, 606 1.02872 ALN,
602.6 589.4 602.6, 589.4 1.02240 ALN,
509.7 501.5 1.01635 AINNN
486.7 472.5 486.7, 472.5 1.03005 ALN,

AIN. The first product to be considered is AIN; the gasratio of 1.02264. Furthermore, the 650.7 thband exhibits
phase fundamental is 746.8 cfrand theoretical calculations a doublet in mixed isotopic spectra providing evidence for a
sustain this assignmetit’ Although the 670760 cit re-  single N atom vibration. The gas phase-to-nitrogen-maitrix
gion contains no significant absorption, a 650.7 ¢rhand  shift is excessive for an isolated molecule, so we believe a
grows slightly on annealing and almost disappears on phdsetter assignment for the 650.7 chrband is to a perturbed
tolysis. This band shows a 14/15 isotopic frequency ratio ofAIN molecule. We note that AIN is all state and that both
1.02231, which is just below the harmonic Al-N diatomic NAINN and AIN; are singlet states. Although AINNKsee
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TABLE Il. Calculated (B3LYP/6-31%G*) geometry, frequenciggm 1) and intensitieskm/mol) for the AIN, ALLN, Al;N, NAIN, NAINN, AINNN and

Al,N, molecules.

Molecule Geometry Frequencies (Intensities)
AIN AI-N: 1.805 A 730.1 (12)
(G0) 713.9 (12)*
ALN AI-N: 1.731 A 131.8 (35), 524.9 (0), 1051.4 (97)
) Linear 128.3 (33), 524.9 (0), 1023.3 (92)*
ALN AI-N: 1.748 A 77.7 (2x15), 509.2 (0), 1004.3 (72)P
(zh Linear - 75.6, 509.2, 977.4*°
AN~ Al=N: 1.746 A 119.0 (2x2), 518.7 (0), 1129.8 (685)
(‘z;) Linear 115.8 (1x2), 518.7 (0), 1099.5 (643)*
AIN ALN: 1.8495 A 153.8 (3), 154.3 (3), 217.0 (0), 427.5 (0, 751.5 (328), 751.9 (329)
('4) C,, Al N: 1.850 A 153.2 (3), 153.8 (3), 210.8 (0), 427.5 (0), 732.4 (312), 732.8 (314)*
£ AlL-N-Al, : 120.1°
A13N o ‘ ¢
. Al-N: 1.863 A 141.1 (3x2), 200.6 (0.1), 414.3 (0), 731.9 (309x2)
CADDs;,
NAIN AI-N: 1.804 A 122.2 (43), 146.2 (86), 643.2 (0), 725.7 (582)
‘) Linear 120.2 (41), 143.8 (83), 621.5 (0), 713.8 (563)*
NAINN N-Al: 1.746 A 89.8 (47), 230.6 (4), 259.0 (17), 326.4 (12),
14 AI-N: 2.021 A 840.1 (21), 229.6 (381)
N-N: 1.106 A
N-AI-N: 87.1°
Al-N-N: 177.7°
AINNN AI-N: 1.826 A
(5 NoN: 1.206 A 94.4 (2), 497.4 (167), 625.4 (17), 626.4 (18), 1466.0 (320), 2271.2 (1018),
S 91.6 (2), 490.8 (162), 604.2 (16), 605.2 (17), 1416.9 (301), 2194.4 (950)*
N-N: 1.138 A
Ny 1.1832 A 628.2 (7x2), 1351.8 (0), 2078.5 (1241)
@)
AIN,Al AL-N: 1.860 A 82.2 (2), 257.7 (0), 369.2 (0), 634.3 (579), 1739.4 (0)
(Gom) N-N: 1.204 A
AIN,Al AI-N: 1.888 A 78.4 (1x2), 224.9 (0x2), 355.9 (0, 612.0 (509), 1757.1 (0)°
(32;) N-N: 1.204 A 76.7 [n,), 217.5 [ ], 355.9 [n ], 598.5 [o,], 1697.8 [og]a’b
(AIN), AI-N: 2.041 A 160.4 (0.2), 195.3 (21), 337.0 (0), 554.2 (0), 571.5 (509), 1445.9 (0)
' (1Ag) N-N: 1.267 A 156.9 (0.2), 191.0 (20), 337.0 (0), 536.5 (0), 558.9 (487), 1396.8 (0)*
(AIN), AI-N: 2.074 A 156 (0), 193 (18), 331 (0), 553 (0), 564 (463), 1453 (0)°
'a) N-N: 1.263 A

@Frequencies fol>N substitution,
b cc-pVDZ basis set,
¢BP86 functional; (% 2) is to denote doubly degenerate mode of intensity 2, etc.

below) increases on annealing, there is no evidence for the  AIN;. The major aluminum product in solid nitrogen
higher energy NAINN isomer. Perhaps the perturbation is aghsorbs at 2150.9/2144.0 cf 1391.9/1386.0 cit, and
the metal center, i.e., NN—AIN. . 509.7 cm™. These bands increase 10% on 25 K annealing,
betv;/r::nA;LNeZ?c!ﬁfsuk\e/vﬁifr:eigared here by direct reactbn almost disappear on 240-580 nm photolysis, recover in part
' on subsequent 30 K annealing, and increase more on 35 K
Al+N—AIN (AE=-60 kcal/mo), (1)  annealing. The observed intensities are 0.0379/0.0074/

calculated (B3LYP without ZPE to be exothermic. The 0.0061 a.u. after 25 K annealing. The diagnostic mixed iso-

presence of N atoms in these experiments is confirmed bippic pattern for the strong higher frequency band is a sextet
observation of the Nradicall?? with ¥N,+1N, and an octet with*N,+ NN +°N, (Fig.



740 Low Temp. Phys. 26 (9-10), September—October 2000

Andrews et al.

TABLE IlI. Calculated(B3LYP/cc-pVD2) relative energiegkcal/mol) geometries, frequenciésm 1), and intensitieskm/mol) for Al ,N, molecules.

Symmetry Energy Lengths, angles Frequencies (Intensities)a
C, 0.0 Al -N,: 1.879 A s 245 (17), 355 (2), 532 (116), 814 (127),
N,-Al, : 1.810 A 1153 (504)
AL-N, : 1.693 A a”: 723 (334)
N,-Al: 1.791 A 239, 353, 528, 794, 1126
. ° b
Al N ~Al, : 116.9 704
N-AIl-N: 179.3°
Al-N,-Al;: 164.3°
Cyy o 14, 28.5 AL-N,: 2.065 A a,: 311 (41), 387 (3), 1067 (8)
Al~N, : 1.846 A a,: 212 (0), b,: 506 (267)
N,~N, : 1.439 A 308, 386, 1033"
N,-Al,~N, : 40.8° 200, 495, 205, 648
N,-N,-Al, : 165.6°
Al -N,N,-Al: 125.1
D, 'z} 39.1 Al -Al, 1 2.554 A o, : 545 (0), 1154 (0)
AL-N, : 1.690 A o, 1 499 (126), 1132 (803)
N,-Al, : 1.810 A 544, 1126, 499, 1103°
c,, 44.7 Al ,~N,: 1.887 A @' 223 (30), 372 (45), 543 (45)
N,-Al, 1 1.794 A 595 (17), 230 (883), 1086 (220)
ALN, : 1.700 A a”: 243 (38)
N,-Al, : 1.787 A 186, 222, 369, 531, 580, 860, 1061, 238°
AL-N -Al, : 136.2°
Al-N-Al: 135.6
AlL-N,-Al : 144.1
D,,°B, 78.6 AI-N: 1.925 A a, : 338 (0), 962 (0)
N-N: 1.369 A b, : 217 (0), 493 (10)
Al -NN-Al, : 69.7° b, 1 217 (17), 525 (59)
b, : 287 (239), 603 (222)
338, 930, 211, 482°
210, 514, 286, 588"

2All real frequencies; only those above 200 Chiisted;
PISNISN substituted frequencies.

1, arrows mark positions of Al-15-14-15 and Al-14-15-14 to the stronger antisymmetric N-N-N stretching mode. The

isotopic bands unique to the statistically mixed isotopic ex-calculated and observed 14/15 isotopic ratios match and

perimenj. These sextet and octet patterns are much cleareferify the normal mode assignments. Similar agreement be-

for the GaNNN species, where annealing increases one mawveen experiment and theory was found for GdRef. 10.

trix site and removes the oth&tnevertheless, these multip- The gas phase observation of Gaéhd SrN, our matrix

lets identify the vibration of three inequivalent nitrogen at-formation of the MN (M =Al, Ga, In, Tl) molecules, and the

oms. synthesis of AlN3); show that these azides are physically
Since this band is in the azide stretching region, AIN stable molecule¥?425

was investigated by DFT and found to be a stafflé mol- Two mechanisms for the formation of AfNcome to

ecule(Table Il). The three strong stretching fundamentals aremind: the reaction of Al with an Nradical, and the AIN

calculated at 2271.2, 1466.0, and 497.4 ¢with 6/2/1 rela-  reaction with N—the strongly exothermi¢B3LYP) reac-

tive intensities. Scale factors of 0.947 and 0.949 are requiretions (2a) and (2h):

to fit the upper two N-N stretching modes and 1.025 to fit the

lower AI-N stretching mode. The same calculation predicted Al tNs—AIN3  (AE=-94 kcal/mo), (2a)

the strong N mode at 2078.5 ciit, which requires a 0.964

scale factor and is appropriate for the B3LYP functiofial.

The relative intensities are also modeled reasonably well biixed “N,+°N, isotopic spectra can in principle distin-

the B3LYP functional, except that the intensity of the weakerguish between these two reactions, but complications from

symmetric N-N-N stretching mode is overestimated relativetwo matrix-site absorptions reduce the accuracy of band in-

AIN +N,—AIN; (AE=-49 kcal/mo). (2b)
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1.804 1.731 AINAI The 956.7 cm?® band increases slightly on an-
N-AI-N Al-N-Al nealing but almostioubleson photolysis. The mixed isotopic
4 2o+ spectra reveal a doublet absorptidtg. 2) for the vibration
(*11,) (“Zy) of a single nitrogen atom and a larg€l.02683 nitrogen

14/15 isotopic ratio. In fact the 14/15 isotopic ratio for the

1826 1.138 'IA‘I 1.850 harmonic antisymmetric vibraFion pf a linear Al-N-Al unit is
AI—N—N—N N 1.02750. Our B3LYP calculation finds the most stablgNAl
1 206 AI/ \AI species to be linear AINAFE 1), with a calculatedr, mode

: 120.0 at 1051.4 crm?, in very good agreement with the matrix

('s*) (D.,) spectrum. The scale factor 0.910 again suggests that higher-
3h level calculations might produce a better fit, and indeed the
cc-pVDZ basis setTable Il) produces a 1004.3 ¢ o, fre-
N%OM 1.860 quency, in better agreement with the observed v#ugs3
Al 1267|136 A Al-N=N-Al scale factor. The 956.7 cm' band is assigned to AINAI in

\ / 1.204 solid nitrogen.

N The sharp 1501.6 cit band tracks with the 956.7 crh
('A,) (32-) band on annealing and photolysis, and it too shows the dou-
9 ¢ blet mixed isotopic spectrum for the vibration af single
179.3 Al 2 065 nitrogen atom. Its appearance in the NO region and 14/15
Al\ 1.693 1.791 [ \ ) isotopic ratio invited consideration of such a species,
1.879 ~ N-Al-N == Al Altz=-N—N-::3 Al but AINO and AION absorb elsewheff. The differ-
Al 1.810 164.3 /< 1.846 ences 1501.6956.7=544.9cm? and 1474.9-931.7
1439 A 40.8 =543.2cm! for the N counterpart provide a mode that
(Ce) (C,) showsvery little N shift and is near the 524.9 ¢rhcalcu-

lated value for theoy mode of AINAIL. A slight amount of
FIG. 4. Optimized geometries of M, products computed by bending of the molecule would decrease the 14/15 ratio of
B3LYP/6-311+G*. Bond lengths in A and angles in degrees,Mistruc-  the o, mode and increase the 14/15 ratio of g mode.
tures calculated with cc-pVDZ basis set. Although the 1501.6 cm' band absorbano®.008 is larger
relative to the 956.7 cim band(0.014 than normally found
for a combination band and a fundamental, linear molecules
tensity measurements. However, for Gathe mixed isoto-  often have relatively strong combination bands, and the
pic spectra were clearly resolved for the major site absorp1501.6 cm? band is assigned to the,+ o, combination
tion, and it was suggested that about 80% of the $SaNpand for AINALL
product is formed from the Nradical reactiort? Similar experiments with laser-ablated Al atoms and 4%
NAIN. The strong 656.9 cfit band also increased on N, in argon reveal weak 981.3, 974.8 chibands with the
annealing and decreased markedly on photolysis. This banghme isotopic behavior that can be assigned to AINAI in
showed a smallN,/*N, ratio (1.01782 and an approxi- solid argor?’ This suggests a matrix shift for the pure nitro-
mate 1:2:1 triplet pattern withN,+*N**N+*N,, whichis  gen environment, and the argon matrix bands clearly fit the
characteristic ofwo equivalenN atoms(Fig. 3. In fact the  DFT frequency calculations better.
14/15 isotopic ratio for the harmonic antisymmetric vibration  The sequential reactions of Al atoms with AIN are exo-
of a linear N-AI-N unit is 1.01673. Our B3LYP calculations thermicl based on our B3LYP calculations:
find a stable linear NAIN moleculéTl, state with o, fre-
quency at 725.7 ci, in very good agreement with the ma- AIN +AI—AINAI - (AE=—114 kcal/mo}, 4)
tri_x observation. The slight_ly higher observed. 14/15 rat?o AINAI +Al—AI,N (AE=—86 kcal/mo). (5)
might suggest a slight bending of the molecule in the matrix.
The scale factor 0.905 required to fit the calculated and ob- AlsN. Two sharp bands at 777.9, 770.3 civalso in-
served bands is lower than other comparisons reported herereased slightly on annealing but markedly on photolysis,
this suggests that higher-level calculations might provide anore on subsequent annealing, and remained strong after 35
better description of th&ll,, state of NAIN. K annealing, in contrast to AINAI, which almost disap-
The NAIN molecule is formed by the reaction of N with peared. Only the same pure isotopic bands were observed in
the metal center in AIN, reactio(8), which is exothermic. mixed isotopic experiments, so agairsinglenitrogen atom
However, NAIN is higher energy than AN, by 120 kcal/ is involved. These bands exhibited virtually the same isoto-
mol, pic 14/15 ratio, 1.025420.00002, which is slightly smaller
than the above 956.7/931.7 ratio for AINAI. Hence, the
N+AIN—NAIN(“IT,)  (AE=-44 kcal/mo) 3 777.9, 770.3 crt bands are also due to an antisymmetric
(B3LYP), but NAIN clearly is kinetically stable. Even AI-N  AI-N-Al stretching mode, with a slightly smaller included
is a van der Waals moleculé®ound by 4 kcal/mol as esti- angle, and the product may involve further Al reaction with
mated by B3LYP. AINAI.
The analogous NGaN molecule was observed at 586.4, Our B3LYP and BP86 and recent higher-level
584.1 cm?! (5°Ga,’*Ga), where resolved isotopic splitting calculationd® show that AN is stable, and the strong’
confirmed the vibration of a single gallium atdth. mode predicted at 751.7 ¢rhwith 14/15 ratio 1.02606 is
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extr?mely close to the observed value. The 777.9, 770.8 higher ALN, clusters. In this regard a linear AINAIAINAI
cm " bands are assigned to tiee mode of ALN split by  chain has a very strong stretching mode predicted at 1132

interaction with the nitrogen matrix. cm 1, which suggests that AN, chains absorb in this re-
The major product in argon matrix experimeritst gion.

773.1 cmtincreases and remains on annealing to 40 K. The
sharp doublet with mixed isotopic precursor and the 1.02547
isotopic frequency ratio show that this is the samgNAgpe- ~ CONCLUSIONS

cies observed in the nitrogen matrix. Finally, the observation | ocar-ablated aluminum atoms react with dinitrogen on

of a single band for the’ mode of AN in solid argon  ¢ynqensation at 10 K to form Jradicals and AlN, AlN,
shows that the splitting in the_: nltroge_n matrix is enV|ronme_n-A|2N2’ AN, and ALN molecules, which are identified by
tal and suggests that the split mode in the B3LYP calculationyrogen isotopic substitution, further reactions on annealing,
is due to symmetry breaking inherent in the calculafibn. 5,4 comparison with isotopic frequencies computed by den-
TheDg, symmetry of the molecule maintained with the pure iy, fnctional theory. The major Aljproduct is identified
density functional BP8@Table I) is also expected in the gas oy three fundamentals and a statistically mixed nitrogen
phase. . isotopic octet pattern. The aluminum-rich Al and AN
AlsN. The anomalously low electron affinity recently gnecies are major products produced on annealing to allow
measured for AN is characteristic of a closed-shell it sion and further reaction of trapped species. This work

molecule;™ which is calculated to be very stablethese provides the first experimental evidence for moleculgiNg!
observations are in accord with the matrix infrared SpeCtr“”%pecies that may be involved in ceramic film growth.

and behavior reported here for Al
AlI,N,. The most stable AN, isomer is the ¥A]) rhom- We gratefully acknowledge partial research support from
bic ring! and this characteristic (AIN structure exhibits the N.S.F., P.R.F., and C.N.R.S.
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Optical absorption and laser-induced fluoresceh¢E) spectra of Cu@in solid matrices are
investigated, and previous visible studies are extended into the infrared. Several new

electronic states are observed and their vibrational frequencies determined. The matrix data are
compared with the results of recent gas phase £plotodetachment studies, and with

ab initio calculations. We also discuss the unusually large matrix effects and medium-induced
electronic and vibrational frequency shifts observed for €u@ 2000 American

Institute of Physicg.S1063-777X00)01609-]

1. INTRODUCTION CASSCEF study of Mochizuket al. also predicted the exis-
Copper oxides, and Cudn particular, are interesting tegtceesmc’)lfl numerous low-lying excited electronic doublet
species which have been studied quite extensively. One os’rI '

the first laser-induced fluorescence studies in rare gas matri- .The exstg nce of two Cufisomers was confirmed ex-
ces in fact involved the CuPmolecule! A strong visible perimentally in the gas phase by a recent photodetachment

12,13 -
absorption, and an intense fluorescent progression observg dy of Wuet a'lt.h 'I;jh(isehauthcgrs detecte(: ths bfnlt gomv
when matrices containing copper were irradiated by the 488 E)I( sEecll_es WIC ah etac mer? hpr;]ergyl or a OI;f. - ? '
nm line of an argon ion laser, were actually originally attrib- While the linear u@has a muc '\ higher € ectrpn a |n|t_y 0
uted to the diatomic CuO. The same spectrum was later reround 3.45 eV. In agreement with the theoretical prediction,

examined by several other investigators, and the unusuall&h_ey also detected several low-lying excited electronic states,

large vibrational frequency shift observed in comparisonW'th at least three of them located within less than 1 eV

with the known CuO gas phase value remained a mystery foR00ve the ground state. Most recently, Chertigiiral * have
more than a decadé In 1982 Tevault showed conclusively fé€xamined copper oxides in solid argon and observed a
with the help of isotopic substitution that the emitter actually€/0Sely Sﬂace‘_j doublet infrared absorption at 823.0 and
contains two oxygen atondsA subsequent reexamination of 818.8 cm ™. This they assigned to the asymmetric stretching
the fluorescence using a tunable pulsed dye laser then r¥iPration of the symmetric Cufdsomer, based on its behav-
vealed that the molecule is in all probability linear and cen-i0r and on the appearance of a triplet of such doublets with
trosymmetric, with the observed progression involving thef€lative intensity ratios of 1:2:1 in experiments employing an
totally symmetric Cu-O stretching vibratiGnin the same ©OXygen sample enriched to 50% witfO.
neon matrix study the bending frequencies both in the Over many years we have frequently observed spectra of
ground state and in the excited electronic state could be aldbe symmetric Cu@species while using a laser vaporization
identified. technigue developed in our laboratory. The oxide was also
Numerous theoretical studies of copper oxides have sugalways produced whenever copper electrodes were used in
gested that at least two isomeric forms of the Guiibxide  our pulsed discharge technique. The copper atom apparently
should exist: the covalent linear centrosymmetric specieds not spontaneously inserted into a ground-state oxygen
and a Cu—Q complex. While the theoretical studies sug- molecule, but the oxide forms efficiently by the reaction of
gested aC,,, T-shaped geometry for the latter isomiér, translationally or electronically excited copper atoms pro-
probably the global minimum on the Cy@otential surface, duced by the laser vaporization or the cathode sputtering
the experimental evidence seems to favor two nonequivalemirocesses. During these studies we made a variety of new
oxygen atoms and @ symmetry for the complex. Theoret- observations, and several new and puzzling effects emerged.
ical investigations of the inserted, covalent form yielded aThese results are reviewed, interpreted, and summarized in
linear compound with &..;, symmetry®® and the recent this manuscript.

1063-777X/2000/26(9-10)/8/$20.00 744 © 2000 American Institute of Physics
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FIG. 1. Absorption spectra of different Cy@otopomers in a xenon matrix. FIG. 2. Comparison of the laser-induced fluorescence spectra for three dif-
The upper trace contaiféOCU®0, **0Cu®0 and*®0CU®0 in a ratio of  ferent isotopomers of copper oxide in a xenon matfOCUO (a),
approximately 1:1.5:1. The matrices of the two lower spectra were generléoctéo (b), and*®OCU0O (c). For each species th% ttate was excited.
ated from the pure isotopic gases and therefore contain ‘6@IgU0 (a) The assignments of the weak transitions is shown in Fig. 3.

and*0CU®0 (b), respectively. The side bands in tra@ can be seen as

site effects.

2. EXPERIMENTAL in Fig. 2b. As exemplified in the expanded section shown in
Fig. 3, the spectrum indeed revealed additional emission
bands which had no counterparts in the spectra of the pure,
We examined the spectra in a number of different matri-symmetric isotopic molecules. These bands, exemplified in
ces, neon, argon, krypton and xenon, as well as in sofid N Fig. 3 by the (0,0,0-0,0,1 transition, clearly involve the
The spectra exhibit interesting medium effects, which will beasymmetric stretching frequenay;. Unlike the mainv,
discussed later, and their interpretation is complicated by thgrogressions, the bands involving; exhibit distinct
presence of multiple sites. In solid xenon the spectra are lea8%Cu-%°Cu isotopic splitting, yielding values of 816.75 ch
obscured by such multiple “site effects,” and we will there- and 812.6 cm? for the vy ground state vibration of the two
fore focus our initial discussion on this matrix. copper isotopic species dPOCUO in solid xenon. From
Typical CuG absorption spectra in solid xenon obtainedthis a frequency of 830.8 cml can be computed for
using*°0, and*®0,, respectively, are shown in Figs. 1a and 83c%0,, which is consistent with the infrared absorption
1b. Each spectrum reveals a strong progression involving theveasurements of Chertihét al.in argon matricesand pro-
upper-state symmetric stretching frequengy but even in  vides additional support for their assignment of the 823.0
xenon one can detect numerous much weaker bands mainyn~* frequency they observed to the liné@r,,CuQ..
due to minor sites. Excitation of the individual vibronic
bands produces the well-known intense fluorescence spec-
trum of the CuQ@ oxide. This is shown for the two isotopic
molecules in Figs. 2a and 2c. While the observed bands can

2.1. Fluorescence of CuO , and its ground-state structure

easily be fitted to obtain spectroscopic constants for either of 0 a
the two isotopic species individually, if one attempts a global 299 1150 : p
analysis including the data for both isotopes, a very poor fit 2 4t 34 £
with large systematic errors results. All the computed bands S
of Cut®0, come out 2.5 cm® too high, and those of GEO, g
come out too low by a comparable amount, clearly on ac- © :
count of a zero-point energy problem and the failure to in- § 19 b
clude the other vibrational modes of Cuid the fitting pro- 2 1\152? (663~ 18 2
cess. _ _ o _ & 130 5 o0 ?6 gsu 108
The zero-point energy difference contains information 20 2™ 1421113//,0 Cu1o
about the nontotally symmetric Cy@ibrations, and in par- 1331W 2 T
ticular aboutvz. The asymmetric stretching vibratian, : : : .
which is spectrally forbidden in an allowed electronic tran- 18100 18200 18300 18400 18500
sition of the linear centrosymmetric CyOshould become Frequency, cm™'

weakly allowed and be in principle observable if the symme-

try is lowered by asymmetric iSOtOpiC substitution. We haveF'G' 3. Assignment of the We_ak_bands in the emission spectrum. Figure a

theref ied out . ts with ilibrated mi shows some parts of the emission spectra®afCut®0. The matrix was
erelore carried ou ?Xpe”men S With an equ_' iorate _ml_x'excited for the upper trace in the,1for the middle trace in thegl and for

ture of both oxygen isotopes and have obtained emissiofhe lower trace in the Dtransition. Figure b shows the same spectrum for

spectra for the third asymmetric specté®Cu®0, as shown  %0cu0, excited in the § state.
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FIG. 4. Part of a 3D spectrum of the different isotopomers of OCuO in solid xenon. The absorption spectrum is plotted along the abscissa, andRhe three LI
spectra are plotted on the ordinate. The LIF spectra can be seen as a cut through the 3D spectrum parallel to the ordinate axis.

2.2. Vibrational structure of the excited  E state intensity plot of the type shown in Fig. 4. An examination of
A further problem emerges if one now tries to analyzesuch plots is very useful to distinguish intrinsic spectral fea-

and assign the absorption spectrum of the mixed isotopiEureS from inhomogeneous “site effect.” In the present case,

molecule. An absorption spectrum observed in an experithey show that excitation of either of the two distinct absorp-

ment with a 1:1 mixture of°0, and*®0, is shown in Fig. 1c. tions appearing in the isotopically mixed samples produces

Unlike the fluorescence spectrum, where one easily identified'® Same, unshifted emission spectrum, that is, that the split-
groups of three approximately equidistant isotopic banddind iS homogeneous and both new absorption bands belong
with an intensity ratio of 1:2:1, as one might expect for atC the same molecular species. _
molecule with two equivalent oxygen atoms, in absorption A f_urther clue_ is obtained if one uses the zero-point en-
there seem to be groups of four bands of nearly equal interf2'9Y difference discussed above to estimate the upper-state
sities. Two of them, according to the excitation spectra in thétSymmetric stretching frequency;. When a joint fit of the
case of pure isotopic samples, are undoubtedly due to theU "0, Cu®0**0, and CU°0, isotopic data, including the
symmetric species ¢80, and CU80,, respectively, but the ground state5 bands discussed in the previous paragraphs,
remaining two absorption bands appear only when both isols carried out, with the other vibrational modes of Gu®-
topes are present, and are clearly due to the isotopicallgluded in the fitting process with the upper-state asymmetric
mixed molecules. stretch as an adjustable parameter, the systematic errors men-
The question thus arises whether there are two distindioned above disappear, and one obtains a nearly perfect fit
160Cu0 molecules, that is, whether the two oxygen atomsof the data(RMS error<0.15 cni*). The unknown upper
are not equivalent, or if the splitting is homogeneous, withstatev; of the mixed C&°0'0 converges to a value of
two absorption bands appearing for each vibronic level of théround 610 cm’, very close to the expected symmetric
mixed isotopic molecule. This question can be unambigustretching frequency. The measured values pare 617.13
ously answered by examining the emission spectra, and evemd 582.08 cm! in Cut®0, and C4®0,, respectively, sug-
more clearly with the help of a three-dimensional equal-gesting that the’; andv; modes of the dioxide may have
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very similar frequencies and that the asymmetric isotopic
substitution in*%0%3Cu'®0 may result in a strong mixing of AA
the two stretching frequencies. 19700 19800 19900
2.3. Normal mode analysis and vibrational mode mixing 20300 . 20400 20500
in CuO, 2 M

This idea of mixing the nearly isoenergeti@,0,1 and % 20800 20900 21000
(1,0,0 upper state levels, which may interact when the sym- 2 J\\w\%
metry is broken by the asymmetric isotopic substitution, can g
be tested by normal coordinate analydisyhich we carried & 21400 21500 21600
out for both the ground and excited electronic states of CuO £ ____,/\,/\_/k__,-ﬂ\__\__‘_
using all the available isotopic data. With the values of § 22000 55100 59900
661.2, 641.04, and 623.86 cthmeasured fov, the sym- < AN A ]
metric stretching vibration of the three oxygen isotopic spe-
cies, and the 816.76 and 812.6 thw, frequencies observed , 22600 22700 22800
for the asymmetrid®0°*Cu*®0 and*®0f°Cu®0 molecules in I Y, S
the ground states, one computes a Cu—O stretching force 23100 23‘200 23‘300
constant ok, =4.219 mdyn/A, with a very small interaction Frequency, cm~"
force constank,, = —0.095mdyn/A. These are somewhat

lower than for similar transition metal dioxides like FIG. 5. Absorption spectrum of OCuO, generated from the isotopic mix-
TiO, (k,=6.9mdyn/A, k,=1.86mdyn/A or Cro, tures of'%0, %00 and®0. The absorption offOCU0 lies between that
r : v Kyr .

1 6 18 ; ; ; iar [i
(k.= 6.65 mdyn/A, k., = 1.21 mdyn/A but are still indica- of %0Cut%0 and**0Cu®0 and is emphasized by using a heavier line.
tive of rather strong, multiple metal-oxygen bonds. Inspec-

tion of the normal coordinates indicates that even for theCu_lao vibration, respectively, rather than a symmetric and
ad i ; 160018 ) ’ '

mixed isotopic molecule, oCu' O, the 641.04 cmr e~ aqymmetric stretch, and both vibrations involve appreciable

quency is to a very good approximation a symmetric stretchp, orion of the central copper atom. A further consequence of

ing vibration, involving very little motion of the central cop- e |evel mixing is that both the bands observed in the spec-
per atom. This normall—mode analysis predicts values3of trum, nominally(1,0,0 and(0,0,1 in (v} ,v},v}) notation,
~830 and 799 cm for the unobserved asymmetric. exhipit a%5cu-$3Cu isotopic splitting. Such strong interac-
stretches of the |sotoplca!|y pure, symmetric '@, and tions and breakdown of the selection rules would not be
Cu®0, molecules, respectively. One also computes for th&urprising in symmetric hydridee.g. HCCD, where the
symmetrical C'O, molecule vibrational frequencies almost difference of masses is a factor of two, but is fairly uncom-
identical to those observed for the asymmetr@@Cu'®0 0"\ nore heavier atoms are involved.

oxide with the same overall mass. _ _ This interaction due to the reduced symmetry of
A similar analysis carried out for the excited electronic 165180 is not restricted to thé1,0,0 and (0,0, levels of

state data reveals quite a different situation. A;signing thehe excited CuQstate but propagates also to higher levels of

observed 617.13, 582.08, and 592.42° &meqpenmes tothe \iprational excitation. Thus the,0,0 level can— and does—

v, Symmetric stretcr_upg modg of the thretEGlsotogomers, anthix with the (1,0,) and (0,0,2 levels, yielding a group of

the fourth, 625.2 cm', vibration tovg of **OCU®0, one _three absorptions. Similarly(3,0,0, (2,0,0, (1,0,2, and

obtains a considerably smaller value for the Cu—O stretchlngo 0,3 can interact, and the intensity in the mixed molecule

force constanti,=3.035 mdyn/A, with a much larger, posi- i5 distributed between more and more levels as one proceeds

tive stretchztretch interaction  force  constanky 4 higher and higher levels of excitation, even though for
=0.56 mdyn/A. The calculation predicts for the unobservedhigh values ofv not all of the interacting levels can be

asymmetrlajgigno.de_s of C#0, and Cd“0, values of 628.9 {jeniified. The appearance of such interacting multiplets can
and 605.3 cm’, indicating that in both isotopic molecules ¢jeary he observed in the absorption spectrum in Fig. 5. The
the upp.er-sFate)l and v vibrational frequencles areé Very situation is quite similar to the appearance of “Fermi poly-
close, differing by only about 11.6 and 23.2 chrespec- ads” in the spectra of many linear molecules exhibiting

tively. The asymmetric isotopic substitution results, how-gq i resonances, most commonly between the symmetric

ever, in a strong interaction, with the two levels “repelling” g ech and the even overtones of the bending vibration.
each other. As a result, the splitting of its vibrational fre-

quencies,v,;=591.6cm?* and v3=625.2cm?, increases
from the expected value of about 17.4 chathe average of
the splitting in the pure isotopic molecules—to 33.6 ¢m Vibrational relaxation in polyatomic molecules is usu-
These computed frequencies differ substantially from thoselly fast, and very often only the emission from the vibra-
obtained for the symmetric ¢(D, molecule, for which the tionless level of excited electronic states is observed. Unlike
interaction is absent. Here the splitting of the computed vithe previous studies of Cydn lighter rare gas matrices,
brationsv;=616.7cm* andv;=598.75cm?' is only 17.9  where mainly relaxed emission was detected, in the xenon
cm™, almost exactly intermediate between the!®@y and  matrix the vibrational relaxation is apparently considerably
Cut®0, values. Analysis of the normal modes BOCU®0  slower, and a rather intense unrelaxed “hot” fluorescence
reveals that they resemble more closely'®—-Cu and from upper-state levels up to, =6 is quite strong and easily

2.4. Vibrational relaxation and hot fluorescence
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observable. At first sight one might perhaps expect strongecorresponding bands originating from the vibrationless
guest—host interactions and, consequently, faster relaxatia©,0,0 level must be at least an order of magnitude weaker
in the more polarizable solid xenon, but, somewhat surpristhan the bands from vibrationally excited@(0,0) levels.
ingly, exactly the opposite trend is frequently observed. OneStrictly speaking, bands involving one quantum udf are
difference is that in the less polarizable neon the guest—hostymmetry-forbidden and should not appear at all in the spec-
interactions tend to be repulsive, while in the looser sites ofrum of a linear, centrosymmetric CyQOne possible expla-
the larger, more polarizable, heavier rare gases, and in panation would be that the bending potential changes with
ticular in solid xenon, attractive interactions usually prevail.stretching mode excitation. One could then invoke a small
The molecular vibration against the steep repulsive potentiabarrier to the linearity of Cug) whose height increases with
in solid neon or argon may result in a stronger couplingv; excitation. The molecule in the vibrationless level would
between the molecular vibration and the phonon modes ahen still be linear, but the hot fluorescence would follow the
the lattice. Also, classically one might expect a more effi-bent molecule selection rules, with the molecule deviating
cient energy transfer from the light atoms such as oxygen talightly from linearity in levels withv; excitation. The
lattice atoms with a mass comparable to neon, than to thground-state§ frequency also exhibits a large anharmonic
much heavier xenon. interaction constank;,=—6.9cni . Its medium shift in
We have examined spectra with an excitation of up tocomparison with neon is rather large, but not unprecedented,
v1=6 of the upper state, and a typical spectrum is shown irand will be discussed in a Section dealing with matrix
Fig. 3. It contains sequences of bands corresponding to emigffects.
sion from all the ¢;,0,0) levels up tov;=6, with the
ground state vibrational progressions extending fe-10.
Similar to the relaxed emission, also the hot fluorescence o
the asymmetric'®*0OCU®0 molecule contains, besides the
strongu’j progressions, numerous weaker bands missing in ~ Fluorescence excitation spectra typically provide a better
the symmetric isotopic species ¥0, and Cd80,. These signal-to-noise ratio and more details than absorption spec-
are transitions of the typeB?, that is, involving one quan- tra. If one examines 'Fhe _region betwgen the bands of the
tum of v’5. They all show a distinct splitting into two com- Mainv;3CuQ, progression in more detail, numerous weaker
ponents due to the naturally occurring isotoé8u and bands are again detected. Thus in EreX excitation spec-
65Cu (abundances 69% and 31% trum of CU®0, one detects a very weak band about 120
It is perhaps useful to note that although intense unrecm * above the vibrationlessu(=0) level, then a rather
laxed fluorescence from upper-state levels involvirjgex-  Proad doublet at 166 and 185 cfy a sharp weak band at
citation is observed, there is no evidence for emission fron?30.1 cm*, and finally a moderately strong band at 342.8
levels involving the other modesy, or v4. This may be not €M ~. These bands do not form easily recognizable regular
extremely surprising. The, mode has a much lower fre- Progressions, but 'c_\lmost identical patterns ?re detectgd above
quency thaw} , and based on the energy gap law, one wouldhe v1=1,2 and higher levels of the maiy progression.
expect an efficient vibrational relaxation. On the other handFurthermore, in the excitation spectrum of the isotopic
as discussed in the previous Section, temode has a F:ulgoz molecule a very similar structure is detected, only the
higher vibrational frequency than) but lies very close mtgrvalg are slightly reduced, in fact aImo;t exactly by the
above it. The levels involving the upper statg of the type ratio which would be expected for the bending frequency
(v1,05,03) Wil relax efficiently into the nearby levels Of CUC..

(v1+1v,,05—1) just a few wave numbers below them. The simplest explanation would be to attribute this com-
plex pattern to a relatively large Renner—Teller splitting of

the v, vibration in the excited doublet state, perhaps into
components near 115 and 170 chwith the bands near 230
Upon close examination the emission spectra of the symand 340 cm? being the corresponding overtones. One prob-
metric species CO, and C4°0, reveal not only the main |em with this interpretation is that it would require the ex-
vy progressions but also numerous very weak bands, agted state to be an orbitally degenerale or possibly &A
shown in Fig. 3a, which are, however, of a different naturestate, while theory seems to predict® state closest to the
than those observed for the asymmetfOCU®0 molecule,  excited E-state energy. Nor does this interpretation explain
and clearly cannot be attributed to thg vibration. These the differences in the shapes of the different bands, and it
bands are all shifted approximately 160_cjnirom the main gives no clue as to Why the two h|gher energy bands are
vy progression bands, and can be reasonably assigned édarp, while the band near 170 thappears as a doublet
transitions of the type [120, that is, to bands involving one and is broadened. A gas phase study of the Csgkctra
quantum of the ground state bending vibratigh Two in-  would clearly be very desirable, and necessary to answer this

teresting observations can be made, however. In the firguestion unambiguously and determine the symmetry of the
place, these bands are only observediiier 1, that is, for hot  E state.

emission originating from levels involving at least one quan-
tum of v;. In the second place, the value o} implied,
~160 cm }, is considerably smaller than the 193 chpre-
viously measured in solid neon. Shirk and Bass noted already in their early experiment
The absence of the bands involving the bending from théhat a new progression of bands in solid argon seems to
vibrationally relaxed spectrum is quite conspicuous—thebegin at 16595 cit', and a similar observation was made in

.6. The upper state bending vibration and Renner-Teller
plitting

2.5. The ground state bending vibration

2.7. Lower-lying electronic states of CuO
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a later solid neon LIF study. There was some controversy aand the authors suggested that “the emission band around
to whether this further transition involves emission from the3850 cm " is due to the?IT < X 21'[g transition. This, how-
excitedE state into some lower-lying electronic state, or if ever, is due to their misunderstanding of the previous experi-
the E state relaxes nonradiatively into a lower state located amental data; there is no observed 3850 ¢ramission band
16595 cm'!, which then fluoresces into the ground state. Inin neon—the existence of a state at 3850 ¢ifthe analog of
our present work we observe not only this progression whosthe 3387.3 cm! band in xenohwas inferred from an ob-
origin is shifted to 15799.6 cnt is solid xenon, but also an served visible emission originating in tHe state (223
additional one with an even lower energy originating atbased on the Mochizulét all! assignment If the E state
13003.5 cm®. As noted previously, in the xenon matrix vi- emitting in the matrix is indeed 2., then all the lower
brational relaxation is slow, and an extensive vibrationallystates observed should be ajerade symmetry, an
unrelaxed emission from levels with >0 is detected. The E(2)23_«?Il, emission would naturally be parity-
observed hot fluorescence answers the above controversy uierbidden. Perhaps the 7592 CFnZEQ_ state might be an al-
ambiguously: depending on which vibrational level of fhe ternative assignment for the 3387.3 cthxenon matrix state.
state is excited, all three transitions exhibit the same vibrakt may also be noted that one often firlds-IT transitions to
tionally unrelaxed band structure, demonstrating that all thése more intense thabl«—3(AA==*1), and one of the
spectra involve emission directly from the excited GuO states ofIl, symmetry might be an alternative candidate for
E-state levels into the electronic ground sté¥ and into  the E state, since the observed complex bending frequency
two other, low-lying electronic states. These states, which watructure observed in our work would be easier to explain
denoteA and B, are located in solid xenon at 3387.3 andwith a A>0 upper state. In view of the expected large den-
6683.4 cm® above theX-state, respectively. sity of low-energy states, confident specific assignments

Using an infrared germanium detector and extending thevithout gas phase rotational analysis are quite difficult.
spectra to even lower energies, an additional band system The CuQ molecule was recently investigated in the gas
near 9500 cm! is detected. The new spectrum seems tophase by means of CyOphotodetachment spectroscopy by
involve at least two progressions of bands, with the strongestvu et al*? Their work, in addition to establishing an elec-
being located near 8420 crh In solid xenon the bands are tron affinity of 3.47 eV for the dioxide, also indentified sev-
rather broad, but even in this case, when higher vibrationatral low-lying electronic states near 2580, 5080, and 6430,
levels of theE state are excited, one observes what appear8680, and 13630 cit. Except for the 6530 cit state, the
to be vibrationally unrelaxed emission, suggesting again thadlifferences between the photoelectron work and the xenon
emission probably originates from tie state and ends in  matrix data seem to lie well outside the combined stated
two further low-lying states andC, at energies near 11270 error limits of the two works. It is at this point not obvious if
and 11060 cm?®, respectively. These infrared emissions different electronic states are involved, if the actual errors are
sharpen appreciably in the solid. Specifically for tHesite” larger than estimated, or if the differences can be explained
investigated most extensively in the previous neon matrixy the matrix medium effects to be discussed below.
study they are shifted to 11110.5 and 11309.5 tmespec-
tively.

2.9. Molecular constants of CuO 5 in xenon

2.8. Electronic structure of CuO The efficient formation of the oxide and its high transi-

The electronic structure of the molecule is surely ratheition moment resulted in high quality spectra, so that overall
complex, and it is not well understood. Mochizwkial 1 in more than 300 vibronic bands for six different isotopic spe-
their theoretical investigation of the linear form of Cufind ~ cies of CuQ in xenon matrix were measured. Part of this
some thirty electronic states within the range of energieslata is summarized in Table 1. The observed bands involve,
studied in this work, that is, below 25000 ¢h In agree- however, mainly the totally symmetrig, vibration. The data
ment with previous suggestions they conclude that the molfor the other vibrational modes are naturally more fragmen-
ecule has arX 2Hg ground state, and based on populationtary.
analysis find that, as could be expected, the bonding is con- Table 2 shows the spectroscopic constants obtained by a
siderably more covalent than in CyFwhich can be well global fit of the observed transitions, using the appropriate
represented by the ionic structure ®?"F~. The authors isotopic relationships for the data of the isotopic molecules.
assign the strong visible matrix absorption, referred to as th&he v, potential in both theE and X states is well approxi-

E state in this work, to the fully allowed transition into the mated by a Morse potential. Without including terms higher
second state of> symmetry, calculated to lie at 20079 than quadratic, the observed levels extending up te”
cm L. =10 andv’ =6 are reproduced with an error 0.2 cm %,

The xenon matrix data provide extensive new informa-In the table we give the vibrational frequencigsdirectly
tion about the Cu@ properties and electronic structure. In measured in the experiment, rather than éheconstants of
addition to the extensively studidd state, which, in solid the polynominal Dunham-type expansion. The latter have the
xenon, occurs at 19686.9 ¢ih the emission spectra provide disadvantage of depending on the intermode coupling and
evidence for at least four other, lower-lying electronic stateschange whenever an additional anharmonic constant is in-
located in the xenon matrix at 3387.3, 6683.4, 11060, andluded. Besides the fundamental frequencies, also a number
11270 cm*. The theoretical study mentioned above predictsof the anharmonic;; constants could be established. It is
the lowest excited electronic states to lie atinteresting to note the uncommonly large values of the inter-
6304 cmi * (°I1,), 7592cm ! (%), and 8365cm* (*Ag),  mode coupling constants], andxys.
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TABLE 1. Summary of the OCuO vibronic band&: cm™) in different matrices. The parameters were chosen according to the zero-point energy of

¥ocuto.
Electronic state
Matrix Site X A B ¢ D E
o) | o} 3 of o) | o} | e} | e | of | of | of | of
f 655.8
a 633.5 608.3
b1 661.5 614.5
Neon
b2 654.7 590 [5}] 607.7
c 660.3 612.3
d 639.7 193.4 6408 | 636.8 234 | 611.5 135.6
c 651.6 608.1
Argon {15] b 670.4 823.0 [9] 627.5
a 668.5 . 625.9
a 664.2 161.5 830.3 597.8 113 | 569.7 618.9 118 628
Xenon
b 662.7 615.6
N, 663.8 826.7 [9] 614.1

2.10. Medium effects

Since CuQ@ has now been examined in all rare gases an
also in solid nitrogen, it is of interest to comment on the

solid argon, krypton, and xenon. Such a shift of more than
4000 cm! or 5% is considerably larger than typically ob-
served. Even more remarkable are the large shifts between

medium-induced shifts and changes in its molecular condifferent sites in the same matrix. Thus the values in six
stants and properties, which are, as previously noted, unus@ifferent sites in neon span an energy range of 163'cm
ally large. The molecule occurs in all matrices in severaWhile three sites in argon are spread over 223 tnOne
different sites, but if the most populous site in each matrix isusually observes large matrix shifts for molecular ions, or
considered, thél, value of theE state shifts from 20700 highly polar compounds. Naturally, linear centrosymmetric

cm ! in solid neon to 20486.5, 20064, and 19686.9 &rim

TABLE II. The vibratiional frequencies obtained by a fit not including
terms higher than quadratic. The obseruedlevels extending up te”
=10 andv"=6 are reproduced with an error ef0.2 cm’. We used the
frequenciesv; directly measuered in the experiment, rather than dhe

constants of the polynomial Dunham-type expansion.

Upper state Ground state

Isotope

Vi V3 V) Yy V3 V2

617.1 138.1 661.2 | 190.0
1663,160

617.6 | 629.3 | 138.0 | 830.8 | 661.4 | 189.9

582.1 132.9 623.86| 183.6
18583180

582.4 | 605.7 | 132.9 | 799.7 | 623.98| 183.4

592.4 | 625.5 816.9 | 641.1
16083,180

592.0 | 625.7 | 135.5 | 816.8 | 641.0 | 186.4

591.5 | 623.9 812.6 | 641.0
16036504180

5391.0 | 623.2 | 134.8 | 812.6 | 640.9 | 185.4
7068cyl’o

599.3 | 616.9 | 135.4 | 814.5 | 641.8 | 186.2

CuG, has no dipole, but the compound is very likely to be
quite ionic, with highly polar Cu—O bonds, which might ex-
plain the large effects.

Interestingly, the lower states for which data are avail-
able, A, C, and D, seem to exhibit much smaller shifts of
more typical magnitudes. For example, comparing the most-
studied sites in neon and xenon, tBe-X transition shifts
from 11309.5 to 11268.5 cm, a shift of 41 cm*, while the
E—X transition at less than twice the overall energy exhibits
a shift of more than 1000 cht. In general, one usually ob-
serves particularly minor shifts between two or more states
which arise from the same, or a very similar electronic con-
figuration.

Besides large electronic shifts, Cu@lso experiences
unusually large shifts in the excitdgtstate vibrational fre-
guencies. Thus in neon thg frequency ranges from 607.7
to 614.5 cm™. In argon the reddestc¢” site has av; value
of 608.1 cm?, well within the neon range, while in two
“bluer” sites it shifts drastically to 627.5 and 625.9 ¢t a
change of more than 3%. In solid krypton and xenonuhe
then gradually returns back to lower frequencies. A possible
interpretation would be that there are two types of sites, one
appearing only in neon and argon, and another yielding
strongly blue-shifted vibrational frequencies. The latter site
occurs in all the heavier rare gases, it is only in argon that
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both types of sites are present—perhaps double and triplgith the results of recent gas phase Gughotodetachment
substitution SlteS._ _ _ studies and withab initio calculations. We found and dis-
Also unusual is the behavior of the formally forbidden cussed the unusua”y |arge matrix effects and medium-

bending modes, which appear weakly in the matrix spectrénduced electronic and vibrational frequency shifts for this
and which, based on the limited data, undergo particularlynolecule.

large medium-induced frequency changes. Theseems to

decrease from 196 cm in solid neon to the~160 cnm* *Partially supported by DFG and BMBF, Germany.

value observed in xenon, an almost 20% shift. It is, however,* E-mail: bondybey@ch.tum.de

a common experience that low-frequency bending modes are_______

most likely to be affecf’ed by the condensed medium. An1J P

fr)étrzfrgg :n):f‘mﬁltehs ;2"22 ;[\ea(lléetr:)qé;fgrﬁisvggﬁg ;?;;r%es 21(\1_9 ;7) Griffiths and R. F. Barrow, J. Chem. Soc., Faraday Trafi8, 943
more than 25% shift. Such changes are caused, on the orfei. M. Rojhantalab, L. Allamandola, and J. Nibler, Ber. Bunsenges. Phys.
hand, by the resistance of the host matrix to bending of the4gheEmf8e2\}allJ?t7(qllgc72ém Phyas, 26859(1982

guest, but are also due tq partial charge tra_nsfer frgm the rar "E Bon dybé y'an 43 H. Eyngl’ish 1. Phys.. Ches, 2247(1984.

gas to the molecular orbitals of the guest, increasorgde- 53 prusa, W. Koch, and H. Schwarz, J. Chem. Phy61, 3898 (1994).
creasing its rigidity. The ability of the matrix to donate elec- “H.P. C. W. Bauschlicher, S. R. Langhoff, and M. Sodupe, J. Phys. Chem.
trons will naturally correlate with the polarizability and ion- 8'?7’K85H65(11§r?(?i\/| T Nguyen. J. Phys. Chess, 5569(1985

|zat|qn potential of the ,mamx atoms, but it will also depe”?‘ 9Gl. V Chertihin,' L.. Ar?dryewé, J Cﬁa.rles, ana W. BauscHIicher, J. Phys.
sensitively on the specific nature and geometry of the matrix chem. A101, 4026(1997.

site. Charge transfer interactions may be particularly signifi+°Y. Mochizuki, U. Nagashima, S. Yamamoto, and H. Kashiwagi, Chem.
cant for strongly polar or ionic compounds such as GuO |, Phys. Lett.164 224(1989.

. . . . 1Y, Mochizuki, K. Tanaka, and H. Kashiwagi, Chem. Phi/51, 11(1991).
and this might explain the unusually large medium effects.z, Wu, S. R. Desai, and L.-S. Wang, J. Chem. PH@S 4363(1995.

observed. BH. Wu, S. R. Desai, and L.-S. Wang, J. Phys. Cheni04 2103(1997.
1p_R. Stannard, M. L. Elert, and W. M. Gelbart, J. Chem. Piigs6050
SUMMARY (1981).

15A. Lammers Fourier-Transform-Spektroskopie vai und CuQ, in Edel-
We have investigated the optical absorption and laser- gasmatrizen. DiplomarbeitMaster's thesis, Institut fuPhysikalische und
induced fluorescence spectra of Gu® several solid matri- Theoretische Chemie der Technischen Universitanchen, 1994.
ces. We fo_und several new electronic _States and determineglis article was published in English in the original Russian journal. Repro-
their vibrational frequencies. The matrix data are compareduced here with stylistic changes by the Translation Consultant.
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Spectroscopy of yttrium dimers in argon matrices
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The absorption and resonance Raman spectra of yttrium dimejysir{argon matrices are
measured for the first time. The absorption specttaaattering depletion spectrum SD&hows

a weak, broad transition centered near 485 nm. Resonance Raman spectra obtained by
exciting into this absorption band with several visible laser li#5.5—-496.5 ningive a single,
sharp progression with up to ten Stokes transitions. These datasgivé84.4(4) cm?,

with wexe=0.30(3) cm?, leading to a spectroscopic dissociation energyDef=3.5(4) eV.
Comparison of our results with sevew initio calculations adds confirmation to the
assignment of the ground state of ¥ be thelig state. ©2000 American Institute of Physics.
[S1063-777X00)01709-6

INTRODUCTION Briefly, an intense(typically 15 mA at 25 ke argon ion
K,Beam from a CORDIS ion source sputters on a water cooled

In the past two decades, research on transition-metal =" o
b trium target(Alfa, 99.9%9 maintained at 300 V. Secondary

clusters has attracted the attention of a number of theoreticgf ; -
and experimental scientistst is clear that an understanding :ons aret extrac(;et(:] with a moolllﬁetd dCoI_utron \;vn_odel 200-B
of the multiple-metal bonding often observed in the groundenS system and then mass selected using a Wien fihe

states of transition metal dimers depends on accurate detéi”—tron (_SOOTB in conjunction with an approximately 175 mm
ﬁree drift distance and a 6.5 mm diameter aperture. The mass

mination of crucial structural parameters such as vibrationa S o . .
solution is 6—7, enough to discriminate against possible

frequencies, force constants, dissociation energies, etc. WorK . . ' o
has been carried out in this regard by this and other IaboraQX'de contaminants, as well as provide unambiguous filtering
tories on several second row transition metal dirr(ghs, 2 and metal clusters or atoms. After mass selection, the ion

Nb,,3 Mo,,* Ru,,® Rh,,® Pdb,” and Ag?). However, rela- beatm IIS bedn:hby lO'duzlngdt\:cvo eIecc;jtrt'lctEIatdes to 'telllmlnat.e
tively little work has been carried out on the dimer of yt- 'cUais and then guided and focused to the deposition region

trium. In the present paper we report the first matrix isolationby two einzel-like lenses. . .
Samples of ¥ are obtained by mass selection after sput-

optical absorption and resonance Raman spectraof¥e- eri al t ¢ with high AT Thi
vious work on the atomic spectrum has been reported b ring a metaltarget with high-energy Ar 1ons. This ensures
Klotzbuecher and Reva iscrimination against spectral interference from atoms and
' higher clusters of Y, as well as various oxides of Y. We
observe a weak, broad optical transition near 485 nm. Excit-
EXPERIMENT ) . + T ) X
ing with Ar™ laser radiation in this region enables us to
The City College of New York metal cluster deposition
source has been described in previous publicafigrS.
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FIG. 1. Scattering depletion spectra of at¢éahand of yttrium dimer(b). FIG. 2. Typical Raman spectra for,Yn argon matrix.

1063-777X/2000/26(9-10)/4/$20.00 752 © 2000 American Institute of Physics
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TABLE |. Raman frequency shifts for yttrium dimers in argon matrices.

v 1 2 3 4 5 6 7 8 9 10

Raman shift, cm™ 183.5 366.1 548.8 730.7 912.5 1093.3 1273.6 1454.3 1632.3 1810.1
Std. Dev. 0.6 0.4 0.7 0.7 0.7 0.7 0.4 0.6 1.0 1.3

obtain a sharp resonance Raman spectrum with a long pro- Resonance Raman spectra of Were obtained at five
gression of overtones. different argon ion laser emissions in the visible region
Yttrium dimer ions were codeposited with Ar and elec- (465.5-496.5 nm Up to ten Stokes transitions were ob-
trons (generated from a heated tungsten filamhemt a pol-  served, and the average value of these measurements give the
ished Cak substrate ~14 K). Matrices were grown at-5  Raman shifts, which are listed in Table I.
um/h with an Ar: metal dilution ratio of approximately Analysis of these data by standard technidtiémear fit
10*:1. The deposition region was surrounded by a “Faradayf AG, . 1, versusv gives we=184.4(4) cm?, with weXe
cage” whose potential with respect to the sputtering target=0.30(3) cm'%, leading to a spectroscopic dissociation en-
controls the kinetic energyl0 eV in this experimentof  ergy of D.,=3.5(4)eV, and the force constank,
deposited ions. lon currents under “soft landing” conditions =0.90(1) mdyn/A. Attempts to obtain higher anharmonic
were approximately: Y (250 nA),Y; (25nA). corrections (gy.) failed to improve the standard deviation,
Under similar conditions, we deposited the yttrium atomso it may be safely inferred that such corrections are negli-
in an argon matrix. By comparing the intensity of known gible. Our observed vibrational frequency is essentially the
atomic excitation features in a dimer deposition with thosesame as that of Yangt al!?> w,=185(2), obtained by
obtained from deposition of atom under similar conditions,ZEKE spectroscopy.
the fragmentation ratio of dimers is estimated to be 10%. Note that several of the observed Raman lines are ac-
Matrix samples were interrogateid situ using both  companied by one or more weaker satellite lines. Since there
absorption and Raman spectroscopy. As previousre no isotopes that need to be considered, it is most likely
described;*°for the absorption measurements, both deutethat they are due to site effects in the Ar matrix. Similar
rium and tungsten lamps were employed as excitation ligheffects have been observed in other dimer spédive have
sources, dispersed by a single 1/4m monochromator, raised only the most intense line in each group for our
flected by a plane mirrofcontrolled by a stepping motpr — analysis.
which allows the light to be scanned across the 8 mm wide
sample. The absorption measurements were made by collect-
ing the light scattered at 90° to that incident, a technique’!SCUSSION

. ; 3
termed scattering depletion spectroscépS. It is of interest to compare our measured value of the

After obtaining absprption spectra, t-he Raman. SPeCtigy e constantk, for Y, with those of other members of
were measured by exciting the sample with appropriate |as§f,e second row transition metal dimers. These are given in
wavelength within the absorption region. In this experiment-l-able 1.
on Yy, the visible oytpu(457.9—514.5 nmof an argon ion As can be seen the force constants increase almost
laser(Spectra Physics model 204%as employed. The scat- linearly from left to right. The ground state atomic
tered light was collected at 90° and focused into a Tripleconfigurations are (Y)5s24d",(zr) 5524d2, (Nb) 5s'4d*
mate SpectrometdSpex 1877E, 0.6 inThe scattered light \14) 551445, However, in transition metals, bonding is usu-
was detected with a liquid-nitrogen-cooled CCD system

ally more favorable if at least one atom hassarconfigura-
(Spectrum Oné CCD30+ DM3000R Softwark The resolu- 4 requiring some promotion energy. Thus, considering a
tion of the detection system for the,¥xperiment was set configuration 5'4d™ (m=2-5), the force constant is pro-
about 2 cm? (at 500 nm. The Raman shifts of Y were ’

librated usi he C b 5 Kl 39 portional to the number ofl electrons involved in bonding.
g?nllrate using the CaHsubstrate at 16 Kline at 327 (A complementary, nearly linear decline in force constant

was observeti’ in the series Ry Rhy, Pd, indicating a
configuration 5'4d™ [(m=7-9)]. We can conclude that,
SPECTRA AND ANALYSIS at least for the early second-row transition metal dimers,
eachd electron available for bonding makes a nearly equal

Figure 1 shows the scattering depletion spect(@mS " ave
h_addmonal contribution to the bond order.

of the atom(a), which is essentially the same as Klotzbuec
er's result® and of the dimer of yttriunib).

Figure 2 shows a typical Raman spectrigmcited with
488 nm for Y, in argon matrix(14 K, dimer content-75 TABLE II. Ground state vibrational frequencies, and force constants,

27 . ' . for several second row transition metal dimers.

nA/h) and, as an inset, a portion of the absorption spectrum
(SDS of the same sample compared with several excitatior
profiles.

The SDS shows a broad, V\_/ea_k band gentere_d at48snr g em! 184.4 305.7 | 4205 4774
and closely parallels the excitation profile, which further o
confirms its assignment to the yttrium dimer. k,, mdyne/A 0.90 2.51 4.84 6.43

Y, (this work)| Zr, (2) | Nb, (3) | Mo, (4
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TABLE lll. Theoretical and thermodynamic results for low state parametel$, Gind spectroscopic datthis work).

Reference Method Low state T, A o, , cm-1 De or D0 , eV Te , eV
Sm
D. G. Dai and CASSCF + Zu 3.03 172 2.56 0.0
K. Balasubramanian [15] MRSDCI Ig+ 2.76 180 3.09 0.55
g
CI SZ; 3.03 171 2.44 0.00
S. P. Walch and
CI Py 2.74 206 2.93 0.87
C. W. Bauschlicher, Jr. [14] 4
CASSCF st 2.73 205 1.74 -
g
G. Verhaegan, S. Somoes,
1.62 £ 0.22
and J. Drowart [12]
This work Isolated matrix 184.4 + 0.4 3.5£04

Of several previous publications om,Yonly one is ex-  5s?4d*+5s'4d? atomic configurations. A nearby, low-lying
perimental: Verhaegan, Somoes, and DroWatetermined state T.=0.87eV) is theS; (5soj4dn?4dw?) state
the bonding energy using third-law analysis of the high-arising from the 5'4d?+5s'4d? configurations. In similar
temperature Knudsen effusion mass spectrum. Their resulfalculations in Sgthis latter state lies considerably higher
wasDo(Y2) =1.62£0.22 eV, in sharp disagreement with our than that in %, which indicates larger contributions of
spectroscopic value of 3250.4 eV. The third law technique d-electron bonding in the second row. Dai and
suffers from the requirement thai, andr, must be known,  Bajasubramanidfi have carried out similar complete active-

as well as the electronic partition function, and the results argpace self-consistent fielCASSCH calculations followed
often unreliable. However, the spectroscopic technique aIsBy multi-reference configuration interactidMRSDCI) in

has difficulties, in that a Morse potential is assumed t0 gOVyyhich hoth single and double excitations are considered. Up

ern the nuclear motion. In transition metals this assumption, 5 g mjjlion configurations are included in this calculation.

is not always even close. Tr_us IS _caused by the fact t_hat’l'heir results are quite similar to those of Walch and Baus-

\é\'ize;erak:gﬂss_? a}ndd—d .b?;dmg ISI |m|?ortarr]1t, due to Fge'r chlicher(see Table Ill. Comparison of the SCF calculations
P patial extensions orbitals often have consider- both with and without the CI contributions show that increas-

ably different dissociation ranges thanorbitals. The best . . .
example of this is the case of £ where serious deviations ing the CI lowers the relative energy of the higher state con-
iderably(to T,=0.55€e\}. In conjunction with the lack of

from a Morse potential are observed and the spectroscop% . .
value is misleading. However, in,\t is most likely that the an observable ESR spectrimpPai and Balasubramanian

bond order is small, perhaps near one. Thus only one ele&Pnclude that thé3.g state is most likely the ground state.
tron pair is involved in dissociation, and the above effect ofOUr Raman resultssee Table 1ll are consistent W'tf‘l this
different s and d bonding will not be important. We also conclusion. The experimental value feg, of 184.4 cm - is

have observed regular behavior all the way up to the nintifiuite close to that of 180 cmt in the CASSCR-MRSDCI

harmonic = 10). We feel, therefore, that our value r, calculation of Dai and Balasubramanian for ﬂﬁ; state.

is more likely to be correct. Similarly our D,=3.5(4) eV compares favorably with their
The remaining work on Y has been theoretical. Walch Value of 3.09 eV for the same state.

and Bauschliché? have carried out a complete active-space  The theoretical results are listed and compared with this

multiconfiguration-self-consistent fiellCAS-MCSCH cal-  work in Table III.

culation both with and without the followed configuration Due to the rather large calculated differences infor

interaction(Cl). Their results indicate that the ground state isthe °%, and 12; states, the determination of an accurate

53, (5s035s04dogddmy Admy,), which stems from the experimental value for, would be helpful to determine the

TABLE IV. Experiment data of the third row metal diatomic molecules.

Molecule State ®,, cm! Ty A k;1/3, (mdyn /;\)-1/3 Reference
Mo, X'z 477.1 1.938 0.537 [21]
Mo, Az 449 1.937 0.560 [21]
Ag, X(o;)‘z; 192.4 2.531 0.949 {1,22]
Ag, A(O}'s} 155.3 2.655 1.095 [1,22]
Sr, B'm, 80.4 3.85 1.816 [23]
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FIG. 3. Correlation between force const&gtand parameter, .

nature of the ground state. Badgé?'sule may be employed
here on the fourth-row metal diatomic molecules following
Weisshaar's resuft$ on the third-row metal elements. Un-
fortunately, only a very few experimental dathsted in
Table 1V) have been reported until now, especially of the
bond lengthr.. The normal form of Badger’s rule has the
format: Ke(ro— dij)3=C, whered;; is a constant that is dif-
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Previous steady-state and time-resolved luminescence spectroscopyRaf &omic magnesium,
isolated in thin film samples of the solid rare gases, is extended to include the higher

energy 4P, excitation. Well-resolved site splittings are recorded in Mg/Ar samples for excitation
to the 4p'P, level. A small red shift in the absorption energy to the'R, level for Mg/Ar

contrasts with a small blue shift on absorption to tiggB, level. Direct emission from theptP,

level is not observed in any of the rare gas matrices; instead, intense emission from the low
energy PP, level is. Measurements of the emission decay curves in Mg/Ar have revealed slow
rates in the steps feeding th@3; level following 4p*P; excitation. The reason for the
differential shifting of the 4P, and 3P, levels as well as the lack of direcp3P,; emission

is thought to be related to the strong binding interaction between Mg in phE 4state

and the rare gases. ®000 American Institute of Physid$§1063-777X00)01809-0

1. INTRODUCTION metal atom-rare gas atom (IRG) van der Waals complexes
) . in supersonic expansiofishe range of systems, including
In recent times, the luminescence Spectroscopy Ofpen-shell systems, amenable to this detailed analysis is
matrix-isolated metal atoms, i.e., neutral metal atoms isOgeadily growing. One of the most interesting examples in
lated at high dilution in the solid rare gas€d/RG), has  ihis regard is the recent observation made by Breckenridge

been used as a sensitive probe of guest—host interactions g?\d co-worker® on the doubly excited Mg(8.3p.3P;)
solid-state spectroscopy. This has arisen becausé e sy -1 valence states of the MBG Wdia':omijcs

sen_sitivity of _t_hese “Iigand-free" optical centers to their host (RG=He, Ne, Ar and K accessed from the singly excited
e e D0, Mo(3%,%, 7. RG] metastale stte. Theretea
avgailability of accurate pair potentit;lls for several metalinzagggimg; at:; shvc?r:yboitc;olne %gtﬁgodlng 4le£;a ri%ylt)h({e
atom/rare gas atom (NRG) van der Waals diatomics. Re- molecular®s, ~ state of MgAr, arising from t.he doubly ex-

cent theoretical workfrom the Maynooth Group on the lu- . 2 : . ! . -
. S . .cited (3p)- atomic magnesium configuration, indicates the
minescence spectroscopy of atomic zinc isolated in the soli . : :
importance of the absence of occupied metatbitals in the

rare gasesZn/RG) has indicated close agreement between . . .
; . ) Interaction with the closed shell rare gas atom. Partial occu-
spectral simulations based on the use of sums eREhpair

potentialé and the experimentaffyobserved emission. pancy of the $ orbital in the lower-energy $Bp metal atom

. . . valence state is responsible for increased repulsive interac-
The spectral simulations are an extension of the theoret: P b

ical methods developed by Beswick and co-workeirs tion with the rare gas atom, giving rise to a greatly reduced

simulations of the vibronic spectra of gas phase metal atomt-"nd'ng (:nerﬁy(iAGO e ) ?Sd "’X] |3r1rireased bobr:d length
rare gas cluster species. In the solid state simulations thﬂ'—‘}'66 ) for the Mg(3s,3p,°P,) - Ar[“11] metastable state.

- - l
potential energy surfaces of the Jahn—Teller active vibraFull ecupancy of the § orbital in the Mg(3,3s,"S)
Ar[*X] ground electronic state results in the molecular

tional modes of atomic Zn isolated in the solid rare gases Ar, 2 Y A .
Kr, and Xe have been calculated for a-RG,g cluster spe- Parameters.Do=65cm = andR,=4.5A, typical of van der

cies. This cluster comprises the first and second spheres sif{a@ls complexes. Comparison of the larger binding energy

rounding a guest metal atom occupying a substitutional sit@nd shorter bond length of the neutral Mg

of an fcc lattice. Reliable calculations are possible because ¢BP~3P- Py)[*S "] state with the analogous valuéd,

the existence of detailed information on the lattice param=1240cm* and Ro=2.82A) in the ground Mg (3s,°S)

eters of the fcc unit cells of the solid rare gases as well asAr[°2 "] state of the Mg - Ar cation, reveals the repulsive

accurate ZnRRG and RGRG pair potentials. As well as in- role played by the occupieds3orbital in the bonding. Sig-

dicating dominant localized interactions in the Zn/RG matrixnificantly, these results indicate the dominance of the repul-

systems, details of the microscopic motion of atomic zincsive s orbital interaction over the strongly attractive, dipole-

occurring during optical cycles in the solid rare gases werénduced interaction expected in the molecular cation.

also obtained from simulations of the observed lumines- It should be revealing, on several levels, to record the

cence. luminescence spectroscopy of highly excited states for
With the increasing availability of accurate diatomic in- matrix-isolated Group 2 and 12 metal atoms and compare

teraction potentials, obtained from laser spectroscopy oflata with the pair-potentials methods used for the spectral

1063-777X/2000/26(9-10)/6/$20.00 756 © 2000 American Institute of Physics
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simulation of lower-energy metal atom transitions. The areasource. The paper is structured as follows. Transitions to and
of interest in such a comparison are: from the 3P, energy level for the cases of Mg/Ar, Mg/Kr,
—Considering the strong binding energies in highly ex-Mg/Xe, and Mg/Clz will be reviewed briefly before the new
cited states, is the occurrence of many-body effects manidata on the PP, energy levels is presented. Because of the
fested? large signal strengths of the transitions observed in Mg/Ar,
—Due to these states being within a few thousand waveénuch of the detailed presentation will involve this system.
numbers of the ionization limit of the metal atom, does theKey differences in the spectroscopy of the'®; and 4P,
onset of delocalized behavior, such as exciton absorptiorstates will be highlighted and discussed.
occur?
—Is the localized approach taken in the present clusterz. EXPERIMENTAL

based simulations valid for these strongly bound states? L
gy Thin film Mg/RG samples were prepared by the cocon-

—Is metal atom migration possible in these excitedd i f : ith th t
states, considering that the energy minima of the highly eXLians\,:;iA%T)v?/ r?r?gnriselfarr \)l;pc?rr,v:\;s roe d[iree dgzse:Iggtr%;n
cited states are at very short bond lengths? ’ P P y

1 0,
The metastable atoms, generated in copious amoun%Ombardment of 0.5 mm thick Mg foflGoodfellow, 99.99%

, . ; . urity) coiled inb a 5 mmdiameter molybdenum cruicible in
with the laser ablation technique used in the gas phase f(.grn Omicron EFM3 UHV evaporator. Preferential isolation of

producing metal vapor, are absent in low-temperature matri- . .
. . a}oms over metal clusters was achieved using very low metal
ces, irrespective of the method used to generate the met

Theref h hoton techni din th uxes (<1 nA), and the isolation condition of samples was
vapor. Theretore the one-photon techniques used in the gag iy e by recording absorption spectra. Cryogenic tem-
phase are not Qf use in matrix work on doubly excited Statesperatures were achieved with a Cryovac continuous-flow
Ins?ead of looking at the doubly excited stat.es, we haye exﬁquid-helium cryostat. The sample temperature was mea-
aml_ned the pne-photon spectroscopy of hlgh-lylng, Slngl¥sured with a silicon diode mounted on the sample holder and
excited atomic states. In the present contribution the matrix using a Lakeshore Cryotronics model 330 temperature

luminescence of the 8P, state of atomic magnesium is .o qojler. Deposition temperatures of 5, 12, 18, and 25 K

extended in that excitatiqn spectra havelbeen recorded in the. e sed with the rare gases Ne, Ar, Kr, and Xe, respec-
vacuum UV spectral region to reach thp#, energy level.

tively.

Notwithstanding the vacuum spectroscopic techniques X\n MKS 221A Baratron capacitance manometer, sensi-
required to reach highly excited levels, the reduced oscillatofye in the pressure range 0—1000 mbar, was employed to
strength of atomic transitions from the ground state to thesg,gnitor the amounts of rare gas admitted to the gas handling
states is a more fundamental deterrent to such measuremerg§stem and consumed during sample formation. The UHV
In the case of Mg, for example, the transition probability of sample chamber containing the liquid-helium cryostat was
the 4p—3s singlet transition at 202.58 nm i4=0.84  hymped continuously with a Pfeiffer/Balzers TPU 240 tur-
x10°s™*, almost an order of magnitude smaller than e pomolecular pump. Vacuum, monitored with an HPS
valué of 4.95<10°s™* for the 3p—3s singlet transition at  pjvision/MKS Series 423 I-Mag cold cathode gauge, was
285.21 nnt. The use of synchrotron radiatig8R), with out- typ|ca||y in the mid 10 *°mbar range prior to cool-down,
put intensities optimized in the VUV spectral region, com-dropping to 10 * mbar after cool-down. Gas flow rates, con-
pensates the reduced transition probabilities and, as it is ajrolled by a Granville-Phillips series 203 variable leak valve,
ready produced under ultrahigh vacuum conditionsyyere generally in the range of 3.5 to 5 mmol/h for periods of
facilitates the measurement of high-lying excited states.  petween 20 to 30 minutes. This resulted in the formation of

Studies of the absorption spectroscopy of matrix-isolatedhin film samples whose thickness was in the 3058
metal atoms are quite comprehensive and well documentegange. Rare gases of 99.999% purity were used as supplied
Conversely, luminescence studies of the excited states @y Linde Technische Gase.
metal atoms are not nearly as extensive, but detailed Since the optical layout of the HIGITI apparatus located
studie$® have been carried out for the lighter elements of theat HASYLAB/DESY in Hamburg has been presented in our
Group 1, 2, 11, and 12 elements. The first study of matrixearlier work® only a brief description will be given here.
isolated atomic magnesium was that of Schn€gp,which  Synchrotron radiation optimized in the VUV spectral region
optical absorption spectra were recorded at 4.2 K using arwas used as the excitation source. Absorption spectra were
gon, krypton, and xenon as host materials. Sctetal’®  recorded by monitoring the amount of UV radiation directly
measured the MCD spectra of magnesium isolated in argomsansmitted through the Mg/RG samples, using a Valvo
and more recently the luminescence of matrix-isolated magxP2020Q photomultiplier tube to detect the visible emission
nesium was recorded by McCaffrey and GZim argon and  of a sodium salicylate UV-to-visible converter. All spectra
krypton at 12 K. The latter work agreed with the absorptionwere recorded linear in wavelength, but for purposes of
data of Schnepp in that the excitation bands observed in thenalysis and discussion are presented linear in photon
vicinity of 285 nm and assigned to thep®P,—3s'S, sin-  energy, in wave number unitsm ).
glet transition of atomic magnesium all exhibited three-fold ~ Luminescence measurements were made in the VUV
splitting. spectral region with a modifiel m Wadsworth monochro-

With the objective of extending the experimental datamator for excitation, and a 0.4 m Seya-Namioka monochro-
base on the luminescence spectroscopy of matrix-isolateshator for emission. A Hamamatsu MCP 1645U-09 micro-
metal atoms, the spectroscopy of metal atoms in highly exehannel plate was used for photon detection. Nanosecond
cited states has been undertaken using SR as the excitatibfetime measurements were made using the time correlated
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FIG. 1. A summary of the matrix luminescence spectroscopy recorded at §1G. 2. A summary of the higher-energyp¥P, bands and lower-energy

K for the 3p—3s transitions of atomic magnesium isolated in annealed 3p*P; excitation bands recorded by monitoring thp'®,— 3s'S, emis-
samples of the solid rare gases Ne, Ar, Kr, and Xe. Excitation spectra arsion of atomic magnesium in the rare gases angl CRe excitation spectra
denoted as 1, while emission spectra are denoted as 2. The locations of thave not been corrected for the wavelength-dependent output intensity of
spin singlet $'P,;—3s'S, and triplet 3°P;—3s'S, transitions of atomic  the synchrotron radiation source.

magnesium in the gas phase are given by the vertical dotted lines. Notewor-

thy in Mg/Ar is the presence of multiple features between 270 and 280 nm

in the excitation spectra of annealed samples. L. .
measurements of the emission present in the MdNdg/

Ar, and Mg/Kr system$ confirm the singlet assignments

ested by their spectral locations.
single photon countingTCSPQ techniquet* The synchro- sugges y their sp ons

tron radiatiort® generated from the DORIS Ill storage ring at

HASYLAB/DESY has a temporal profile of 120 ps Luminescence from the 4 p'P; level

(FWHM)’ and when provided in 5. Bunch Mode,” at a When the excitation spectra of the singlep'®;
repetition rate of_5.208 MHz, decay t|_mes of up tod®can _3s'S, emission bands shown on the right in Fig. 1 were
be measured with TCSPC. Decay times were extracted bP’ecorded into the vacuum-UV region, the results shown in

?t?]r;?otr?sal ggrr:cgf':sa Slntilet'hsot:g"lne 0‘:;“ t”fé%:xgogim'saé Fig. 2 were obtained for the annealed Mg/RG systems and
unctions, voiuted wi P profi Mg/CF,. The location of the singlet pgf-P, — 3s!S, transi-

excngmon pulse_, t.o the recordeq decay proflles. T‘he re(,:'on[—ion in the gas phase is also shown. It is evident in Fig. 2 that
volutlopﬁe)and .flttlng was alcrrllleved L/’S'ng the ZEIT the most intense feature in the Mg/Ar system is observed in
brogra Mrunnmghon (EI)I?—IC Abp a 3_%?0 f500 AXF.) wor sta- the vicinity of the gas phasep4P, transition. The Mg/Ar

tions in Maynooth and Hamburg. The fitting criterion was system exhibits three well-resolved peaks, a dominant band

based on an optimization routine minimizing the sum of :, /- nm, another at 192.5 nm. and a weak one at 185 nm.

weighted_residuals_ existing b_etween the ﬁt. and the data Se%Ianifestation of multiple, non-resolved features are also
The quality of a fit can be judged numerically by tiyé resent at 270 nm, on the blue wing of the lowarB,

value obtained—in our fits the acceptable range was 0‘9§and. Single peaks can be seen in Ne at about 182 nm, Kr at

o 1.1. about 221 nm, and in Xe at 231 nm. The single short-
wavelength peaks in the M/RG systems parallel the single
3. RESULTS bands present on thep3P,—3s!S, transition shown on

right-hand side. Because of the spectral richness in the
Luminescence from the 3 p*P; level Mg/Ar system, annealing studies were undertaken to facili-
{ate assignment. With the large emission intensity in this

Figure 1 presents a summary of the luminescence spe ) A
system, detailed kinetic measurements have also been made.

troscopy recorded at 6 K for the low-energp®; state of
atomic magnesium isolated in the annealed solid rare gases. -

The spectral) shown in Fig. 1 are the excitation spectra M9/Ar on deposition

recorded by monitoring the emission bar{@s Also shown The complete excitation spectrum of the Mg/Ar 299 nm

in Fig. 1 are the locations of the singlep™®,—3s'S, and  emission is presented in the lower portion of Fig. 3 as re-
triplet 3p3P, — 3s!S, transitions of atomic magnesium in the corded for a freshly deposited sample. Five resolved excita-
gas phasé.Based on the spectral locations, the emissiortion bands can be seen in the high-energy region. The posi-
bands in the Ne, Ar, and Kr systems can be assigned to th#ons of these bands are at 226.7, 214, 204.5, 192.5, and 185
singlet transition. Measurement of the radiative decay timesm. An ill-defined number of unresolved features are also
of the emission bands at 370 and 470 nm in Mg/Xe hagresent on the lower energyp3P; —3s'S, excitation spec-
allowed assignmeht of the latter band to the tripletf§P, trum between 270 and 290 nm. The emission spectrum
—3s!s, transition and the former, to the singlet. Lifetime shown on the right was produced with 282 nm excitation.
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FIG. 3. Excitation bands recorded for magnesium atom emission at 299 nm 0 2 4. 6 8 10
in argon matrices before and after annealing. The emission bands shown on Time, ns

the right were produced with excitation at 282 nm. The gas phase positions

of the singlet $'P,;—3s'S, and singlet $'P,«3s'S, transitions are  FIG. 5. Semi-log plots of the intensity decay profiles recorded for the 298

shown by the vertical lines. nm emission band produced with excitation of the three dominant excitation
bands present in annealed Mg/Ar samples. The temporal profile of the syn-
chrotron radiation excitation pulse is shown @3, while (2), showing a

The results of annealing studies, used to identify the origin of'adua! decrease in intensity, is the decay profile.

the resolved high-energy features, are now presented.

and 185 nm excitation, no emission was observed in the low
Mgl Ar annealed 200 nm region which would correspond to diregh®,
The upper portion of Fig. 3 shows all the excitation —3s'S, emission.
bands of Mg/Ar recorded for the 299 nm emission after  Figure 5 shows the decay profiles recorded for the 299
sample annealing to 32 K for 30 minutes. From a comparisomm emission with the TCSPC technique by exciting at 282,
of the two panels in Fig. 3, one can see that the bands &04.5, and 192.4 nm. The decay profiles for the 282 and
226.7 nm and 214 nm in the spectrum of a freshly deposite@04.5 nm excitation are presented in a 10 ns time range,
sample are completely removed with annealing. Moreoverwhile the 192.4 nm excitation is shown in a 30 ns range. The
an underlying contribution to the baseline in the freshly desimplest decay profile is exhibited by 282 nm excitation, i.e.,
posited scan has been removed. This behavior is accompfiom the direct P, 3s!S, transition. As the excitation
nied by the removal of the 290 nm red-wing features on theenergy increases, the shape of the profiles changes under the
3p!P; excitation band?2) in Fig. 3. influence of the associated rise times and long decay compo-
Emission bands produced from each of the excitatioments. Table | lists the decay times and rise times extracted
features(204.5, 192.5, and 185 nmemaining after anneal- from fits to the emission decay curves. In agreement with
ing all have a maximum intensity at 298 nm, but, as showrearlier work®® the radiative decay time of the 299 nm emis-
in Fig. 4, they have a varying intensity in the red wing. It sion produced with B'P, excitation at 282 nm is found to
should be pointed out that with high energy 204.5, 192.5pbe 1.4 ns. This is represented byin Table | and found to
be present in the emission decay curves recorded for all three
excitation wavelengths. The decay curve produced with ex-

Wavelength, nm citation at 204.5 nm exhibits a rise time of 0.27 ns, which
290 300 310 320 produces the delayed appearance of the profile shown in the
L L L middle panel of Fig. 5. Excitation at 192.4 nm results in the
Mg/Ar same rise timg0.22 ng but with a long decay component of

20.8 ns in addition to the 1.4 ns radiative decay time. A
summary of the decay kinetics is presented in Fig. 6.

TABLE |. Emission decay times measuretd@K with the TCSPC tech-
nigue by exciting into the high energy bands observed for magnesium in
argon. The wavelengths listed are in units of nm, the decay times are in ns.
Rise times are shown underlined. The percentage yields of all the observed
components are also shown.

Intensity , arb. units

'3I3 I 3.2 3.1 Nex Nem Ty T2 T3 %(1) %(2) %(3)

PR Y

35 3.4
Energy, 104cm™ 282 299 146 - - 100 - -
2045 299 146 027 - 893 107 -

FIG. 4. The emission resulting from excitation of the major excitation fea- 192.4 299 1.43 20.8 0.22 86.2 4.6 9.17
tures present in annealed Mg/Ar samples.
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T.,Ns Given the strength of the three spectrally resolved high-
EZ NN 20.8 1 energy excitation bands in the Mg/Ar system and their cor-
“w } 4p'P respondence with features which are present but not resolved
D i) < on the high-energy side of thep3P; excitation band
~ 0.2 (around 270 nmy the high-energy features are tentatively
c ? N } 3p1P assigned as gt P, —3s'S, excitations arising from multiple
<0.1 c B site occupancy of atomic magnesium in argon. Of the three
g ol < e S excitation bands, the ptP, level assignment of the domi-
- 2RI | 1.46 nant band at 204.5 nm is the most definitive because of its
&é "E close proximity to the gas phase line at 202.58 ‘ithis
3 matrix transition therefore exhibits a small red shift-0463

A } 3s's cm ! from the gas phasep?P;«—3s'S, transition. In con-
trast, the 282 nm transition to thep3P, level is blue-shifted
FIG. 6. A kinetic scheme of the relaxation process of tER, excited by +399 cm® from the corresponding gas phase value at
state leading to emission from the lower-energy'B, level. Radiative 285.21 nm. This differential shifting of the excitation ener-
transitions are shown by solid lines, nonradiative transitions connecting the . f h' " . ; l . h
excited state levels are represented by broken lines. The time constant of tes for the two transitions is q_wte revealing, Smlce they
nonradiative process connecting the absort2&2 nm and emitting level ~ Share the same ground state. This suggests that slight repul-
(299 nm in the 3p'P, state is faster than the 0.1 ns temporal resolution of sjon dominates the Mg(p}lPl)/Ar interaction, while a slight
the measuring system. Levél is a resolved site splitting on thepaP, attraction dominates the Mgp&Pl)/Ar interaction.
excited state. Decay times of the emission produced with excitation of
the three high energy bands are presented in Table I. From
4. DISCUSSION the common _1.4 ns deca_y t?me exhibij[eq by .aII _three emis-
) o ) _sions, and given that this is the radiative lifetime of the
~ Mg/Ar has three high-energy excitation bands in the vi-3p'p, |evel, it can be stated that the terminating emitting
cinity of 200 nm, which have been shown in annealing studieve| reached in relaxation from thepP, level is the
ies (see Fig. 3 to be thermally stable. Examination of the 3p1p, |evel. The mechanism of this electronic energy relax-
term diagram for atoim|c magnesium reveals that for energiegtion is not known, but assuming a strongly attractive
Ies; than 50.000 cnt the states to b3e conflderedsln the Mg(4pP,)/Ar interaction, it probably involves a curve
assl,lgnmer;t of these bands arg'@ anq S,.Sd D and*D, crossing of a deeply bound Mgp4P,)-Arlll state by a
4pP and”P. Of these states the spin triplets can be ruledrepyisive Mg(3!P;) - Ar'S curve dissociating to thef#P;
0“} in absorption(excitation transitions froml the singlet state. The efficiency of this process can be judged by the fact
3s’S grOLirl1d state. Of the spin ?lnglets the™8 level at  that the emission from the P, level is completely
43503 cm * (229.9 nm and the 3D level at 46403 cm™  guenched. An assessment of the proposed relaxation mecha-
(215.5 nm are parity-forbidden in transitions from the pism awaits collection of spectroscopic data on the
groundS state, leaving the @*P level as the only one which Mg(4p*P,)- Ar'Il state of the 1:1 van der Waals complex.
can Cgilme with a large oscillator str?ngtm%cl)..84 However, the analogous doubly excited Mg&3P;) - Ar3S.
X 10°s™) to the ground state. ThepAP,3s'Sy transition  gate has revealed very strong binding interactions, but ma-

of atomic magnesium, which occurs in the gas pﬁaﬁe trix data has not yet been obtained on transitions reaching
202.6 nm is, because of its spectral proximity and its fullyinis state.

allowed nature, the obvious assignment, especially for the
204.5 nm band in Mg/Ar.

However, it has been observed in earlier matrix work on
atomic calcium that the transition to tH® level, which is Excitation spectra have been recorded in the vicinity of
parity-forbidden in the gas phase, becomes partially allowethe 4pP,« 3s'S, transition of matrix-isolated atomic mag-
in the matrix. This effect has been observed in absorption nesium for the first time. The strong 204.5 nm peak of
and excitatio®® work and is thought to arise from metal Mg/Ar closely matches the position of thep#P,«—3s'S,
atom occupancy in low-symmetry sites. It has also beertransition of atomic magnesium in the gas phase. Other
noted that the matrix shifts on thed3D,«—4s'S; transition ~ weaker peaks at 192.5 and 185 nm in Mg/Ar probably arise
are much smaller than on the corresponding®®, from spectrally resolved transitions of magnesium atoms
—4s's, transition and, as expected, the absorption strengthaith multiple site occupancy. On the basis of this assign-
of the former transition are about two orders of magnitudement, site splittings on transitions to thepP; level are
less than the fully allowedP,—'S, transition. Given that much better resolved than in the lower-energpB,
the gas phasedD — 3s!S transition of atomic magnesium «—3s!S; transition. The reason for the well-resolved site
occurs at 46403 cit (215.5 nn), a large blue shift of 2487  splittings is probably due to the stronger Mg—RG host inter-
cm ! would result for a 8*D, assignment of the 204.5 nm actions involved in the g'P; state than in the 8'P; state.
(48900 cm'Y) band in argon matrices. It might be argued thatOn the other hand, the reason for the particularly strong
this blue shift arises from a dominant Rydberg character iMp*P,«— 3s'S, transition in argon compared with the other
the 3 orbital. However, it is known that a blue shift of only rare gas matrices is not immediately evident.

399 cm ! occurs on the associategh™® state of Mg in Ar Emission from the p1P, level is not observed in any of
whose p orbital would be expectéd to have a more the Mg/RG systems following excitation of thep4P; level
“Rydberg-like” character than the @& orbital. but indirect emission from thef8P; level is observed. The

5. CONCLUSIONS
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The thermal conductivity of Cl#-Kr solid solutions is investigated at Gldoncentrations

0.2-5.0% in the temperature range 1.8—40 K. It is found that the temperature dependence of the
thermal conductivity has features typical of resonance phonon scattering. The analysis of

the experimental results shows that the main contribution to the impurity-caused scattering of
phonons is made by the scattering on rotational excitations of the nuclear spin T-species

of CH, molecules. The phonon-—rotation interaction parameter is estimate@00© American

Institute of Physicg.S1063-777X00)01909-3

1. INTRODUCTION cies concentrations only when the time of the experiment

. ) ) exceeds the characteristic conversion times.
The scattering of phonons by the rotational motion of

molecules in solids is much less understood than the phonon-
LT . . . . EXPERIMENTS
phonon scattering is. At the same time, there is experimental
evidence that the phonon-rotation interaction in crystals can The thermal conductivity of solid krypton and Kr—GH
significantly influence both the absolute value and the temsolutions(0.2, 0.5, 1.0 and 5.0% Cjiwere studied in the
perature dependence of the thermal conducti¥ity At low  temperature range 1.8—40 K. The krypton used had the natu-
temperatures this effect can be predominant in systems wittral isotopic composition and a chemical purity of 99.94%
low-lying energy levels of the rotational motion of mole- (the impurities were 0.042%JN0.012% Ar, and 0.005%4D.
cules’ Quantum molecular crystalésolid hydrogen and The chemical purity of the methane was 99.99%. The
methane isotopgsand solutions of simple molecular sub- Kr—CH, mixture was prepared in the gas phase at room tem-
stances in matrices of solidified rare gases belong to thperature.
above systems. To study the influence of molecular rotation  The crystals were grown from the liquid phase in a cy-
upon the thermal conductivity of crystals, we chose solutiondindrical stainless-steel container 38 mm long and 4.5 mm in
of methane in solid krypton. inner diameter. The growth rate was 0.07 mm/min. The tem-

Krypton and methane have close parameters of particlperature gradient 0.18 K/mm was kept constant. The grown
interaction and can therefore form a continuous solid solusample was cooled down to 30 K at a rate of 0.15 K/min, the
tion over a wide range of concentratiots. gradient being the same.

The energy levels of CHrotation in the Kr matrix are The thermal conductivity was measured using the
arranged in such a wit*®that the phonon-rotation interac- steady-state techniqdé.The total time taken to reach the
tion can strongly influence the thermal conductivity at low steady state and to measure one value of the thermal conduc-
temperatures. This is favorable for reliable separation of thisivity varied with temperature fim 2 h at 40 K to 20 min at
interaction contribution to the thermal resistivity of the solu-the lowest temperature. The temperature dependence of the
tions. thermal conductivityK(T) was taken at successively lower

The relative simplicity of the particles in the solution temperatures. As an example, Fig. 1a shows the time depen-
and the high symmetry of the host lattice, along with infor-dence of the average temperatdr@) which was obtained
mation available about the rotational spectra of the, @tdl-  while measuring the thermal conductivity of the sample with
ecules in the Kr matrix, make the description and interpretad % CH,. The dependence$(t) let us know whether the
tion of the thermal conductivity results comparatively easy. concentrations of the nuclear spin £species come to equi-

Finally, the quantum character of the Ckdtation in the  librium during measuremenr(isee beloyw. The temperature
matrix attracts even more attention to this system. The methdependence of the thermal conductivity was also taken on
ane molecule can exist in the form of three nuclear spirthe 1%CH sample at rising. TheK values measured at the
species—E, T, A, the total nuclear spins being 0, 1, and 2sameT points under rising and falling temperatures varied
respectively. Each species has its own systematics of rotavithin the random experimental err8—5%). In the sample
tional energy levels. The behavior of the impurity subsystenwith 0.5% CH, the thermal conductivity observed a K re-
of the CH,-Kr solution is dependent on the concentrations ofmained unaltered when the crystal was warmed to 13 K and
the above species. The characteristic time of conversion dhen cooled rapidlyfor 5 min).
the nuclear spin species in the solution increases with de- The thermal conductivity data for pure Kr and for Kr
creasing temperature and reaches several hours at heliunth four CH, concentrations are shown in Fig. 2. In the
temperature$® We should remember that the experimentalhigh-temperature regionT¢>20K) the results for pure Kr
results correspond to the equilibrium distribution of the spe-agree well with earlier dat®:1°In the vicinity of the thermal
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FIG. 1. Correlations between the temperature of the crystal and then@lécule distribution in nuclear spin speci@histrated for a Kr sample with 1% CH
admixturg: dependence of the average temperature on time during measurement of thermal condegtiwte dependence of the equilibriudashed
lines) and calculatedsolid lineg concentrations of the species A in the impurity subsystem equilibrium (dashed linegsand calculatedsolid lineg
concentrations of nuclear spin species as a function of temperatyre,(T;) and n(T;) are the “frozen” concentrations of species A and T for
T=4.6K.

conductivity maximum th& value is about twice as high as distinct in the solution with 5%CHH TheK(T) curve with a
in Ref. 19, which may be attributed to the better quality of maximum & 5 K which is typically observed for pure Kr
our crystals. The thermal conductivity of solid Kr with GH  deforms into a curve with a dip near 8 K. This sort of dip is

admixtures has not been studied before. usually caused by the resonance scattering of phonons.
The thermal conductivity measured on our crystals is
3. RESULTS AND DISCUSSION described within the Debye model:
It is seen in Fig. 2 that the CHmpurity strongly sup- kg <k8)3 3J'®D/T TrotX e @
i = — —dx, 1
presses the thermal conductivity and alters the character of 02| 0 (e—1)2

its temperature dependence. The latter feature is especially
wheres is the sound velocity® 5 is the Debye temperature,
x=hwl/kgT; and 7,y is the total phonon relaxation time for
i all resistive processes. The relaxation ratgl of the

4 [ Kr—CHj, solution is a sum of the relaxation rates of pure Kr
2

and CH-induced phonon scattering:

“1_ -1, 1
- Tiot = Tkr T TCH,:

X
E 1L The phonon relaxation rate of Kr includes the terms de-
§ : scribing phonon—phonon scatterind) processes 7%,
A . boundary scatteringgl, scattering on dislocation@}sl, and
v 04 Rayleigh impurity scatteringi;q%:

» ™ A
L (¢}
* -1_ -1 -1 -1 -1
0.2- M T =Ty + 75 +Tdis+Timp' (2)

¢ The rates of the above mechanisms are described by the
0.1 P B e expressiong®
1 2 4 6 10 20 40 80 .
T K Ty =Aw’Texpb/T), (3)
5 =5l (4)
FIG. 2. Temperature dependence of the thermal conductivity of put©Kr B !
and Kr with CH, admixtures, %: 0.2@), 0.5(H); 1.0(A), and 5.0( ¢ ); the 1
solid lines are calculated curves. Tgis = D, (5
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_ v -
Tith Z mw“. (6) 79.8 T1T2 ,T2T1
Herel is the characteristic mean free path determined by the 70.1 _ﬂz_
grain sizes in the sampld:=c(AM/M)?, wherec is the
concentration of point defectd/ is the mass of the host = -
particles, andAM is the mass difference between the host 55.7 T A2 A2T
and impurity particles. 50 |-
The parameters of relaxation time in pure Kr obtained by _
fitting to the experimental results are as follows: 395 ToTo
U processestA), s-K 1 4.41< 1016, < _ —
(b), K 15.77, e 58.2 ETo ToE
Boundary scatteringl), m 1.87x10°°, '
Scattering on dislocation$D) 2.09x10 4,
Impurity scatteringi(I’) 6.1x 104 T T
11.5 L
The isotopic scattering parametErwas not fitted but )
calculated from the concentrations and molecular weights of A K1A1
the impurities. The contribution of the,Nind G rotation to OO E—

the thermal conductivity of pure Kr was not estimated be-
cause of a lack of information about the rotational spectra ofiG. 3. Rotational spectrum of GHnolecule in the Kr matrixcrystal field
N, and G impurities in the Kr matrix. In fact, this contribu- symmetryOy,) for three nuclear spin speci¢according to Ref. 14

tion was effectively taken into account through selection of

the other scattering parameters. The efficiency of this proce-

dure is evident from the good agreement between the calCyittarent for each level. When the phonon—rotation interac-
lated curve and the experimental data for thermal conductivg, ig absenty=0. For a weakly hindered rotatiop must

ity of Kr (Fig. 2). _ _ be much smaller than unity.
The CH, molecules contribute to the phonon scattering e experimental information about the rotational en-

not only because their masses are different from those of thgrgy spectrum of CElin crystalline Kr concerns only the

host atomsRayleigh scatteringbut also because their rota- f5¢ three excited levelénelastic neutron scattering d&a
tional excitations come into interaction Wlth_lphonons These data refer to the low-energy part of the spectrum and
(phonon—rotation interactionThe expression forcy, can 516 not sufficient for calculatingcy;, over the whole working

therefore be written as a sum of the relaxation rates of thesgyiorya| of temperatures. The energies of the rotational levels

mechanisms: of the CH, molecule in the crystal field of Osymmetry were
“1_ -1 -1 calculated as a function of the field strengtH®We used the
7-CH4_ 7'Rayleigh Trot - ( )

spectrum of Ref. 14Fig. 3) corresponding to the crystal

The analysis of phonon scattering by a rotating molecule,ﬁeld in which the ener.gies of the low-lying excited levels are
is a sophisticated theoretical problem. The mechanism oft 900d agreement with experimental values. o
phonon scattering by an impurity with two energy levels was S Was mentioned above, GHnolecules can exist in
consistently described by Klefi? The expression in Ref. 3 thrée species—E, T, A. They differ from each other by the
was used to interpret the dips in the temperature dependen{d@l nuclear spiri0, 1, 2, respectively Since the character-
of thermal conductivity of alkali halide crystdl§ and of ISHC phonon scattering relaxation times are many orders
solid argon with admixture¥ While describing the phonon otgnagmtude shorter than th.e conversion tlme,.we can.wnte
scattering on Ciimolecules, we should take into account the 7oy @S @ Sum of expressiof®) for each spin species
occupation of the rotational levels, which is dependent o'« (a=ETA):
temperature. We used Klein’s expressiom write the relax- . _
ation rate of the phonon—rotation interaction as Trot :CEC; No(T)7, ", )

B 2 S yf(w/wi)4 ® wherec is the 'CI-L concentratiqn in the Kr matrix and, is
" 3ap(w) F [1-(wlw)?P+ yiz(w/wi)e' the concentration of species in the impurity s_L_Jbs_ystem. _
The temperature dependence of the equilibrium species
where p(w) is the phonon density normalized to unigjs  concentrations corresponds to the Boltzmann distribution.
the occupation of the ground state;=E; /% is the reso- However, the equilibrium distribution may be disturbed sig-
nance frequency, ard] is the degeneracy of the excited state nificantly when the temperature changes during an experi-
with energyE; . ment. According to Ref. 16, the characteristic time of ,CH
The parametely; describes the relation between broad-conversion in the Kr matrix increases with decreasing tem-
ening of the rotational energy levels induced by the crystaperature and is 3.5 hours at 2 K.
field and the energy difference of these levels. This is the  The temperature dependences of the equilibrium E, T, A
basic parameter of the phonon—rotation interaction in Klein’sconcentrations are shown in Fig. 1c. It is seen that species A
model. In Refs. 3 and 4y was used as a fitting parameter predominates at low temperatures. In Fig. 1c the equilibrium

T71
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species-A concentratioms, . are compared with the corre-
spondingnaexpy Observed in our sample with 1%GHThe
Nacexp) Values were calculated from the thermal prehistory of
the sample using the parameters of Ref. 16 for, Cbhver-
sion in the Kr matrix.

In our experiment the distribution of the molecules in
spin states comes to equilibrium above 6 K. At lower tem-
peratures the concentration is considerably different from its 0.8¢
equilibrium value. The reason is that at these temperatures
the characteristic conversion time is several times longer
than the characteristic time of a thermal conductivity mea- 0.6

. X
suremeni(Fig. 1b and 1&

To take into account the deviations of the spin species
concentrations from the equilibrium value, we calculated the
thermal conductivity within the following model: A charac- 04
teristic temperaturf; (‘“freezing temperature) was intro-
duced. It was assumed that abovgthe spin species con- T, K
centrations had the equilibrium values. BeloW the

concentration of a species is assumed to be constant aﬁ&3.4. Comparison of expenr_‘nental data and calculatt_ed thermal conductiv-
ity curves for a Kr sample with 0.5%CH The calculation was done for

Corr?sponding to the quilibripm diStribUtiQn BET;. The various values of the “freezing” temperatufie(with index f): equilibrium

feasibility of the model is evident from Fig. 1c. The most distribution in the whole region of measuremenis(with index f)=0K

suitableT; is expected to be 4.3-5.0 K. (curve 1); T (with index f)=4.6 K (curve 2) and T (with index )=10 K
To bring the calculated and experimental temperaturd®"¢%:

dependences of the thermal conductivity agreement, we used

the fitting parametery (phonon—rotation interactiorand!  ental and calculated temperature dependences of the ther-

(boundary scattering The intensity of the Rayleigh scatter- 1,4 conductivity for the sample with 0.5%GHThe calcu-

ing by a CH, molecule was calculated to i8=0.65%. The  |5i0n was made assumin@) an equilibrium distribution of

parameters of the other scattering mechanisms were the safg spin species in the whole measurement regianT;

as for pure krypton. The parameters obtained by fitting at-4 g k: (3) T;=10K. The agreement is good &f;

T:=4.6K for different CH, concentrations are as follows: —4 K. The concentrations,(T;) andn(T;) of the A and

CH, concentratior(c), % 0.2 0.5 1 5 ;I;]si:)iciles _a;t t2i56tsr$lperaturg are tsr:own in I;ig. .1;:. Itis szen
. at belowT=4. e experimental curves deviate consid-

Boundary scatt%réng 299 445 522 188 erably from the equilibrium curves. Above 20 K the calcu-

parametexl), 10 "m lated curves run above the experimental ones. The discrep-

Phonon-rotation interaction0.029 0.027 0.029 0.023. ancy may be attributed to the fact that our simple calculation

parametely) model does not include rotational levels whose energies ex-

ceed 70 K.

It should be noted that the model used did not take into
account the role of Clclusters in phonon scattering. We
actually assume identical energy spectra and conversion rates
. el Wer clusters and isolated molecules. This simplification might
observed this on the sample with 5%§H be most conspicuous in the low-temperature part of the curve

The calculated curves are shown in Fig@”d Iines).- . taken on the sample with 5% GHNevertheless, the model
The model proposed provides a good quantitative descriptiofegcribes the thermal conductivity of this sample quite well.

of the mgasured thermal conductivity and reproduces t_he fedy this context it would be interesting to study the low-
tures of its temperature dependence. The model permits us {@mherature thermal conductivity of higher-concentration
compare the contributions of two mechanisms of phonorkr_CH4 solutions.
scattering on Cl molecules—Rayleigh scattering and the
scattering induced by the phonon-rotation interaction. For We are grateful to Prof. R. O. Pohl, Dr. V. A.
example, aff =8 K the contributions of these mechanisms to Konstantinov, and O. V. Sklyar for helpful discussions.
the thermal resistivity are 0.2 and 2.5 YW, respectively;
i.e., the rotational scattering predominates. *E-mail: dudkin@ilt.kharkov.ua

The contribution of the T species to the resonance pho-
non scattering is dominant below 20 (Kee Figs. 2 and)3
The dip in thel curve at 6-20 K is QUe to the reSONaNCei t \waiker and R. O. Pohl, Phys. REAB, 1433(1963.
phonon scattering on low-energy rotational excitations of the2y. Narayanamurti, W. D. Seward, and R. O. Pohl, Phys. R 481
T species. Belw 6 K the behavior of the thermal conductiv- _(1966.

ity is determined by the highe&nonequilibrium} concentra- ﬁ'gggRose”ba‘Jm' C. K. Chau, and M. V. Klein, Phys. R&86 852

tion qf the T S.peCies- “D. P. Singh and G. S. Verma, Phys. Rev4B4647(1971.
Figure 4 illustrates the agreement between the experi®V. G. Manzhelii, V. B. Kokshenev, L. A. Koloskova, and I. N. Krupskii,

An increase in the impurity concentration usually leads
to degradation of the crystal quality, which in turn is respon-
sible for the decrease in the paramdtetthe characteristic
mean free path determined by the boundary scattering.
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The magnetic properties of oxygen pair clusters are investigated theoretically for different cluster
geometries which can be realized by doping molecular cryomatrices with oxygen. Anomalous
temperature and pressure behavior of the magnetic susceptibility, heat capacity, and entropy is
predicted. It is proposed to use these anomalies for studying the parameters characterizing

the oxygen clusters and the parameters of the host matrix: the effective spin-figure interaction
constantD for the molecule in the matrix, the exchange paramét@mnd the number of

pair clustersN,, which can deviate markedly from the purely random vaie=6N c® (Nis
Avogadro’s number, and is the molar concentration of the impurjtyThe data on the

magnetic susceptibility may be used to analyze the character of the positional and orientational
short-range order in the solid solution. The valueDo€ontains information about the

orientational order parameter; the distance and angular dependence of the exchange interaction
parameter are still subject to discussion in the literature. The temperature dependence of

N, contains information about diffusion and clusterization processes in the systerf200®
American Institute of Physic§S1063-777X00)02009-0

1. INTRODUCTION renormalized by librational motion of the oxygen molectle.

. . With increasing concentration of the impurity, an ob-
The study of the properties of cryocrystals doped with

. L " i servable number of clusters of exchange-coupled molecules
impurities is a well-known source of information about the

impurity molecules isolated in the matrix. At the same time’appears. Their appearance affects the position and magnitude

rich information can be extracted from these studies on th&' the impurity anomalies, since the magnetic spectrum of a
matrix lattice dynamics and about the interaction of impurityCluster differs from that of a single molectié.
molecules with the matrix and with each other. Some further information on the impurity spectrum in
Among of the most interesting in this respect are oxygerN2—0; solid solutions was obtained in EFR optical;**!
molecules, which are frequently employed as a probe ofind thermal conductivity studies.
properties of atomic and molecular cryocrystals. As we  There are several experimental studies of the magnetic
know, G; in the electronic ground state has sfin1 and is  susceptibility of cryocrystals doped with oxygen impuri-
therefore paramagnetic. The triplet ground state of ;' ,  ties}*~*°but in the absence of a theory of the magnetic prop-
is split by the intermolecular spin-spin and spin-orbit inter-erties of such solid solutions, little information was extracted
actions into a singlet withM=0 and a doublet with from these studies. At the same time, magnetic systems con-
M==1. The splitting for the free particléthe so-called (aining magnetically active molecules or molecular groups
spin-figure constantamounts toDo=5.71 K'l_ Upon intro- ¢an exhibit unusual magnetic properie¥ as compared
duction of G into a cryocrystal matrix, quasilocal levels ap- with ordinary magnets. In addition to solid oxygen and

pearin th? low-energy part of the spectru_m. .AS a rgsult, SucBxygen-containing solid solution of cryocrystals, some alkali

crystals display low-temperature anomalies in their thermal : .

optical, and magnetic properties hyperoxides are examples of such magnetic systems. The
' ) magnetic Hamiltonian in this case contains a new parameter,

One of the most studied is the,NO, system. Studies by h led b lecul F i bedded
Burford and Gracharf, Sumarokovet al,® and Jeawski the angled etween' molecular axgs. or .matrlx-em edae
oxygen clusters this parameter is matrix-dependent. For

et al* were devoted to the specific heat and thermal expan® _ i )
sion of solid nitrogen containing oxygen impurities. The €xample, in the case of a fluorine matrix, the angle close
anomalies found in those works correspond satisfactority t60 Zero (the collinear clustgr for an a-nitrogen matrix,

the Schottky curve with a twofold degenerate upper level and/=arcco$1/3), and for ay-nitrogen matrix, =/2 (the
splitting D=5.14 K. The difference betweel andD, re-  orthogonal cluster

sults from the fact that the effective magnitude of the spin-  Unlike the heat capacity studies, magnetic measurements
figure constant for the embedded molecule in a crystal i€an be performed in high-pressure conditions, which makes

1063-777X/2000/26(9-10)/11/$20.00 767 © 2000 American Institute of Physics
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it possible to use oxygen molecules as a probe for cryocrys- The energy corrections to the eigenvalues of the unper-

tals under high-pressure conditions. turbed Hamiltonian can be written in the form of a series in
In this paper we obtained exact analytical expressionshe magnetic field:

for the contribution of a pair oxygen cluster to the magnetic o

suscgptipility as a function of the parameter; of the magnetic E(H)= Ef°)+ E (wsg) a; HX. 2.9

Hamiltonian—the intermolecular exchange interaction con- k=1

stant, the spin—figurg constant, and the ar‘@leeMeen the Taking into account the relations

molecular axes. It will be shown that the magnetic suscepti-

bility is very sensitive to changes in these parameters, and it  JE; . 1

is this sensitivity that makes the magnetic susceptibility an (9_H:k21 (meQ) aikH"

additional convenient characteristic for studying properties

of both the host matrix and oxygen clusters. The most pecu-  52E, ) s

liar anomalies in the behavior of the magnetic heat capacity W:k; (rp9)ajk(k—=1)H*"%, (2.10

and magnetic entropy will be discussed in brief.

©

©

we get the final expression for the zero-field magnetic sus-

ceptibility

2. GENERAL EQUATIONS (a%)
il

T _2<ai2>]v (211

_ 2
The spin Hamiltonian of an exchange-coupled pair of X(Dh=0=(k80)

i3
oxygen molecules can be written®ds where

H=Hst+ Hex; 2.0 1
2 <ai21>222i af exp(—E;/T);
Hs=D (51'n1)2+(52'n2)2—§S(S+1) , (2.2)
1
He=3S51-Sy, 2.3 (aiz)= 7 2 i exp —E/T); (2.12

where D is the spin-figure constan§ are spin operators
(S=1), n; are the unit vectors of the molecular axes, arsl
the exchange interaction constant.

In a magnetic fieldHd=Hj, wherej is the unit vector
along the magnetic field, the Hamiltonid®.1) acquires an
additional term, the Zeeman energy E aile*ﬁEiO:O. 2.13

I

Hz=—pgH-($,+S,), (2.4
where g is the Bohr magneton arglis the splitting factor. T.hus the zero(;field magnetic suspgptibility is defined. by the
An exact analytical expression for the zero-field mag_elgenvaluesEi( )'and by the coefficients;, and a;, which
netic susceptibility for the system described by the Hamil-determine first- and second-order corrections in the perturba-
tonian (2.1) can be obtained by using perturbation theory,tion theory.

with Eq. (2.1) as the unperturbed Hamiltonian and the Zee-  The eigenvalue&(®) determine the magnetic part of the
man interaction tern{(2.4) as the perturbatiotf The total impurity contribution to the heat capacity and entropy. The

The last term in Eq(2.8), which is the squared magnetic
moment, vanishes in the limit of zero magnetic figlere is
no spontaneous magnetization in the system under consider-
ation), i.e., the following equality holds:

Hamiltonian for the system in the magnetic field is magnetic heat capacity is given by the expression
Hior=Hst+ Hex+ Hz . 2. C 1
tot— /st ex T 1z . (2.9 k_m: —2{<E2)—<E)2}, (2.149
Let E;=E;(H) be the set of eigenvalues &f,,. Then B T

the free energyF, the magnetic momemd, and the magnetic
susceptibilityy are given by the equations

where

<E2>=%2 EZexp(—E/T);

F=-TInY, e FEM); (2.6)
I
_T I B e <E>=12 E; exp( —E;/T). (2.15
TOHT z< R 27 24
) In a similar way, the magnetic entropy is given by the ex-
ML PR e pression
T So_, . (E)
) ) k—B=InZ+ ? (21@
B3 (B s Bls Besen | »
Z<5 \oH 72| oH Thus Egs(2.11), (2.14), and(2.16) give the contribution of
2.9 the discrete set of magnetic energy levels to the magnetic

susceptibility, magnetic heat capacity, and magnetic entropy,
where 8=1/T,Z=3; exp(—E;/T). respectively.
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‘ z Replacing the Cartesian spin components defined in the in-
z, trinsic coordinate systems by cyclic spin components accord-
ing to the relations:

Zy

Lo o e
Slxlzﬁ(sl_sl)v SZXZ‘/?(SZ S);

6/21 06/2

Slyfé(sﬁsf): SZyzzé(Sz_"”S;); 3.2
we transform the HamiltoniafR.1) into the form
i 2
X H=D| S, +S5, ~ 3S(S+1) +J{ S12,S2,, C0S0

~ N 0 o 0
—(sls;+sfsz)cos’-5—(slsz+sl+s;)sm2§

. (33

1 - + — + :
(8, — S8y, (S; ~ $]) Sy Ising

FIG. 1. Coordinate systems related to the molecular axes. ) )
From the nine state$Sy, )[S,,,) of the Q,—O, pair

(Slzl, $2,,=0, +1) that realize the reproducible representa-

3. SPECTRUM OF EXCHANGE-COUPLED O,—0, PAIR IN tion
ZERO MAGNETIC FIELD

F:4Alg+ ZBlg+ Bzg+ 2839, (34)
In order to calculate the coefficients; and aj; On€ o can form 9 orthonormal basis functiods that transform

needs to have a complet.e sgt of eigenvectors and eigenvalugécording to the four irreducible representations of the group
of the unperturbed Hamiltoniaf2.1). D,;, (see Appendix A

f'I'he shymr_netr% group of th?j Hamlltqg'a('i-_l) 'ShDZh o Because of the symmetry, the matrix elements of the
(Re_. 7 that is, t e system under consideration has threg,miionian (3.3) between stated; that transform accord-
mutially perpendicular twofold symmetry axes. Let us trans+, 1 gifferent irreducible representations are zero. As a

form the coordinate system in such a way that allow us Qg 1t the Hamiltonian matrix in the basis of the functibp
use the symmetry considerations explicitly. First of all, We ssumes the block-diagonal form

execute a parallel translation, making the centers of mass of

the molecules coincide. This transformation does not change HBZQ 0 0 0
the symmetry of the Hamiltoniaf2.1) and thus does not
. 0 Hg 0 0
change the spectrum of the system. Then it is natural to H= 1g 3.5
choose the coordinate systeqy,zwith the molecules lying 0 0 HBSg o |’ '

in thexzplane and with the axis directed along the bisector
of the angle between the molecular axes.

Let us introduce two intrinsic coordinate systemsyhere
(X1,Y1,21) and (»,Y»,2,) with the localz axis rotated with
respect to the axis by the angle- 6/2 in thexzplane, so the
local z; axis is directed along the axis of théh molecule
(Fig. 1. The relation between the components of the spin Hg :(
operators in the fixed and rotated coordinate systems are: 19

0 0 0 Hay

HB :D+J;

2g
D—Jcosé —Jsing
—Jsind 2D+Jcosd)’

s _s 0 . 0 D+Jcosé Jsing
1x = S1x, 0055 ¥ 51z, SNG: Mey=| Jsing  2D—Jcose)’
Syy= Slyl; 0 -J Jcosé 0
P -J 2D Jcosé 0
S12= ~ Six, SiN5 + Sy, COS7; Hayy= Jcosf Jcosd 2D —v2Jsiné
0 0 —v2Jsiné D-J

0 i 36

Sox=Szx, 008, ~ Sz, SiN5 39
The constant term (2/8S(S+1), which determines

Soy=Szy,; the reference level for the spectrum, was omitted in trans-

forming the Hamiltonian(3.3) into the form Eq.(3.6).
For two interesting case%)=0 (the collinear cluster

N 0
S2x= Sax, SING + S5z, €05 - GD ando=mi2 (the orthogonal clustgrall the unperturbed eig-
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envectors and eigenvalues can be found in an explicit ana- 3 —
lytical form, which in turn permits finding analytical expres-
sions for the zero-field magnetic susceptibility. In the general
case, analytical expressions can be found for the eigenvec- 2 a
tors and eigenvalues corresponding to representaiaps
Byg, andBgg, and the rest can be found by numerical di-
agonalization of the Hamiltonia’i'=|{A1g [Eq. (3.6)]. The eig-
envectors and eigenvalues are given in Appendix B.

The spectrum of an exchange-coupled pair of oxygen
molecules as a function of the paramedéb for different
angles between the molecular axes is shown in Fig. 2. Figure O+
2a illustrates the sensitivity of the spectrum to the parameter
6. Figures 2b and 2c give the spectrum as a functiod/bf
for the collinear and orthogonal cluster, respectively. In the -1 -
regionJ/D<1 for all anglesd, the spectrum of the cluster is 0O 02 04 06 08 1.0
close to the spectrum of noninteracting molecules, and the cos 0
effect of the exchange interaction is small. In the opposite

limiting caseJ/D>1 the behavior of the spectrum is also in —
fact universal for all angles. In the limid/D—c< the nine 3t cos 6 =1
levels of the €3 ;) (3%,) ground state of the pair split into
a quintet of energyt J (states with the total spin of the pair 2 b
S=2), a triplet of energy—J (total spin of the paiS=1),
and a singlet of energy 2J (total spin of the paiS=0). In 1
the regionJ/D~1 the spectrum of the cluster depends es- Q
sentially on the angle between the molecular axes. ! 0
At low temperatures the thermal properties of the system
(the heat capacity and the thermal expansane determined 1t
primarily by the gap between the ground state and the first
excited state of the systethE. This value depends essen- ot
tially on both J/D and 6. Near = w/2 there is a certain
range off where the two lowest levels as a functionJdD -3 . . . :
intersect. At 9= /2 the intersection takes place atD 0 03 06 09 12 15
=3/4 (Fig. 20. J/D
It is this sensitivity of the low-temperature thermal prop-
erties of the system to the position and to the value of the
energy gapAE as a function of)/D and 6 that was used in r
Refs. 3 and 7 to obtain information about the dependence of 3| cos 6=0
the exchange interaction of oxygen molecules on both the
intermolecular separation and the intermolecular orienta- 2 c
tions.
As will be shown below, the zero-field magnetic suscep- 1
tibility is strongly J/D- and #-dependent; as a result, the Q
low-temperature zero-field magnetic susceptibility can be w Of
used as a source of information on the peculiarities of the
0,—0, exchange interaction. -1t
4, ZERO-FIELD MAGNETIC SUSCEPTIBILITY -2}
4.1. Collinear O ,—0, cluster (#=0) -3 . . ) .
Transverse susceptibilitfy,,=xyy). The spin spectrum 0 03 06 09 1215
of a collinear Q—0, cluster consists in general of three dou- J/D

blet levels and three singlets. In the limitD=0, corre- _

sponding to a pair of noninteracting molecules, the nine |eVEIG. 2. Energy spectra of exchan.ge-coupled pair oxygen clusters. Depen-
s of the svstem are split into the around-state singlet anaence of the energy spectrum on: the angle between the axes of the mol-

e Y ] p e 9 9 cules 0/D=1) (a); J/D for the collinear clustetb) and for the orthogonal

two quadruplets; in the opposite limifD = the spectrum  cluster(c).

consists of a singlet, a triplet, and a quint€ig. 2a. An

additional degeneracy occurs #D=1/2 andJ/D=1. All

these particular cases should be considered separately.

It is easy to check that all the energy corrections of the )
first order are zero: AE =(Vi|Hz | ¥;)=0. (4.9)
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The energy corrections of the second order can be founthe condition of applicability of the perturbation theory, i.e.,
from the equation the separation between levels, which we consider as belong-
ing to different zero-order energies, should be large com-

) 2
AEEZ):2 w (4.2)  pared with the perturbation energy. In the cds®—0 the
ki Ei—Ex separation between the levels which tend to form quadruplets
in the case of nondegenerate levels; in the case of doubl@C€S 0 zero a3, so the following inequality should hold:
Ievels. the energy corrections can be found from the secular J> upgH. 4.8
equation ) . . .
Thus, in passing to the limitd/D—0, H—0 in Eq.
H?"H 2 HIVHY (4.7), we must take them in such a way that the inequality
i EO— _AE Hz +|¢m E©O _ g(0) (4.9 is obeyed.
mT oo, WhenJ/D—0, D#0 the limiting values of tha(? and
HYHO" HYHY ) E© are as follows:
Z 0) 2 0) <0>_AE( )
TEY-EY FhES-E @__ 2 Co_g A@_,@__ L.
4.3 ' ="p Eg'=0; a;”=ay = D
whereWV; and Ei(o) are listed in Appendix B. ) ) o o o "
As follows from Eq.(4.1), aj’=a}?’=0; E{=E{=E{=E{=D;
1) _ H-
ai( )_0, i=1,2,...,9. (44) a(sz)za(sz):agz):agz):%;

After finding the matrix elements with the help df;
givenin Appen((jg B, we get from Eq#&4.2) and(4.3) the set EQ=EQ =P =E=2D. (4.9
of coefficientsa,
As a result, we get

1
2)_ ~(2) _ . 2)_n-
a?=af’=—5: a’=0; 1 1-¢e#P

1 =4 pp9)?s (4.10

D 1+2e 4P’
3 5 6 "D’ which is twice the transverse susceptibility for a molecule
described by the Hamiltonialy=DS2.

2
(0) - WhenD—0, J#0,
2 J+2E7 ) 3 9 32\¥2 3311
=5 1 “b%4p: “2b| a?-_ 2 g0y, 2p.
3+ 5 (EY)? TTD e
n 5 a@?=0, Eg(0)=-2J. (4.11)
J+—E§30)) 24112 -1 A It t
2 ) 2 {( J 93) +3\]} . s a result, we ge
8 D _ 1 D 4D? 2D| 253
24+ Z(E)2 B 2& _ 1+5e
2(Es) X =2pmegpe P (412
a§12)= _ 5—(a<72)+a§32)). (4.5 which is the magnetic susceptibility of a Heisenberg antifer-

romagnet pair cluster.

In the low-temperature lIMBAE>1, whereAE is the
gap between the ground and the first excited levels, taking
into account only the two lowest levels, we get

X (T—0)=2(ugg)?as?|

Taking into account that all tha{") coefficients equal

zero[Eq. (4.4)], we find that the transverse zero-field mag- w!14 1 _9 exr{ _ E)
D|aj”| T

) 1/2 J

A sum rule holds for the coefficient? :

> a®=0. (4.6)

netic susceptibility for a collinear cluster is described by the
expression
- = 4.1
5 (413

whereal® is defined by Eq(4.5).

Let us consider now the limiting case¥D—0 and The zero-temperature limit
J/ID—x. Generally speaking, since the spectrum for each of
these cases has a structure that differs from that considered
above, each of them should be treated separately. In fact, the , (T=0)=4(ugg)>
result may be obtained from the same E47) if we find the
corresponding limits. Really, the only condition to be met is

s a?e PE! A=(D2—DJ+—J2

4
_ 2
Z(MBg) Ele BEiO . (47)

1 2
1 Ser]

J2+ E(E%O))Z
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12

D2-DJ+ +J?

X
4

-1
+ 55} ., (4.19

where the ground state energy

1 9 1/2
E8=+D—EJ—(D2—DJ+ZJ2) . (4.15
In the limiting case of small and largéD we get
1-2 J J <1
) b/ D
X (T=0)=(ug9) D) 2/D\® 3 . - (4.16
8113/ b~

Thus, at small/D, the zero-temperature transverse suscep-

tibility decreases linearly with rising/D, but at large] this
quantity is practically suppressed.

In the high-temperature limiBAE>1, expanding Eq.

Freiman et al.

The high-temperature expansion has the form

_4 21 1 lD 23 1
Xzz=3 (kB9 F11-{ 3D+ 3T
+ 1D2+4DJ 1J2 ! 4.2
At J=0 Eq.(4.20 reduces to
e AP
=4us9)’F (424
XZZ B T 1+267BD,

which is the longitudinal susceptibility for two noninteract-

ing molecules.

At D=0, Eq.(4.20 reduces to Eq(4.12), the magnetic

susceptibility of a Heisenberg antiferromagnetic cluster.
Average susceptibilityThe average or powder suscepti-

bility is given by the expression

(4.7) in powers of inverse temperature, we get corrections to

Curie law:
_4 2l lD 2J 1
XL_§(MBg) TP~ 397

1, 2 1,01
—| 1gD?+ DIt g 2t (4.17

18 9 6

The expression in curly brackets gives the corrections to the

Curie law.

Longitudinal susceptibilityAs in the case of the trans-

verse susceptibility, the coefficiens> and a/® can be

found from the first- and second-order energy corrections. As

a result, we arrive at the following sets of coefficieafs’
anda{®:

alV=ai’=1, aj’=2; aM’=aj’=-1;

al=-2; al=al’=a!’=o. (4.18
All the coefficientsa(® vanish in this case:

a?=0, i=1,..9. (4.19

Substituting the coefficienta(® from Eq. (4.18 into Eq.
(2.11) and taking into account Eq4.19, we arrive at the
following expression for the longitudinal susceptibility:

_ 1 2

X=3XT3X0- (4.29

In the general casg is given by Eqs(4.4), (4.5, (4.7), and
(4.20.

The low-temperature asymptotic expression §ois

i,

Whereagz) is defined by Eq(4.5 andA, the gap between the
ground and the first excited levels, is given by E413.

At zero temperature in the limiting case of small and
largeJ/D we get

. 2
X(T—>0)=§(MBQ)2[ 2|ay|

1
+| 5 +2lag]

! 2
Dlay’|

J J
B 8 1 (1—25), 5 <1
XT=0)=219’59 4 p\3 3 (4.27
81 3) » pol

The high-temperature asymptotic expression yois given
by Egs.(4.17) and(4.23:

_ B(D— _ _ 2 2
- _Z(MBQ)Z e BD-3) 1 g~ B(D+I) 4 4o n(2D+J) —=f( )23 1_£_iD +3J
XI=Xezm 77 . 3 HBY T

Eief'gEi T 18 T2
(4.20 As one can see, the factor that determines the deviation of
Considering that in this case the perturbation operator Ec¢he average susceptibility from the Curie law at high tem-
(2.4 commutes with the spin-figure interaction Hamiltonian peratures contains no terms linear in the spin-figure constant
Hst, the resulfEq. (4.20] can be readily obtained by em- D, at any rate in terms up o 2.
ploying the fluctuation-dissipation relatitbh

2 Sp(St,+S5,e A1
XZZ=(M_BI_9) XSz ii . The eigenfunctions and eigenvalues of the unperturbed
Spe Hamiltonian(3.5) can readily be found in analytical form in

At low temperatures the longitudinal susceptibility expo- this case(see Appendix B In order of decreasing energy,
nentially goes to zero: the sequence of terms is as follows:

2 1 9 1/2 J
Xzzzz(“Bg) ex;{——(DZ—DJJr—JZ -

N e

4.2. Orthogonal O ,—O, cluster (0=/2)

(4.21

EBZ E3: ESZ E6> E1> E2: E42 E7,EO .

(4.29

There are two doublets; for the others, the equality sign,
where indicated, is realized in the limiting cades-0 and

T T 4 2
(4.22
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J=0. The only crossing occurs between theandEq levels (14 g— Mymg)?

atJ/D=3/4 (Fig. 2. At J/D>3/4 the ground level is the ag”=—| 5— s

E, term, and otherwise it is thE; term. — (_D2+J2 —(D2+J2)12
Calculation of they,,=x,, componentsin the general 2 14

case P+0), classification of the components into transverse
and longitudinal loses meaning, but in the c#sen/2 the
equality xxx= xz, holds from symmetry considerations, so E+
these components can be considered as an analog of the 2
transverse component, whilg, is an analog of the longitu-

dinal component.

Let us consider first the general caseltb; the special a(72)= -
casel/D = 3/4 will be considered below. We will proceed in b_ <1D2+J2
the same manner as in the previous Section. As a result, we 2 \4
get the following sets of coefficient™) anda(?:

2
(Islg—msmg)

1 172
ZD2+J2) _(D2+J2)l/2

(I4l7—mymy)?
12
4 (D2+ J2)1/2

(Isl;—msmy)?

D 1 172 ;
§+ _D2+J2) +(D2+J2)1/2
a’=0, i=12,..9; 4
2
(2) 1
g = | ls- —m
(ITP—|2)2 9
(2)_ @, a2y, o@D 1 3 3
ay (ay”+az”); az 1 77 o (I, +my)?
J=|—-D2+J3?| -+ X
- 172 172
4 2 J 1D2 2| = 1D2 1DJ I
2 g2 ) g Rty
(Is+msg)?
2) (l4l6—myme)? Y3 —— 1 1)
%°°b 1 7 ~+(>D2+32| T|>D%+IDJI+-J2
E_<ZD2+J2 — (D24 3?)2 27\ 2 “\2 2 4
(I4l7—mymy)? 40
+ 2 +(I4+my)? . - . .
b (1 D24 32| +(D?+ 3212 The magnetlc_s_usceptllblll'g(xx=2)(zz is defined by Eq(2.11)
2 |4 with the coefficienta® anda® from Eq. (4.30.
) Since atJ/D=3/4 a change of the ground state occurs,
% (lg—mg/v2) the zero-temperature susceptibility is defined eitheraky
) 1Dz+JZ o —D2+EDJ+ 832 - or ag’:
2 \4 4 2 4
J 3
. (ls—mg/v2)? , a?, 5<7
L He 1 v Xxx(T=0)=2(159)* (4.3
2, 72 2 2 XX B : :
o D74
" ) In the limit of large and small/D we obtain
(Islg—msme)
(2)—
as = 72
1 2
ool TRn20 12 _p2. 12\12 3] J
5> +|zD%+J (D?+3?) 1420 S
5 2 8p2" D
(Isl,—msmy)? X T=0)=(1s9)5 ISR (4.32
+ D 1 172 +(|5+m5)2 _(_) , —>1
E+ ZD2+‘]2 +(D2+J2) 12 81\ J D
(la— mg/v2)? It is interesting to note that the result E¢.32 for the or-
X 1/% 8 — thogonal cluster is one-half of that for the collinear cluster
Yo Ip2e12] _|[ZIp2.c 2 g. (4.16], a fact which can be explained on purely geo-
S LI Loz Tpae 2, [Eq. (4.16], a fact which can be explained !
2 \4 4 2 4 metrical considerations.
) In the casel/D = 3/4 the ground state is degenerate, and
n (1|/92_ My /v2) - the coefficientsa; andag can be determined from the secular
i £D2+J2 +Zp2s EDJ+ 75 equation. As a result, nai(l) coefficients appear for this
24 4 2 4 degenerate case. The coefficiea$® anda$? take the form:
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2
T/D=0.1\ | T/D=0.002 3r
S oF T/D=0.002
N Sl
% 22
*x 17 x
1 -
T/D=0.002
0 05 1.0 15 0 05 10 15 0 05 1.0 15
J/D J/D J/D
FIG. 3. Low-temperature magnetic succeptibility versiB: x./xy (@); xyy/xu (0); X7 xy (©), wherey,=(gug)?/D.
2
2 1 1 @__, U7=m)”
ag :E(agfz))+agz(g)))i§ (a(Y%)_ag%))z az’= J+ D%+ 2 (4.36
) In this case the coefficients; andag are unaffected by the
cal oMo (144 my) (14l 7—mamy) crossing of theE; andEg levels, and Eq(4.36) is universal
9 72
v2) |D (1 _, 5 o1 for all J/D.
2 ZD +J +(D7+J%) The zero-temperature susceptibility is
(Is+ms) (Il 7—msmy) ( J 3
1 12 ) (433) |a(72)|’ —<—
_ —D2+J2 +(D2+J2)1/2 D 4
2 \4 pinarz) Lo 33
whereal7), ,af7), are the coefficients for the nondegenerate Xy T=0)=2(1e9)"4 §|a7 : D 4° (4.39
case. ] 3
The zero-temperature susceptibility at the level-crossing 0, _>Z

point is

(2)

Xax(T=0)=(1p9)?|aZy, +ay|. (4.3

The function Eq(4.37) exhibits a jump atl/D=23/4. In the

As a result, the zero-temperature magnetic susceptibilinl}m't of small J/D

given by Eqs.(4.31) and (4.34 is a nonmonotonic discon-
tinuous function ofJ/D at J/D =3/4. The jumps in they,,

versusJ/D curve smears out with temperature. This peculiar

behavior is displayed in Fig. 3a.
Xyy component of the magnetic susceptibilityaving

J
)

D (4.39

1
ny(T: O) :4(Iu‘Bg)25(

For J/D > 3/4 the functiony,,(T=0) is identically zero. The

found the second-order energy corrections to the nondegefsw-temperature behavior ofy, as a function ofJ/D is
erate levels from Eq(4.2) and that to the degenerate levels shown in Fig. 3b. As can be seen, the jumpyip, at the
from Eq.(4.3), we arrive at the following sets of coefficients ¢rossing of the two lowest spin levels is smaller than the

a't anda(?:

ai’=aM=aY=al’=al’=0;

a%l)zi(|2m4—l4m2); aél):i“sms_lsms); (4.39

a?=—(aP+a?); aP=a’=0;

a?=a@=—a@=_a@;

a(22)=a£12)= B } (I3m4—l4m3)2+(lzm5—I5m2)2;
D4+ 32

a?=2 (Ig—mg)?

RPNl

jump in xxx. The jump smears out with temperature.
Average susceptibilityThe zero-temperature average
susceptibility for the orthogonal cluster is given by

( J
2P+, 5y
2 1 J 3
XT=0)= 3 (ue@?{ [+ + 5, 5=7
J 3
(2)xx] B
(4.39

In the limits small and largd/D we have
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1 J X
1-—, —<1 ' cos9=0
_ 8 1 D’ D 231 - J/D=0.1
—0)= — 2= cos9=1/3
8113/ bt

The low-temperature behavior of the average susceptibility

for the orthogonal cluster as a function3D is displayed in

Fig. 3c for two temperatures. As one can see, the jump at the
crossing of the two lowest spin levels smears out with tem- 1.5
perature.

Comparing Eq(4.40 with the equation for the collinear
cluster[Eq. (4.27)] we arrive an equation which displays the 1.1
sensitivity of the low-temperature susceptibility of pair clus-
ters to the angle between the molecular axes:

Xo=0 b’ D

X - . (4.4

Xo=r2lz—o | , i>1 0.3
" D

=

5. RESULTS AND DISCUSSION

cos6 =0 J/D=05

The magnetic susceptibility for an arbitrary angle be- |
tween the molecular axes is given by E2.11) with the help b
of the c_oefficientsai from Appendix C. Figure 4 gives a 15\ coso=1/3
comparison ofy versusT/D curves for three cluster geom-
etries for different values al/D. As can be seen, except at
very smallJ/D, the low-temperature magnetic susceptibility
is very sensitive to the cluster geometry. At zero temperature
the angle dependence of the average susceptibility can be 1.1}
given in analytical fornf®

1 ) 1 53 J 1
—5( +cos 0), 5< 07l

o 8
X(9):§(MBQ)2 3 cosf =1

;-
(1+3cog 6), o>1 I

(4.42
Anomalies in the behavior of the magnetic heat capaci- g 1 2 3
ties and magnetic entropy for the orthogonal cluster are T/D
shown in Figs. 5 and 6. A double-maximum Schottky-type
anomaly in the magnetic heat capacity and a peak in thEIG. 4. Temperature dependence of the magnetic susceptibility of pair clus-
magnetic entropy are a consequence of the crossing of tHE'S °f different geometnd/D=0.1 (a); /D =0.5 (b).

lowest spin levels of the system with a changdiB. Inan  ceg with oxygen. Anomalous temperature and pressure be-
experiment different values of the paramelé can be ob-  havior of the magnetic susceptibility, heat capacity, and
tained by changing the pressure applied to the system. Thentropy is predicted. It is proposed to use these anomalies for
same behavior of the magnetic entropy was observed expefdyydying the parameters characterizing the oxygen clusters
mentally in PrNi in Ref. 21. In this case the level crossing ang the parameters of the host matrix: the effective spin-
takes place in a strong applied magnetic field. figure interaction constant for the molecule in the matrix, the
As follows from Fig. 2, similar anomalies are character—exchange parameter, and the number of impurity clusters in
istic for clusters with arbitrary, since there is a minimum in - the solid solution. As a result, the data on the magnetic sus-
the AE versus)/D curve, whereAE is the gap between the ceptibility may be used to extract information about the po-
two lowest spin levels. But in the absence of the crossing thgjtional and orientational short-range order in the solid solu-

anomalies are not so pronounced, and the Schottky anomagiyn and about diffusion and clusterization processes in the
in the heat capacity has only one péédk. system.

8—1(3

APPENDIX A
6. CONCLUSION . .
The orthonormal basis functions are

The magnetic properties of oxygen pair clusters have
been investigated theoretically for different cluster geom- ®(B, ):i(%lb_Jr(p_%).
etries which can be realized by doping molecular cryomatri- ¥ vz
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J/D

FIG. 5. Magnetic heat capacity.

1
Dy(Byg)= 5(<Po¢+—<P+¢o);

1
(1)3(Blg): E(‘Pﬂl’—"’ ®-Uy);

1
®,4(Bag) = E(‘Po‘h +¢40);

1
P5(Bag)= —(0-Uy =@ );

Dg(Arg) = @olio;

V2

D7(Arg)=e-;

J/D

FIG. 6. Magnetic entropy.
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1
Dy(Arg) = E(‘Po\h—_ ® o),
(A1)
wheregy=10), ¢.=(1N2)(]1)=|—1)), and|0), |+ 1) are
eigenvectors of Stz,; in the same way y;=|0),

.= (1M2)(|1)=|—1)) are formed from eigenvectors of

q)S(Alg) =@y,

APPENDIX B
The unperturbed eigenvectors and eigenvalues are

W%(Blg):|§¢2+ng¢3,

3 1 1/2
Ee=—D¥|-D?+DJcosf+J?| ;
3 2 4

2 J Eg 2\ —1/2
1— —cosf— — ;

J J
l2=—sin 6’[—sin2 0+
3 D2

D D D

_ 2,172, _ .
me= i(1_|:23)12, ‘Ifg(ng)—ng)4+ mdg;

3 1 1/2
E:=5D¥|-D?-DJcosf+J?| ;
5 2 4

2 —-1/2

J
525”12 0+

Igzasm 0

J Eg)z
1+ Bcosﬁ— D

2
my= (1132
5 \ 5)

The remaining four eigenvectors and eigenvalues

9
Wi(Arg) =2 Ci(J/D,cos)d,;
6

E,=E;(J/D,cosf), i=6,7,8,9

belonging to theA,4 representation can be found in the gen-
eral case only numerically as the result of a diagonalization
of HAlg [Eq. (3.9)].

Explicit equations for the eigenfunctions and eigenval-
ues belonging to the fourfold representatidyy, for the two
limiting cases of the collinear and orthogonal clusters are
given below.

Collinear cluster(cosf=1)

1
Ve(Arg)= — (P, +Dg); ES=2D+J;
6(A1g) ‘/2( 7+ Pg) 6

e EA\ T, g
W1(Agg) = 52 op? D Pe5p (P7=Pg)

J 9 1/2
- D - — + 2__ 4 — 2 .
Eg D 2_<D DJ 4J ) ;

Wo(Arg)=dg; EJ=D-J.
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Orthogonal cluster(cos#=0) (2)_§ 1 e 9 ” _ 0+ P |
\Ifg(Alg)=I§CI>6+rn§<D7; Ec=D= —Dz—i—JZ; ag “AE-E Ci6$In2 CiE;SII’l2 Ci9COS2 2
J([J3\2 J\2\12 2) —1/2 0 1% .0 2'
|$:5[(5 i (1+ = ) 1 } : + VijCOSE"‘\/ZCigCOSE_CigSW]E me
0 6\?
me= 1—Ie73; ‘lfg(Alg)=Ig<I>8+ng<Dg; 2 |‘5‘S'n§—mg0035)
4 = :
3 1 (1 .1 9 \12 ° BB
= — —_— i - 2+_ +_ 2 .
B=3D~3J <4D 7 DY 4‘]) ’ , 1 0 0 0
/ / al?= =g || V2Cig sing—VaCig Sinz + cig cos5 | I
J(3 1[1+up (1 3 932\ Y2 k=23 K
"Blpzt2| Tz © z+ﬁ+—z> ; 0 IRE
D 4D + \/2Ci7COSE+‘/2CichS§_CigSin§)mk]
_— 2,172
me= (1 Ig) X (i=8,...,9).
APPENDIX C The work was supported in part by the Polish Committee for

Coefficients a!? for the general case

Scientific Research through Grant No. 2 PO3B 14210.

In the general case all coefficiera§") are zero, except
for special cases aJ/D when there is an additiondacci-
denta) degeneracy in the spectrum. The coeﬁicieﬂf@ are
different for different components of the susceptibility. The
sets ofa(® coefficients fory,y, xyy, andy,,, respectively,
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Infrared and visible absorption spectra and laser-induced fluores@eifdeand excitation

spectra are obtained for several simple cations deposited from a mass-selected ion beam. In the
present preliminary study we demonstrate successful and clean mass selection by presenting
spectra of samples obtained by depositing the isotdf82C3?S* ion in natural isotopic
abundance, and analyzing its spectrum. Spectragb{ @eposited from a 20 eV ion

beam exhibit quite different inhomogeneous line profiles, suggesting that even the relatively low
kinetic energy results in considerable damage to the solid. Analysis of the spectra indicates
that the Jahn—Teller-distorted vibrational structure in the doubly degenerate ground stgig of C
is strongly perturbed in the newly formed sites, which are presumably of lower symmetry.

A 33-46 cm* splitting of the origin and other totally symmetric bands in emission is tentatively
attributed to the spin—orbit splitting in tr?Elg ground state. ©2000 American Institute

of Physics[S1063-777X00002109-3

1. INTRODUCTION spectroscopically. Very recently, we have completed the

. . L . . _construction of an apparatus for investigation of mass-
One of the major aims of the matrix isolation technique o i
. S selected species in our laboratory and have succeeded in ob-
has been the preparation, stabilization, and spectroscop

C. . . - :
characterization of radicals, ions, clusters and similar highly{alnlng infrared and visible absorption spectra and laser-

. . : . induced fluorescence excitation and resolved emission
reactive, transient specié3.While there are many methods ) .
. L ) -~ spectra of mass-selected ions. In the present paper we will

for generating these reaction intermediates and transient

fitst give a very short review of the existing approaches to

most of them share the same shortcomming, in that the spe- . . _
mass-selected matrix studies and compare our experimental

cies of interest are r_10t prep_ared in pure form, but in a mor%etup with those previously reported. We will then briefly
or less complex mixture with a variety of other species.

Since the early days, an obvious solution to this problem hagresent our preliminary reiults for individual isotopic species
. . : " of the cations C$ and GF, .
frequently been considered: isolating the desired ions or mol-

ecules by means of mass selection. While conceptually it
. ; . : 2. MASS-SELECTION STUDIES IN RARE GAS MATRICES
appears simple, implementation of this method has for a va-
riety of reasons proved to be quite elusive. The first successful studies of mass-selected species in
In the first place, only for relatively few species it is easy the matrix were reported some ten years ago almost simulta-
to generate ion beams of enough intensity to accumulate meously by several groups. Rivoal and coworkers have modi-
sufficient concentration for their spectroscopic characterizafied an apparatus in Lausanne originally intended for gas
tion. Another difficulty lies in the fact that in order to mass phase cluster studies, and interfaced it to a cryostat for ma-
select the ions, they typically have to be accelerated to rathdrix spectroscopy:?® In the earliest experiments aimed at
high energies, and to slow them down sufficiently for suc-deposition of mass selected Agnd Ni clusters the cur-
cessful deposition is not a trivial task. Even if their energyrents were apparently too low for optical detection, but over
can be reduced to 10-20 eV, an ion with this energy strikinghe following few years the apparatus was steadily improved
a matrix whose atoms are bound by few meV will produce &by changing the experimental parameters and source
lot of damage, can vaporize hundreds of atoms, penetrageometry>® The cluster ions were produced by means of
deep into the matrix,and react with impurities and other sputtering with a 10 mA primary beam of 20 keV Kions,
species present in the sofidhus defeating the major aim of analyzed in a quadrupole mass filter, and deposited with
matrix isolation. A final problem lies in the space chargekrypton matrix gas on a sapphire window. The ions were
resulting from accumulation of the charged species in thalirected to the window with the help of an accelerating field
nonconducting rare gas matfxThis may result in stray and an electrostatic lens, and after deposition were neutral-
electric fields deflecting the molecular ion beam and furtheized by electrons from a tungsten filament. While in the early
complicating the ion deposition. experiments fragmentation presented some problem, after
In spite of the problems outlined above, there has beefurther refinements it was possible to observe the UV absorp-
steady progress in this field in the last decade, indicating thaton spectra of neutral silver clusters uprie- 391!
the problems are not insurmountable. Several different Lindsay, one of the investigators in the above study,
groups have now reported studies in which mass-selectddombardi, and coworkers then constructed a new apparatus
species have been successfully deposited and characterizedthe City College of New York, employing first a Wien

1063-777X/2000/26(9-10)/7/$20.00 778 © 2000 American Institute of Physics
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velocity filter in place of the quadrupole mass spectrometer. Source chamber Deflection chamber

Even though this filter had the disadvantage of relatively low F1 I

mass resolution, this represented no problem in studies L1 M

aimed at M metal clusters, where only clusters with varying A xB N J Q

values ofn have to be separated. They are using the same ‘_—_—‘1_.-{;4:7:5 < | 360 /s

CORDIS ion sputter source as Rivoal, Harbiehal. Over

the following years, these workers have reported series of

interesting studies of the absorption and resonance Raman

spectra of numerous metal dimers and small clusters, includ-

ing V2,12 W2,13 Ta2,14 Hfz,lS R92,16 C02,17 Zr3,18 Ta4,19

Ni3, 2% Nbs,?t Rhy, %2 Rup, 22 Hf3,24 and P32 360 I/s
Another apparatus for mass-selected studies was devel-

oped at Michigan State by Leroi and Allison, who used a

quadrupole filter from a modified residual gas analy$én

their early studies they were able to reproduce the LIF spec-

trum of the C$ ion in solid argon, but only the parent car-

bon disulfide and diatomic CS could be detected in the in-

frared, an observation which the authors explained in terms Matrix gas ————=< w  1501/s

of neutralization of the ion accompanied by fragmentation to :

CS+S.2 These authors have more recently reported that the Cryostat chamber

ion yield could be greatly enhanced by adding small quanti-

ties (0.1% of CO, to the matrix gas, which then traps the g, 1. schematic of the experimental apparatus for mass-selected matrix

electrons and suppresses the ion—electron recombirfation studies, with microwave discharge ion soutée, skimmer(B), first elec-

They then succeeded in recording the infrared spectra of sevfostatic lens(L1), deflection unit(D), first Faraday cugF1), second lens

. . . 28 ~t 29 27 . (L2), 12mm triple stage quadrupole mass fik@, final lens(L3), rotatable
eral ions, mCqumg ng, CS,, and Cq’ in solid argon cold surface(C), matrix gas inlet(G), movable Faraday platg-2) and the
and neon matrices. tungsten filamentw).

A whole series of highly successful investigations of
mass-selected species in the matrix is due to Maier and co- ) . ]
workers, who used the technique to investigate numerougass-selected iron clusters with excess CO as ligaith-
carbon chain species, which are of considerable importanc€9 'ésonance Raman spectroscopy, they were later able to
in astrophysics and for interstellar chemistry. They generat§haracterize Ag™ Ags, and Fg (Ref. 46 in solid argon.
the carbon chain molecules in a hot-cathode discharge
source, using suitable precursor molecules, usually acetylerie EXPERIMENTAL

or its derivatives diluted by helium or argd®*'The accel- The apparatus constructed in our laboratory is similar to
erated ions are focused by electrostatic lenses, and after sgmjers setup—a schematic drawing is shown in Fig. 1. We
lection in a quadrupole mass filter they are guided onto thyave also decided to use a quadrupole mass filter, which,
matrix surface. The deposited mass selected species weyiglike time-of-flight filters, for instance, allows both pulsed
then investigated in solid neon matrices by visible or UV and cw operation. The ion source in the present experiment
apsorption spectroscopy using a vyaveguide absorption teckyas a 12 mm Swagelok T piece, with the precursor gas flow-
hlqueésThe spectra obtained in this way for the |‘_»l—ﬁ+4 ing through the collinear sections, and with 50 W of 2.45
ion®** and the H-G,—~CN", and NC-G,—CN" ions”  GHz microwave power being applied to a needle electrode
provide information complementary to our LIF studies onyia the perpendicular arm. A ring-shaped magnet surround-
the same systeniS:**Recently, they used an electron impact ing the Swagelok is used to confine the charged species pro-
source to produce the anions of the above mentioned linegfuced in the discharge. The discharge products from the
chain molecules. After characterization of the anions, arsource, held at-20 V, pass through a grid and are acceler-
electron was photo-detached and the corresponding neutrated toward a 2 mmskimmer held at-20 V. The pressure
species were studied®® They also used sputtering of a in the source chamber, evacuated by a 360 I/s turbomolecular
graphite target to generate and deposit ionjc cluster spe- pump, is 10 %—10 2 mbar.
cies and recorded their spectra. Particularly exciting are their  The ionic species exiting the skimmer into the deflection
observations and assignment of the electronic absorptioshamber are focused with the help of an einzel-lens L1 and
spectra of neutral and anionic carbon clusters, &d deflected 90° in a quadrupole electric field. A second lens,
C,, .***!In their spectra of the anions they detected a whole_2, then focuses the ions upon the entrance apperture of a
series of close coincidences with frequencies of the so-calleduadrupole mass filter, with the undeflected neutrals being
diffuse interstellar bands, which provided first really solid pumped by a second 360 I/s pump. A commercial triple-
evidence for solving the long-standing mystery of theirstage HIDEN HAL/3F quadrupole filter with 12 mm rods has
origin 4243 a specified mass range up to 500 amu, resolutidnamu,
Quite recently, Moskovits and coworkers started to use @nd a transmission of up to 30% when the resolution is de-
mass-selection apparatus similar to Lindsay’s setup to studgreased. The custom modified filter has 7 mm entrance and
transition metal clusters. In the beginning, they examined thexit appertures, and is differentially pumped by a 150 I/s
direct synthesis of metal cluster complexes by deposition opump. The mass-selected ion beam is focused onto the ma-

Precursor gas

Quadrupole chamber

150 l/s
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trix by means of a lens L3 and deposited simultaneously with
the matrix gas, neon in the present case. The substrate, a
silver coated copper plate is held a7 K by a LEYBOLD

RDG 580 closed-cycle refrigerator.

To maintain overall neutrality of the matrix and to avoid
building up space charges and stray fields, the matrix was
sprayed by electrons from a hot tungsten filament held at
—100 V. We experimented with alternating the ion and elec-
tron deposition, but, in the end, continuous operation proved
to be most efficient, with optimal results being obtained with
the electron current being about five times the ion current.

In order to optimize the experiment, the ability to mea-
sure the ion current is essential. For this purpose, one Fara-
day cup permitting measurement of the total ion current is
located in the deflection chamber. A second detector, close to
the cold surface, allows measuring the mass-selected ion cur-
rent. The weak currents are amplified by a FEMTO DLPCA
100 current amplifier and digitized in the quadrupole control
unit. Currents as low as 100 fA can be easily detected, and
we obtain mass spectra with signal:noise better than 10000:1.
With the mass filter set to the desired mass, all the experi-
mental parameters can be adjusted for maximum current.
With our microwave discharge source we could produce for
both CS and GF¢ currents of mass-selected ions of up to
2 nA.

Current, pA

c
@
=
=
>
&

t, pA

M. Lorenz and V. E. Bondybey

Cs3

10

CeFjg

0

40

80 120 160 200
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FIG. 2. Mass spectra obtained from our discharge source for the ions inves-
tigated in this work: Cg(a) and GFg (b).

S, and C. Typically the most intense mass peaks from the

After deposition, the matrix is rotated 120° and thensource corresponded to an ion current of about 1-2 nA.

In Fig. 3 we present an infrared spectrum of a sample
BRUKER IFS 120 HR Fourier transform Spectrometer’resulting froma 3 h depOSition of 1.5 nA current of ions with
equipped with beamsplitters and detectors for the 500—-3000@a@ss 76 amu. In spite of the nearly a factor of 10 shorter
cm ! spectral range. IR absorption spectra are measuregeposition time than in the experiments of Lestial, a

the matrices are characterized spectroscopically using a

with a liquid nitrogen cooled MCTmercury—cadmium tel-
luride) detector at a resolution of 0.06 ¢ whereas all
other spectra were recorded with 0.5 ¢rmesolution. Laser
excitation spectra are measured using afl Bser pumped

weak sharp peak at 1206.92 chvery close to the 1207.1
cm ! frequency assigned by them to thg &symmetric
stretching vibration of CSin solid neor?’is clearly observ-
able in the spectrum. In contrast with their study, we find in

power stabilized dye laser operating with a stilbene-3 dyeour samples little evidence of either the CS fragment at
The total emission of the sample is detected with a REfd ~ 1273.7 cm* or of the CS anion at 1159.4 it If present
appropriate optical filte)sconnected to a lock-in amplifier. at all, their concentrations relative to that of the,C&ation
Laser induced fluorescence spectra are measured with the FTust be at least a factor of ten lower than in the earlier

spectrometer using the same detector at a resolution of 0&xperiments. We have therefore no information as to the
1 identity of the negatively charged species maintaining neu-

cm .
trality of the matrix. The absence of CS suggests that disso-

4. RESULTS AND DISCUSSION

3]

In our initial experiments we have investigated several &5 5| © o
ions whose matrix spectra are well known from previous o 2 5 § s
studies. These ions can be durably trapped in rare gas matri- = 4 Z S NE &
ces, since their electron affinity, i.e., 10.07 eV for,CSs @ a o) pswan' | |\ l
much smaller than the ionization potential of the rare gas, 2 3} o 0 _

. . c 0 == IR absorption

21.56 eV in the case of neon. To produce the ions, we have "2 2 8 5
employed a microwave discharge through a low-pressure -2 5| g z §2'%"“M
precursor gas, either pure or diluted with an inert buffer gas. é ! ' 453 “*mmwj
In the first_place, the mass spectrum of the ions emanating @ il éqﬁgo 1210 1230
from _t_he discharge was repeatedly recorded, and the source % b 82, 34" 0 sa'am| | -21622.50 |- 22002.46
conditions were optimized for the ion of interest. = .

A typical mass spectrum obtained using,@Spresented 51000 51500 55000 22500

in the Fig. 2a, which shows the ion current on a logarithmic
scale versus the selected ion mass. After some optimization,
the strongest peak is indeed the parention, C&compa-
nied with 13C and34S isotopic satellites. Also present is a
number of easily identifiable fragments, in particular SS,

3

Frequency,cm !

FIG. 3. Partial excitation spectra of the mass-seledf@¥?s; (a) and
4512C325* (b) ions in a solid neon matrix. The inset shows the infrared
absorption spectrum of the latter ion.



Low Temp. Phys. 26 (9-10), September—October 2000 M. Lorenz and V. E. Bondybey 781

15 TABLE I. Observed bands of mass selected;G$solid neon(all values in
cm™Y).
S
p ° 32g13¢32gH | 326120326+ | 326120 32gH | 3dgi232gH
(2]
>10r - (vy vy ,v3)
2 from Ref. 48 this work
D
2
= 3 (2,0,0) 22063 22114 22101.1 22092.5
55 2
8 2 (0,2,0) 21601 21639 21628.7 | 21622.5
S <3 3
| ST S
0 | 7 ool (1,0,0) 21541 21578 21567.3 21562.0
! : 1 L ) (0,0,0) 21011 21016 21010.6 21011.0
15 16 17 18 19 20 21
3 -1
Frequency, 10°cm (1,0,0) 20402 20398 20392.9 20398.5

FIG. 4. Laser-induced fluorescence spectrum of the mass-sefé6i&8; (0,2,0) 20325 20318 20312.9 20317.4
molecular ion excited at 21567 ¢th(1,0,0.

? 19935.7

ciative recombination of the GScation with an electron (2,0,0) 19809 19792 19788.3 19797.4
does not occur to any appreciable extent in our study. (1.2.0) 19710 19700 19695.6 19710.1

The presence of GSis then unambiguously confirmed - ’ ’
by the LIF experiments. Figure 3a shows a total excitatior (g 4 ¢) 19627 19600 19595.4 19604.2
spectrum of the matrix obtained by scanning a laser directe
onto the matrix sample over the spectral range near the or (3,0,0) 19218 19188 19202.1? | 19197.2 ?
gin of the well knownA?I1,,« X214 CS] transition!”**The
spectrum shows clearly th@®,0,0 origin band at 21010.57 (2,2,0) 19101 19082 19076.6 19094.3
cm !, as well as several excited vibrational levels, the
(1,0,0, (0,2,0 Fermi resonance doublet at 21567.27 and (1,40 19019 18996 18992.7 | 19009.0
21628.72 cm*, and the(2,0,0 level at 22101.0 crm.

The remaining, and most important question which has (0,6,0) 7 18912 18863.0
to be answered is whether the observed @& really due to (0,0.2) 18671 18598 18592 8 18598.6
the ion deposition, or whether they could be due to neutra Y ’ '
CS, from the source reaching the matrix and being ionizec (4 g 7) 18080 17994.2 | 18006.0
by the electrons from the tungsten filament, or by the ions
from the molecular beam. This question is unambiguously (0,0,4) 16170.3
resolved by a separate experimérig. 3b, where the mass
filter was tuned to mass 78 rather than 76, and ions of 0.1 (1,0,4) 15589.7

nA current were deposited again over 3 hours. One obtains a
spectrum very similar to Fig. 3a, but with the bands dis-
tinctly shifted to 21011.05, 21562.05, 21622.50, and
22092.46 cm!. These are clearly attributable to the nances involving the yasymmetric stretching mode.
34512C325+ molecular ion, present in a natural isotopic abun- A strong band at 18592.98 crhis clearly the overtone
dance in our sample. of the asymmetric stretching vibration, yielding, a value of
A resolved fluorescence spectrum of T8 shown in  2v3=2417.75 cm?. This band is again the origin of a series
Fig. 4, and a similar spectrum was also recorded for thef polyads due to combinations witj and 2V, . Combining
isotopic3*St2C3%S* cation, with the observed bands and theirthe 2y value from the electronic spectrum with the infrared
assignments listed in the Table I. The measured frequencidendamental §=1206.92cm?* gives xj,=—1.955cm™.
are generally in good agreement with previous studies, but iBuch negative anharmonicity is quite common for asymmet-
view of the higher signal-to-noise in the present work, aric vibrations of symmetric molecules, which often have a
number of new bands have been detected. The most pronpartial quartic oscillator character, since odd terms are not
nent features in the emission spectrum are “Fermi polyads’possible in the potential energy expansion. Similar but even
due to the near resonance betwegnamd 2y. While the larger negative anharmonicity was also found in the excited
assignments of the first two polyads, that is the resonan€S; AZIl, state. Using this anharmonic term, one can pre-
(1,0,0, (0,2,0 levels and the levels involving the 2over-  dict the next overtones to be B¥3632.49 and 4y
tone:(2,0,0, (1,2,0, (0,4,0, are quite unambiguous, for the ~4851.14cm?. While the third overtone should, just like
higher overtones the spectra become more complex, arttie fundamental, be inactive, a strong band is observed at
more levels are detected than expected. Some of this com6170.34 cm?, close to 16159.43 cit where the emission
plexity probably arises from the Renner—Teller splitting ininto the (0,0,4 level is predicted.
the degeneratazl'lg state, or is caused by additional reso- In Table | we also list the frequencies measured for the
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15 spectra exhibit some interesting differences when compared
with the previous studies, where the cation was produced by
in situ 1216 A Lymane vacuum-UV radiation photoioniza-
tion of the parent hexafluorobenzene. While the photoionized
spectra exhibited essentially a single site and a narrow inho-
17 mogeneous distribution, the ion-beam deposited samples
contain, besides the “major” g4 site A with origin at
21551.77 cm?, numerous other sites, which exhibit appre-
5 U ciable spectral shifts, both to higher and lower energies.
laser excitation ﬁ “ Some time ago we have similarly compared the spectra
of several ionic species prepared in our laboratoryrbgitu
photolysis of the parent neutrals in neon matrices, with the
corresponding species deposited by Maier and coworkers
021 0 515 20 555 from mass-selected ion beaﬁ‘?§t3While the ionization pro-
3 1 duced matrices vyielding well defined, sharp lines, the ion
Frequency, 10 cm beam deposition resulted in broad, structured bands with
FIG. 5. Laser excitatior(top) and absorptionbottom spectrum of the W_Idths exceed_mg 150 cm. At that tlme_we explained this
hexafluorobenzene radical cation/. Note the presence of several addi- difference by inhomogeneous broadening due to damage to
tional, spectrally shifted sites besides the bands due to the main site A. the neon matrix caused by the impact of the energet&0
eV, ions. The present investigation seems to confirm this
interpretation. While thén situ photolysis produces a single
isotopic34SL2C32S* ion. In the previous studies both normal site with origin at _21551.77 _cr’ﬁ, even though in our case
120325 as well as the isotopid®C32S; ions were investi- thg energy of .the ions is belleved. to k20 gv, their depoj .
gated’"*8 Based on the isotopic shifts it was concluded thatSition results in about a dozen dlsgrete sites, whose origins
in both electronic states involved in the transition, thard ~ SPan a range of more than 200 chn from 21409.43 to
2v, levels are almost perfectly mixed. Even though one21640.44 cm™. In one experiment, on the other hand, where
would expect the symmetric stretching vibratiorte exhibit ~ the energy of the deposited ions was lowered, the subsidiary
no 13C isotopic shift,p~ 1.0, while for s an isotopic param-  Sites almost disappeared, and the "main” site which was
eter p~1.034 can be predicted, both and 2y exhibited ~Observed and investigated in the previous studies was domi-
almost identical shifts just midway between these two val-nant
ues. Basically the same conclusion can be reached in the In Table Il we list the observed transitions offg both
present work based on the observé$ isotopic shifts. for the “main” site A and for the two strongest “new” sites
Stnctly Speaking,:"’A'S:I-ZC3ZSJr is no |onger a SymmetriDmh B and C, which are blue-shifted by 12.9 and 553_ém
molecule, and therefore the odd overtones, for instancegthe yespectively. In Fig. 6, a comparison of the spectra and fre-
and 3y levels, could also in principle appear directly in the quencies of the “main” site A with those of the new sites B
spectrum. Unfortunately, due to the relatively low isotopicand C reveals, that while the progression in the totally sym-
abundance ot’S the spectra of the mixed isotopomer exhibit metric mode, vy, is essentially identical for the three sites,
a somewhat lower signal-to-noise ratio, and these levels wer@nd also identical with the known gas phase frequencies, the
not detected. other levels involving the Jahn-Teller active modgsand

Another previously well-known ion which we have now Va7 (Ref. 50 exhibit strong perturbations. Thus the 288.8
investigated with our new experimental apparatus §§;C €M * Vig level is, in both of the strongest perturbed sites,
the hexafluorobenzene cation. It is known that it possessess®lit into two components, both of them blue-shifted to about
fully allowed 7-7* transition in the visible, and is known to 295 and 305 cit', respectively. Similarly, ¥, which occurs
fluoresce in matrices with quantum yield close to uﬁﬁy'_o at 417.2 cm® in the main site, is shifted to 432.8 and 440.9
produce the ion, we have again employed a microwave dissm * in the two other sites. This applies also to their com-
charge through a pure parengRg at a pressure of about bination and overtone bands. In general, the vibrational lev-
10 3mTorr. One of the problems of such an approach is theels involving the Jahn-Teller active modes are, in all the
extensive fragmentation of the parent, resulting in a verynew sites, strongly shifted and sometimes split into several
complex mass spectrum. As shown in Fig. 2b, after optimi<components, and new absorptions appear. Also the 0-0
zation the parent ion is the strongest peak in the spectruntyand, and each of the bands of the strong, totally symmetric
but a large number of fragments and other reaction productg, progression which is seen up te=v3, exhibit in the spec-
is observed, with just about any,E, ion, with n andm  tra of the new sites a broader satellite band, shifted in emis-
ranging up to at least 8, being present. sion by ~33 and 46 cm?, respectively.

In Fig. 5 the absorption spectrum of a sample resulting A tentative interpretation of these observations is that
from 4 h deposition with the mass filter set to 186 amu iswhen produced byn situ photolysis of the parent, thegEy
compared with the corresponding excitation spectrum. Thigation is in an unperturbed site with relatively high symme-
latter was obtained by monitoring the intensity of the sampldry. When, however, the ion is deposited in the matrix from
fluorescence while scanning the exciting laser in this spectrahe gas phase with kinetic energies 20 eV, lower-
region. A very strong emission clearly attributable gFgis ~ symmetry sites, perhaps with nearby vacancies, are produced
indeed observed, but both the absorption and laser excitaticamd populated, which strongly affect the Jahn—Teller distor-
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TABLE Il. Observed bands of mass selectegF in solid neon(*main” 20 v
site A and perturbed sites B and C, all values in ém &9 2 =
[H]
. + 2]
= EA =
Mode from Ref. 49 A B C @ 15+ e |3 ° 00 E
- N TS o ® 3 o =
v, 540 537.4 537.5 P 5 e R 2 [RF £
Vi, 426 4225 420.8 424.0 ) > SiteA 15& & l 3 M 3
Vig 265 263.9 263.2 2635 o 10 -
=
0-0X, 21558 21551.8  21565.3  21607.0 p= )
o Site B ) l l
0-0X, 32.8 46.1 2 5
Vig 289 288.8 294.7 296.9 [=
Viga 305.0 308.3 w Site C | li
Vi 417 417.2 432.8 440.9 0
Vit Vig 498 497.9 500.9 503.0 : : . ' -
2vig 508 508.8 19.0 195 200 205 210 215 220
529.9 528.6 541.1 3 -1
v, 554 553.1 553.6 554.7 Frequency, 10" cm
560.3 560.4 560.5 _ o ,
567.2 FIG. 6. Comparison of the LIF spectrum of the main site A with those of
VX 585'5 599 1 two of the “perturbed” sites, denoted B and C. For ease of comparison, the
a2 688.2 7102 2076  Spectraof these sites were shifted to make the 00 origins overlap. Note the
3 699 6955 721'9 731'4 splitting of the spectral lines, as well as the presence of broader satellite
Vig ' ’ ' bands near the 0—0 origin and other totally symmetric bands.
759 758.4
770 770.0
2v 797 797.3 814.7 816.2 . . . . i
v 801.2 8238 order of magnitude to be assigned to the spin—orbit splitting
826 825.9 of the degenerati?izE.lg ground state of the @;g. cation.
830.1 If one accepts this assignment, then, considering that the
Vot Vig 843 842.6 848.9 851.9  magnitude of the splitting changes by some 30% between the
V2t Viga 859.0 8627 two sites examined, the question arises as to how much of
4vig 919 919.3 o A .
Vot Vi7 972 971.2 986.8 9954 thisis intrinsic, free @4 splitting, and how much is due to
Vot 2Vig 1052 1052.0 the asymmetric environment. In other words, one might ask
2V, 1107 1106.5 1107.0 11085 if one sees an extra component because the selection rules
2V, X, 1141.0 11531  are relaxed, and a level which is not accessible in a symmet-
Vis 1226 1225.0 1246.5 ric site becomes visible when the site symmetry is lowered,
V,+3Vig 1253 1252.2 1274.8 1286.2 I
1280 1278.8 or because the initially degenerate and unresolvable levels
1310.1 were split by the asymmetry. An unambiguous answer to
Vot Vy7t 2Vig (?) 1324 these question will require additional study. It should be
Vot 2V 1352 1350.7 noted that the spin—orbit splitting was neglected in most pre-
2V2+ Vi 1397 1396.0 14023 vious treatments of substituted benzene cations. Strictly
2V, +Viga 14125 . . . .
Vot Avig 1474 1473.3 speaking, however, the spin-orbit and Jahn-Teller interac-
2,4 Vs 1526 1524.9 tions are not independent of each other, and if both splittings
2V,+2vpg 1605 1604.6 are non-negligible, both would have to be simultaneously
3v, 1661 1659.6  1660.2 ? considered in a rigorous treatment of &E, ; ground-state
1682 1681.4 P
vibrational str re.
Vis 1698 1694.1 1696.2 1706.6 brational structure
1734 1732.9
1805 1805.2 CONCLUSION
1966.5 . -
2172 2165.2 In the present manuscript we present preliminary results
2220 2219.9 obtained with a new apparatus for deposition of mass-
Vigt Vs, 2250 2248.9 selected ions in low-temperature matrices. With this appara-
2432 tus we obtain infrared and visible absorption and fluores-

cence and fluorescence excitation spectra of mass-selected
ions. We demonstrate the successful and clean mass selec-
tion by presenting spectra of samples obtained by depositing
tion, perturb the related vibrational structure, and relax thehe isotopic34S*C3®2S* ion in natural isotopic abundance.
selection rules. An interesting question involving the doublyExperiments with @F; demonstrate that deposition of ions
degenerate ground state oqu; and similar cations is the with high kinetic energy from the gas phase produces a quite
magnitude of the spin—orbit splitting. Several older theoret-different inhomogeneous line profile and results in a variety
ical works suggested that this is probably smabut there is  of “perturbed” sites, presumably due to nearby defects and
little a priori evidence on this point. Compared with the vacancies. The emission spectra of the perturbed sites are
spin—orbit constants in a number of small compounds otharacterized by appreciable shifts and doubling of the vibra-
first—row elements, the observed 33—46 ¢rseparation of tional levels of the degenerabtézElg ground state, which

the two components of the origin band, as well as of themay be due to a combination of the spin—orbit splitting and
other totally symmetric levels, would seem to be of the rightthe Jahn—Teller effect.
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