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Transformations in the electronic subsystem of metal solid solutions near a radiation-
induced phase transition
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Nonmonotonic changes in the mechanical properties of various alloys are demonstrated under the
action of radiation which stimulates phase transitions. A comparison with the results of
measurements of the thermoelectric power confirmed the assumption that the nature of the
interparticle bonds changes. 0398 American Institute of PhysidsS1063-785(108)00112-§

It has been observédf that in metal solid solutions ex- In order to check out this idea, we measured the tem-
posed to ion bombardment a special state of matter forms iperature dependence of the thermoelectric power. For the
a narrow range of radiation parametédoses, irradiation experiments we used Fe—12CreMV-Nb, V-4Ti-4Cr,
temperatures, and flux densitieFhis state is characterized and Fe—18Cr—10Ni—Ti alloys for which the initial state was

by heterophase properties occurring in a previously homoge? solid solution in all cases. The samples were bombarded by

SHon e e DOTTIDATUs
neous equilibrium material, the properties change substarftC K6V Ar" ions in an accelerator at various irradiation

tially (particularly the microhardnessand an unusual mor- temperatures(between foom temperature and 900 OC for
. - V-Ti—Cr and between room temperature and 600°C for
phology appeargspatial self-organization

; . ) . . .. Fe-Cr—N) and to various dose§-e—Cr, 500°C, between
This set of properties can identify this state as a d|SS|paO-5>< 108 and 1.5<10%®ions/cn?). The thermoelectric

tive structure predicted by the thermodynamics of irrevers:-power was measured by an integration mefhaging an

ible processes “far from equilibrium?® and the observed

transformation can be regarded as a kinetic phase transition.

This solid state has unique properties for different mate-
rials (Fe—Ni, Fe—Cr—Ni, and Cu—Ni fcc alloys, Fe—Cr and [e. S ha
V-Ti—Cr bcc alloys, and pure Zr and Ti metals with an hcp ’ =N
crystal latticg and different methods of ion bombardment \\u\i
(accelerator, plasma, cw and pulseWhen the ion energy ™% AN .
and species and the ion flux intensity vary, the properties ORE all S N,
the state are the same, although it appears in a different rang
of external parameters.

The principal indicator for this state is a change in the
x-ray diffraction pattern which denotes the appearance 0™
heterophase properties, i.e., splitting of the diffraction peak:*%§
or a specific change in their shapAt the same time, sub-
stantial changes in the properties and structural morpholog g
are observed in the range of diffraction effects. Figure 1KZ3m
shows an example of structures observed on two differen
scale levelqusing metallography and electron microscppy
Both cases reveal a clearly defined spatial organization.

In many cases, the changes in the properties of alloys
especially the microhardness, in the region of existence @
these dissipative structures are anomalously large. For e
ample, in Fe-Cr alloys the microhardness exceed:
10 000 MPa(initial value 2000 MPg in V-Ti—Cr alloys it
exceeds 12 000Qinitial value 1600 MPa and in Fe—Cr—Ni
alloys it is around 7000 MPénitial value 1500 MPa Such
a high level of microhardness in metals cannot be describe
in terms of any dislocation mechanism and has thus bee.. :
assumed that the state of the metallic bond changes in thﬁG. 1. Microstructure of Fe—12Cr—&4-W-V—Nb alloy recorded by
region of the dissipative structure. metallographic analysi&) and electron microscopfp).
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FIG. 2. Microhardnesga) (the dashed line gives the initial valyeemperature dependence of the thermoelectric pawerfl — initial value), and
temperature coefficient of thermoelectric powey in Fe—12Cr—Mo—-W-V-Nhalloy bombarded by 40 keV Arions (500 °C) to different dosed; —
o-phase.

apparatus based on a PMT-3 microhardness meter in whidhcreases, the “metallic” coefficient of thermoelectric power
the indenter was replaced by a tungsten tip on which wagotates to the “covalent” coefficient and the changesSin
placed a microfurnace brought in contact with the surface otorrelate with the changes in the microhardness.

the metal(hot junction. The results of the measurements are  The same “dielectrification” is observed for the V—

shown in Figs. 2—-4. Ti—Cr alloy. In this case, a dissipative structure appears at

.For irr.adi.ate(.:i Fe—Cr alloys i.n the range of parameters ir?rradiation temperatures in the range 500—700°, which cor-
which a dissipative structure existBig. 2), the slope of the responds to the strongest radiation harder(ig. 3. The

temperature dependenE€T) varies from the initial sample ) o o o
with radiation dose, the largest changes being observed at tﬁéOpe OfE,(T) varies frqm th? initial value at 100° to 2007,
highest dose of 1%10®ions/cn? and the slopeS= and then increases until 600°, where all the effects are stron-

—dE/dT being the opposite of that in the initial sample. 98St, and then retumns to the initial value at higher tempera-
Also plotted for comparison is the curve B{(T) for the g  tures. The changes i calculated using these curves corre-
phase of the FeCr intermetallide with a predominantly covasponds to the changes in microhardness.

lent bond. It can be seen th&has different signs in the The same correlation was observed for Fe—Cr—Ni alloys
metal solid solution and the intermetallide. Thus, as the dosé-ig. 4). The slope of the temperature dependence of the
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FIG. 3. Microhardnesga) (the dashed gives the initial valueemperature dependence of the thermoelectric pabjgrand temperature coefficient of
thermoelectric powefc) in V—4Ti—4Cr alloy bombarded by 40 keV Arions (1.5< 10' ions/cn?) to different temperatures.
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FIG. 4. Microhardnessa), temperature dependence of the thermoelectric pdljerand temperature coefficient of thermoelectric powrin Fe—18Cr—
10Ni—Ti alloy bombarded by 40 keV Arions (1.5< 10* ions/cn?) to different temperatures.

thermoelectric power also varies in parallel with the other  This work was supported by the Russian Fund for Fun-
effects but the sign of the changes is the opposite of thadamental Research, Project No. 96—-021632a.
Obser\{eq for Fe—Cr ar?d V—TI—C.I’ alloys. We C,an postulatglv_ S. Khmelevskaya, S. P. Solov'ev, and V. G. Malynkin, Itogi Nauki i
that this is caused by dlfferences in the electronic structure in teinn. Ser. Puchki Zar. Chastits | Tverd. T&o151(1990.
the two different crystal lattices, i.e., bd&e—Cr and V—  2V.S. Khmelevskaya, V. G. Malynkin, and S. P. Solovyev, J. Nucl. Mater.
Ti—Cr alloys and fcc(Fe—Cr—Nj. ,199 214(1993. _
We know thatS is a function of the derivative of the V. S. Khmelevskaya and V. G. Malynkin, Phase Trar&. 59 (1997.
. . . 4G. Nicolis and I. PrigogineSelf-Organization in Nonequilibrium Systems
depsny of_statgs at the Fermi SL.lr_face. Such d!fferencgs arewiley, New York, 1977.
guite feasible in alloys of transition metals with multiply °G. Haken SynergeticgSpringer-Verlag, Berlin, 1978
connected Fermi surfaces. SF. A. Blatt, P. A. Shroeder, K. L. Foiles, and D. Greithermoelectric
The authors would like to thank Professor V. G. Vaks FoWer of MetalsPlenum Press, New York, 1976

for extremely valuable comments and interest in this work. Translated by R. M. Durham
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Long-range influence of weak photon irradiation (0.95 um wavelength )
on the mechanical properties of metals
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(Submitted December 2, 1997; resubmitted April 30, 1998
Pis’'ma Zh. Tekh. Fiz24, 9—-13(December 12, 1998

It has been established that when A8 thick permalloy foils are exposed to 0.98n light for
0.2-100s, the microhardness increases on both sides. This effect is not caused by radiation
heating and is discussed in terms of a model proposed earlier to explain a low-dose long-range
effect under ion bombardment. @998 American Institute of Physid$1063-785(108)00212-3

We have already observkd changes in the mechanical and the systematic nature of the dependence sarves as
properties of rolled metal foils at low (3®-10°cm™2) ion  additional evidence that the effect is realistic. The decrease
or electron irradiation doses. Since the changes extend ovar the increment AH/H) with irradiation time indicates that
distances much greater than the ranges of the bombardirige (AH/H) curve must have a maximum at a time of less
particles(as far as the opposite sides of foils 10-1@M  than 0.2s.
thick), this effect has been called a low-dose long-range ef-  In order to check that the changethunder irradiation
fect. The model proposed by Umdicates that this effect is is not caused by heating of the sample by the laser beam, we
caused by the action of radiation-excited elastic waves on determined the values &f for foils exposed to brief anneal-
system of extended defects. A characteristic feature of thigig (2min) in a furnace at temperatures up to 373K. No
effect is that it is observed not only under irradiation condi-changes irH compared with the initial value were observed
tions when atoms can be knocked from sites and the particleithin experimental error. In our case, the temperature of the
energy is dissipated mainly in elastioucleaj losses but samples under irradiation is known to be lower than 373K,
also when atoms cannot be directly knocked out and thée., the observed effect is not caused by radiation heating.
particles are slowed predominantly by inelaggtectron en- We shall now discuss this effect. We know from the
ergy losses. This factor has stimulated experiments in whickiterature® that exposure of solids to haf@acuum ultra-
the electronic system of a metal is excited by optitase)  violet radiation may give rise to defects. However, the defect
radiation rather than by corpuscular radiation, with an averformation mechanisms proposed by Klinget al.” and
age power density of the same order of magnitude as that fd€oz’ma et al® clearly cannot be applied directly to the in-
corpuscular radiation. In this case, the macroscopic heatinfyared (0.95xm). In addition, they do not explain why the
is negligible and energy is absorbed mainly in a thin surfacehanges inH observed on the opposite side of the foil are
layer of the foil. The main difference is that under corpuscu-greater than those on the irradiated side. We are also familiar
lar irradiation energy is introduced as space—timewith a photomechanical effétin which illumination directly
“bunches” (cascades whereas under optical irradiation, the during indentation influences the depth of indentation in
energy is quasiuniform in the plane parallel to the surface. measurements dfl. In our case, however, the changeHn

Here we used permalloy-79 foils, the material for which occurs after illumination and persists for at least a month
the most investigations have been made of the low-dosélthough the changes do undergo partial relaxation over a
long-range effect. The foils were 38n thick and illumina- few days or weeKs In order to emphasize the difference
tion was provided by 0.9%m cw semiconductor laser radia- from the photomechanical effettt is appropriate to call this
tion with power density 0.25 W/cfn The microhardnessl  effect a photomechanical metal memory effect.
was measured using a PMT-3 microhardness meter. The data In our view, following the reasoning put forward at the
were averaged over ten indentations, each of which was me&eginning of this article, the nature of the effect is basically
sured four times. The mean arithmetic error was less than 3%e same as the low-dose long-range effect under ion bom-
at the 0.9 confidence level. The deviationgbfor different  bardment: changes id are caused by the generation of elas-
samples prior to irradiation were also within this limit. The tic waves and their action on initial extended defects such as
load was 50g, for which the indentation depth wasdislocations, grain boundaries, and so on. Further details of
~1.5um. this mechanism are given in Refs. 1-6. An important role in

Figure 1 shows the relative changeshhinduced by the generation of elastic waves under photon irradiation may
irradiation, on the irradiated side and on the opposite side dfe played by the internal photoeffect in which electrons are
the foil, plotted as a function of the illumination time  knocked out of the metal into the natural oxide, followed by
(since the duration was measured in seconds, the value the evolution of processes similar to those described by
=0.2 s is very approximalelt can be seen that the micro- Klinger et al.” However, point defects are not necessarily
hardness incrementdA{d/H) substantially exceed the error formed in the oxide—elastic waves can be generated by im-
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FIG. 1. Relative changes in microhardness versus illumination
time: 1 — irradiated side2 — opposite side.

0.1

parting momenta to the oxide atoms as a result of the Cou#p. V. Paviov, D. I. Tetel'baum, E. V. Kuril'chiket al, Vysokochast.
lomb forces associated with charge transfer. Veshchest. No. 4, 261993.

The nonmonotonic variation of\H/H) with irradiation 2D. I. Tetel’baum and E. V. Kuril’chik, Vysokochast. Veshchest. No. 2, 98
time may be similar to that for the nonmonomnic. depen- 3(Dl.gls??lletel’baum V. P. Sorvina, and E. V. Kuril'chik, 1zv. Ross. Akad.
dence on the dose under ion bombardment. According to theNauk‘ Ser. Fizﬁé(s), 210(199@_’ '
elastic wave model,AH/H) may be larger on the unirradi- 4p_|. Teterbaum, E. V. Kuri'chik, A. I. Sidorovaet al, Metally No. 5,
ated side than on the irradiated side because of competition114 (1996.
between elastic wave attenuatig@issipation and amplifica- 5D. I. Tetelbaum, E. V. Kurilchik, and N. D. Latisheva, Nucl. Instrum.
tion in secondary processtsObviously, these explanations ~_Methods Phys. Res. B27/12§ 153 (1997, _
are of a preliminary nature, since the effect requires more ;(')\gop?’a(‘fg;éy[‘goé' ii’;s'”‘S\é'm'?é:nkégm;lg'(“lzgé}ekh' Poluprovodn.
detailed study. Note that we established an effect similar tor,," Klinger, Ch. B. Lushchik, T. V. Mashovetst al. Usp. Fiz. Nauk
that described not only for permalloy foils but also for cop- 147 5231985 [Sov. Phys. Usp28, 994 (1985].
per ones. Moreover, preliminary experiments have sShowrfa. s. Kozma, S. V. Malykhin, O. V. Sobolet al, Fiz. Metall. Metall-
that as under ion bombardmenthe changes it are trans- oved. No. 7, 16§1991).
ferred across the interfaces of the foils when stacks are irral% N. N. Novikov, Ukr. Fiz. Zh.17, 724(1972. | _
diated. We hypothesize that this effect is fairly general and is 't A Semin, V. D. Skupov, and D. |. Tetefbaum, Pisma Zh. Tekh. Fiz.
characteristic of solids with a high degree of structural im- 14, 273(1989 [Sov. Tech. Phys. Lefti4, 121(1983)

perfection. Translated by R. M. Durham
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Hardening of metals exposed to ultraviolet radiation
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Results are presented of experimental investigations of various regimes for exposure of metal
samplegqsteel 45 to XeCl laser radiation to enhance their microhardness and wear

resistance. The specific power and radiation energy were varied between(?.8nd

1x10° W/cn? and between 1 and 20 J/émrespectively. It was shown that a specific
microhardness can be predefined for surface layers of metal to depths up tar8@6 a function

of the irradiation regime. ©1998 American Institute of Physids§1063-785(18)00312-7

The development of high-power ultraviolet excimer la- resistance are enhanced, depending on the irradiation
sers has stimulated the search for their possible applicatiomegimes.
in new technologie$=3 This explains the increased interest In the experiments the laser radiation intensiy)(act-
being shown in experimental and theoretical investigationsng on the samples was varied between >x718° and
of the interaction between ultraviolet radiation and metals. 1x 10 W/cn? and the energy densityQ) was varied be-
At present we do not have any clear physical picture of theween 1 and 20 J/ctnfor pulse lengths between 30 and
action of ultraviolet excimer laser radiation on metals. Aru-200 ns. The investigations were carried out using three steel
tyunyanet al* reported experimental and theoretical inves-samples(I-11l) which had undergone conventional heat
tigations of the action of pulse-periodic XeCl laser radiationtreatment (quenching, tempering The initial microhard-
of intensity ~ 10°— 10> W/cn? on various metal targe{@\, ness H, after heat treatment had the following values:
Cu, Ti) in vacuum and in various buffer gas media. Thesel — 600 kgf/mn?, 1| — 620 kgf/mn?, and Il —
authors showed that at high radiation intensities the meta#50 kgf/mnf. The front surface of samples Il and Il was
target is heated more slowly because of the pulsed energgxposed to laser radiation in the following regimes)
losses to vaporization, whereas at low intensities this slowin@=1.5 J/icnrd, W=7.5x10° W/cn?; (2) Q=5 Jicnd,
is caused by thermal radiation and transfer of heat into th&v=2.5x 10" W/cn?; (3) Q=10 J/cn, wW=5
metal. The power density was taken to be the main factor ink 10’ W/cn?; and(4) Q=20 J/cnt, W=1x10° W/cn?.
the action, while the role of the energy density was neglected The microhardness measurements were made using a
in connection with the interaction between the radiation and®MT-3 device with loadP=0.1 kg. At the surface of the
the metals. samples the microhardness varied as follows: sample II: 680
Here, results of experimental investigations of the action(1), 570 kgf/mnt; sample Ill: 440(3) and 820 @) kgf/mn?,
of XeCl laser radiation on metal samplésteel 45 are re- where(1—4) are the laser irradiation regimes. Depending on
ported, which indicate that their microhardness and weathe energy density and the radiation intensity, the surface

1000 I
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* ﬁ,,,aszo
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d FIG. 1. Changes in microhardness versus depth for
1 : : *M steel 45 samples Il and 1l exposed to XeCl laser radia-
i ; ‘ P tion in regimesl—4.
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microhardness decreas@egime3) or increasedregime4) 1 2 3
up to 25%. The decrease in the microhardness was caused
self-diffusion of carbon under irradiation, while the increase
was evidently attributable to surface evaporation of the
metal. 6.00 a
The variation of the microhardness with sample deptt . !
was of the greatest interest. To measure this, a transverse ¢ : /
was made and the surface was then ground and polishe;;
(without cold hardening, i.e., surface hardeninthe micro- o
hardness measurements were made using the PMT-3 devis : /
by varying the depth of the cut with an approximate step ot<_4.00 7
50 um. Figure 1 gives the microhardneds () of samples Il =
and Il over the deptlil wm) of a transverse polished section 4
as a function of the irradiation regimé$—4) for H,=620
(I1) and 650 (11} kgf/mn?. For regimeg1-3) H , increased
with sample depth as the energy density and radiation inter 200 ] ,/
sity increased as a result of heat being transferred into th =" 4 !
metal. A further increase in the energy density to 20 3/cm ) /
and the radiation intensity toX10° W/cn? (regime4) was
accompanied by the opposite effect. The surface microharc
ness increased and then decreased almost linearly to a dej
of ~100 um, then remaining constant below the initial level 6 1 eee==—"" | = L
as a result of tempering of the material caused by overhea 0 5 10 15
ing. Thus, depending on the irradiation regime, the micro- t,min

hardnessi,, can vary with the depth of the material as far as
300 um. FIG. 2. Relative losses of samples abraded using a friction machine as

. . . a function of time for normal(l) and XeCl-laser irradiated samples
The samples were also investigated for wear resistancg ang ).

using a type of disk-block. The counterbody was a ShKh 15
steel disk coated with titanium nitride. The wear investiga-

tions were carried out in air with the paramet&s 25 kgf 2. Specific microhardness properties of metal surfaces
andv=280 rpm. Figure 2 gives the mass loss as a function otan be produced over depths up to 30 by different ther-
time. Since the samples were heated appreciably after longal regimes of ultraviolet irradiation.
abrasion times, the wear resistance studies were terminated The author would like to thank V. M. DiamagRepub-
after 15min. The curves can be divided into three sectionfican Engineering Center, Siberian Branch of the Russian
(1-3). Sectionl corresponded to abrasion of the sample withAcademy of Sciencgdor assistance in preparing the micro-
the counterbody. In sectiod the mass losses of the irradi- hardness and wear resistance samples.
ated samples differed little from those of the initial sample
(l) WTICh I.S consistent Wltg the mlcrqhard?]ess of thesel;l. F. Ready,Lasers in Modern IndustrySociety of Manufacturing
samp es,(F.|g. 1, curvesl and 2). In SeCt'o_n3 t e wear of Engineers, Dearborn, Mich., 1979; Mir, Moscow, 1981, 638.pp.
sample | differed sharply from that of the irradiated samples2w. w. Duley, Laser Processing of Materialg?lenum Press, New York,
Il and IIl. 1983; Mir, Moscow, 1986, 502 pp.
_ 3 , ,
Thus, these results supplement the conclusion reacheagi(ss)o"lvgg?i;;gmka" H. Kahlert, and D. Basting, Laser Optoelektron.
4 . . . . ) .
by Arutyunyanet al.” that optimum h'eatmg regimes eX|St_ fo_r 4R. V. Arutyunyan, L. A. Bolshov, V. M. Borisoet al,, Investigation of
metal samples not only as a function of the laser radiation Regimes of Repetitively Pulsed XeChser Action on MetalsPreprint
intensity but also as a function of the energy density and No. 4958/9[in Russian, Kurchatov Institute of Atomic Energy, Moscow
. L . . . . . _ (1989, 48 pp.
|rra(_j|at|on time. On the b_a5|s. of these investigations the fol 58. Godard, P. Murrer, P. Labordet al, in Proceedings of "CLEO/
lowing results were obtained: Europe 94, Paper CTuG3, p. 42.

1. It has been shown that the microhardness and weatA. I. Fedorov, in Proceedings of Third International Conference on
resistance of metaléusing steel 45 as an exampmn be Pulsed Lasers on Atomic and Molecular Transitiphemsk, Russia 1997,
enhanced as a function of the ultraviolet irradiation param- ° °
eters(radiation intensity and energy density Translated by R. M. Durham
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Investigation of some characteristics of electron emission from the surface
of a PLZT ferroelectric

L. M. Rabkin, G. P. Petin, I. A. Zarubin, and V. N. lvanov

Rostov-on-Don State University
(Submitted January 19, 1998; resubmitted June 15,1998
Pis'ma Zh. Tekh. Fiz24, 19-22(December 12, 1998

Results are presented of an investigation of some characteristics of electron emission from the
surface of a PLZT ferroelectricTsTSL in Russianwhen a pulsed voltage is applied to

the sample. It is shown that the emitted charge is compensated by migration of electric charge
through the bulk of the ferroelectric. The energies of the emitted electrons were estimated

for a specific ferroelectric sample, and it was shown that the residual gas pressure influences the
emitted charge. The results were obtained using a new method for direct measurement of

the average pulsed currents in the electrode circuits of the solid-state ferroelectric sample and in
the collector circuit. ©1998 American Institute of Physid$$1063-785(18)00412-]

Information on electron emission from the surface of atial. The following pattern of events emerges. The electrons
ferroelectric was first published in Ref. 1. Polarization rever-leaving the ferroelectric have an appreciable energy spread
sal by high-voltage pulses persisting on the order of a fewand possess considerable energy, in the present case up to
tens of nanoseconds gives extremely large pulsed emissid®0 eV. When the collector potential is negative, some of the
currents>® However, many aspects of the emission mechag€lectrons cannot overcome the retarding collector potential
nism remain unexplained. How is the emitted charge comand return to the grid. The grid current increases and the
pensated and what is the influence of the residual gases in ti§@llector current decreases, almost to zero. When the collec-
vacuum? The present paper attempts to address these issu€. potential is positive, an increasingly large number of

The measuring cell was very similar to those describedtMitted electrons reach the collector as its potential increases
in Refs. 2 and 3. The sample was a 1 mm thick disk of highlyand the grid current decreases and may become very small.
compressed unpolarized PLZT lanthanum-containing lead ti-  The dependences of all the measured average currents on
tanate zirconate ceramihaving the composition 9/35/65 the residual gas pressure were then measured when a pulsed
with a diameter of 12 mm. Silver electrodes were depositedf©ltage was applied to the sample. The measurements were
on the sample, consisting of a solid 10 mm diameter elecmade at zero collector potential and the results are plotted in

trode on one side and a grid with period 0.2 mm and spacingig' 2. The average input and output currents are very similar

0.2mm on the side facing the collector. The collector in the
form of a metal cup was moved up to the sample and com-
pletely collected all the emitted electrons. The distance be-
tween the sample and the inner surface of the collector was 0.80 Frrrv prerrprrrrpy gy e
5-6 mm. The high-voltage pulse had the following param-
eters: amplitude up to 3000V and width at half-maximum
70ns. The pulse repetition frequency was 10 Hz. The mea- 0.60
suring system allowed us to determine the average currents
in the electrode circuit rather than the pulsed values of the
current or charge%® so that it was possible to measure the 1 Jout
current in the solid electrode circuit and the current in the .40
grid circuit.

Figure 1 gives the average current in the solid electrode | +
circuit (input currentl,), the grid currenty, and the collec-
tor current(output current ) plotted as a function of the 0.20
collector voltage for a constant pulsed voltage. Particular at-

tention is drawn to the existence of an input currgpt i.e., Jg

a current caused by the migration of charges between the \H'M

solid and grid electrodes. This current was previously un- 0.00 Sl ENENE S FREWE FENWE Fuus Vv
known and is most likely a hole current. The current balance -600 -400 -200 0 200 400

onl =1 i isfied.
conditionln=1ou* 4 is satisfied. The output current and the FIG. 1. Input currentl(,), output currentk,), and grid currentl() versus

grid current _depend strongly on the C‘?”eCtor p_Otemialicollector voltage. The onset frequency was 10 Hz and the amplitude of the
whereas the input current depends very little on this potenpulsed voltage was 1500 V.
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>

rent ion component. The same number of positive and nega-
tive charges are formed as a result of ionization of the gas.
The positive ions should significantly increase the grid cur-
rent, but this is not observed. The ion component of the
output current is obviously relatively small. The increase of
the observed currents with increasing pressure can be attrib-
uted to the anomalously strong emission as a result of the
Malter effect® caused by the adsorption of positive ions of
the residual gases on the surface of the ferroelectric.
Jout The most interesting conclusion to emerge from this ex-
periment is that the charge emitted from the surface of the
ferroelectric is compensated by the current flowing through
the bulk of the ferroelectric. The mechanism for this current
flow has not yet been clarified, but hole conduction may play
some part.

This work was supported financially by the “Integra-
tion” Program, Project No. 5-82.
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Trapping of solvent by a C ¢ fullerene film
O. F. Pozdnyakov, B. P. Redkov, B. M. Ginzburg, and A. O. Pozdnyakov

A. F. loffe Physicotechnical Institute, St. Petersburg;
Institute of Problems in Mechanical Engineering, St. Petersburg
(Submitted June 5, 1998

Pis’'ma Zh. Tekh. Fiz24, 23—-29(December 12, 1998

Mass spectrometry was used over a wide temperature range to compare processes of solvent
(tolueng release and desorption ofgCfullerene molecules from a fullerite film formed from
solution on an oxidized metal substrate. It is shown that toluene is strongly retained in the
fullerite film and that it is almost impossible to remove the toluene from the film without damaging
its structure. Quantitative characteristics of the toluene retention and trapping effect are
determined. ©1998 American Institute of Physid$1063-785(18)00512-6

Polymer—fullerene composites are attracting close attertensity then decreases monotonically 850 °C, still re-
tion among researchers because fullerenes have proved to iining very substantial. Above this temperature the toluene
an active modifier of the therm&r? mechanicaf® and  release again increases as far B¥*~440°C, and then
optical”® properties of polymers. Thin-film polymer— drops to the background level. A comparison between the
fullerene composite structures are usually deposited on gesorption kinetics of toluene ne@™ and the thermal de-
substrate from suitable solutions. The planar centrifugatiorgorption kinetics of the fullerene molecules recorded from

and deposition versions of the solution method, for exampley,o Jo00 line intensity, which corresponds to the mass of a

can produce thin homogeneous polymer coatings for variouégO ion (dashed curve in Fig. Jareveals that these are the

purposes which satisfy the requirements of mlcroelectronlcsSame' e TM=TI¥=440°C. This implies that in this tem-
Thus, accurate allowance must be made for the role of the

. . ; perature range the release of toluene is caused by sublima-
solvent in the formation of the structure of ultrathin compos-_. . R .
ite films. tion of Ggq. Since the release of toluene near 75°C is evi-

In studies of the thermal stability of thin, dently caused by thermally stimulated desorption of

Ceo-fullerene-filled polymer films, attention was drawn to the Molecules from the solvation sheath, retained despite the
fact that toluene is retained in the composite film up to temNigh vacuum(so-called bound so_lvehtthe delay in its re-
peratures at which it is completely destroyed. In order td®@se up to fullerene sublimation temperatures must be
identify the reason for this toluene behavior, we also studiegaused by trapping of solvent molecules by the structure of
layers of G, deposited on a substrate from solution as athe fullerite film. Thus, the high-temperature release of tolu-
model systen?.The result of these investigations of the ther- ene takes place only as a result of damage to the film struc-
mal stability of single-layer and polylayer & structures  ture.
should provide a quantitative description of solvent retention  Trapping of the growth medium by a growing single
and trapping by the fullerite film. crystal is a common phenomenon and is observed during
A 1.1 mg/1 ml solution of G in toluené’ was deposited  crystal growth in ultrahigh vacuunfcarbon trapping and
on the surface of an oxidized tantalum foil substrate hOldeéspecia”y in solution. Intercalation in various |ayered crys-
using a microsyringéthe room-temperature solubility ofs§  tals or some inert gases in fullerite is a well-known effdct.
in toluene is 2.9 mg/miRef. 9]. A 10 ul droplet of solution  he trapping scales depend on many factors, among them the
flowed over the surface, occupying an area-e0.5 cni, growth rate of the single cryst&t.In our case, the kinetics of
Wh!Ch correspond§ to a fullerite layer W'th a Cal%lflatedthe toluene release not only indicates that solvent impurities
weighted-mean thickness of 100 ML ML=~2x1 are present in the & film but also, as we shall show subse-

cm 2). The solvent continued to evaporate in air for a few uentlv. serves as a source of new information on the spe-
minutes. After drying, the substrate with the film was placedq Y, P

in the vacuum chamber of an upgraded MX-1320 mass speé:-iﬁc characteristics of toluene—fullerene interaction in the
trometer. When a vacuum of order 1OPa was reached in solid phase and on other characteristics of this system.
the chamber, the sample was heated linearly at a rate of 5 BY calibrating the sensitivity of the mass spgctromé%er,
K/s. The kinetics of the release of residual toluene molecule¥/® Were able to make some quantitative estimates of the
was recorded from the intensity of tdg, mass spectral line, retention and trapping of toluene molecules. For our condi-
which Corresponds to a molecular ion (M 92 u)_ tions the total number, i.e., the sum of the numbers of re-
Figure 1a shows typical kinetics of the release of toluendained (desorbed before the onset ofGsublimation and
under heating. It can be seen that toluene is desorbed startiigpped(released in the course of sublimatjdoluene mol-
from room temperature and reaches a first, fairly broad maxiecules is 4 10™ molecules per-4.5x 10'° Cq, molecules
mum rate of desorption &7'®~75°C. The desorption in- in the polylayer, i.e., is close to a 1:1 ratio. The quantity of

1063-7850/98/24(12)/3/$15.00 916 © 1998 American Institute of Physics
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FIG. 1. Temperature dependence of the rate of toluene relgasmd fullerene releas&;,, from polylayer(a) and monolayefb) coatings.

trapped toluene is 7.5 mol.% of the total recorded amount, oence of macromolecules alters the formation conditions of
3% 10" molecules. This means that one solvent molecule ighe fullerite film and thus the structure and adsorption prop-
“embedded” in approximately fifteen §g molecules. Figure erties.
1b shows the kinetics of toluene release from a fullerene Note that the structure of a composite film also inher-
monolayer obtained by depositing 10 of a one hundred ently contains solvent molecules because of the presence of
times diluted initial Gg solution on a substrate. The sublima- fullerene. Moreover, the kinetic curves of the solvent release
tion kinetics of this G is also shown by the dashed curve. It indicate the fullerene state in this composite film for the
can be seen that no toluene desorption peak is observed nagven preparation conditions. For example, if the toluene re-
T2® (440 °O. The other characteristics of the kinetics arelease and the evaporation of fullerene molecules from the
similar to the polylayer experiments. film have similar slopes, this implies that the fullerene in the

The activation energf . for desorption of G, from the  polymer is in the form of clusters or microcrystallites with
monolayer determined using the Arrhenius equation isB2 trapped solvent molecules. The absence of any toluene re-
kJ/mol and that for the polylayer iE,.=105 kJ/mol. An lease from the composite film in the440 °C range serves
estimate ofE, for desorption of toluene from the solvate
layer near 75 °C gives a value of a féd3—15 kJ/moal, i.e.,
close to the heat of evaporation of toluene in this temperature 25
range.

Experiments were also carried out to record the release
of toluene when the sample was heated in the chamber of the 20
mass spectrometer by two procedurély: incomplete heat- i T
ing to T,{180°C (curve 3, holding atT, for 1 min, and
cooling to room temperaturécurve d), and (2) repeated :{15 -
complete heating of the sample. The results plotted in Fig. 2 9
suggest that there is a broad spectrum of toluene states in the L3
fullerite film, since preliminary heating only removes spe- 10+
cific states and does not affect those higher up the tempera- s
ture scale.

The shape of the curve can be altered particularly by St \7 b
adding a solution of large organic molecules or macromol- X a;'
ecules to the initial fullerene solution. The addition of mac- ) , .

le " " 1 " 1
romolecules alters the kinetic desorption curve of the solvent 0 100 200 300 400 500
(Fig. 3. It can be seen from the figure that the addition of T °C
macromolecules to the syste(in this case polycyanurate ’

prepolyme} causes a sh_arp drop in the toluene retained angg 2. Kinetics of toluene release from a polylayer duriagpreliminary
trapped in a composite film sample. In other words, the presheating to 180 °C an¢b) repeated complete heating.

1
-~
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15 the fullerite film. We have determined the energy character-
istics of the thermal dissociation of the films and the quanti-
’] tative parameters of the retention and trapping effect.
This work was carried out as part of the program of the
St. Petersburg Scientific Center of the Russian Academy of
ScienceqProject No. 13.

The G, fullerene(>99 wt.% was synthesized in an arc discharge at the
I Laboratory of Professor G. A. Dyuzhev, A. F. loffe Physicotechnical
Institute, Russian Academy of Sciences.
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Investigation of the decay of Freon-12 (14) molecules in a transverse
nanosecond discharge

A. K. Shuaibov

Uzhgorod State University
(Submitted May 7, 1998
Pis'ma Zh. Tekh. Fiz24, 30—34(December 12, 1998

Results are presented of an investigation of the characteristics of a transverse nanosecond
discharge in Freon-12 and Freon-14 (Ck and CC}, molecule$ at pressures of 1-3 kPa.

The plasma radiation spectra in the range 200—600 nm and the lifetime and temporal charac-
teristics of the Freon decay product radiation were studied. The energy cost of the decay

of a CKCl, molecule does not exceed 10-20 eV/mol which is consistent with corresponding
data for a microwave discharge. This discharge is of interest for applications in systems

to purify air from Freon impurities, which are the main factor responsible for the formation

of the ozone holes. €998 American Institute of Physids$51063-785(18)00612-(

Freon pollution of the Earth’s atmosphere has recentlyCCl, at a total pressure 6£3 kPa. Studies were made of the
become one of the main factors responsible for the fOfmatiOlﬁ'asma radiation Spectra and the lifetime and tempora| char-
of ozone holes. Several types of self-sustained discharges;cteristics of the Freon decay product radiation.
can be used for local pgrificatiop of the agmosphere. FOr A transverse nanosecond Freon discharge was ignited in
instance, Akhvledianét al~ and Gritsininet al” studied the an 18<2.2x0.7 cm volume using automatic spark preion-

decay of CRCl, molecules in a high-power Caser spark ization of the 2.2 cm interelectrode gap. The discharge was

and in surface and microwave discharges. Such investigq-nited using a system for transferring the charge of the main
tions have not been made for a transverse nanosecond di%. . gasy g 9 .
pacitance C;=30 nF to a peaking capacitanc€,

charge. Studies of a Freon plasma under the conditions of%a i
transverse nanosecond discharge are of additional interest in-4 NF- The switch was a TGII 1000/25 hydrogen thyra-

connection with the use of GEl, and CC} molecules in  tron. The plasma radiation was analyzed using an MDR-2
electric-discharge excimer lasers and lafhpsn these de- monochromator with a 1200 lines/mm diffraction grating, a
vices they serve as halogen carriers whose decay determinegton photomultiplier, a 14-FS linear electron multiplier,

the efficiency and service life of the excimer emitter. and a 6LOR-04 oscilloscope. The system used to excite

The present paper reports investigations of the charactethe discharge and record the plasma characteristics was de-
istics of a transverse nanosecond discharge isGGFand  scribed in more detail by Shubainat al® and Shuaibov

C,lA-Y)
e e ]
C,(8-X)
(————
Ci(2p-3s)
FIG. 1. Plasma radiation spectra of a transverse nano-
second discharge in Freon-12 and Freon-14 Pat
=1.2 kPa.
280 360 A,nm 440 520 A,nm
1 2
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:{'u_ products, CG and GCl,. Similar decay products of GEl,
molecules may be responsible for the appearance of the
N max=280—300 nm band in the spectrud (Fig. 1.

Measurements of the brightness of this band as a func-

J, tion of the number of discharge pulses showed that it reaches

au 0.5l . after 4x 10° pulses. This number of pulses approxi-

. mately corresponds to the decay of all the Freon-12 mol-
ecules in the discharge chamber or their conversion to other

% compounds. At pressure 1.2 kPa amd 5% 10° pulses(tak-

a.u ing into account the specific input energy to the plasma and
the passive volume of the discharge champtire energy
consumption for the decay of a Freon-12 molecule is
10-20 eV/mol, which is almost the same as that for a micro-
wave dischargé.

g Figure 2 gives oscilloscope traces of the voltage, current,
and plasma radiation of a transverse nanosecond discharge.
zfu‘ A characteristic feature of Freon discharges is that during the
6 entire energy input to the medium the intensity at the elec-
7 trodes is appreciable, which is similar to an NefSks-
charge with prebreakdown ionization multiplication of the
electrons’ The radiation on the £A—X) and CNB-X)
A . o transition increases smoothly and reaches a maximum when
0 200 400 t,ns the voltage is completely removed from the interelectrode
FIG. 2. Oscilloscope traces of voltag®), current(2), and radiation(3—7) gap' This indicates that recombination population mecha-
for a Freon-14 discharge aP=1.2kPa and U=12kv: 3 —  Nisms are present or thagGnd CN* molecules are formed
247.9Cl (2-3s), 4 — 466.9G (A-X)(6-5), 5 — 5165G in reactions involving excited carbon atoms, which can be
(A-X)(0-0), 6 — 337.1N (C-B)(0-0), and7 — 388.3nmCNB-  seen from the time correlation of the,@—X), CN(B-X),
X)(0-0. and CI(2p—3s) radiation(Fig. 2.

The radiation attributable to transitions of the nitrogen
molecule(present in small quantities in the residual glaad
et al.” The energy input to the discharge was 0.1-0.5 3/cm an oscilloscope trace with two peaks shifted relative to the
When the Freon-12 content was lowP£0.5 kPa) and pump current peaks. This is caused by the collisional mecha-
U=5-12kV a homogeneous green discharge was ignitedjisms for population of MC) under our experimental
which became contracted dt=12 kV to form a dense set of conditions.
thin luminous filaments uniformly filling a large part of the To sum up, an investigation of a transverse nanosecond
discharge volume. When the Freon-12 pressure was irdischarge in Freons has shown thaPat 0.5-3 kPa, this is
creased, the discharge near the anode consisted of a densea&spatially homogeneous discharge similar to that with preb-
of short green flashes, but a homogeneous blue dischargeakdown ionization multiplication of the electrons. The
burnt in most of the interelectrode gap. Here we shall payCF,Cl, molecules decay withirs5x 10° pulses with spe-
particular attention to the study of transverse nanosecondific energy consumptions of 10—20 eV/mol, which are the
discharges at elevated Freon densities. same as those in a microwave discharge.
Typical plasma radiation spectra of a transverse nano-
second discharge are shown in Fig. 1. In the ultraviolet we
observed a high-intensity 247.9nm Ci{23s) line and the  1G. A. Askaryan, G. M. Batanov, S. I. Gritsingt al, Zh. Tekh. Fiz66(3),
N,(C-B) and CNB-X) bands, while GA—X) Swan bands  19(1996 [Tech. Phys41, 239(1996].

i i ; i ; R 27. G. Akhvlediani, E M. Barkhudarov, G. V. Gelashvilet al, Fiz.
were identified in the visible. A broad band with a maximum Plazmy22, 470(199 [Plasma Phys. Re@2, 428 (1996],

at 280—300nm is typical of GEl, molecules. A similar  sg | Gitsinin, S. I. Kossy M. A. Misakyanet al, Fiz. Plazmy23, 264

band, the Cl line, and £LA—X) bands were observed in the (1997 [Plasma Phys. Re[23, 242(1997].

plasma radiation spectra of a microwave dischargafter “1(\1-9 'E\;(-)Kcs’stin, FYH F. TTarahseSEo,ggnc; &.a gggorov, Zh. Tekh. g, 1227
1§_104 tra_nsverse nanosecond dlscharge pulses, the ampll;A. Luc[hec;\,/.V. K;ssgi:, .andyM.’R. Perrong: Opt. Commai(5), 315
tude and width of this band decreased, which may serve as(jggy.

an indicator of the rate of decay of the £H, molecules.  ®A. K. Shubainov, Yu. Yu. Ngmet, A. I. Khodanich, and V. S. Shevera,
The radiation spectra of the CQflischarge do not contain a _Opt. Spektrosk75, 713 (1993 [Opt. Spectrosc75, 422 (1993].

. : : : : "A. K. Shuaibov, L. L. Shimon, A. I. Dashchenko, and A. I. Minya, Ukr.
similar broad band with a maximum at 470 nm which is ob- Fiz. 7h.43(1), 27 (1998,

served in a dc discharge at low CClpressure P 8Yu. S. Kravchenko, V. S. Osadchuk, A. F. Sergierkal, Teplofiz. Vys.
=<0.05 kPa)(Ref. 8. This indicates that the C¢molecules Temp.25(1), 151(1987.

decay completely and very efficiently in a transverse nano—gg1 Késsq‘ggbo"' Pis'ma Zh. Tekh. Fi24(1), 85(1998 [Tech. Phys. Lett.
second discharge, since the appearance of hg, + 38(1998).
=470 nm band is attributed to the excitation of ¢decay Translated by R. M. Durham
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Selective infrared multiphoton dissociation of CF 3l molecules in a pulsed gasdynamic
stream: Dependence of the 13C enrichment factor in the C ,F¢ product on the
molecular concentration in the beam

G. N. Makarov

Institute of Spectroscopy, Russian Academy of Sciences, Troitsk
(Submitted June 17, 1998
Pis'ma Zh. Tekh. Fiz24, 35—-40(December 12, 1998

An investigation was made of isotopically selective infrared multiphoton dissociation ¢f CF
molecules in a pulsed gasdynamic stream. It was observed th&iGhenrichment factor

in the GFg product depends strongly on the molecular concentration in the stream. Reasons for
this result are discussed. @998 American Institute of Physid$1063-785(18)00712-5

Highly selective laser separation of isotopes of heavyBriefly, we used a pulsed “current loop” noz2fe'® with a
elementgU, Os, W, . . .) by infrared multiphoton dissocia- nozzle opening pulse of half-height duratieg,,,= 150 us.
tion of UF;, OsQ,, WFg, ... moleculel can only be The vacuum chamber in which the molecular beam was
achieved when the molecules are highly cooled in gasdyformed had a volumeV =201 and was evacuated to
namic jets or streants: This is because of the small isotope =10"° Torr using a turbomolecular pump. The stream was
shift in the infrared absorption spectra of these molecule$ormed using two thir(100 um) metal strips attached to the
(Avi<1cm ). However, when gasdynamic jets and wall of the nozzle. The molecules were excited by a TEA
streams are used, collection of the products presents maj6iO, laser pulse. During irradiation of the molecules in the
problems. Previousl§? in order to understand the processesstream, the main evacuation channel of the vacuum chamber
accompanying the infrared multiphoton dissociation of mol-was closed. The products and residuakQfas formed after
ecules in gasdynamic jets and flows, and also to develop &radiation were collected in a cryogenic trap connected to
method of obtaining and efficiently collecting products en-the chamber. After the end of the irradiation cycle, the gas
riched in the desired isotope, we investigated the dissociatioffom the trap was collected in an optical cell for infrared and
of CFl in a pulsed beam. This molecule was selected beMass analysis.
cause the infrared multiphoton excitation and dissociation of ~ The **C enrichment factok 85 of the GFg was inves-
CFl has been fairly well studie@;'%including in a molecu- tigated as a function of the total numh®r of molecules in
lar beamt! and its dissociation yields stable produ¢@F,  the stream and also as a function of the time delgybe-
and b,). This molecule was initially considered as an initial tWeen the nozzle pulse and the exciting laser pulse. The en-
substancze for large-scale laser separation of carbofichment factor was defined as
isotopes: In_ Ref. 4 we develpped an a_lpprogch vyh|ch_ can Kgrsod:(mlzﬁ|120)/(|120+2|119)§’ 1)
produce a highly enriched residual gas in a single irradiation
cycle, while in Ref. 5 we studied the possibility of obtaining where ,1, 1159, and kjgare the intensities of the mass peaks
products enriched in the desired isotof@Fs and COFE).  of the GFs ion, and¢="3C/*%C=0.011 is the ratio of the
We showed that the GF; yield drops sharply with decreas- percent content of carbon isotopes in the initial;C§as.
ing concentration of Cff molecules in the stream, caused by The numbemy of molecules in the beam was determined
losses of CE radicals to the walls of the chamber in which from the pressure incremeaip in the vacuum chamber after
the molecular stream is formed. In order to reduce the lossggnozzle pulses with the pumping shut off,
of radicals, we suggested using a buffacceptoy gas in the _ - _
chamber at a pressure of 3—5 mTorr. This appreciably in1= (Pin = Pin) Ven/NKT=ApVen/nkT - (Y=300 K),  (2)
creased the yield of products, especially when oxygen waand also from the infrared absorption spectrum of thgICF
used as the radical acceptor in the chamber. However, we digholecules collected from the vacuum chamber in the optical
not examine the influence of concentration effects on theell after n nozzle pulses. Since the pulsed beam was spa-
enrichment factor in the products\evertheless, the enrich- tially bounded and had a fixed voluth&V;=50 cn?),
ment factor, together with the yield of the desired product, ischanges imy andty altered the concentration of irradiated
an important parameter of the separation proéésBhe  molecules in the stream and henced that of produgtraéi-

present study examines how the concentration ofl@#ol-  cals.
ecules in the stream affects tf enrichment factor of the Figure 1 shows the dependenc%“rq’(nﬂ). The mol-
C,Fg product. ecules were irradiated at the frequency 1043.16 tm

The experimental setup, measurement technique, an@P(24) laser ling in resonance with thel}*CF;! vibration1®
procedure for collecting and analyzing the products and th&@his was the frequency at which the maximum enrichment
residual gas were described in detail in Refs. 4 and 5factor of the GFg product was observetAlso plotted is the

1063-7850/98/24(12)/3/$15.00 921 © 1998 American Institute of Physics
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prod Qc:Fo
K., (nmole/pulse)
25 +10.15
20
410.10 FIG. 1. Dependence of thHéC enrichment factor of §F; (1) and
15 the GFg yield (2) on the total number of Gff molecules in the
stream, n;. The molecules were irradiated at a frequency of
1043.16 cm?® (9P(24) laser ling and energy densityp=1.6
10 | Jicnt. The time delay between the nozzle pulse and the exciting
-40.05 laser pulse wase= 250 us.
5}
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C,Fs yield as a function ofig, Qc ¢ (Ng). It can be seen that CR;+1,—CRsl+1. 3

asny decreases, not only the yield but als@’ﬁ’i decrease.

For instance, whenng decreases from=1.4<10" |t has already been shoWthat as the concentration of prod-
molecules/pulse to=5.2x<10'® molecules/pulse, & de-  uct CF, radicals decreases, an increasing relative fraction is
creases from=25 to =10. Figure 2 shows the dependence|pst to the walls without forming §Fs. Since the dissociation
KP54tee). Also plotted for comparison is the curve selectivity in these experiments was lower than the ratio of
Qc,r,(tae), Obtained for excitation of“CF3l molecules at  the 2C and 13C isotope contents in the initial GFgas
the frequency 1071.9 cnt (9R(10) laser ling® which char-  (a;3<*?C/*3C), the number of product’CF; radicals was
acterizes the time evolution of the molecular flux intensity. Italways less than the number HICF; radicals, and thus a
can be seen that?™ decreases fairly substantially &g,  relatively large fraction of thé3CF; radicals was lost to the
increases and decreases relative to the vigluee 280 us for  walls. This led to a decrease ngg’d as the concentration of

which the highest-intensity part of the molecular flow wasirradiated molecules in the stream decreased.

irradiated. Thus, this result reemphasizes K¢ decreases To conclude, it has been shown that ti€ enrichment
substantially as the concentration of productC&dicals in  factor of GFg, Kﬁg"d falls sharply as the concentration of
the flow decreases. CF;l molecules in the beam decrease. The decreasdfi{

In the author’s view, the decreaseKfY with decreas- is caused by losses of GFadicals to the walls of the cham-

ing concentration of irradiated GFmolecules in the stream ber in which the molecular beam is formed. Thus, in order to
is caused by losses of GFadicals to the chamber walls. A obtain*C enriched products, the stream must contain a com-
possible mechanism for the loss of radicals is the reaction paratively high concentration of°CF; radicals =10

K Pmd QcZFI
13 (nmole/puise)
40 14
30 b 43 FIG. 2. Dependence of th8C enrichment factor of §Fg on
the time delayty, between the nozzle pulse and the exciting
laser pulse(1). The CRl molecules were irradiated at a fre-
quency of 1043.16 cm' (9P (24) laser ling and energy den-
20 42 sity ®=1.6 J/cn? and the CEl pressure above the nozzle was
2 bar. Also plotted for comparison is theRg yield versust
(2) obtained when the molecules were irradiated at a frequency
of 1071.9 cm? (9R (10) laser ling and energy densityp=3
10F 11 Jien? and the CEl pressure above the nozzle was 4 bar.
0 . ~>—0— . . a 0
0 100 200 300 400 500
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Formation of heterogeneous molecules at the surface of metals in a mixture of protium
and deuterium gases

A. A. Pisarev, P. O. Kokurin, and Yu. V. Borisyuk

Moscow Engineering-Physics Institute
(Submitted June 8, 1998
Pis'ma Zh. Tekh. Fiz24, 41-44(December 12, 1998

An investigation was made of the formation of molecules of mixed hydrogen isotopes at the
surface of tungsten. An original method is proposed to determine the chemisorption activation
energy from the rate of desorption of heterogeneous moleculesl998 American Institute

of Physics[S1063-785(1®8)00812-X]

The behavior of hydrogen in a solid is of interest for is established at the metal surface between the particle flux
many technological applications, including nuclear fusionfrom the gas to the chemisorbed state at the surface and
and hydrogen power engineering. Work with any two hydro-desorption from it and also between the particle fluxes from
gen isotopes at the same time is frequently accompanied dpe surface into the bulk of the solid and in the opposite
isotopic mixing and this may cause various problems wherlirection. We shall also assume that the degree of coverage
analyzing the dynamics of sorption and desorption processe8f the surface is low. In this case, the balance of the deute-
For instance, the formation of HD molecules wasrium and protium atom fluxes can be written as follows:
observed® when solids were bombarded with deuterium
ions, deuterium plasma, and epithermal atoms. 1

Here we study the formation of HD molecules as a result ~ Klop= K+ > Kento,
of interaction between a metdin this case tungstenand
gaseous hydrogen in a mixture of ldnd D, gases.

The experiments were carried out in an oil-free vacuum k|0H:KCa+ EKCHCD.

with a high H, content and controlled admission of a small 2
quantity of D,. The HD patrtial pressure was measured using
a high-sensitivity magnetic mass spectrometer. Here the terms on the left-hand side refer to the deute-

We observed experimentally that as the temperature ofium and protium atom fluxes from the gas to the surface,
the tungsten increased, the HD signal measured in theherel, are the molecular fluxes from the gas dnib the
vacuum chamber around the sample also increased. Figurecbefficient of molecular dissociation. The right-hand sides
gives logarithms of the HD signal as a function of the recip-refer to the fluxes of desorbed HD,Hand D, molecules,
rocal temperature for the same sample but with different prewherecy andcp are the concentrations of H and D atoms at
histories. The first series was carried out using a sampléhe surface anK is the coefficient of recombination of the
which had been heated to 1500 K before the measurementtoms to form a molecule.

In the second series the sample had been held in a low
vacuum with a mixture of Hand D, gases at a higher pres-

sure, and in the third series the sample had been annealed g ¢ . i _ ]
following the first two series. It can be seen that quantity of 1 ]
product HD depends on the preparation of the sample, in 5'0'.
cluding the heat treatment and the vacuum conditions. Thi: 451
may indicate that the surface state influences the isotopi 4,0 .
mixing. Thus, it may be predicted that in experiments where 35] ]
the main quantity being measured is the desorption(eate ~ 30- ]
periments to study ion implantation, recycling, permeability,—,Q g

thermal desorption, and so prihe contribution of isotopic = 2'5j N
mixing may vary from one experiment to another and this 2,0+ -
may create difficulties when interpreting the experimental 4]
data, as was discussed by Pisae¢wal.’ in particular.

The experiments can be described using a model base
on an approach adopted by P|:~:arcezl\_/al.9 to describe the Os'?m 0005 00010 00’ oo 00ms
buildup of gas at the surface and in the bulk of a solid. T K
Simplifying this model for our particular problem, we shall '
assume that under the experimental conditions, equilibriunfic. 1.

>en
LA

1

0+ .

1063-7850/98/24(12)/2/$15.00 924 © 1998 American Institute of Physics
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After performing some simple calculations assumingis consistent with ideas on the activation and passivation of
that the residual hydrogen pressure is much higher than thiae surface.

residual deuterium pressurg>|,p and using fok the for- This procedure to determirte; can easily be applied in
mula experiments to study the interaction of gas, epithermal at-
K(T) =koexp( — 2E, /kT), oms, fast ions, and plasma with solids, to calculate the coef-

ficient of recombination of atoms to form molecules under
whereE, is the activation energy for dissociative chemisorp-specific experimental conditions.

tion, we obtain an expression for the HD molecular flux: This work was supported by the Russian Fund for Fun-
Jnp= (Kol 2/128 o) exp( — E. /KT). damental ReseardiGrant No. 96-02-18706

Figure 1 shows that the experimental data can be accu-
rately described by exponential dependences from which M. Braun and B. Emmoth, J. Nucl. Matet28 657 (1984.
can be determined. 2K. L. Wilson and W. L. Hsu, J. Nucl. Matef.45, 121 (1987).

3
It was found that in the experiment using the barely §é§('l;%%ghur5t’ R. A Anderl, and D. A. Struttman, J. Nucl. Matetl,

heated sample the activation energy vizas-0.092 eV(not “R. G. Macaulay-Newcombe and D. A. Thompson, J. Nucl. Ma24e,
shown in the figurg but after the sample had been heated to 942(1994.

. 5 ;
high temperatures and the surface had therefore beepS: Chiu and A. A. Haasz, J. Nucl. Mater10, 34 (1994.

| d. the value . decreases slightly t&.=0.088 eV Ph. Cetier, J. Charuau, Y. Belet al,, Fusion Technol28, 1148(1995.
¢ ea_ne P X c gntly &, - . "A. A. Pisarev, A. V. Varava, and S. K. Zhdanov, J. Nucl. Mag20, 926
(series 2 in Fig. L Then, after secondary contamination of (1995.
the sample with impuritiek increases t&.=0.135 eV(se- :G' Eilmsteiner, W. Walkner, and A. Winkler, Surf. S852, 263 (1996.
ries 2 but after repeated heating, it returns to a level close to A A- Pisarev and O. V. Ogorodnikova, J. Nucl. Mat2dg 52 (1997).

the initial valueE.=0.096 eV(series 3. This behavior ok, Translated by R. M. Durham
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Critical fields in easy-axis antiferromagnetics with allowance for Dzyaloshinski T

interaction and uniaxial pressure

G. K. Chepurnykh, V. S. Ivanii, M. I. Kolesnik, and O. G. Medvedovskaya

Institute of Applied Physics, National Academy of Ukraine, Sumy;
A. S. Makarenko State Pedagogical Institute, Sumy
(Submitted June 17, 1997; resubmitted March 25, 1998

Pis'ma Zh. Tekh. Fiz24, 45-51(December 12, 1998

The easy-axis antiferromagnetic Fe,O3 is used to study the influence of uniaxial pressure on
the magnetic phase diagrams. It is shown that there are regions where an abrupt and
appreciable change in the magnetization is accompanied not only by a negligible change in the
external magnetic field but also by a change in the uniaxial pressure. Thus, the situation
usually achieved in magnetically soft materials arises, except that in this case it is controllable.
© 1998 American Institute of Physid$51063-785(08)00912-4

The properties of magnetoelastic interaction in anti-
ferromagnetics which show up most clearly near orienta-
tional phase transitions have been studied on many occasions
(see, for example, Refs. 5 angl &ssuming that near orien-
tational phase transitions an abrupt and appreciable change
in magnetization may accompany not only a change in the
magnetic field but also changes in the uniaxial pressure
(which is required to produce magnetostrictive transddgers
we shall analyze the influence of uniaxial pressgperpen-
dicular to the easy axion the magnetic phase diagrams for
the easy-axis antiferromagnetic Fe,Os.

We shall take the thermodynamic potential in the form

1 2 2
§M1U22+ 2o (Ut Uyy)

|

+ gl (Uyy— Uyy)2+ 4U>2<y]

+2u4(U g+ Uyy)Uzz+ 4/“*5(U§z+ Usz)

+41u'6[(UXX_ Uyy)Uyz+ 2unyXZ]+UijUij dv

w00, (1o

Il
N|

I=(M1—=M3)2Mg, m=(M;—M;)/2Mg,

F=F,+FmnstFs, (1)
meoomens m-1=0 (T<Ty=260 K),
where the magnetic componef, is given by E> 8>a,>a,, and the easy axis is parallel to OZ. Minimiz-
ing the thermodynamic potentiél) as a function ofJ, , we
E a, obtain J(Fst+F,)/dU,;,=0. Determining U, from this
Fm=2MO[§m2+ ?(I§+I§)+,B(mxly—mylx) equation and substituting the expressions obtainedJfpr
into Eq. (1b), we obtain
a
_Z|‘Z"—mH}, (1a) Fm5=01(|§—|§)+czlylz, 2
where
and the magnetoelastle,, and elasticFs components are
given by Napme—2N3us
1= (Oxx— O'yy),

Fm=J{Mﬂ&ﬁ*hQ@+MUﬂ§

+Ng[ALd U+ (13-12) (U= Uyy)]
+Ng[ 21 Uyt (12-12)Uy ]

8(maps— 13

_ Nype—2Ngus

== Oyy— O .
2 8(#3#5‘#6)( 0 Tyy)

In formula (2) we did not write the cumbersome terms

whose role reduces to renormalizing the parameters of the

FNs(15+12) (Ut Uyy) + N6 (112U, magnetic component of the potentiél). According to
Dikshtein et al® uniaxial compression of a crystal along the

+ A7 (Ld U+ 11Uy )

X axis (oyx=—p) also tends to direct the vectbalong the

+he[ 2l Uny+ Iyl Uy Uy) 1} X axis—see the tern€,(Iz—12) in formula (2). In addition,
. since the region of small angles between the easy axi$dand
=AU, (1b) is the most interesting, uniaxial pressure in the basal plane
1063-7850/98/24(12)/3/$15.00 926 © 1998 American Institute of Physics
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FIG. 1. Orientation of the antiferromagnetism vecta@nd the magnetiza-

tion vectorm for an arbitrary orientation of the external magnetic field in the

planeZY: 6 and ¢, are the polar and azimuthal angles of the vettar is
the angle characterizing the direction of the vectoin the plane perpen-

dicular tol (this angle is measured from the curve of intersection of this

plane with the plane passing through thexis and the vectol).

eliminates the uncontrollable influence of the anisotropy
in this plane on the orientation of the antiferromagnetism

vectorl.

Minimizing the potential(1) as a function of the vari-
ablesm, ¢, ¢, , and @ (Fig. 1), we obtain the system of
equations
IFlom=0, JF/de=0, JFldp, =0, JF/I96=0. (3)
An analysis of the systel(8) yields the conclusion that since
formula(2) contains the ternc,l,|,, when the anglé varies
between#/2 and O in the fieldH||EA, the angleg, also

varies betweenr/2 and 0. In the third equation of syste@)

Chepurnykh, et al. 927

H,

FIG. 2. Critical fields of the easy-axis antiferromagnetie F&,0; with
uniaxial pressure perpendicular to the easy axis.

B:

1
1—2[ —4(H2+ B%) —H,B+4a,E—6a,E

2(H,Hy—C,E)2(2HZ+5H,8+8C,E)
+
(H;+4C.E+H,p)?

. 3(HyH,—C,E)*H,B
(H;+4C,E+H,p)*

The Landau theory of phase transitions indicates that for
the curve of the second-order transitions and also for the
critical curve of first-order transitions the coefficiehtvan-
ishes. In addition, at the point where the curve of the second-
order transitions goes over to the curve of the first-order
transitions(i.e., at the tricritical point both coefficientsA
andB vanish. Thus, assuming

A=0, (6)

we obtain a curve on thi,, H, diagram(Fig. 2), which for
¥ > defines the curve of the second-order transition and

we eliminatem and ¢, determined from the first and second ¢, ¥ <V, defines the curve of the lower field of lability.

equations, respectively, assuming, = w/2+ ¢4, 0=7/2

Here, V. is the critical angle between the easy axis and the

— 6y, and after expanding the trigonometric functions as &jjrection of the fieldH within which the transition of the

series allowing for the smallness @f and 6,, we obtain

3

1 _
(Pl:(HZHy—CZE)(Bl—E [Hi+4C,E+H,B1 L. (9

We can regard the angky as an order parameter in the
orientational phase transition being studied and we can thergyhere a=—1,

vectorl| to the X axis takes place in the form of a first-order
phase transition. If the range of small angMsis disre-
garded, we can neglect the terms which take account of the
uniaxial pressure in Eq6) and this equation then gives

H,=* JaHj+bH,+HZ, @)
b=—(a,E-28%)B7!, HI=a,E—-p2

fore use the Landau theory of phase transitions. Thus, elimiEquation(7) defines an ellipse inside which an angular phase
natingm and ¢ in the thermodynamic potential, expanding is achieved and outside which the phaseli€A. At the
the trigonometric functions as a series as before, assumingicritical point both Eq.(6) and the following equation are

that 64, ¢;<<1, and then eliminating,, we find
F=Fo+A®#+Bd], (5
where
A=HZ+ B2+ H,B—a;E—(H,H,— C,E)?
X[HI+4CE+H B8],

valid
B=0. (8

If the pressure is such th&,E, C,E<BH,, Egs.(6) and
(8) yield the following expression for the critical angle:

V.=2a,E[H B(1+HZ/ %%, 9)

and Eq.(6) gives the following relation for the lower field of
lability
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H2— B2 We note that experimental acoustic and resonance inves-
H2=H2| 1+ Hyc—2 . (100  tigations near the tricritical point obtained on the phase dia-
BH: gram in terms of the variablesl,, H, could help us to

If the pressure is such thal,E, C,E>pBH,, Egs.(6) and understand the acoustic anomaly observed in Ref. 1.
(8) give

V.= 2a,E{H B[1+(C,/4C1)%]%} L, (11

and Eq.(6) gives )
29 —1 IA. S. Borovik-Romanov and E. G. Rudashevskih. Eksp. Teor. Fiz47,
H,=H —H/2{C,/2C,+ B[ 1+ (C,/4Cy)“H. 7} (12 2095 (1964 [Sov. Phys. JETRO, 1407 (1964].

. . 23, Lida and A. Tasaki, ifProceedings of the International Conference on
Since we havéd .~ 3, andC,/4C;~5.6 (the numerical Magnetism Nottingham, England, 1964, p. 583,

values for the magnetoelastiG and elasticu; constants of 3| g Dikshten, V. V. Tarasenko, and V. G. Shavrov, Zrkdp. Teor. Fiz.
an a-Fe&0; crystal were taken from Refs. 5 and)1@e can 57 816 (1974 [Sov. Phys. JETRO, 404 (1974].
see by Comparing expressiofﬁé and (11) that the uniaxial G. K. Ch(_epurnykh, Fiz. Tverd. Tel@.eningrad 17, 430 (1975 [Sov.
ressure reduces the critical angle by more than two ordersphys' Solid Statd7, 268 (1973 :
p . . g _y 1 V. I. Ozhogin and V. L. Preobrazhengkizh. Eksp. Teor. Fiz.73, 988
of magnitude. Since the theohexperiments; and our cal- (1977 [Sov. Phys. JETRS, 523(1977].
culations using the equatiori3) indicate that because of the °L. T. Tsymbal, A. 1. Izotov, N. K. Dan'shin, and K. N. Kogaryan, Zh.
smallness of the critical angh . the magnetization changes ,Eksp- Teor. Fiz105 948(1994 [JETP78, 508 (1994].
bruptly with a negligible change in the magnetic field, we G. K. Chepupnykh, Fiz. Tverd. Teld.eningrad 10, 1917(1968 [Sov.
abruptly . g, 9 _g . 9 . ! Phys. Solid Stat&0, 1517(1968]; M. |. Kaganov and G. K. Chepupnykh
thus obtain states in magnetic materials for which abrupt riz. Tverd. Tela(Leningrad 11, 911 (1969 [Sov. Phys. Solid Staté1,
magnetic reversal takes place accompanying not on|y8745(1969]. o _ _ o
changes in the field but also with changes in the uniaxial K P. Bglov, Magnetostrictive Effects and Their Technical Applications
That is to say, we obtain a situation usuall [in Russiad, Nauka, Moscow1987.
pres_sure._ . Y ) . y9|. E. Dikshtan, V. V. Tarasenko, and V. G. Shavrov, Fiz. Tverd. Tela
achieved in magnetically soft materiaié except that in our (Leningrad 16, 2192 (1974 [Sov. Phys. Solid State6, 1432(1975].
case, the situation is controllable. Formuld®) and (12)  'A. S. Borovik-RomanovProblems of Magnetisrfin Russiaf, Nauka,
indicate that for small angle¥ the uniaxial pressure also  Moscow(1972, p. 4757. , : _
bstantially changes the magnetic phase diagram. If K. L. Dudko, V. V. Eremenko, and V. M. Fridman, Zhkgp. Teor. Fiz.
su ually 9 g P gram. g1 678(1971 [Sov. Phys. JETR4, 362 (1972].
H¢> B, it follows from Ref. 13 and relatiol0) that as the 12 A. Preobrazhenskiand E. G. BishardMagnetic Materials and Ele-
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Determination of the electron density in a discharge with nonmetallic liquid electrodes
in atmospheric-pressure air from the absorption of microwave probe radiation

Yu. A. Barinov, V. B. Kaplan, V. V. Rozhdestvenskil, and S. M. Shkol'nik

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted June 15, 1998
Pis'ma Zh. Tekh. Fiz24, 52-57(December 12, 1998

Measurements were made of the absorption of microwave power in a discharge plasma generated
using tapwater electrodes in atmospheric-pressure air in order to determine the electron

density. The high-voltage discharge burned in a kdikuse) form with a lower current density

than an arc discharge. This type of discharge with nonmetallic liquid electrodes is extremely
promising for various technical applications. Regimes witb0—60 mA and voltages =2.9—

3.1 kV were studied. The measurements were made at probe radiation frequen@dess

and 35.2 GHz. A two-conductor transmission line was used to localize the microwave power in the
plasma. An estimate was obtained for the average electron density in the central part of the
discharge (& 10 <n,<(7x10")cm™3. This result shows good agreement with the results of
earlier probe measurements. 98 American Institute of Physid$1063-785(18)01012-X

1. A self-sustained dc discharge between nonmetallic 3. Taking the results obtained in Refs. 2 and 3 as our
liguid electrodes, burning stably in air at atmospheric presbasis, we shall analyze the conditions in the discharge
sure in a diffuse(bulk) form, is an interesting physical ob- plasma at a curredt=60 mA. The diameter of the discharge
ject. The electrodes are usually electrolytes, aqueous soltrear the electrodes is 2= 4-5 mm and at the center of the
tions, or simply tapwater. Although this type of dischargeinterelectrode gap it isr2~3 mm. The plasma diameter was
has been known for around a century, the physica| processe@,§timated from the half-width of the radial distribution of the
composition, and properties of the discharge plasma haviadiation intensity ak=380.4 nm(second positive system of
been little studied.Earlie?® we reported spectroscopic and N2 bands, sequencévr=—2). The probe measurements in-
probe investigations of this type of discharge using tapwateglicate that the electric field is nonuniforfa=4 kV/cm near
electrodes. A single electric probe was used to measure tHBe cathodeE~2 kV/cm near the anode, arktt=0.7 kv/cm
distribution of the potential and electron densityalong the N the central part. of thg interelectrode gap. An estimate of
discharge axis. Since it is difficult to interpret the results oft€ €lectron density using the eIecltronibgranch of the probe
probe measurements under these conditions, it seems necggaracteristic givesne~(4-6)x 10" cm ™. The spectral
sary to compare the information obtained with results offéasurements show that the gas temperature near the cath-
measuringn, by a different, preferably noncontact, method. ode reaches~2000 K and decreases towgrd the anode to

An analysis of the available calculated and experimentaf1000 K, ar_1d the average electron energy is 0.35-0.4 e\_/._ In
dat&and of the scope of the different diagnostic technique plasma W_'th these_param_eters the electron—atom collision
indicated that a suitable method of determinmgmay be to requencyv1s appremably hlgf:)(;r than the electron—electron
measure the absorption of microwave probe radiation by thé:OIIISIOn frequency and ig~10" GHz and the plasma fre-

) : . quency isfy<10 GHz.
plasma when its frequency is lower than the electron colli In order to satisfy the conditions for the open-space

zlcfnfn flrte_:quencg. Obwouslya.?ucghg rr]n ethod presents Scl)memethod to be valitiand to achieve the necessary spatial reso-
t'l |::u||es uln :er om(er CO.? ttion IIIgl gas E_ressur_e, rela- dJution, the plasma must be probed with microwave radiation
Ively low electron density, small plasma dimensions, and, wavelengthh~10"* cm. In this case, the frequency of the

spatial inhomogeneily ) . microwave probe radiatiofr will be almost two orders of
.2.. Measurements of t-he absorptlop of microwave propemagnitude higher than the plasma frequerigy With this

radiation were made in a dc discharge plasma iequency ratio the absorption of microwave radiation in the

atmospheric-pressure air between two streams of tapwatefjiasma will be extremely weak. The attenuation of the re-

The thickness of the layer of water covering the metal contgjyed microwave radiation caused by this absorption is de-
ductors was 4-5 mm and the distance between the wat@giped by

electrodes was=7 mm. The measurements reported by

Afanas’evet al? and Faureet al® were made under similar P/IPo=1-2(a) L, )
conditions. Figure 1 shows the design of the discharge unit.

One of the metal electrodes was grounded and to the othevhereP and P, are the powers of the received microwave
we applied a~4 kV voltage via a 10 K ballast resistor. The radiation with and without the plasma, respectively
discharge burns stably at curretits- 60—-80 mA and volt- (a) szga dl, L is the distance covered by the microwave
ages between the metal conductyrs 2.9-3.1 kV. in the plasma, and is the attenuation constant defined* by

1063-7850/98/24(12)/3/$15.00 929 © 1998 American Institute of Physics
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FIG. 1. Schematic of discharge unit:—metal conductors2—ceramics,
3—tapwater4—discharge plasma, and |—discharge.

2
_(1_ w2+01/2)]’ @

wherew=27F; wo=2mfo=(4mn.e?/mg)*2
The coefficient of absorption of~10"* cm microwave
radiation, estimated using formulél and(2) is so small for

Barinov et al.

from measurements of the attenuation. Bearing in mind the
difficulties mentioned above, even this estimate is of some
interest at this stage of the research.

4. Figure 2 shows a block diagram of the measuring
system. A waveguide channel of 3.4 mm cross section,
consisting of fixed and moving parts, was used for micro-
wave probing of the discharge plasma. The moving part con-
tained waveguide elements, a two-conductor transmission
line, a directional coupler with a microwave radiation detec-
tor and an absorber to suppress reflection from the end of the
waveguide. The wave impedances of the waveguide and the
two-conductor line were matched with smooth triangular
waveguide joints~40 mm long without narrow walls. The
two-conductor line was formed by two parallel copper wires
0.5 mm in diameter and 25 mm long with centerd mm
apart, which were connected electrically to the pointed ends
of the matching joints. The signal from the detector, which is
proportional to the microwave radiation power transmitted
by the channel, was recorded using an S9-8 storage oscillo-
scope with 10 s sweep time.

The measurements were made as follows. After the dis-
charge had been ignited, the two-conductor line was inserted
into the discharge gap midway between the electrodes so that
the discharge channel was between the wifgg. 2). Sig-
nals from the microwave detector were recorded with the

our conditions 2a) L<10"3, that measurements of the discharge switched on and off. It was observed that heating
weak attenuation caused by this absorption become techndf the wires, which takes place within seconds, influences the
cally difficult. The design characteristics of the dischargerecorded signal. Thus, the discharge was switched off 5 s
unit make it almost impossible to use cavity methods whichafter triggering the sweeping. The signal proportional to the
can give high sensitivity. Thus, it is advisable to use longer+eceived microwave radiation power was measured directly
wavelength microwave radiatioln~1 cm to probe the before and immediately after quenching the discharge. The
plasma. In this case, our estimates indicate that the attenuaeise was smoothed by an integrator with a time constant of
tion of the microwave radiation is substantially greater, being~10"2? s. Several measurements were made at two frequen-
a few percent. In our experiment a two-conductor line wascies, 29.6 and 35.2 GHz, and the results were then averaged.
used to localize the microwave power in a region having 5. Measurements at the discharge curren60 mA
transverse dimensiois-5 mm. If the ensuing attenuation of yielded the following values of the absorption coefficient of
the microwave radiation is mainly caused by absorption irthe microwave probe radiation: (2) L=0.056 (mean

the plasma, the electron density averaged over a region aiguare deviatiod=0.004 at F=29.6 GHz and Za) L

transverse dimension-l and lengthL can be determined

=0.034 (A=0.003 at F=35.2 GHz. In order to determine

FIG. 2. Block diagram of apparatus—microwave oscil-
lator, 2—oscilloscope3—fixed part of waveguide channel,
4—connector5—moving part of waveguide channé—
two-conductor transmission line with matching elements,
7—absorber8—directional coupler with microwave radia-
tion detector.



Tech. Phys. Lett. 24 (12), December 1998 Barinov et al. 931

the average density using formulé® and (2), we need to We propose in the future to employ this microwave tech-
know v and the characteristic size of the plasma formation nique to investigate an ac discharge with nhonmetallic liquid
Calculations using different values ofin the rangg(100<»  electrodes using a gated integration technique.

<200 GHz, which corresponds to the gas temperature

(2000>T>1000) K, show that the indeterminacy of in

this range gives an error of at most 30% in the determinationig . Gasin and EE. Son Electrophysical Processes in Discharges with
of n.. The inaccuracy in estimating the size of the plasma Solid and Liquid Electrodefin Russia (Urals University Press, 1989
formation from the results of spectroscopic measurement§5/p- Ifs;;:;aes.‘ev b Andre. Yu. A Barinov. G. Faure. V. B. Kaolan
gives approximately the same contribution to the error. Tak- e "0 % " G, e o Seiot o (e o el
ing into account these sources of error, the average electronroyiouse, France, 1997, Vol. Iil, pp. 104—105.

density in a discharge with nonmetallic liquid electrodes 3G. Faure and S. M. Shkol'nik, J. Phys. 31, 1212(1998.

with 1=60 mA can be estimated asx4l0' cm 3< Ne<<7 4V. E. Golant, Microwave Methods of Plasma Researfih Russiaf,

X 10" cm3. These data show satisfactory agreement with Nauk&: Moscow1968, 328 pp.

the results of the probe measurements. Translated by R. M. Durham
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Influence of chemical composition and excess free volume on surface crystallization
of amorphous alloys

V. |. Betekhtin, A. G. Kadomtsev, V. E. Korsukov, O. V. Tolochko, and A. Yu. Kipyatkova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg;
St. Petersburg State Technical University
(Submitted July 2, 1998

Pis’'ma Zh. Tekh. Fiz24, 58—64(December 12, 1998

Small-angle x-ray scattering and electron Auger spectroscopy were used to study the distribution
of the excess free volume and the chemical composition of the surface layers of amorphous
alloy ribbons. The relationship between these structure parameters and the surface crystallization
characteristics of amorphous alloys is analyzed. 198 American Institute of Physics.
[S1063-785(108)01112-4

Surface crystallization is a particular form of the 1. MATERIALS AND EXPERIMENTAL METHOD
crystallization _of a_morph_ous alloys obtained by_quenchlng We mainly investigated the crystallization of an
from a melt W|_th single-sided h_eat transfer. In th|s_cas<_a, Wq:%sNizoSigBla alloy obtained in the form of a 42m thick
know that a dispersed crystalline phase forms primarily inribbon by quenching a melt on the outside of a rapidly rotat-
the surface layers of the rapidly quenched amorphoughg copper roller in vacuum.
ribbon! A characteristic feature of this process is that the  The crystallization was investigated by x-ray diffraction
inside of the ribbon in contact with the roller and the outsideanalysis using a DRON-3 diffractometer with Fgkhono-
in contact with the atmosphere are in different stateschromatic radiation. The alloys were heat-treated in sealed
Accelerated surface crystallization may be observed on bot@psules in a resistance furnace with the temperature main-

sides of the ribbon, but cases of preferential crystallizatiof@ined to within £1K. An x-ray analysis was made after
on the outside or on the side in contact with the disk hayeUccessive annealing for different times in the temperature

been reported The reasons for this effect have not yet been" > '9¢ 593-673 K. .
. . o The chemical composition of the surface layers was ana-
fully clarified. The main cause of accelerated crystallization

X ) . X lyzed by electron Auger spectroscopy using an LN-11 de-
on the outs_lde of the r!bbon is obwously_/ .the sloyver rate ofice. The vacuum in the preparation chamber Was10 8
cooling during quenching, but the specific physical factorsypar. The energy scanning range of the spectrum was 50—
responsible for this process have not been completely idento50 eV, the modulation amplitude was 0.5-1 eV, and the
tified. The situation on the inside of the ribbon is far moreion beam energy 3 keV. The scanning area varied between
complicated, many different viewpoints are h&fdand fur-  1x1 and 0.4<0.4 cm. The standard rate of sputtering of the
ther experimental investigations are required to clarify thissurface by Ar ions was=1 nm/min.
aspect. The excess free volume in the amorphous alloys was
Meanwhile, surface crystallization is of major practical investigated by small-angle x-ray scattering using a small-

importance for various applications of amorphous alloys. Fofndle system with Kratky collimation and Mokradiation.

instance, crystallization of the surface layers affects the cata-l:he parameters of the system allowed us to determine inho-

lytic activity and corrosion resistance of amorphous aIonsmogeneltles of between a few and hundreds of nanometers.
and the properties of magnetically soft materiaig.In this
. . o 2. EXPERIMENTAL RESULTS

context, we investigated some characteristics of the surface

crystallization of amorphous alloys, paying particular atten- ~ An analysis of the annealed samples revealed that in the
tion to the influence of the chemical composition of the sur-cases studied the crystallization is more intensive on the con-
face layers on the crystallization process, i.e., a factor whichiact side of the ribbon. The activation energies of these pro-
judging by the published dat#~" may have a very signifi- C€SS€S were determined by investigating the times before the

cant influence on the crystallization behavior. We first inves-ONset of crystallization on both surfaces and in the bulk.

. R It should be noted that in all cases, surface crystallization
tigated how the surface crystallization is influenced by th . ; : .

S ) egins slightly before the bulk process. Figure 1 gives the
distribution of excess free volume over the cross section of:

; uth imes before the onset of crystallization for the bulk and for
the ribbon. We have already showtat amorphous alloys 4 outside(1) and contact(?) surfaces of FgNiySisB1s

obtained by quenching from a melt have excess free volumgyioy piotted as a function of the reciprocal temperature. The
in the form of pores with dimensions of tens of nanometersynfilled symbols correspond to the maximum annealing time
which substantially influences the physicomechanical propat which “amorphous” reflexes are observed, while the
erties of the alloys. filled symbols correspond to the minimum annealing time at
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which reflexes are observed from the crystals. The activatioat.%) corresponds to the lower concentration limit of the
energy for the processes preceding crystallization on theange of existence of the amorphous state, which can easily
outer surface and in the bulk of the material was the same texplain the reduced activation energy of the processes pre-
within experimental error, 310 kJ/mol. Crystallization of the ceding crystallization. For ReB,5, for example, this energy
contact surface takes place with a lower activation energys 170 kJ/mol(Refs. 9 and 1D In our view, mention should
(125 kJ/mo) and is observed at lower temperatures than thelso be made of the reduced relative content of nickel in the
bulk crystallization. As the temperature increases, the cryssurface layers, Ni/Fe1:3.5, whereas in the bulk this ratio
tallization of the outer and inner surfaces of the ribbon ob-is 1:2.8.
served by the x-ray technique begins almost simultaneously. Investigations of the distribution of excess free volume
A characteristic feature of the crystallization of the con-by small-angle x-ray scattering revealed that in many amor-
tact surface is that the crystalline formations parallel to thephous alloys(including FegNi,oSigB,3) there are two or
plane of the ribbon are oriented along the most closelythree fractions of poresThe largest fraction is=100 nm.
packed planes. An indication of this is that only peaks asGradually removing the surface layers by polishing revealed
signed to these planes are present on the diffraction patternthat this largest fraction of pores is concentrated mainly in a
In order to identify the reasons for the preferential crys-thin outer layer of the ribbon. Figure 2 gives the indicatrices
tallization of the contact side of the ribbon, electron Augerof the small-angle scattering from the initial samglg and
spectroscopy was used to analyze the chemical compositidnom the outer side after polishin@) plotted as Ifil) versus
of the surfaces of the ribbon during argon etching of layers tap?. It was found that almost no large pores remained after a
a depth of=100 nm. It was found that the contact surface islayer =2—-3 um thick had been removed. Estimates show
severely depleted in silicon and the boron contanbund 10  that the specific surface area of these pores 19° cm™?!

30 —a—1
] —0—2

2,0 \ FIG. 2. Indicatrices of x-ray scattering from samples of

Fe;gNiyeSigB13 amorphous alloy:1—initial state and
°\. 2—after removal of a surface layer 2+an thick (out-
\o side.
~e
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/

o

e
X
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(the total surface area of the pores per unit volunNote  faster surface crystallization on the contact side of an amor-
that no characteristics of a porous structure were observed grhous ribbon of FgNi,oSigB13 alloy, since the presence of
the inner surface. Si (and also B in amorphous Fe—Ni—B alloys substantially
We also obtained preliminary data indicating that theimproves the stability of the amorphous stat8.Signifi-
excess free volume concentrated in the surface layers infllcantly, Auger spectroscopy was also used to study the
ences the mechanical properties of the amorphous alloy. Weurface of other amorphous alloys ¢BE®sgNiiSii;1B1s.,
found that after removing an outer layer 2+8n thick, Fe;;C0o,SisB14). These revealed no significant boron or sili-
the tensile strength of the amorphous alloy increased bgon depletion of the contact side and no accelerated crystal-

10-15%. lization.
To sum up, we can draw the following conclusions, at
3. DISCUSSION OF RESULTS least for the alloy studied. Accelerated crystallization of the

outer surface of an amorphous alloy obtained by quenching
cess and structure of Efli,SisBys alloy have revealed the from a melt is to a conS|derabIe extent attributable to the
gexcess free volume present in the surface layer, whereas ac-

following results. On both surfaces crystallization is initiate o oo
earlier than in the bulk. However, the activation energy Ofcelerated crystallization of the inside is caused by a change
' in the chemical composition of these layers.

this process is the same for the outer surface as for the bulk} .

whereas it is substantially lower for the inner surféites is The authors are gratef“' FO the Russian Fund for Funda-
particularly noticeable at high temperature&n analysis of mental Research for financial suppd@rant No. 97-02-
the experimental data shows that one of the major factor%mla'

that speeds up the crystallization on the outer surface is thafyjeiastable and Nonequilibrium Alloysedited by Yu. V. Efimov
the surface layers=2—3 um thick contain an appreciable [in Russiaf, Metallurgiya, Moscow(1988, 382 pp.

free surface area of pores. This conclusion shows good32- Metalll-(7|5, 5 (3984)- . loved

agreement with the reasoning put forward in Ref. 11, .\ Kok a10 . Loter Fe et Mealouedtz, 200900
whereby the elastic energy decreases as a result of a changey,) 51 (1995,

in volume during crystallization if this process takes place °H. S. Chen and A. Inoue, J. Non-Cryst. Solgs-62, 805 (1984).

near the free surface. Note that we observed an increase;HJ- Koster, Mater. Sci. Eng97, 233(1988.

density of ~100 nm pores for four types of amorphous al- I;bﬁggtéstov, Yu. V. Baldokhin, V. Yu. Labutiet al, Poverkhnost11,
loys, which suggests that the effect observed is a general oney, | getekntin, A. M. Glezer, A. G. Kadomtsev, and A. Yu. Kipyatkova
There is obviously a small difference between the activation Fiz. Tverd. TelaSt. Petersbuigd0(1), 85(1998 [Phys. Solid Statd0, 74
energies of the crystallization process for the outer surface9(1998]-

i e - K. Sudzuki, Kh. Fudzimori, and K. Khasimot#&morphous Metalgin
and the bulk, but this is within experimental error. Russiar), Metallurgiya, Moscow(1987, 328 pp.

The results of Auger spectroscopy have shown that foroy scott,Rapidly Quenched MetaRuss. trans], Metallurgiya, Moscow
Fe;gNiygSigB13; the concentrations of the main elements at (1983, pp. 106-117.

the outer surface are similar to those in the bulk, whereas &H: J. Gintherode and H. BeckGlassy Metals(Springer-Verlag, Berlin,
. . M 1981; Mir, M , 1983, 376 pp.

reduced concentration of boron and especially silicon is ob- ~>>— """ MOSCOW PP

served at the inner surface. This is clearly responsible for th&ranslated by R. M. Durham

These investigations of the surface crystallization pro
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Vibroelectronic emission
Kh. N. Vezirov

Research Institute of Photoelectronics, Baku
(Submitted June 11, 1998
Pis'ma Zh. Tekh. Fiz24, 65—-69(December 12, 1998

A newly discovered effect in which electrons are emitted from a vibrating silver—oxygen—cesium
photocathode is described. €398 American Institute of Physid$1063-785(08)01212-9

Several emission effects are known in which electrondected without any vibration of the photocathode, whereas in
are emitted by solids under the action of various internal andhe experiments these values differed by two orders of mag-
external factors. These include thermionic, photoelectronicnitude.
secondary electron, field electron, exoelectronic, and explo- The photocathode was then exposed to infrared radiation
sive electron emissiot® at wavelengths beyond the long-wavelength photoemission

During an investigation of the properties 0gAO—-Cs  limit (i.e., greater than 1.Zm). This radiation did not induce
films (so-called silver—oxygen—cesium photocathgdélse  photoemission by itself, but when the resonator was vibrat-
author observed what is apparently yet another emission efng, it amplified the electron emissidiig. 2). This depen-
fect, involving the emission of electrons from a vibrating dence of the vibroelectronic emission on the waveleigih
photocathode. ergy) of the incident radiation is most likely attributable to

The apparatus is shown schematically in Fig. 1. Athe band structure of this photocathba@ad its optical prop-
silver—oxygen—cesium photocatho8@pproximately 30 nm  erties.
thick was deposited on one surface of a quartz resoriator The generatod0 was then switched off, the measuring
with metal film contact in a vacuum of 10-10"7 Pa.  system was disconnected by means of a switthand a
This vacuum vessel also contained another electtadede  high forward voltage(5—-15kV) was applied to the anode
consisting of a layer of phosphdr deposited on glasd, from a high-voltage supply unit2. In this case, illumination
coated with a thin aluminum laye which was transparent of the photocathode resulted in the appearance of photoelec-
to electrons but completely opaque to light. A forward po-tronic emission from its surface. The electrons emitted by the
tential difference(i.e., positive at the anodlenvas created photocathode entered the electric field, where they were ac-
between the anode and the photocathode by means of a sugelerated to 5-15keV and then bombarded the phosphor,
ply unit 7. In the dark, a thermionic emission current of causing it to luminesce, which was observed through the
approximately 0.1 nA flowed in the vacuum gap between theylass4.
anode and the photocathodbe photocathode had an area of The photocathode illumination was then switched off
3 cn? and was at room temperatiir&Vhen the photocathode (the photocurrent and the luminescence of the phosphor dis-
was illuminated by visible light, a photoelectronic emissionappearegand the rf generatot0 was again switched on in
current appeared. The overall sensitivity of the photocathodéhe dark(i.e., without any photocathode illuminatipmvith
reached 7QuA/Im and the long-wavelength photoemission the high voltage applied to the anode. When the generator
threshold was 1.7m. In this case the photocurrent could be was switched on, the phosphor began to luminesce again,
measured by recording the voltage across a resistanc& boxwhich indicated that electrons were being emitted from the
and feeding this signal to an oscilloscopeor a selective photocathode, since the phosphor can only luminesce under

voltmeter V6-4. electron bombardment.
Radiation at wavelengths longer than Lm induced no Strange as it may seem, an analysis of these results
photoemission. yields the conclusion that the rf vibrations of the photocath-
An rf voltage, at a frequency of the order of 3 MHz, was ode cause it to emit electrons.
then applied to the cavity from a special generatdiO caus- No experiments were carried out at different frequencies

ing rf oscillations(vibrationg of the photocathode. In this because of the limitations of the apparatus.

situation, electrons were emitted from the photocathode in  However, it should be noted that general experiments
the dark and an rf emission current of 0,02 flowed to the  with rf vibrations of various films have already been carried
anode, i.e., this current was more than two orders of magnieut, such as experiments using quartz thickness meters. In
tude greater than the thermionic emission current. Its frethese experiments measurements were made of the mass and
guency was the same as the resonator vibration frequenctherefore the thickness of films deposited in vacuum, i.e., in
This experiment was carried out in the dark, i.e., there wasill the experiments the films were made to vibrate. However,
no photocurrent. Note that the observed effect is not simplyo currents were observed in these numerous investigations.
modulation of the thermionic current, since the number ofNevertheless, electron emission is observed when a silver—
charges(electron$ transferred per unit time would be the oxygen—cesium photocathode vibrates.

same in this case and when the thermionic current was col- An explanation for this effect should clearly be sought in

1063-7850/98/24(12)/2/$15.00 935 © 1998 American Institute of Physics
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It is thought that this effect should show up clearly in
photocathodes with negative electron affifiand should be
useful for studying films having a low work function.

FIG. 1. Schematic diagram of experiment.

the emissior(surface properties of this film. We knowthat
of all known films, a silver—oxygen—cesium photocathode
has the lowest electron work function. This work function *R. L. Sproull,Modern Physicswiley, New York(1956; Nauka, Moscow
(more accurately the electron affinity, i.e., the energy spacingz(l974>, 592 pp.
between the bottom of the conduction band and the energy: Rabinowicz, Sci. Am236(1), 74 (1977. .
. G. A. Mesyats, Generation of High-Power Nanosecond Pulsgs

level of a frge electron in vacuu_)mnay pe less than 0.2—  Ryssiaf, Sovetskoe Radio, Moscow974, 256 pp.
0.3eV, and in some microscopic sections of the order of*B. M. Gugel', A. E. Melamid, and B. M. Stepanov, Radiotekh. Elektron.
100 A distributed uniformly over the entire surface of the _227), 1466(1977. o _ o

hotocathode, could even be zefo-called zero electron 5V. S. Fomenko,Handbook of Emission Properties of Materiali
P AT ! . . Russian, Naukova Dumka, Kie\1981), p. 223.
affinity),”” which is more than an order of magnitude less 6o A, zhigare and G. G. Shamaevlectron-Beam and Photoelectronic
than the average work function of other well-known materi- Devices[in Russiai, Vysshaya Shkola, Mosco{982, 463 pp.
als (3-5e\). Thus, it becomes more or less clear, albeit "Optical and Infrared Detectorsedited by R. J. Keye§Springer-Verlag,

. . . e . New York, 1977; Radio i Svyaz’, Moscow, 1985, p. 153

qualitatively, why this effect is observed specifically in a
silver—oxygen—cesium photocathode. Translated by R. M. Durham
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Estimate of the potential relief  (rippling ) of a surface associated with adsorption
of d-metal atoms on d-substrates

S. Yu. Davydov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted June 19, 1998
Pis'ma Zh. Tekh. Fiz24, 70—-74(December 12, 1998

A cohesion approach developed previously by Davydov and Tikhonov to describe adsorption
propertied Surf. Sci.371, 157 (1997] is used to calculate the ripple parameter

QO =Egi/Eqes (WhereEy; and E4ec are the activation energy of surface diffusion and the
adsorption energyfor atoms ofd-metals adsorbed on a W10 surface. The results of the
calculations show good agreement with the experimental datal9@8 American Institute of
Physics[S1063-785(018)01312-3

The potential relief of an adsorption systefRig. 1) Eco(N)=Es—Ep(n)—Eg(n), 2
can be estimated quantitatively by the ripple paraméter
(Ref. 1), defined as the ratio of the activation energy of sur- 3 A2n2
face diffusionEg;; to the desorption energy es: ESZZZS_(l_a), 3)
0= Egi/Eqes (1) me?
To calculate(Q) an approach which can describe both 1 ﬁzrg
desorption and diffusion from a unified viewpoint is indi- Ep(n)=— Ezd(l—zd/lo)(ao.g)ﬁ—, (4
cated. The most popular approach so far is the embedded md®
atom methodsee Refs. 2—4 and the literature citeBased
on a local density functional method and a representation of ﬁZrS
the total energy of the system as a sum of the so-called Ec(n)zzdn(ll-“'Qﬁ- )

embedding energgwhich depends only on the local electron
density and the short-range electrostatic energy, the embed- . _
ded atom method requires a fitting procedure to determinqéerezs(d) Is the occupancy of the (d)-band €s+24=2,

- Where Z is the number of valence electrons per atpm
the characteristic parameters of the method. However, thls:(4/5)(3zs/277)2,3 for fcc and hep lattices, a= (6/5)

method does have some disadvantages and occasiona (323/47r)2/3for abcc structuren is the number of nearest

gives q_ualit_atively incorrect resultsin Ref. 5 the (_:ohesion neighborsd is the distance between nearest neighbors in the
approximation to calculate the adsorption properties of atom%rystal . is the radius of thel statesm s the electron mass
of d-metals adsorbed atsubstrates was used to propose an o d , . . ’
) .~ . and#n is Planck’s constant. Equatiai3) describes the con
approach to calculate the desorption energy and aCtlvat'OGibution of quasifree electrons to the cohesion energy, Eq
energy of surface diffusion without using fitting and com- o

puter calculations. Here the cohesion approximation is use$j4).g|ves the .contr|but|on of theﬂ—bapd, and Eq/(5) de-
to calculate the ripple parameter. scribes the shift of the center of gravity of théband. Thus,

. . the desorption energy . 0f a d-metal atom adsorbed at the
In Ref. 5, an experimentally observed correlation be center of a W110) surface cell isE, (N,=4).

tween the desorption energy of transition metal atoms on . (e
. We shall analyze the following simplified pattern pro-
W(110 and the cohesion energy of crystals formed between : O
. osed in Ref. 5 to calculate the activation energy of surface
the atoms was used as the basis to suggest that the desorpt

energy could be described as the cohesion energy of (ﬁﬂusmn. We assume that during hopping from one surface

o X Y cell to another(neighboring one, the length of the adsorp-
renormalized atom” or adatom. It was also shown that for . - L

o tion bond remains the same. This is shown in Fig. 2 for a
atoms of transition metals adsorbed @substrates, charge
transfer can be neglected and direct allowance need only be
made for interaction between an adatom and the nearest sub-
strate atoms whose numbematurally depends on the sur- Vacuwrm
face structure and the position of the adsorbed atom. We
took as our starting point the cohesion theory developed by
Harrison and Will€, where the electron density of a metal is
represented as a superposition of quasifree stated-atades
with allowance for their hybridization and electron—electron
interaction described by the Thomas—Fermi model. The fol-
lowing expression was obtained for the eney,: FIG. 1. Potential relief of adsorption system.

1063-7850/98/24(12)/2/$15.00 937 © 1998 American Institute of Physics
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FIG. 2. Schematic of diffusion pattera — initial position of adatomb — position of adatom on crossing the boundary between neighboring surface cells
(b-type diffusion, ¢ — final position of adatom.

W(110 surface cell and diffusion hopping of an adatomonly quote an approximate value of 5.64 &b correspond-
across the boundary between neighboring cells, i.e.bfor ing experimental value is availablevhich givesQ=0.17.
(bridge diffusion. At the initial and final stages of the hop- This value seems rather exaggerated to us. For nickel these
ping (Figs. 2a and 2¢ the adatom has four nearest neighborsauthors giveQ)=0.11, and for coppérf Q=0.15. Our val-
(nc=4). At the instant of transition between cellSig. 2 yes are far lower, which can be attributed to the characteris-
this number isn=n,=2. In this case, the activation energy tics of the calculations oE 4 for Cu, Ag, and Au(see the
of surface diffusion is discussion of this topic in Ref))5For the 4l series Seebauer
Egir=Ecor(4) — Ecor(2). (6) and Allert give 0=0.11,0.11, and0.095 for Rh, Pd, and
Ag, respectively which agrees well with our estimates. For
tantalum Seebauer and Alfegive Q=0.10, 0.11, whereas
Ecor(2) from Ref. 5 we have) =0.10-0.13. For tungsten Seebauer
Eecr(d)’ (M and Allert give 0=0.087, 0.11, 0.15; for rheniuhi Q
=0.10, and for iridium values of 0.12 and 0.13 are obtained

The results of calculating) are given in Table I. The from Ref. 1 and)=0.10—0.13 from Ref. 5. For platinum we
values ofd were taken from Ref. 7 and; from Ref. 8. For i ' v A 190
the calculations we used two methods of determining théInd (1=0.12 (Ref. 1 and 2=0.10-0.12(Ref. 5, and for

parametersl, ry, Z4, andZy(1—Z4/10) of the adsorption gold 2=0.13. .
system, geometric and arithmetic averagifay further de- Thus, with the except_|on of copper and golq our results
tails see Ref. b As in Refs. 5, 6, and 8 we todk = 1.5 for show good agreement Wlth thg ava|lab!e experlmentalldata.
all cases except Cu, Ag, and Au, where we assufhee?. It For Cu, Ag, and Au, arithmetic averaging works consider-
can be seen from Table | that for geometric averaging th@bly better than geometric;.for the other transition metal at-
parameter) has a weakly defined maximum for the third oms both.approxmatlops give almost.the same resylts. Note
element of thed series, whereas for arithmetic averagilg that despite the appreciable changes in the desorption energy
decreases slightly from the beginning to the end of dhe and diffusion activation energy id series, the ripple param-
series. eter varies only slightly. This indicates that a correlation ex-
We shall compare the calculated values of the rippleSts between the changes Hyes and Egi. An analysis re-
parameter with the available experimental restftd;!* veals that this correlation is based on variation of the
which are unfortunately few and far between, even thougtparameterZq(1—2Z4/10), which indicates that the band
adsorption and diffusion of transition metal atoms onplays a dominant role in the formation of the adsorption
W(110 have been studied more comprehensively than focharacteristics.
other adsorption systems. Consider the series. For tita- This work was carried out as part of the program
nium Seebauer and Allérgive E4¢=0.95 eV, whereas our “Surface Atomic Structures.”
calculations give 0.88 and 1.03 eV for geometric and arith-
metic averaging, respectively. FBf.,, Seebauer and Allén

Thus, we obtain

0=1-

TABLE |. Calculation of the ripple parametét for adsorption ofd-metal

1
atoms on W110). E. S. Seebauer and C. E. Allen, Prog. Surf. 86(1), 265 (1995.

2C. L. Liu, J. M. Cohen, J. B. Adams, and A. F. Voter, Surf. 253 334

Q Q Q (1992.
. - . 3C. M. Chang, C. M. Wei, and S. P. Chen, Phys. Re%4B17 083(1996.
Adatom. geom. arithl Adatom geom. arith. Adatom geom. arith. *P. J. Feibelman, J. S. Nelson, and G. L. Kellogg, Phys198 10 548
(1994
Sc 010 012 Y 011 01 Lu 011 013 55 vy Davydov and S. K. Tikhonov, Surf. SE71, 157 (1997.
Ti 012 012 zZr 012 013 Hf 012 013 63 M. wills and W. A. Harrison, Phys. Rev. B9, 5486(1984).
v 014 012 Nb 013 012 Ta 013 0.13 7c Kitel, Introduction to Solid State PhysicSth ed.(Wiley, New York,
Cr 0.12 0.12 Mo 0.12 0.17 W 0.12 0.12 1976; Nauka, Moscow, 1978, 792 pp.
Mn 011 011} Tc 012 0.1 Re 012 012 83 M. wills and W. A. Harrison, Phys. Rev. B8, 4363(1983.
Fe 010 011 Ru 011 01 Os 0.10 0.11 9a G. Naumovets and Yu. S. Vedula, Surf. Sci. Rap365 (1985.
Co 0.09 0.10 Rh 0.07 0.1 Ir 0.09 0.10 27 T Tsong, Rep. Prog. Phys1, 659 (1988.
Ni 0.07 0.09 Pd 0.06 0.09 Pt 0.08 0.09 R. Gomer, Rep. Prog. Phys3, 917 (1990.
Cu 0.03 0.08 Ag 0.03 0.0 Au 0.01 0.08
Translated by R. M. Durham
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Spectropolarimetry of multimode quartz fibers in the infrared
D. A. Dmitriev and V. T. Prokopenko

St. Petersburg Institute of Precision Mechanics and Optics (Technical University)
(Submitted September 16, 1997; resubmitted April 20, 1998
Pis’'ma Zh. Tekh. Fiz24, 75-80(December 12, 1998

Results are presented of experimental spectropolarimetric investigations of multimode fiber-optic
waveguides with core diameters between 65 and #®in the infrared(0.8, 1.3, and 1.5%m).

A theoretical explanation is proposed for the results. 1898 American Institute of Physics.
[S1063-785(108)01412-9

Multimode fiber-optic waveguides are considerably infe-wave fields involves using a formalism of random functions
rior to single-mode fibers in terms of wide-band parametersvhich characterize the Stokes parameters of the radiation in
and optical losses, but they have undoubted advantages whdiiferent parts of the fiber cross section. Here we analyze the
used in short-distance data transmission and processing sydegree of polarizatio® using the experimentally established
tems such as on-board and on-chip applications. Advantagéact that when a multimode fiber is excited by linearly polar-
of multimode fibers include efficient coupling of radiation in ized light, virtually all the radiation modes at the fiber exit
and out of the fiber, the efficient fabrication of microscopic exhibit linear partial polarizatiof.If the polarized compo-
devices using these, and also their low cost. Before multinent of the radiation within an isolated mode possesses
mode fibers can be fully utilized in practice, we need toelliptic polarization with the ellipticity parameter
know their polarization characteristics in the 0.8—1 &% _ 2 2
. ) . - y=(1—e%)/(1+¢),
infrared region, which corresponds to the lowest radiation
losses in quartz fibers and the operating wavelengths of higiwheree is the ratio of the minor and major semiaxes of the
power semiconductor light sources. Important results on thgolarization ellipse, the measured quantity Bs=vy PR,
polarization properties of multimode fibers have been obwhere Py is the real degree of polarization. According to
tained in various theoretical and experimental studiiésin- Snopko? the ellipticity parameter in multimode fibers is
til recently, however, no systematic spectropolarimetric in-y=~1 and thus the experimentally measured valué® afe-
vestigations of multimode fibers had been made over a broaigrmines at least the lower limit of the real degree of polar-
section of the infrared. Here we present results of measurézation Pg.
ments of the depolarizing properties of multimode fibers in
the 0.8—1.55um range and suggest a theoretical interpreta-
tion of the results.

The apparatus used for the spectropolarimetric investige
tions of multimode fibers is shown schematically in Fig. 1.
Linearly polarized infrared radiation is coupled into the fiber
by means of a microscope objectiVeThe degree of polar- /
ization of the radiation at the fiber exit is measured by a 1 T3
conventional technique involving rotating an analyZex
The samples were quartz multimode fibers with a steppe
refractive index profile, and were between 16.4 and 1098 cr
long. The fiber core between 65 and 40 in diameter was
made of borosilicate glass, the relative refractive index dif-
ference between the core and the cladding was 0.3-0.59
and the numerical aperture of the fibers was 0.30—0.55.

Experiments confirmed that the position of the azimuth
of the preferential linear polarization of partially polarized
light at the fiber exit is uniquely determined by the polariza- udundpdn 3
tion azimuth of the input radiation. In the experiments we
actually measured the integrated degree of polarizaiof EIG. 1. S_chemat_ic of meas_uring system for spectropolarimeteric investiga-

.. . . . .. tions of fiber-optic waveguidest — light source,2 — monochromator,
the output radiation, obtained by averaging the p0|ar|zat|0ri‘3 — light beam modulator4 — collimating lens,5 — infrared light filter
parameters of the fiber modes over its total cross section. Thehich cuts out the second ordés,— linear polarizer(Glan prisn, 7 —
polarization of the light at each point in the cross section ofmicroscope objectivefor coupling in radiation 8 — adapter(mounted
on micropositioner, 9 — fiber-optic waveguide, 10 — adapter,

a multimode fiber is the result of a superposition of numer- _ microscope objectivel2 — analyzer(Glan prism, 13 — focusing

ous (Se\{era| hundre)dgui_ded VeCtOr mOdes of the fiber. lens, 14 — photodetectofgermanium photodiode with electronic preamp-
A rigorous theoretical description of these complexiifier), and15 — meter for input signal level.

1063-7850/98/24(12)/3/$15.00 939 © 1998 American Institute of Physics
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The experimental spectral dependence of the degree aefhereC,, C,, andC3 are constants. The dashed curves in
polarization of the radiation at the exit of various types ofFig. 2 give the calculated functior3(\), as given by for-
multimode fibers(165 mm long excited by linearly polar- mula(2), plotted for the experimental values af A, andl.
ized light from a thermal source is plotted in Fig. 2. WhenThe constant$,, C,, and C; are given in Table I. Quite
the measurements were repeated, the experimental datkearly, formula(2) correctly describes the trend of the de-
showed good reproducibility. Most of the fiber samples typi-gree of polarization to increase with the wavelengthA
cally show a tendency for the degree of polarization of themore detailed theoretical analysis of the depolarization of
radiation at the fiber exit to increase with wavelength. Theight in multimode fibers will allow us to determine how the
fact that the curveP(\) is not strictly monotonic indicates coefficientsC,, C,, andC; depend on the geometric param-
that the formation of the polarization structure in multimodeeters of the fiber and on the wavelength, using a more accu-
fibers is a complex process in which interaction betweenmate approximation which should give better agreement be-
guided modes caused by structural defects and scattering tfeen the experimental and calculated results.
radiation in the bulk of the fiber core should play an impor-  Another interesting topic is the influence of the degree of
tant role. coherence of the light source on the depolarization of the

To a first approximation, the increased degree of polarfadiation in a multimode fiber. Measurements were made of
ization with increasing wavelength may be explained usinghe degree of polarization of the radiation at the exit of a
the following simple model of the depolarization of light in a fiber excited by linearly polarized light from semiconductor
fiber. The changell in the power of the completely polar- lasers at wavelengths of 0.85, 1.32, and 1.88. The rela-
ized radiation component over the fiber length is propor-  tive spectral line width of the sources was between?8nd
tional to the variationsAN in the number of guided fiber 10 3. Table Il gives the relevant experimental data for a
modes: 16.5 cm long fiber. The degree of polarization of light at the

di~—1 AN dL. 1) exit of .multimode .fibers excited by a narrow_—band laser

source is usually higher than that under the action of a ther-
Assuming that the well-known relatiohN= N is satisfied mal source at the same wavelength. The differences in the
for the thermal radiation, where the number of modes isdegree of polarization are more pronounced for the fiber with
N=(NA)%(27%a?)/\? (NA is the numerical aperture of the a comparatively large core diameter. An increase in the de-
fiber, ais the core radius, and is the wavelength of light  gree of polarization with increasing wavelength is observed
the degree of polarizatioR of the light leaving a fiber of at relatively short wavelength®.85—1.35um). A possible
lengthL is

may2
P=CleX _C2 N (NA) +C3, (2)

TABLE II. Degree of polarization of light at the exit of multimode fiber-
optic waveguides excited by semiconductor laser radiatfdrer length
16.5 cm).

TABLE I. Values of the coefficient€,, C,, and C5 for various types of n

optical fibers. Diameter of fiber coreum

Wavelength,
65 um 187 um 318 um Mwm 65 187 318 404

C, 3.15 0.64 0.5 0.85 0.26 0.18 0.04 0.03

C, 0.002 0.002 0.00039 1.32 0.54 0.54 0.31 0.21

C, -2.39 —0.154 —0.280 1.53 0.47 0.48 0.05 0.20
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parameter for the different fiber modes. Press, Cambridge, Mass., 1962; Mir, Moscow, 1965, 63 pp.
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GaAsN/GaAs and InGaAsN/GaAs heterostructures grown by molecular beam epitaxy

A. Yu. Egorov, A. E. Zhukov, A. R. Kovsh, V. M. Ustinov, V. V. Mamutin, S. V. Ilvanov,
V. N. Zhmerik, A. F. Tsatsul'nikov, D. A. Bedarev, and P. S. Kop’ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted July 2, 1998
Pis'ma Zh. Tekh. Fiz24, 81-87(December 12, 1998

Molecular beam epitaxy was used to fabricate GaAsN/GaAs and InGaAsN/GaAs heterostructures,
and the influence of the growth regimes on their characteristics was studied. It is shown that
implantation of nitrogen causes a substantial long-wavelength shift of the radiation. The possibility
of obtaining 1.4 um radiation at room temperature was demonstrated using

INg 2dGay 72AS0.9Np 0d GaAs quantum wells. €1998 American Institute of Physics.

[S1063-785(8)01512-3

INTRODUCTION ments was 0.5—1.&um/h. The GaAs growth rate was cali-
brated by measuring the oscillation period of the peak inten-

ey o Lo . sity on the reflection high-energy electron diffraction

extremely promising for applications in fiber-optic commu- .
nication lines. However, this important direction of research(RHEED) pattern, and the 'F‘AS g-rowth.was cahbrated_from
We appearance of the typical diffraction pattern of island

and development remains outside the scope of moder :
b P {owth on the GaAs surface. The samples were grown in an

GaAs-based laser technology because of the fundament% iched . ¢ with As fl imatel
constraint on the emission wavelength attainable in GaAs s-enriched environment with an As Tux approximately

twice that required that a>24 RHEED pattern be sustained
InGaAs heterostructurgs-1.1 um) as a consequence of the X . ;
& #m) d during GaAs growth. Luminescence was excited by ah Ar

large difference in the lattice constants. Semiconductor stru .
tures for optoelectronics devices in the optical range are noj\?ﬁ;gzi;gid's nmpP=0.4 W) and recorded by a germanium

being synthesized using InGaAsP/InP materials. A shortcom?®
ing of lasers using these structures is the low thermal stabil-
ity of the characteristics at room temperature as a result of
the inadequate electron confinement. In addition, the quality
of InP substrates is substantially inferior and the cost faRESULTS AND DISCUSSION
higher than those of GaAs substrates. It was recently shown . . _ . :
that the four-component compound InGaAsN and InGaAsN/ During this study we investigated the influence of the

GaAs heterostructures may be extremely promising for im_operatlng regime of the nitrogen source and the growth rate

proving the characteristics of lasers for fiber-optic communi-.(de'[e”mne‘j by the Ga flivon the implantation of nitrogen

cation lines, since these can substantially increase the epita_xial G_aAsN Iaye_rs. We established that by.using rela-
emission wavelength of GaAs heterostructures and improvIElV(aly hlgh_rr)lcrowgve d|scha_rge powe(rsl§0 W, nitrogen
the thermal stability of lasers emitting near 1u8n (Refs. can be efficiently implanted into the growing layer and high

1-3). We now report the growth of InGaAsN/GaAs hetero- nitrogen concentration@ip to ~12 %) can be obtained at the

structures on GaAs substrates by molecular beam epitax rﬁ\l/zvngratetst used. HO\:ve\;er,l durmg;&e grom?hprocgss”the
These structures emit at 14m at room temperatures and pattern typical of planar S growth gradually

contain 3% nitrogen in the four-component compound. cha_nges to a pgttern consisting of points d|s_tr|buted a_t the
main peaks, which corresponds to the formation of a micro-

scopically rough surface. When the baffles to the sources of
the third group of elements were shut, the RHEED pattern
The structures were grown by molecular beam epitaxycorresponding tdxX4) surface reconstruction changed to a
on semi-insulating GaA%00) substrates in anf=1203 sys- pattern with(X3) reconstruction, which is typical of the for-
tem fitted with a Leybold-Heraeus turbomolecular pumpmation of a surface layer with a high nitrogen content. At
with a pumping speed of 560 I/s. During this study we usedow microwave powers supplied to the soufee25 W) and
standard solid-state Ga, In, and As sources. An Astex growth rate of 0.7um/h, growth took place underx4)
electron-cyclotron-resonance microwave gas dischargsurface reconstruction conditions and the nitrogen concentra-
source with an operating frequency of 2.45 GHz created &on in the epitaxial layers decreased to 2%. When the
flux of active nitrogen radicals to the growth surface. Layerssources of the group Il elements were shut off, the RHEED
of GaAsN 0.2um thick and InGaAsN/GaAs quantum wells pattern remained the same. We observed that a reduction in
were grown on a 0.lum thick GaAs buffer layer. The the growth rate from 0.7 to 0.4m/h (P=25 W) doubled the
guantum-well structures terminated with a Quin thick  nitrogen content in the layei$o 4%) while the As flux re-
GaAs covering layer. The GaAs growth rate in our experi-mained the same. This result clearly indicates that there are

A light source emitting in the range 1.3—1.58m is

EXPERIMENT

1063-7850/98/24(12)/3/$15.00 942 © 1998 American Institute of Physics



Tech. Phys. Lett. 24 (12), December 1998 Egorov et al. 943

i T T T T T T T c |
],a.u. . e J,a.u. ] 30|OK1 T T rl T I-
. - 2 -
] 1 1 y
_: - -
| -500 0 500 1000 1500 - r
i D, are. s. o -
4 4 .
-
-{ 177K
4 3 _
v ) v LA v L} L M ] 9 b
0,8 0,9 1,0 1.1 1.2 1.3 1.4
LA DL NN BN BENLEN BN BN |
£ , € 4 07 08 09 10 11 12 13 14
FIG. 1. Photoluminescence spectra of GaAd, layers 0.2 um thick E} eV

grown on GaA&100) substrates. The inset shows the x-ray rocking curve )
(near the 004 reflectiofor GaAs _ N, , x=0.02:D is the diffraction angle; ~ FIG. 2. Photoluminescence spectra of G _,As;_,N,/GaAs quantum
1 —x=0.02, 77 K,2 — x=0.02, 300 K, and8 — x=0.04, 77 K. wells at 300 and 77 KL — y=0.20,x= 0, quantum-well width 10 nn —

y=0.20,x=0.02, 10 nm, an® — y=0.28,x=0.03, 7 nm.

substantial differences in the mechanisms for implantation of
N and As atoms in GaAsN epitaxial layers grown by mo- By using InGaAsN/GaAs quantum wells, the emission
lecular beam epitaxy. wavelength can be increased appreciably compared with
Figure 1 shows the photoluminescence spectra of th&aAsN layers. Here we investigate the contribution of N
GaAsN layers studied here. The Gadg\ oo layer exhibits  and In to the long-wavelength shift of the emission from an
a high photoluminescence intensity at room temperature ankhGaAsN solid solution and we demonstrate that the wave-
liguid-nitrogen temperature. The presence of two pg€akkl  length can be increased to Ju#n (300 K) by using quantum
and 1.18 eV in the spectrum measured at 77 K may be at-wells based on InGaAsN solid solutions. Figure 2 shows
tributed to variability in the distribution of the solid-solution photoluminescence spectra of heterostructures  with
composition, i.e., local regions enriched in nitrogen. ThisINg ,dGa sASo.odNo.02 (100 A), Ing 268G 8 75780 9N 03 (70 A),
interpretation is also supported by the presence of only onand In ,dGa, gAs (100 A) quantum wells at room tempera-
peak in the spectra measured at room temperature and fire and liquid-nitrogen temperature.

77 K after the sample was annealed in the growth chamber in It can be seen that the addition of 2% N to an
an As flux at 700°C. Ing »dGay gAS solid solution can increase the emission wave-
Despite these variations, the material exhibits fairly highlength of the quantum well to 286 me\77 K) and 257 meV

structural perfection, as is illustrated by the x-ray rocking(300 K). The large half-width of the peaks of the four-
curve (inset to Fig. 1. The maximum of the rocking curve component solid solutions and the weaker temperature de-
peak corresponding to the GaAsN layer is positioned apendence of the energy position of the peak are clearly
1130 arc s from the substrate peak and has a half-width afaused by the presence of states associated with local inho-
97 arc s. An increase in the nitrogen concentration in thenogeneities in InGaAsN. A simultaneous increase in the In
solid solution reduces the photoluminescence inter(ity.  and N content in the solid solution can shift the emission
1), no photoluminescence signal can be recorded in theven further in the long-wavelength range and yield a pho-
GaAsodNoos layer at room temperature, and the toluminescence signal with a maximum at L (300 K).
GaAg s\ 12 layer exhibits no photoluminescence even at  The photoluminescence intensity of structures with In-
low temperatures. The behavior is evidently caused by th&aAsN quantum wells decays rapidly as the nitrogen content
formation of mismatch dislocations in an elastically strainedincreases and is considerably inferior fm, GaAs struc-
layer of thickness exceeding the critical value. Thus, theures, so that further work is required to optimize the growth
longest emission wavelength that can be obtained fromegimes of InGaAsN/GaAs structures to reduce the concen-
GaAsN layers at room temperature is 1,412, which agrees tration of defects and nonradiative recombination centers.
with the data given by Francoeet al* However, the relatively high photoluminescence intensity of



944 Tech. Phys. Lett. 24 (12), December 1998 Egorov et al.

a thick GaAsN layer with a 2% nitrogen content and also thdt has been demonstrated that L. emission can be ob-
results of x-ray measurements indicate that the structurahined at room temperature, which is extremely promising
quality of the grown solid solution is fairly high. Thus, one for the fabrication of GaAs devices for fiber-optic communi-
method of further increasing the emission wavelength ofation lines.

nitrogen-containing heterostructures grown on GaAs sub- This work was supported by the “Physics of Solid-State
strates and also of enhancing the intensity of the luminesNanostructure” Program of the Ministry of Science and
cence signal is to use GaAs—GaAsN-GaAsInN-GaAsN-Technology of the Russian Federation.

GaAs heterostructures, in other words, to insert GalnAsN

guantum wells in a GaAsN matrix containing no more than

2-3% nitrogen' IM. Kondow, K. Uomi, A. Niwa, T. Kitatani, S. Watahiki, and Y. Yazawa,
Jpn. J. Appl. Phys35, 1273(1996.
CONCLUSIONS 2H. P. Xin and C. W. Tu, Appl. Phys. Let72, 2442(1998.

3K. Nakahara, K. Kondow, T. Kitatani, Y. Yazawa, and K. Uomi, Electron.
Molecular beam epitaxy has been used to grow GaAsN/ Lett. 32, 1585(1997.

GaAs and InGaAsN/GaAs heterostructures. The influence of S: Francoeur, G. Sivaraman, Y. Qiu, S. Nikishin, and H. Temkin, Appl
. ; Phys. Lett.72, 1857(1998.

the microwave power of the nitrogen source and the growth

rate on the characteristics of GaAsN layers has been studietanslated by R. M. Durham
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Temperature—composition—degree of compositional ordering phase diagram of lead
scandoniobate—scandotantalate solid solutions

I. P. Raevskil, V. V. Eremkin, V. G. Smotrakov, E. S. Gagarina, and M. A. Malitskaya

Research Institute of Physics, Rostov State University, Rostov-on-Don
(Submitted May 14, 1998
Pis'ma Zh. Tekh. Fiz24, 88—-93(December 12, 1998

It was established that the temperature of the ferroelectric phase transition in crystals of
compositionally ordered solid solutions of lead scandoniobate—scandotantalate with high and
low degrees of ordering depends linearly on the compositian These data were used

to calculate thelT—x—S phase diagram of these solid solutions for the first time. 1998
American Institute of Physic§S1063-785(18)01612-7

Solid solutions of ternary oxides in the perovskite fam-pPpSg (Nb;_,Ta,), 05 crystals was described in Ref. 10.
ily, which possess ferroelectric properties, form the basis obielectric and optical investigations of crystals with high
numerous functional materials, including piezoelectric, cavalues ofS (S=0.90—0.95) showed that the temperatlige
pacitor, pyroelectric, electrostrictive, electrocaloric, andof the ferroelectric—paraelectric phase transition depends ap-
electrooptic™ In some ternary oxides of the P&EE},OS proximately linearly onx (Fig. 1). Changing the value of
type (B3*=Sc, In, Yb, Lu, Tm; BT =Nb, Ta), in addition
to ferroelectric phase transitions, compositional order—
disorder phase transitions also occur at high temperdtres
(T;=1000-1500°C). Abovd, ions of trivalent and pen-
tavalent elements are distributed randomly over intraoctahe-
dral lattice sites, whereas below this temperature the orderec 100 4
state is in equilibrium(compositional or crystal-chemical or-
dering. Since any change in the degr8ef compositional
ordering is achieved by diffusion, fairly rapid cooling of the 80 -
sample after annealing may “freeze” the high-temperature
state and produce a material with an intermediate degree o
ordering.

This opens up very extensive possibilities for controlling
the properties of materialsvhich depend very weakly 08)
by varying the preparation conditions without changing their ¢y
composition. However, no data are available on the proper-° . 40 1
ties of solid solutions of compositionally ordered oxides as a
function of S. In particular, the temperaturel \—compo-
sition (xX) phase diagrams constructed for several systems of 20 -
these solid solution$*%’cannot be considered to be reliable
since compositions with differemthad different values d.

Any change in the sample preparation conditions or subse- 04
guent heat treatment leads to substantial changes if-tte

diagrams’” It is therefore of interest to constru€tx phase

diagrams of compositionally ordered solid solutions allowing
for the dependence of the phase transition temperatur&s on
(T—x-S diagram$. Our aim was to obtain these data for a
binary system of mutual solid solutions of lead scandonio-

120

4

60 -

- .

bate PbSgNbys0; (PSN and lead scandotantalate -40 T T Y Y ——
PbSg sTa, 505 (PST), which are promising for many appli- 0 0,2 04 06 08 1
cations!~3 X

Unlike previous investigations of compositionally or-

dered solid solutions which were only carried out for ceramicF!G. 1. T-x phase diagrams of PbSg¢Nb;_,Ta,),50; solid solutions

nstructed using data for crystdls 2) and ceramic sample®): FE —
samples, here we study crystals because the scope for Var%)rroelectric phase, PE — paraelectric phade;— ordered crystals

tion of S in crystals is considerably greater than that in(s—0.90-0.95),2 — disordered crystals§<0.2), and3 — disordered
ceramic$® The method of growing and investigating (S<0.2) ceramic sample@ata from Refs. 2 and)5
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for the crystals by high-temperature annealing revealed thatiere used to determine the values/fofor various compo-

for solid solutions with large and small, the dependence sitions and to construct the dependericg(x,S), i.e., the
T.(S) is the same as that for the corresponding end compoF—x—S phase diagram for PSN-PST solid solutions
nents:dT./dS>0 for x>0.6 anddT:/dS<0 for x<0.4. (Fig. 2.

The dependencé&c(x) plotted for the most disordered crys- These relationships can be used to predict changes in the
tals (S<0.2) is also close to linedFig. 1). This agrees with T—x phase diagrams of compositionally ordered solid solu-
the behavior off o(x) for ceramic samples constructed using tions as a function o6 and can appreciably reduce the num-
daté& for several compositions of PSN—PST solid solutionsber of experimental investigations required to optimize the
annealed abov&,; (Fig. 1). preparation regimes of new materials.

Extrapolating the curvé& -(x) for crystals tox=1 gives This work was partially supported by the Russian Fund
Tc=-—30°C for disordered PST, which is lower than the for Fundamental Research, Project No. 96-02-17 463.
values quoted in the literatupé;** although these cannot be
regarded as sufficiently reliable. The accuracy of Durx
diagrams constructed for ordered and disordered PSN-PST
solid solids is evidenced by the fact that they intersect at
x<0.5. Since compositions on either side of the point of ‘L. E. Cross, Ferroelectricg6, 241 (1987.
intersectionx, have different signs ofiTc/dS, T¢ for a §Zhili Chen, N. Setter, and_ L. E. Cross, Ferroelect8ds 619 (1981).

. . . L. A. Shebanov, E. H. Birks, and K. J. Borman, Ferroelect@fs 165
composition withx=X, should not depend o8. Data given (1989,
by Chenet al? indicate thatT for a ceramic withx=0.5 4V. A. Isupov, E. N. Isupova, N. Yu. Sokolovet al, Neorg. Mater.20,
increases aSincreases from 0 to 0.7, although this change isSECSZSG(lg&SDt-en r and A, 3. Burgra, Phys. Status SolLAGS3(1980
Ver.y small. This SuggeStS tha is slightly |§SS than 0.5, 6I.-M..Da.nilenkgo, E.D. F’.oli.toya,gand‘Yu.)Il\l.. Ven:vtsev, Neorg. Maﬁ.
which agrees well with our results. Thus, unlike other known 1495 (1959,
systems of solid solutions of compositionally ordered ternary’a. A. Bokov, I. P. Raevskj and V. Yu. Shonov, Neorg. Mate26, 2371
perovskites, wher&c(x) has a minimunf;®"**the values of ~(1990.
Tc for disordered and ordered PSN—PST solid solutions vary Qoi'(fé’}fgsm V. G. Smotrakov, A. A. Bokowt al, Neorg. Mater.22,
approximately linearly withx. This difference may arise be-  9a~ A Bokov, I. P. Rayevskii, V. G. Smotrakoet al, Phys. Status Solidi
cause PSN and PST are ferroelectric in the disordered anda 93(2), 411(1986.
ordered states, whereas other compositionally ordered tef2V- Eremkin, V. Smotrakov, E. Gagarinet al, J. Phys. 1132, $1597

nary perovskites are ferroelectrics in the disordered state aan_lggakamzma N. N. Krinik, L. M. Sapozhnikovaet al, Pis'ma Zh

antiferroelectrics in the ordered stafe. Tekh. Fiz.14, 1760(1988 [Sov. Tech. Phys. Lettl4, 764 (1988)].

The thermodynamic mode€lindicates thafl c for com-  *2A. A Bokov and I. P. Rayevsky, Ferroelectritd4, 147 (1993.
positionally ordered ferroelectrics depends quadratically on*A- A- Bokov, I. P. Raevski and V. G. Smotrakov, Fiz. Tverd. Tela
S, Te(S) ZTC(O)—ASZ, whereA is a phenomenological pa- (Leningrad 25, 2025(1983 [Sov. Phys. Solid Stat@5, 1168(1983].
rameter and ¢(0) is the value off; for S=0. These results Translated by R. M. Durham
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Field reconstruction of close-packed atomic complexes at the surface of tungsten
T. I. Mazilova

Research and Design Institute of Vacuum Machine Construction, Kharkov, Ukraine
(Submitted April 27, 1998
Pis'ma Zh. Tekh. Fiz24, 1-6 (December 26, 1998

The observation of low-temperature reconstruction of atomic clusters at a close-packed metal
face using field ion microscopy is reported. An analysis is made of the configuration of
nonclose-packed zigzag atomic chains formed as a result of the decay of clusters.

© 1998 American Institute of PhysidsS1063-785(108)01712-1

The phenomenon of low-temperature evaporation ofevaporation are defined ad\/dt, wheret is the time. The

metals in strong electric fields is used to form sharp Mi-ate ) was measured directly after evaporation of the previ-
crotips for scanning tunneling microscopes, atomic force miy ;s atomic layer.

croscopes, and other types of scanning probe microscdpes.  Note that when these nanocomplexes evaporate, the high

F|eId_ evaporation is used to produce tlps with an 'deal’packing density, which shows up particularly clearly in the
atomically smooth surface and local radii down t0 a fewapsence of atomic resolution and variations in the contrast of
L o : . . , still remains. The
and stable emission characteristics. Detailed information ORumber of atoms in the complexes was calculated from the
the configuration of atomic complexes at the apex of tipSgrtace grea occupied by them. The geometric model of sur-

where the tunnel emission is localized, is required to ensure, . tormation by field evaporatidrdirectly indicates that
reliable interpretation of atomic probe images and reproduc

: . . _~“the rate of field evaporation may increase as the step radius
ible operating parameters for nanotechnological device

. e e JEVICERt the face decreases, but it is easy to show that the geomet-
based on them. In particular, difficulties in the determlnatlonriC effect is at least an order of magnitude smaller than the

of surface atoms may be associated with surface relaxatio o
) .cr):?served effect.A similar effect was observed as a result of
and reconstruction effects. These effects have been studie

. . . . gulsed evaporation of microcrystals having radii of curvature
fairly comprehensively at the surface of macroscopic obJectIn the ranae under studv. 15-50 nm
by low-energy electron diffractiohbut virtually no informa- A 9 it of th ﬁ/ - " the rate of
tion is available on the specific nature of atomic relaxation in S a result of the sharp increase in the rate ot evapora-

surface nanoclusters. The present paper reports an investig%qn’ no dfleld ev'apor?tlor;t CO;'}d be Identlfleld mhagy of c;]ntii
tion of the low-temperature reconstruction of atomic com- ousand experiments after theé nanccompliex had reached a

plexes at thd110} close-packed face of tungsten microcrys- size of around ten atoms. This appreciably limits the attain-
tals in strong electric fields able localization of the interaction between the working part

The investigations were carried out using a two-chambeP! the microtip of a scanning tunneling microscope and the
field ion microscope with liquid-hydrogen and liquid- surfgce being studied or treated. Howeyer, when the radii of
nitrogen cooled samples. The residual gas pressure in tH8€ tiPs were reduced to 12—15 nm, this accelerated evapo-
working chamber was T0—10"° Pa. Helium at pressures 'ation under application of a dc voltage disappeared almost
of 10°3-10"2 Pa was used as the imaging gas. Sammegompletely: only a relatively small mcrease_ww‘lvo was ob-
oriented in thg110] direction, having radii of curvature be- Served as the size of the complex decreasegl 1, curvez)
tween 4.5 and 50 nm, were prepared by electrochemicdlS @ result of the constraint that the evaporated surface re-
etching and subsequent field evaporation. Field evaporatiofained spherical. In the pulsed regime, accelerated field
was achieved by applying a positive dc potential or a pulse@vaporation was observeig. 1, curve3) over the entire
potential in the range 1-25 kV. The pulse length was &5 range of radii of curvature, 4.5-50 nm.
and the rise time was 0.Q5s. The rate of evaporation in the During evaporation of tips of less than 10 nm radius in
dc regime was 0.1-0.01 atomic layets10 per second. the dc regime, voltage dumping during visual monitoring of
Pulsed evaporation at a rate o200’ sheet/s was achieved the process produced atomic complexes of small dimensions,
at a field strength 12-14% higher than the threshold fodown as far as monatomic. After the size of the complexes
evaporation in the dc regime. had reached around ten atoms during evaporation, the com-

The rate of evaporation of atoms from steps of the0)) ~ plexes became unstable, and initially circular, close-packed
faces of microcrystals with radii of curvature at the apexgroups of atomgFig. 28 decayed into zigzag chair&ig.
greater than 15 nm increased sharply as the size of th&b). An analysis of the configurations of the zigzag chains
atomic complex decreased. Figurgclrve 1) gives the re- revealed that they have a constant width of @&:B205 nm.
duced rate of evaporation' vy as a function of the number The average chain width was determined by calculating the
of atomsN in the complex at th¢110) face of a microcrystal radius of curvature for the section between the exits of the
of radius 22 nm. The instantaneousand initial », rates of (110 and (321) poles, and the linear dimensions of the
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FIG. 1. Reduced rate of evaporation versus number of atoms in complex at

78 K. Microcrystals having radii of curvatui®=22 nm(1) andR=11 nm (110) [100] T [110] -

(2) were evaporated at dc voltage; microcrystals viRth 12 nm (3) were

evaporated in a pulsed regime. ) ) . . o .
FIG. 2. Formation of zigzag atomic chains during field evaporation of the

{110} face(a, b and configuration of atoms in chain).

chains on the image were compared with the distances be-

tween the opposite poles of tH211; faces. In the pulsed section of the effective electron surface become equalized
regime no conversion of close-packed clusters into chaingnd the anisotropy of the microscope magnification
was observed, regardless of the sizes of the crystallites.  decrease§The results of an analysis of ion-microscope im-
The configuration of the chains corresponded to theyges of nonaxisymmetric sampleindicate that the angle
complexes observed previously @tl0 faces, which were petween pairs of atoms on the images increases, approaching
formed as a result of the combined action of heat and field.the real angle between the links of the zigzag chains. Figure
An analysis of configurations of the order of 10° zigzag ¢ shows the configuration of atoms in this type of complex.
chains revealed that the links are formed by pairs of atomsthe observation of the formation of nonclose-packed atomic
The angles between neighboring links are directly deterzomplexes up to 20 K indicates that the atoms may undergo
mined with an accuracy of less than 10° because of the pag shift essentially without activation over distances substan-
tial overlap of the atomic images. However, the angles cafliglly greater than the shortest distance between the stable
be calculated with allowance for the Wldth, Iength, and NUM-gnd metastable positions of the surface a‘[éﬁﬁh]s effect
ber of atoms in the zigzag chains. These calculations showay be caused by electric-field-induced dipole—dipole repul-
that the angles between neighboring lirfgairs of atomson  sjon of atom® near nanocluster steps.
the ion-microscope images vary continuously as the chain |n conclusion, the author would like to than I. M.
length decreases. The links of chains of 9-10 atoms are orjyjikhailovskii for interest in this work and useful discus-
ented in thg113) directions to within measurement error. AS gjons.
evaporation proceeds and the chains become shorter, the
angle between neighboring .atoms increased contm_uouslys_ N. Magonov and M.-H Whangb&urface Analysis with STM and AFM
and reache@60+5)°. The continuous change observed inthe (gyringer-verlag, Berlin, 1996, 450 pp.
angles between neighboring atomic dumbbells on the ion2v. A. Ksenofontov, J. M. Mikhailovskij, V. M. Shulaegt al, in Physics,
microscope images cannot reflect the real distribution of Chemistry, and Application of Nanostructureslited by V. E. Borisenko

metastable positions of atoms on the close-packell} ,itr:SI's(thilr?;ﬁssllg&itstalﬂ;i?ty of Informatics and Radioelectronics

face. ] o 3M. A. Vasil'ev, Stucture and Dynamics of the Surface of Transition
Muller and Tsoné showed that in strong electric fields, Metals[in Russiad, Naukova Dumka, Kiex1988, 245 pp.
atoms can migrate from sites in the bulk Crysta| lattice to 4E. W. Muller and T. T. Tsongrield lon Microscopy(Elsevier, New York,
. . - . 1969; Metallurgiya, Moscow, 1972, 360 pp. i

metastable positions which _CorreSpond to th_e Conflguratlc)rt’l. M. Mikhailovskii, Zh. I. Dranova, V. A. Ksenofontoet al, Zh. BEksp.
of a surface atom above a triangle of lower-lying atoms. The Teor. Fiz.76(4), 1309(1979 [Sov. Phys. JETR9, 664 (1979].
continuous variation of the angles on the ion-microscope im-°S. Nishigaki and S. Nakamura, Jpn. J. Appl. PH.769(1975.
ages is caused by a nonuniform local increase above nonaxi’: M- Mikhailovskir and V. S. Gesherik, Radiotekh. Elektror(7), 1490

. . . 1974
symmetric protrusions on the surface. As the chain length (1974

decreases, the principal radii of curvature of the perturbedranslated by R. M. Durham
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Influence of the step height of the vicinal surface of germanium on the formation of
antiphase boundaries in a gallium-arsenide—germanium—gallium-arsenide (001) system

A. K. Gutakovskil, A. V. Katkov, M. I. Katkov, O. P. Pchelyakov, and M. A. Revenko

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences, Novosibirsk
(Submitted April 16, 1998
Pis’'ma Zh. Tekh. Fiz24, 7-12(December 26, 1998

An investigation was made of the formation of antiphase boundaries in a GaAs/G¢DBAAs

system using accurately oriented substrates and substrates misoriented by 3° and 5° in

the[110] direction. It was shown that growth of germanium on a misoriented gallium arsenide
surface leads to the formation of diatomic steps of he@gfi2 and therefore results in

the absence of any antiphase boundaries in a GaAs film grown on this surface. Conditions required
to obtain a vicinal Ge surface consisting of monatomic steps of height whose presence

leads to the formation of antiphase boundaries during GaAs growth, are determined.

© 1998 American Institute of Physids$1063-785(108)01812-§

The ability to grow structurally perfect films of polar was investigated by transmission electron microscopy using
[11-V semiconductors on nonpolar germanium and silicona JEM-4000 EX electron microscope. The samples were pre-
substrates can substantially improve various semiconductgared in the form of thin foils parallel to the growth surface
devices and can also solve the technological problem ofising a standard chemical jet etching technique.
matching 11—V optoelectronic devices with silicon technol-  After the Ge molecular source had been opened for a
ogy. For instance, an almost ideally.07% lattice-matched  ime sufficient to grow approximately one Ge monolayer on

GaAs/Ge heterosystem can be used to fabricate a new type gt .1y(001) oriented GaAs substrates, &2 surface recon-
solar celt and also for fabricating heterobipolar transistors.

The main strucj[ural defects durl.ng ep|taX|9I grOWthand 1x2 reconstruction, which arises because the surface
of pseudomorphic layers of gallium arsenide on a

Ge(00]) surface are antiphase boundandsyit although a consists of steps of monatormc_ heighy/4 (Ref. 5. Before
far amount of literature has been published thegrowth of GaAs on Ge was initiated, the sample was heated

mechanism for their formation is not completely understood!© the epitaxy temperaturd {550 °Q in an As, beam. The
The aim of the present study is to investigate the influenc@nSet of gallium arsenide growth was characterized by the
of submonolayer gallium coatings on the step height on théapid establishment of the># reconstruction, which is a
vicinal Gg001) surface and also to examine the influence ofmixture of 2<4 reconstructions, typical of the existence of
the step height on the concentration of antiphase boundari@tiphase domains? This reconstruction was maintained
in gallium arsenide grown on a misoriented (G&l) throughout the entire growth process. The observation of
surface. 4X 4 reconstruction may indicate that the GaAs film contains
In order to investigate the formation of antiphase bound-a mixture of 2<4 and 4<2 domains and thus indicates the
aries in a GaAs/Ge/GaAB01) system, we grew Ge films on presence of antiphase domains. This conclusion is confirmed
GaAg00]) substrates misoriented by 3° and 5° in fi40] by transmission electron microscopy. In Fig. 2 these domains
direction, and then grew a GaAs film on the Ge by moleculatesemble closed regions of arbitrary geometry separated by

beam epitaxy. The GaAs and Ge layers were grown usingntiphase boundaries which exhibit a striped black—white
standard effusion-type molecular sources. The GaAs growtpgnirast typical of inclined interfaces.
El'ar:e Wats) ?.?m{[h and t?e Ge growth :jati ?.2_&312/8(.) ’ The growth of Ge on the misoriented GaAs substrates
e substrate temperature was varied between an : . .
: as accompanied by the formation of steps of he&li®,
600 °C. The growth process was monitored by 30-40keV P y b il

high-energy electron diffraction. The GaAs was grown usingWhlch was deduced from observing the splitting of the prin-

arsenic to stabilize the surface and giving a4 reconstruc- cipal peaks of the diffraction pattern in the azimuth parallel

tion. The change in the step heigig. 1) during growth on to the stepqFigs. 1a and 1pb Since after the onset of ger-

misoriented GaA®01) substrates was recorded by observ-mani“m growth the separation between the split peaks re-
ing the splitting of the peak on the diffraction pattern in the Mained the same in our case, we can conclude that the height

azimuth parallel to the direction of the stepa. flux of gal-  ©Of the germanium steps correspondsag?. Calculations of
lium atoms with flux density-5x10"cm~2s* was supplied the terrace width from the splitting of the peaks for substrates
to the germanium surface during growth in order to investi-misoriented by 5° also gave 3 nm, which agrees with the
gate the influence of the Ga molecular beam on the stepalculations made using the angle of misorientation for a step
height of the vicinal face. The structure of the GaAs filmsheight of ap/2. It should be noted that the surface of the

struction was observed. This is interpreted as a mixgd 2

1063-7850/98/24(12)/3/$15.00 949 © 1998 American Institute of Physics
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FIG. 1. Changes in the splitting of the peaks of the high-energy electron diffraction pattern(itOfheazimuth a — GaAs b — Ge onGaAs ¢ — Ge on
GaAs after deposition of G4 is the distance between the edges of the steps.

growing germanium film clearly contains both diatomic andchanged fromag/2 to ag/4 during the germanium growth. In
monatomic steps and the fraction of these depends on theur case, when germanium was grown on a misoriented
growth temperature. This is also indicated by the fact that &aAs substrate, a transition from diatomic steps to predomi-
1/2 fractional peak was always observed in th@ &zimuth  nantly monatomic ones was observed after the Ga flux had
perpendicular to the steps, whereas in [the0] azimuth the  peen supplied for around 20—40s. In this case, the substrate
inFen_sity of _the 1/2 fractional peak de_creased appredab'Yemperature was 400 °C. The change in the step height was
with increasing growth temperature._Th|s4shows good agregyentified from the diffraction pattern in thl10] azimuth
ment with the data reported by Pukiéal. parallel to the steps. Figure 1c shows that the formation of
The growth of GaAs on th_e germanium §urface forrnedmonatomic steps resulted in the distance between the split
b_y steps of height/2 S“.”‘”ed |mmed|ately .W'th the forma- peaks being doubled. When the Ge growth was then termi-
tion of a 2x4 reconstruction, which was maintained through- : .
out the entire growth process. This indicated that no anpated and the sample CO.OI.e.d’ the mo.ngtomlc.s.teps remained
n the surface. The possibility of obtaining a vicinal(®&l)

tiphase boundaries were formed. Investigations carried ol

using transmission electron microscopy also reveal no ans_,urface consisting of monatomic or diatomic steps allows us

tiphase boundaries in the gallium arsenide film grown on thd® detérmine how the step height influences the concentration
germanium surface consisting af/2 steps. It should also be ©f antiphase boundaries in the GaAs film during its subse-
noted that in this case, unlike in Ref. 3, the growth of galliumduent growth on germanium. Growth of germanium on a
arsenide on germanium was accompanied by rotation of theicinal germanium surface consisting of monatomic steps re-
2x4 surface reconstruction through 90° relative to the subsulted in the formation of antiphase boundaries. In this case,
strate. the pattern of antiphase domains observed by transmission

We also observed that when a submonolayer coating oflectron microscopy is similar to that shown in Fig. 2, but the
gallium atoms was present on the surface, the step heiglatverage size of the domains was several times smaller than
that during the growth of a singular surface. The density of
the antiphase boundaries was thus several times higher.

From this reasoning we can conclude that the antiphase
boundaries in a GaAs/Ge/Gaf@d1) system form mainly be-
cause of the presence af/4 steps on the germanium sur-
face. It has been shown that when germanium grows on
GaAs substrates misoriented by 3° and 5° in[thE0] direc-
tion, diatomic steps form and gallium arsenide grows subse-
quently without the formation of antiphase boundaries. A
transition from diatomic to monatomic steps was identified
when an additional Ga flux was applied during growth. A
transmission electron microscope analysis of gallium ars-
enide grown on a germanium surface consisting of mon-
atomic steps reveals a high density of antiphase boundaries,
whereas growth on a misoriented germanium surface consist-
ing of diatomic steps results in no antiphase boundaries in
the gallium arsenide film.

The investigations were carried out as part of the “As-
tronomy: Fundamental Space ReseardlEpitaxy Projeck
and “Physics of Solid-State Nanostructures™ State Programs

FIG. 2. Image of antiphase boundaries in a GaAs/Ge/@N3 system of the Ministry of Science(Projects Nos. 97-20-25 and 3-
obtained by transmission electron microscopy. 011/4.
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Influence of desorption on the composition of high-temperature superconducting
thin films during magnetron sputtering

A. K. Vorob’ev, S. V. Gaponov, M. N. Drozdov, E. B. Klyuenkov, V. I. Luchin,
and D. V. Masterov

Institute of Microstructure Physics, Russian Academy of Sciences, Nitbwgorod
(Submitted July 6, 1998
Pis’'ma Zh. Tekh. Fiz24, 13—18(December 26, 1998

Results are presented of investigations to study how desorption caused by interaction between
the surface of condensation and the plasma particles affects the composition of thin

films of Y—Ba—Cu-O high-temperature superconductors during magnetron sputtering. An
analysis of the current—voltage characteristics of Langmuir probes was used to determine the
floating potential of the substrate at various working gas pressures. Electron Auger
spectroscopy was used to determine the atomic composition of films obtained at various substrate
bias voltages. It was established that during magnetron sputtering of Y—-Ba—Cu-0O films the
formation of the condensate composition may be strongly influenced by selective desorption of
components from the substrate and the surrounding structural elements as a result of
bombardment by plasma ions accelerated in the floating potential fieldl998 American

Institute of Physicg.S1063-785(18)01912-0

An important trend in the technology of high- reached during a layer-by-layer Auger analysis when the
temperature superconducting thin films is to enhance theifilms were sputtered by 500 eV argon ions at an angle of 46°.
homogeneity. Inhomogeneities on 0.01xdn scales are We used the V(126 e\), Ba (600 eV}, Cu (920 eV), and O
caused by the presence of nonsuperconducting secondar§12 e\) Auger lines and we analyzed the relative changes in
phase particles in the films, which are highly undesirable fothe Cu/Y, Cu/Ba, and Ba/Y atomic ratios.
most applications. Secondary-phase particles appear in su- The substrates were X100 mm stainless steel plates to
perconducting films duringn situ growth as a result of de- which a bias voltage was applied relative to the reference
viations of the condensate composition from stoichiometryelectrode, which was the casing of the device. One of the
It is known® that during magnetron sputtering of multicom- substrates was used as a planar Langmuir probe to determine
ponent materials, the transfer of the composition from thehe floating potential of the substrate. The plasma tempera-
target to the substrate may be impaired for the followingture near the substrate was determined using>a01%4 mm
reasons: L changes in the composition of the multicompo- double Langmuir probe.
nent target as a result of diffusion of the components from  Figure 1 gives the current—voltage characteristics of the
the bulk to the modified surface layer) lective scattering planar Langmuir probe at various working gas pressures.
of sputtered atoms by the working gas; ands8lective de- These characteristics are broadly typical and are similar to
sorption of components from the surface of condensation. those described by Raar® The upper kink on the character-

Preliminary investigations show that durinip situ istic identifies the plasma potentiaV{= + 1.2 V relative to
growth of thin films of Y-Ba—Cu-O(YBCO) high- the reference electrofleAt a certain negative potential/
temperature superconductors in an inverted magnetron sputetween—1.0 and—1.5 V relative to the plasma potential,
tering system, the composition of the condensate is substathe current to the probe disappears. This poterifiahting
tially influenced by all three processeddere we report potentia) is acquired by an isolated body inserted in the
results of investigations to study how desorption caused bplasma. As the pressure increases from 25 to 47 Pa, the float-
interaction between the surface of condensation and thimg potential increases from1.0 to —1.5 V. In Langmuir
plasma particles influences the formation of the compositioprobe theory, the increase in the floating potential is attrib-
of YBCO thin films during magnetron sputtering. We inves- uted to the influence of collisions in the transition regitne.
tigated YBCO films around 20 nm thick obtained at variousAn analysis of the characteristics of the double Langmuir
substrate bias voltages. The design and operating charactgrrobe gives electron temperatures of 0.28, 0.48, and 0.46 eV
istics of the inverted magnetron sputtering system were defor pressures of 25, 38, and 47 Pa, respectively.
scribed in detail in Ref. 3. In order to eliminate the influence  Figure 2 gives the atomic ratios of the components of
of thermal activation of desorption examined in detail by YBCO films obtained at a working gas pressure of 38 Pa and
Drozdovet al# the films were sputtered without being heatedvarious substrate bias voltages. The atomic ratios are normal-
to the epitaxy temperature. ized to the peaks, which are taken to be the stoichiometric

The atomic composition of the films was determined byratios. This method of representing the data can obviate the
electron Auger spectroscopy using aB@3 spectrometer. need to use a standard and allow for changes in the compo-
For each film we recorded the composition of the layer at aition caused by the preferential sputtering during a layer-by-
depth of 10 nm after steady-state conditions had beetayer Auger analysis. Figure 2 shows that at voltages be-
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being bombarded by electrons accelerated in the substrate
field at positive potentials relative to the plasfathe right

of the peaks in Fig. 2 which is confirmed by data presented
by Teradaet al.” The main changes in the Cu/Y and Cu/Ba
atomic ratios take place at bias voltages up to 0.5 V relative
to the plasma potential, which is substantially below the
sputtering threshold1l7 eV from data given by Maissel and
Glang) and corresponds to the binding energy of copper
adatoms on a glass substréiel4 eV according to Chopta
This confirms our hypothesis that desorption of adatoms in-
fluences the formation of the composition of YBCO films
during magnetron sputtering.

During in situ growth of YBCO films on various dielec-
tric substrates in the presence of a nonequilibrium plasma the
surface of condensation is always charged to the floating

V.V potential(between—1.0 and—1.5 V in our casg Growth of
’ the films is accompanied by bombardment with plasma ions
FIG. 1. Current—voltage characteristics of planar Langmuir probe at variougiCcelerated in the floating potential field. One of the effects
working gas pressures. of this bombardment is the selective desorption of adatoms
of the components, which substantially changes the compo-
sition of the condensate. Moreover, in real sputtering sys-
'tems various structural elementsomponents of the sub-
strate holder and parts of the heatere located in the

atomic ratios are highest. At these voltages there IS N0 POimmediate vicinity of the substrate. These elements may be
tential difference between the surface of condensation anﬂ'lade of dielectric materials or may be coated with a thick

the adjacent p"'?‘sm"?‘ regions. On_ly therma! lons anq electrorbsoorly conducting YBCO film. As a result, the structural
reach the growing film. At negative potentials relative to theSuncace becomes charged to the floating potential and be-

pLasma(to t_he Ifeft of the pedakr? in Fgg.)Za p_qu]itivE spaclg comes a source of nonstoichiometric fluxes of desorbed
charge region forms around the substrate. The thermal io BCO components which reach the substfate.

entering this region are accelerated toward the surface of To sum up, during magnetron sputtering of thin films of

condensation to energies corresponding to Fhe potenti_al diﬁﬁi h-temperature superconductors the formation of the con-
ference between the substrate anql the adjacent_ regions &fnsate composition may be strongly influenced by selective
unperturbed plasma. The changes in the composition of th&esorption of componentén our case, copper and bariym

. 0 I ; ,
YBCO films (up to 40% observed in Fig. 2 are evidently from the substrate and the surrounding structural elements as

::ausefd by tielectnf/e desforpu%n of (;opper and be}tnu?bada& result of bombardment by plasma ions accelerated in the
oms from the surface of condensation as a result o Orrllcfloating potential field.

bardment by plasma ions accelerated in the substrate field. This work was carried out as part of the “Topical Direc-

Desorption is also caused by the surface of condensatiotrilOns in the Physics of Condensed Medié'Superconduc-

tivity” Project No. 98064 program of the State Committee
A on Science and Technology and was supported by the
3,5 e ——————————1 Russian Fund for Fundamental Reseaf@hant No. 96-02-
—A—CWY | 19283.
—0—Cu/Ba
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FIG. 2. Atomic ratios(A) of the components of YBCO films obtained at
various substrate bias voltages. Translated by R. M. Durham
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X-ray optical parameters of a microcapillary lens
Yu. I. Dudchik, N. N. Kol'chevskii, and F. F. Komarov

Belarus State University, Minsk
(Submitted July 3, 1998
Pis'ma Zh. Tekh. Fiz.24, 19-23(December 26, 1998

An analysis is made of the possibility of focusing x-rays using a new element in x-ray optics,
termed a microcapillary x-ray lens. @998 American Institute of Physics.
[S1063-785(08)02012-9

X-ray optics devices which can produce microbeams ofThis method can be used to produce 50 or more microlenses
x-rays with a photon energy of 10—30 keV are of particularin a single capillary.
interest for the development of synchrotron technology and We established experimentally that for microlenses fab-
high-power microfocus tubes with transmissive or rotatingricated by this method using epoxy adhesifg. 23 there
anodes. Snigirewet al! suggested that x-rays could be fo- is a relationship between the parameteand the capillary
cused by a set of coaxial ordinary biconcave refracting mitadius R, which can be approximated by the linear depen-
crolenses fabricated from a low atomic numilew-Z) ma-  denced=kR+dy, wherek=3, dy=—60 um.
terial (carbon, polymens Studies reported in Refs. 1-3 This dependence(R) can be used to calculate the x-ray
showed that 14 keV and 30 keV x-ray beams from a synoptical parameters of a lens made of epoxy adhesive.
chrotron could be focused to a spot a few micrometers in  Calculations were made of the sizé &f the focal spot
size. The design of these x-ray lenses opens up a whole rangleig. 1), the transmission of the lefis which is equal to the
of technical realizations: in Refs. 1-3 these lenses wergatio of the photon flux at the exit of the lens to that at the
made by drilling 30—40 holes 0.5—1 mm in diameter in anentrance, and the gai®=(0.6R/f)?T. The calculations
aluminum or polymer plate. The “necks” between the holeswere made by means of a numerical simulation of the trajec-
functioned as the microlenses. However, although a gain diries of the x-rays propagating in the system. We assumed
100 or more is theoretically possible for this type of lens, inthat a monochromatic x-ray beam with an angular diver-
practice the gain was only 2—6, which makes it promising togence of 0.01 mrad was incident on the lens and that a dia-
search for other technical realizations for the design of ghragm with an aperture radius of R&vas placed ahead of

refracting x-ray lens. the lens to reduce the aberration of the system. The number
Here we examine a possible design of an x-ray len®f lenses was selected to give the focal lengthl m using
(Fig. 1) and calculate its x-ray optical parameters. the following relation from Snigirewet al:* N=R/(25F),

We knowf that a droplet of liquid such as water inserted wheredis the real part of the refractive index of the x-rays in
in a glass microcapillary has the form of a biconcave lensthe lens material. The calculations were made for 15 keV
The surface quality of this lens is fairly high and it can trans-photons and various values of the capillary radRisThe
mit the image of objects in the visible wavelength range. Thecoefficient of absorption of the x-rays in the lens material
biconcave shape of the droplet means that it can be used was taken to be 0.82 cm and the energy of the electron
focus x-rays and by using many such droplets, it is possibl@lasma oscillations was 22 eV.
to reduce the focal length of the system to around 1 m. The The results of calculations of the x-ray optical param-
gain G of this system defined as the ratio of the photon fluxeters of the microcapillary lens are presented in Table I.
density of given energy incident on the lens to the flux den- It can be seen that the proposed lens can focus x-rays to
sity at the focus, depends on the capillary radtuiand the  a spot of 3—Gum, amplifying the flux density more than 100
thickness of the lenghe parameted in Fig. 1). The shape of times with a capillary radius of 500-1Q@m.
the droplet surface in the capillary depends on the surface It should be noted that although the gains calculated for
tension forces at the liquid—glass interface, and to a first
approximation can be taken as spherical.

We fabricated a system for focusing x-rays which con- 3 4
tained microlenses of various industrial adhesives formed in- \
side a glass capillary. Figure 2 shows a photograph of thet—] — 2%
lens for which we used two types of adhesive, epoxy adhe- ; E —
sive and BF-6(Ref. 5. ; X <
The technology used to fabricate the lens included form- . /" F

ing a thin layer of adhesive on the inner surface of the cap-
illary. When the thickness of the film reached a certain value . . . .

. . ‘FIG. 1. Schematic of microcapillary x-ray len$:— x-ray beam,2 —
the spontaneous formation of mmrqdrqplets was observed ifiaphragm3 — glass microcapillary4 — adhesivefF — focal length of
the capillary. These droplets were distributed fairly regularly.lens, and 2 — size of focal spot.
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TABLE |.

R, um 200 150 100 50
N 91 69 46 23
d, um 540 390 240 90
T, % 1 9 38 83
2f, um 12 9 6 3
G 5 38 150 331

from Fig. 2b, which increases the transmissiorHowever,
calculations for this case present considerable difficulties be-
cause it is impossible to determine the shape of the microlens
surface at this stage of the investigations. We plan to con-
sider the results of experimental investigations for this case
in a separate publication.

This work was partially supported by the Belarus Fund
for Fundamental Researd¢tBrant No. F97-036

FIG. 2. Photographs of microcapillary x-ray lens made af— epoxy
adhesive(epoxy resin and hardeneb — BF-6 adhesivealcohol solution

of polyvinylbutyral and resin LA, Snigirev, V. Kohn, I. Snigirevat al, Nature(London) 384, 49 (1996.

2A. Snigirev, V. Kohn, I. Snigirevaet al, Appl. Opt.37(4), 1 (1998.

- . . 3p. Elleaume, J. Synchrotron Radiat. Nip.1 (1998.
a system containing microlenses fabricated of epoxy adhezlL. D. Landau and E. M. LifshitzFluid Mechanics 2nd ed.(Pergamon

sive are fairly high, when BF-6 adhesiv€ig. 2b or another Press, Oxford, 1986[Russ. original, 3rd ed., Nauka, Moscow, 1986,
adhesive consisting of an alcohol solution of resin and poly- 736 pp).

mer is used, these gains can also be achieved for 3—5 keVHandbook of Adhesivesedited by G. V. Movsisyar(in Russia)
photons. This is because the thickness of the microlens for KMMya: Moscow(1980, 304 pp.

this case becomes appreciably less tRaras can be seen Translated by by R. M. Durham
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Nonlinear characteristics of resonators and filters made from high-temperature
superconducting films

I. B. Vendik, S. A. Gal'chenko, M. N. Gubina, V. V. Kondrat'ev, S. Leppyavuori,
and E. Yakku

St. Petersburg State Electrotechnical University
(Submitted July 7, 1998
Pis’'ma Zh. Tekh. Fiz24, 24—29(December 26, 1998

The behavior of planar superconducting resonators and filters under the action of an elevated-
power microwave signal is described. A phenomenological model is proposed to provide

an adequate description of the nonlinear properties of the surface resistance of a superconducting
film. This model is used to derive an analytic expression to calculate the intrinsic Q factor

of the resonator for various input power levels. The model uses a single phenomenological
parameter whose value depends on the quality of the superconducting film and its capacity

to sustain power. A temperature dependence is proposed for this parameter, which can reduce the
results of measurements at different temperatures to a single value and allows the nonlinear
properties of these film samples to be compared quantitatively19@8 American Institute of
Physics[S1063-785(108)02112-(

High-temperature superconductifgfTSC) films on a  ent quality of the films. Further investigations were carried
dielectric substrate have been successfully used to fabricataut to obtain quantitative estimates of the nonlinear proper-
planar band-pass microwave filters with the lowest losses ities of the films.
the pass band yet recorded. However, because of the nonlin- Since these band-pass filters were based on coupled half-
earity of the surface resistance with respect to a microwavevave resonators, the nonlinear properties of the filters are
current, the characteristics of the filters are distorted when determined by the nonlinear behavior of the resonators.
microwave of fairly large amplitude propagates through theThus, an experimental investigation was made of half-wave
filter. resonators fabricated on the same substrates from the YBCO

We investigated two filter configurations made from films used for the filters. The experimental results were as-
YBCO films on an LaAlQ substrate with a permittivity of sessed using the following model concepts.
23.7(PRIMA TEC films,Rg,= 0.6 m() at temperaturd=77 The surface impedance of high-temperature supercon-
K and frequencyf=10 GHz, film thickness 400-500 nm ductors as a function of frequency and temperature is reliably
The films were grown on substrates of different thicknessdescribed by the linear approximation of the phenomenologi-
0.45 and 1.0 mm. The filters were designed for the sameal model* At high microwave powers a nonlinear increase
frequency 1.75 GHz, the same 4% pass band, and the mei the surface resistance is observed, which may be ex-
surements were made at the same temperdta@é/ K. The  pressed as a function of the magnetic field strength in a sec-
tenth-order filter consisted of an array of coupled half-wavetion of the line?
microstripe resonators using exciting elements in the form of
a T-shaped structur@-ig. 18 on a 0.45 mm thick substrate
(film No. 1). The filter characteristics at various input powers  RsulX,1)=Reuro
are shown in Fig. 1b. At an input power of 29 dBt8 W)

the characteristics become distorted as a result of the appe%hereRsur,ois the surface resistance of the superconductor in

ance of nonlinear effects. the linear approximationH,, is the amplitude of the mag-

A second ninth-order filter also consisted of an array Ofefic field strength in a section of the HTSC transmission

coupled ha!f-wave resonators u_sing coupled I_ines as excitingne, f(t,x) is a function which allows for the dependence of
elements(Fig. 23 on a 1 mmthick substrate(film No. 2).  {he magnetic field on the time and position, arg is the
The relative position of the half-wave resonators was mOd"phenomenoIogical parameter of the model.

fied to improve the amplitude—frequency characteristic. The
use of a thicker substrate presupposed a reduction of the rf
current in the resonators and thus an increase in the nonlin-  H~j \, 2)
earity threshold. The filter characteristics at different power

levels are shown in Fig. 2b. The characteristics become diswvherej. is the critical current density and, is the London
torted at an input power of 31 dBif1.26 W), which barely  depth of penetration of the field in the superconductor.
exceeds the threshold power for the filter on a thinner sub- The nonlinear properties of HTSC resonators are esti-
strate. The absence of any significant increase in the nonlirnated from the change in the Q factor as the microwave
earity threshold for filter No. 2 is possibly due to the differ- input power is increaset:

i
1+ 2 fz(t,x)), @

The parameteH, can be estimated as
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Qo 9 Pin Qe .
Q—= + - P. 7  o. 2 (3)  temperature dependence of the London depth given by the
O.eff 0 <1+ E ) model! we proposed the following temperature dependence
Qo,eft for the parametePy:
Here Qg is the intrinsic Q factor of the resonator in the T2
linear approximationQ ¢« is the effective Q factor of the Po(T)=Py(0) (1—(T—> ) 4
C

resonator as a function of the input powey,,Qg is the
external Q factor of the resonator, which is determined bywherePy(0) is determined aT=0 by extrapolating the ex-
the coupling between the resonator and the external circuitperimental results.

and Py is the characteristic power defined as the microwave

power in the resonator assuming that the magnetic field

strength in it isH,. The parameteP, is a quantitative mea- 1Q 1.0 ¢
sure of the capacity of the HTSC film forming part of a 7 ~°

resonator to withstand a high microwave power level without 09
nonlinear distortions. AsPq increases, the nonlinearity
threshold of the film increases. 08 ¢

In the nonlinear regime we investigated two half-wave r
microstripe resonators on two different substrates. Figure : 0.7 3
gives the results of measurements of the normalized intrinsi C
Q factor of a resonator formed by YBCO film No. 1 on a thin 06 3

substrate plotted as a function of the input microwave powe

atT=60 K. The Q factor was normalized to that measured in 05F

the linear regime at low input microwave power. Also plot- 04

ted is the calculated characterist®) obtained forP,=23 T

W. The nonlinear characteristics were measured at differer 0.3 S BT T B
temperatures. In accordance with express®)nP, depends 10 104 103 102 10!
on temperature, since the critical current and the Londol P. W
penetration depth depend on temperature. Using the typicau e

temperature dependence of the critical current and theiG. 3. Normalized intrinsic resonator Q factor versus input power.
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For the second resonator, formed by film No. 2 on awhich confirms that the paramet®y, is suitable for estimat-
thick substrate, the measurements were made at the sanmg the nonlinear properties of planar HTSC filters.
temperatureT=77 K. Reducing the results of the measure-  This work was carried out under Project No. 98063 of
ments of the nonlinear resonator characteristics to the santhe State Scientific and Technical Program in the “Super-
temperaturg€77 K) using expressiofd), we findP,=12 W  conductivity” category of “Topical Problems in the Physics
for film No. 1 andPy=2 W for film No. 2, which suggests of Condensed Media” and received financial support from
that the films are of different quality in terms of their non- the Nokia Foundation.
linear characteristics: film No. 2 on the thick substrate has a
lower nonlinearity threshold in a microwave field than film 1o G. vendik, I. B. Vendik, and D. I. Kaparkov, IEEE Trans. Microwave
No. 1. Theory Tech46, 469 (1998.

Investigations of the nonlinear characteristics of the 20. G. Vendik, I. B. Vendik, and T. B. Samoilova, IEEE Trans. Microwave
films show complete agreement with the measurements of "0y Tech4s, 173(1997).
the nonlinearity parameter for the half-wave resonatorsyranslated by R. M. Durham
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Dispersion of a charged bubble in a liquid dielectric in a electrostatic field
S. O. Shiryaeva and A. N. Zharov
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It is predicted that the size and charge of daughter bubbles emitted in an electrostatic field
from different tips of a charged parent bubble will differ. ©98 American Institute of Physics.
[S1063-785(08)02212-5

It has been shown that when a charged gas bubble in a(rij)3’2. Thus, over the time taken for one large daughter
liquid dielectric disperses in an electrostatic field, the num-bubble to break away from the second tipsmall bubbles
ber, size, and charge of daughter bubbles formed at the ofpecome detached from the first tip, whekewill subse-
posite tips of the parent bubble differ substantially. quently be defined ak=(r, /r;,)¥? The daughter bubbles

The breakup of bubbles in a dielectric liquid in an exter-in the total electric field will have the form of ellipsoids of
nal electrostatic field is an interesting phenomenon for varirevolution with the eccentricitiéseij which will be deter-
ous branches of technical physics, geophysics, and chemicailined by iteration.
technology*? It is therefore interesting to identify the basic Assuming that the liquid and gas temperatures are con-
laws governing the breakup of a charged bubble in an elecstant, we can easily find the change in the potential energy of
trostatic field; this may be performed by analogy with thethe system as a result of the next emission of two daughter
analyses made for a dropfét. bubbles from opposite tips of the parent bubble

Let us assume that a uniform electrostatic field of
strenath E | . S . - (e,J)

g is created in a liquid dielectric containing a AU; 47wr A(e,J)+q,J
spherical gas bubble of radil&with surface charg€ and
surface tensiorvr at the interface. Under the action of the B(e)
field E, the bubble is pulled along into a spheroid of revo- —20ij —5—
lution having eccentricitye, and the gas pressure therein be-
comes equal t®. If the charges at the surface of the bubble n—1 -1
possess fairly high mobility, for large the bubble becomes Q- 2 dyj— E qZ]}
unstable and small charged daughter bubbles begin to break
away from the opposite tips of the bubble. niy—1

As daughter bubbles k())reak away from the parent, they +(— 1)'+1ERqJQ(v,])+ 2 aij
change their volume fronvj; to V;; as the pressures equal-
ize, and the gas pressure |n these bubbles becémébere
the first subscript indicates the tip of the parent bubble: _477\/
i=1 for a bubble emitted from a tip whose polarization 3
charge has the same sign as the bubble’'s own charge Q;
i=2 for the second tip, and the second subsgripticates
the number of the bubble in the emission progeSshe
daughter bubbles, becoming separated from the parent 213
bubble under the action of electric repulsion forces, form two B _ (1—e€j

. o ) (&)= arctanlte;;),
groups at a distance=ma from the two tips of the parent &ij
bubble @ is the major semiaxis andn is a numerical
parameter® In our model calculations, the electric field of _(1-e)B ¢ 'ﬁi) 1450 §|J
the group of daughter bubbles, which opposes the separation (vij)= arctan o T a2
of the next bubble, is replaced by the field of a point charge
positioned on the axis of symmetry of the system at theQ( ) e(vij—1)— v arctanlﬁe(vij—1)(vij—e2)’1]
distancel. from the tip of the mother bubble. Vij) = 213 _

We shall assume that at a certain time-1 daughter (1-e%)™(arctanhe—e)
bubbles are emitted from the first tip of the parent bubble and n, if i=1
| -1 emissions have taken place from the second tip. As a n(i)=[| it i=2,
result of the emission, daughter bubbles with charggs '
<(Q+ER? and radiirj; <R are formed. The time required ¢;; are the spheroidal coordinates of the daughter bubbles at
to separate a daughter bubble is assumed to be of the orderthie instant of detachment from the parent bubble Bgpds
the period of the capillary oscillations of its dominant modeatmospheric pressure. In E@.) the first term describes the

n-1
Q 2 qu Eq2]j|

Vl])

ﬁ
v

P::.In

4 0
ij Pij — 3 PalVij— Vi1, (1)

1 arcsine;;
Aleyj) = §(<1—eﬁ}>1’2+ —”)(1—eﬁ->-“6,

i]

Vij
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surface energy of the daughter bubbles, the second and thiggl, iXij(1—e? )1/6

describe the change in the intrinsic electrostatic energy of the
bubbles, the fourth describes the change in the energy of
electric interaction between the charges of the daughter
bubbles and the charge of the parent bubble, the fifth term

describes the change in the energy of interaction between the
daughter bubbles and the polarization charge of the parent
bubble, the sixth term describes the energy of interaction

between the daughter bubble and the group of previously

emitted bubbles, and the seventh and eighth terms describe
the work performed by the gas in isothermally changing the

volume of the daughter bubble.

The emission of daughter bubbles will continue as long
as the Coulomb force responsible for detaching a daughter
bubble exceeds the Laplacian forceé!ri*j responsible for
confining the bubble, Wherei’} is the radius of the neck.
Assuming that the field strength at the point of detachment is
determined by the field of the parent bubble, and also by the
field of previously detached daughter bubbles, we obtain the
conditions for detachment of daughter bubbles from different
tips of the parent bubble:
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FIG. 2. Dependences of the following dimensionless param-
eters on the bubble numbérthe radii X, (calculated points
denoted by< ), the absolute values of the chard¥s| (calcu-
lated points denoted by) 0and the absolute values of the spe-
cific chargesZ,| (calculated points denoted fy) for daughter
bubbles carrying charge of sign opposite that of the intrinsic
charge of the parent bubble, and also the Rayleigh parameter
W? for the parent bubblécalculated points denoted by) for
w2=0.06, W?=0.01, 2=0.7, @,=0.9, m=1, =0.75, and
7,=0.6 (the parametersy,;=a,, 7,;=17, were taken to be
independent of the bubble number
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whereX;; andY;; are the dimensionless radii and charges of Pij—Pat (P—P,)R

the daughter bubbles, at; are the minor semiaxes of the T~ p_p. B= 20

daughter bubbles. In Ed2) the first and second terms in at

braces describe the electric field strength created by the in- ) )

trinsic and polarization charges of the parent bubble at the A numerical analysis of the syste(@)—(4) shows that

point of detachment of the daughter bubble, and the third€ radii and charges of daughter bubbles emitted from the

term gives the electric field strength at the same point proSecond tip, the sign of whose polarization charge differs

duced by the total charge of the groups of previously emittedrom that of the mt_rmsm_charge of the parent bubble, will be_

bubbles. greater than the dimensions and charges of the bubbles emit-
We impose the constraint that because of the Onsagéfj’d from the first tip, whose polarization charge has the same

principle of least energy scattering, the change in the potersidn s that of the parent bubble, as can be seen from Figs. 1

tial energy is extremal, i.e., the condition€AU;;)/dq;; =0, and 2. Thes_e figures also s_how_thgt the number of daughter

d(AU;)/ar;=0 are satisfied.This gives, in addition to Eq. bubbles em|tted from the first tip is much greater that the

(2), another four equations to find the unknowXs,Y; number emitted from the second tip.

and Vij .

jo

n—1 1-1

— E Ylj — 2 Y2j [K(Vi]- )— B(e)] 1C. G. Garton and Z. Krasucki, Trans. Faraday %f;.211(1964).
w+W =1 =1 2A. 1. Grigorev, V. A. Koromyslov, and A. N. Zharov, Pis’'ma zh. Tekh.
) Fiz. 23(19), 60 (1997 [Tech. Phys. Lett23, 760(1997)].
W (1_e2)1/3n('>71 3A. I. Grigor'ev and S. O. Shiryaeva, J. Phys.23, 1361(1990.
Q(yij)—l— _— 2 Yij =0, 4A. I. Grigorev and S. O. Shiryaeva, Zh. Tekh. Figl(3), 19 (1991
w+W m =1 [Sov. Phys. Tech. Phy86, 258 (1991)].
5A. 1. Grigor'ev, S. O. Shiryaeva, and E. I. Belavina, Zh. Tekh. B&(6),
() 27 (1989 [Sov. Phys. Tech. Phy84, 602(1989].
6S. 0. Shiryaeva and A. I. Grigor'ev, Zh. Tekh. Fig5 (1) 25; (2), 11
(1995 [Tech. Phys40, 12, 122(1995)].
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Instability growth rate of an uncharged droplet in a uniform electrostatic field
A. . Grigor'ev

P. G. Demidov State University, Yaroslavl
(Submitted June 29, 1998
Pis’'ma Zh. Tekh. Fiz24, 36—40(December 26, 1998

An interpretation is proposed for an effect in which the spheroidal deformation of a droplet
which is unstable against induced charge increases more rapidly than exponential with time.
© 1998 American Institute of Physid$1063-785(08)02312-X

Since the amplitude of the perturbation of a droplet — However, whenW=A, ' holds, the droplet is already
shape which is unstable with in relation to a critical uniform unstable against infinitesimal virtual deformations of its sur-
electrostatic field increases nonlinearly, the time evolution oface of the form{= {,P,(cosd). The excitation of this type
the amplitude of a spheroidal axisymmetric perturbation ofof deformation could at least be responsible for the thermal
its shape is substantially faster than exponential. motion of the liquid molecules.

The phenomenon of instability of an uncharged droplet 2. Let us assume that the fididcorresponds to the criti-
of electrically conducting liquid in a uniform electrostatic cal value of the paramet®. The initial equilibrium droplet
field E is encountered in a wide range of different applica-shape irE is spheroidal with eccentricitgy,. When instabil-
tions in physics, geophysics, scientific instrument manufacity occurs, the droplet departs from equilibrium and its
ture, engineering, and chemical technoldgge Refs. 1-3 eccentricity begins to increase with time. All this stems
and the cited literatupe This effect is observed as a rapid from an infinitesimal thermal perturbation of the dominant
increase in the amplitude of the spheroidal deformation ofmode of the typel= {yP,(cosd). The amplitudel, of the
the droplet with time, followed by the ejection of excessthermal perturbation of the droplet shape is given by
polarization charge from the tips in the form of a series of{,=(o/kT) "*2, wherek is the Boltzmann constant arfdis
highly dispersed, strongly charged droplets. Neverthelesghe absolute temperature of the liquid. For this type of per-
some aspects of this instability have been little studied, parturbation the major and minor semiaxes of the spheroid are
ticularly the growth rate of the spheroidal deformation of angiven by a=R+ ¢, and b=R—3{,, since P,(0)=1, and
unstable droplet with time. A theoretical analysis of this as-P,(7/2)=—1/2.
pect is also of interest because Inoulettal**° established The square of the eccentricigf of the resulting spher-
experimentally that the growth rate of the spheroidal defor-oid is related to the amplitudg, of the small perturbation to
mation of an unstable droplet is faster than exponential.  within the first order of smallness with respectdg/R by

1. From Refs. 6 and 7, the spectrum of capillary oscilla-
tions of an isolated droplet of radil® consisting of an ideal 21 (bo—0.5)? ey %( - ze2> @
conducting liquid, in a uniform electrostatic fiek with the (ap+ o) °" R 6 °)
surface tensiowr is given by

3. Thus, thermal excitation of the dominant mode in a
5 o o 1 spheroidal droplet corresponds to a virtual increase in its
On= " En(n—l)(n+2)[1—WA(n)], W=E"Ro", eccentricity frome, to e, defined by Eq(3). However, for a
(1) spheroid the critical value of the parameWfor instability
of the droplet with respect to the polarization charge is a
wheren is the number of the capillary oscillation mogeis  decreasing function of the square of the eccentrfeftyro
the density of the liquid, and the coefficieA(n) is deter- first order in the square of the eccentric#y this function
mined by the mode numberand by the system of physical may be expressed in the fotrh
units used. For the dominant mode=2) responsible for
the spheroidal deformation we hawg '=2.59 in Gaussian WA=[1-a€?]. 4
units. It can be seen from formuld) that forW>A2‘l the o 2 i
droplet begins to become unstable, and within the limits of "€ valueWA;=1 for e”>e; will be supercritical for
validity of linear analysis, the amplitudé of the dominant the spheroid, and whetj,/R<1 holds classical concepts
mode of its capillary oscillations begins to increase with timelndicate that the amplitude of the perturbation will begin to

as ¢~ exp(t), where increase exponentially with time with the growth rage
’ given by Eg.(2). In expression(2) for y we substitute
Eq. (4), which gives

\/80’ )
X= E[l—W(e )Az] 2

80
is the instability growth rate. pR

1063-7850/98/24(12)/2/$15.00 962 © 1998 American Institute of Physics
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This implies that the amplitudé of the perturbation of the and the integral equation describing the time dependence of
spheroidal droplet shape will increase with time as the amplitude of the dominant-mode instability will be

80' T g( T) v2 2
L= o= pex —ae?t]. 6)  {(1)={oex @ dri,  7,=n+aey.
ol 0 0 ®)
However, an increase in the amplitude of the perturba- ) )
tion corresponds to further elongation of the droplet, an in- 1 he solution of Eq(9) may be written as
crease in its eccentricity, and a reduction in the critical value Tl X)L 2 + 12y 12
of the parametew required for instability, as given by for- V2= [[(7]* O )1/2 7]’1‘/2][(7]* a*)l/z 7”1*/2]],
mula (4), and therefore increases the instability growth rate. [(74 + e X) "+ I (7 + g ) 75— 777
4. Writing a series of increasing perturbations at similarx_ )
times and using Eqg2)—(6), we can obtain a nonlinear in- =N/
tegral equation to describe the growth of the amplityde When 5, > «a, X this relation is reduced to the exponen-
with time, as was dorfefor a droplet which was unstable tial form to first order ina, X,
with respect to its own charge: 12
R £(7) = Lorxpl 7).
T T
5(7')=§oexp<f (a*§— dT], (7)  That is to say, in this situation the time evolution of the
0 0 amplitude of the spheroidal perturbation is characterized by
12 the growth ratenX?, which describes the degree of super-
80- gO 2 . . *
T=|— , @y =3aﬁ - geo . criticality of the Taylor parametew.
PR 5. To conclude, when an uncharged droplet of electri-

The solution of Eq(7) has the form cally conducting liquid becomes unstable with respect to an

s external uniform electrostatic field, the elogation of the drop-
{(1)=Lo(1~ 0.5z, 7). let into a spheroid exhibits different time behavior depending
To within the dimensionless notation Eq§) and (8) on the conditions for departure from equilibrium.

agree with the similar relations describing the temporal in-

crease in the amplitude of the spheroidal perturbation of an

initially spheric_al droplet which is unstgble with respect to its 1G. 1. Taylor, Proc. R. Soc. London, Ser. 280, 383(1964.

own charg€. It is easy to see that the time dependence of thezp | Grigorev and S. O. Shiryaeva, J. Phys.23, 1361(1990.

amplitude of the spheroidal perturbatié®) is stronger than  3A. I. Grigor'ev and S. O. Shiryaeva, Izv. Ross. Akad. Nauk Ser. Mekh.

exponential with the growth rate,, (Ref. 9, and agrees 4|Zf;id|‘;- Gla?ta ’;“3 F:‘v Er19r?1‘96n [EEE Trans. Ind. Ap, 945 (1989

qua"tativel_y with that determined eXperimemaE”y' 5I: I: Ingﬂlitt,z. M.-Flofyaﬁ, ahd R. J. Iia)S/Wood, IFéﬁEEE Trans. Ind. Appl.
Assuming that the value of the Taylor paraméf¢ésub- 28, 1203(1992.

stantially exceeds the critical value for the onset of instabil- °A. I. Grigor'ev and O. A. Sinkevich, Izv. Akad. Nauk SSSR. Ser. Mekh.

ity, i.e., WA,=1+ 7, where =0, the expression for the _Zhidk. Gaza No. 6, 101985.

. - . - 7K. J. Cheng, Phys. Lett. A12, 392(1985.
instability growth rate of the dominant mode will have the s5" G “spivaeva, A. I. Grigorev, and I. D. Grigoreva, Zh. Tekh. Fiz.

form 65(9), 39 (1995 [Tech. Phys40, 885(1995].
9S. O. Shiryaeva and I. D. Grigoreva, Pis'ma Zh. Tekh. F8(6), 1
80 2) (1999 [Tech. Phys. Lett20, 214 (1994].
X= —(n+a€’),

pR3 Translated by R. M. Durham
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Interaction of hydroxyapatite with titanium nickelide and titanium
N. A. Shevchenko, V. I. Itin, A. A. Tukhfatullin, M. L. Melikyan, and M. Z. Mirgazizov

Research Institute of Medical Materials and Implants with Shape Memory, Tomsk
(Submitted July 14, 1998
Pis’'ma Zh. Tekh. Fiz24, 41-44(December 26, 1998

It has been established that the interaction of hydroxyapatite with titanium nickelide and titanium
results in the formation of new phases whose physicomechanical properties and
biocompatibility are unknown. After hydroxyapatite has been resorbed, these phases come in
contact with tissue and near-tissue fluids and influence the result of the implant.

© 1998 American Institute of PhysidsS1063-785(108)02425-3

Hydroxyapatite is one of the best materials for osteorewith the international standard ASTM-F 1185-88 and is li-
placement, since when inserted in the bodly it is resorbed ancensed for medical ue.
normalizes osteogenesighus, it is widely used for coating Cylindrical samples 10 mm in diameter and 5 mm high
metallic medical implants. The main methods of depositingwere pressed from the mixture and baked in an SNVE
hydroxyapatite on a metal base are plasma depositiand  1.3.1/16 ICh electrical furnace in a vacuum of 133
baking? However, interaction of the components at the X 10 *Pa using different temperature—time regimes.
metalalloy)—hydroxyapatite interface has been very little The thermogram of pure hydroxyapatite does not exhibit
studied®? although this subsequently determines the physiany thermal effects up to 1400 °C, which agrees with Ref. 7.
comechanical properties and biocompatibility of the implantFor mixtures of this substance with titanium the curves are
with the body tissue. almost smooth and there are no thermal effects to indicate
Here we use thermography, derivative differential ther-any interaction of the components. The thermograms of mix-
mal analysisDDTA), and x-ray phase analysis to investigatetures of hydroxyapatite and titanium nickelide revealed an
the interaction of hydroxyapatite with titanium nickelide and endothermic effect at 1145 °C. Heating of weighed batches
titanium, which are widely used as materials for implants inof titanium or titanium nickelide powder mixed with hy-
medicine> droxyapatite in the temperature range 100—900 °C is accom-
The thermal effects were studied using a Q-1500 deripanied by a negligible reduction in ma&s-3%), which is
vatograph in an argon atmosphere. The x-ray phase analysividently caused by loss of water or an OH group.
was carried out using a DRON-3 device using with radiation  An x-ray phase analysis reveals that the interplanar spac-
and a filter. ings and the unit cell parameters of the hydroxyapatite pow-
Powder of PN55T45 grade titanium nickelide andder show good agreement with the ASTM data. After baking
PTOM grade titanium was thoroughly dried and then mixedat 1150 °C the phase composition is indistinguishable from
in the ratio 1.1 by weight with “Hydroxyapol” hydroxyapa- the initial composition, and only a change in the line inten-
tite powder manufactured by “Polikom,” which complies sities can be identified. Heating in the derivatograph to

TABLE I. Phase composition of baked mixtures of hydroxyapatite with titanium nickelide and titanium.

Phase composition

Baking regime

Hydroxyapatite—TiNi

Hydroxyapatite—Ti

Initial mixture
T=800°C, 2h
T=950°C, 10 min

Cag(PO,)s(OH),, TiNi
CafPOy)(OH),, TiNi, Ni5Ti

Ca(PO,)6OH,, TiNi, Ni3Ti,
CaO, CaP,04

Cao(PO)(OH),, Ti
Cayo(POy)6(OH),, Ti

Cayo(POy)6(OH),, Ti,
CaO, CagP,04

T=950°C, 2h Ca(POy)6(OH),, TiNi, NisTi, Ti, CaO, CgP,0q
NiTi,, CaO, CaP,0q
T=1050°C, 2h Ni3Ti, NiTi,, CaP,0q, Ti, Ca4P,0g, Ca(POy),,
Ca(PQy),, CaTiO,, TisP CaTiQq;, TizP
T=1150°C, 2h NiTi, NiTi,, CaP,0q, CaTiG;, TisP
Ca(P0Oy),, CaTiCs, TisP
Heating to 1400°C
in derivatograph CaTiO;, TizP CaTiG, TigP
1063-7850/98/24(12)/2/$15.00 964 © 1998 American Institute of Physics
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1300 °C results in the appearance of CaO calcium oxidafter heating in the derivatograph to 1400 °C only reveal
lines. Thus, hydroxyapatite undergoes partial thermal delines of CaTiQ and titanium phosphide J®.
composition at lower temperatures than those indicated in A study of the interaction of the components when
the literature’ titanium and hydroxyapatite are baked under the same con-

The phase composition of baked mixtures of hydroxya-ditions yields similar results. In the temperature range 950—
patite and titanium nickelide powders is given in Table I. On1150 °C titanium reacts with the hydroxyapatite to form the
the x-ray diffraction patterns of the initial mixture of hy- phases described aboysee Table ). These results agree
droxyapatite and titanium nickelide powders, the position ofwith those reported earlirwhere the phases J® and
the x-ray lines and their intensity correspond to those of the&CaTi,O5 were observed when hydroxyapatite was deposited
components. Baking at 800°C for 2h gives rise tgMi on a titanium plate by plasma deposition.
lines. After baking at 950 °C for 10 min the intensities of the Thus, we have established that interaction of hydroxya-
lines assigned to GgPO,)6(OH), and titanium nickelide patite with titanium nickelide and titanium at the interface
are reduced appreciably, and lines of tetracalcium phosphatesults in the formation of new phases whose physicome-
Ca,P,0Oq4 and possibly CaO are also observed. An increase ichanical properties and biocompatibility are unknown. Since
the baking time to 2 h results in the appearance of Nifies ~ hydroxyapatite is a bioactive ceramic which is gradually re-
and a further reduction in the line intensities of the mainsorbed in the body, these phases can substantially influence
components, while the lines of the ffa04 and CaO phases the result of an implant.
remain almost unchanged.

When the_temperature is incr_eased fu_rthe_r to 1-050-00’1|_ . Lysenok. Nov. Stomat. Spets. Vypusk. No. 6, @867
the lines ascribed to hydroxyapatite and titanium nickelide,; G Lyyasnikbv and L. A. 'Ve?esh'chggina,ber'spékt. Mater. No. 6, 50
disappear and the phases CafjQricalcium phosphate (1996.
Ca(PO,),, and apparently TP appear. The G&,Oq, 3V. A. Klimenkov, Yu. F. lvanov, A. V. Karlovet al, Perspekt. Mater.

Ca(PQ,),, and CaO phases observed after baking corre- No. 5, 44(1997.

" : 4F. Watari, A. Yokoyama, F. Saset al, in Proceedings of the Third
spond to the decomposmon pI’OdUCtS of hydroxyapatlte underInternational Symposium on Structural and Functional Gradient Materi-

heating. The calcium phosphates,8#0, and Ca(PQ;)2 in s, switzerland, 1994, pp. 703-708.

turn decompose to form phosphoric and calcium oxides, V. E. Gyunter, V. I. Itin, L. A. Monasevictet al, Shape Memory Effects

P,O5; and CaO. The phosphoric oxide is reduced by the tita- ?fgggh;e‘ilrzApplication in Medicindin Russiaf, Nauka, Novosibirsk
i itani i d itani i : Pp.

nl_um to form tltam_um OXI(_je TIQ and titanium _phOSpf_‘IIde 6A. S. Berlyand, A. I. Volozhin, A. Z. Knizhnilet al., Nov. Stomat. No. 3,

TizP. Subsequent interaction between the calcium oxide andg (1992,

the titanium oxide results in the formation of the CaJiO V. P. Orlovski, Zh. A. Ezhova, G. V. Rodichewvet al, Zh. Neorg. Khim.

phase. After baking at 1150 °C the phase composition re-8|35Algf]7£]199?|;_ Ueo. S5 1), 58 (199

mains almost unchanged and only the line intensities are - A Shehepetkin, Usp. Sovrem. Bidl1%1), 58 (1995.

redistributed. X-ray diffraction patterns of the initial mixture Translated by R. M. Durham
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Protection of YBa ,Cu;0-_ ;s films from atmospheric degradation
K. Yu. Kravchenko and V. A. Marchenko

Institute for Problems in Microelectronics Technology and Ultrapure Materials, Russian Academy of
Sciences, Chernogolovka
(Submitted July 14, 1998

Pis’'ma Zh. Tekh. Fiz24, 45—-49(December 26, 1998

Thin (40—-80 nm layers of YSZ deposited on the surface of bBayO,_ s films reliably protect

the superconductor from atmospheric degradation. The high rate of oxygen diffusion in the
protective layer allows further oxidation of the YRau;0,_ 5. Processes accompanied by release
of oxygen from the YBgCu;O;_ 5 cause the protective properties of the coating to be lost.

© 1998 American Institute of Physidss1063-785(18)02512-9

It is well known that when YBsCu;0;_ 5 (YBCO) films ~ YBCO. Tracks 3—5 mm long and 1.5-3 mm wide were
are left in the atmosphere, their electrical characteristics described onto the films.
teriorate: the critical temperaturg. and current density, In another method, magnetron sputtering of a-+Zr22
decrease and the resistivity increaSé<hemical reactions wt.%Y metal target in a conventional geometry was used
with carbon dioxide and water lead to the formation of amor-to deposit YSZ films on samples heated to 400 °C in an
phous layers on the surface of the samples, while interactioaxygen environment =2 Pa. Directly before deposition
with water reduces the oxygen concentration in the YBCQof the YSZ, the samples were held f&20 min at this tem-
crystal structuré. Degradation takes place particularly rap- perature and pressure. This deposition regime was selected
idly when water condenses on the surface of the fifike  for the protective coating first, to achieve satisfactory adhe-
deposition of silvet and polymet coatings significantly ~sion between the YSZ layer and the YBCO film and second,
slows this degradation. to remove moisture sorbed by the film at the previous stages

For many applications of high-temperature superconof preparation and storage. FetiSmbserved that dehydra-
ducting films, including radio engineering, a dielectric pro-tion is most efficient when heat treatment is near the tetra—
tective coating is required with low losses in alternating elec-ortho transition point.
tromagnetic fields. From the technological viewpoint, it is In order to avoid degradation of the film near the elec-
desirable for the protective coating to allow oxygen to pasgrode as a result of the electromigration of copper and oxy-
through at the temperatures of 400—500 °C used for oxidizgen ions accompanying the passage of electric cufré,
ing heat treatment, so that the oxygen concentration in théour-contact resistive measurements were made using an al-
YBCO film can be corrected. ternating current240 Hz, 10uA).

A suitable material in this respect is zirconium oxide lvanov etal® showed that the resistance of
stabilized in the cubic phase with yttrium oxi@éSZ). This  YBa,Cu;O;_ 5 with a constant oxygen content in the crystal
YSZ is inert with respect to YBCO and is frequently used adlattice is linear with respect to temperature as far as the melt-
a substrate material for the growth of high-temperature suing point and the slope increases with increasiigThis
perconducting films. As a result of the presence of structuraineans that by continuously monitoring the resistance during
vacancies in the oxygen sublattice, YSZ has a high ioniheat treatment, we can determine whether oxygen enters or
conductivity (O~ 2 ion carrier$ and a high oxygen diffusion leaves the lattice by looking at the deviation from linearity.
coefficient for simple oxide3. When measuring the resistance of the unprotected films

In order to identify the protective properties of YSZ, we as a function of temperature under optimized oxidizing heat
used single-crystat-oriented YBCO films 0.15um thick, treatment, we observed that even a slight amount of moisture
grown by off-axis dc magnetron sputtering of a stoichio-causes an appreciable increase in their resistance during heat-
metric target on sapphifd 102 substrates with an epitaxial ing in dried oxyger(dew point—48 °C) at T>240 °C(curve
CeG, buffer layer. The reaction mixture consisted of argonl in Fig. 1). When the films were heated at a rate of 15
and oxygen in the ratio 2:1, the total pressure was 30 Pa, ardkg/min, similar anomalous resistance peaks were observed
the substrate temperature 710 °C. The parameters of thafter holding the film at room temperature for several hours
films obtained under these conditions with optimized coolingin the laboratory atmosphere. The resistance at lower tem-
wereT,=87-89 K,5T.~0.8 K, (77 K)=10° A/lcm? (from  peraturesT., and ST, remain unchanged. More pronounced
resistive measurementsand the ratioR(300 K)/R(100 K) anomalous peaks were observed after the films had been
=2.9-3. These films contain copper-enriched particles wittheated from liquid-nitrogen temperatures or held briefly
maximum sizes up to km and densityN~2x 10" cm™?, above the surface of boiling water. Heat treatment and stor-
which protrude above the surface of the films. Gold contacage of the samples in dried oxygen results in a standard
areas were preliminarily deposited on the substrate and theiemperature dependence of the resistdooeve?2 in Fig. 1).
surfaces were partially masked off during the deposition ofWe attribute the anomalous increase in the resistance of the

1063-7850/98/24(12)/2/$15.00 966 © 1998 American Institute of Physics
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FIG. 1. Electrical resistance of YBCO film heated in dried oxygén— ample, 1‘e" reacjlons at the outer YSZ Sur.faCQ—Q)ZO (1)’

containing moisture2 — previously dehydrated. 20=4e”— 20~ (2), transport of oxygen ions through the
YSZ film, and passage across the interfacd” (¥S2)
—0O?" (YBCO) (3), and subsequent transport through the

superconductor. In sections of the structure where there are

films to a reduced oxygen content in the YBCO lattice as ) . : .
Y9 aIayers of chemical reaction products with a lower conductiv-

result of a heat-intensified reaction with the water in the, ¢ . i dqf d tichsand
compound. We used this sensitivity of the resistance to th or oXygen 1ons, the reverse and forward reactigrjsan
(2) should take place on the upper and lower surfaces of

presence of moisture traces in the film to estimate the pro _ : ;
tective properties of the coating these layers, respectively, accompanied by the generation of

Protected YBCO films were subjected to treatment inmolecular oxygen inside the structure. When oxygen leaves
which they were held five times in boiling water vapor andthe superconductor, the reverse process takes place. In order

thermal cycling in which they were cooled to liquid nitrogen to achieve a net c_)ut\_/vard oxygen flux, the pressure of the
temperature and then warmed to room temperature. In botwolecular oxygen inside the structure should be h|gh§r than
cases, moisture condensed on the surface of the samples. 'Iltl:nlé3 external pressure, which destroys the protec;tlve film.

temperature behavior of the resistance remained the same Tests on protective layers 40 and 80 nm thick revealed

after these treatments and corresponded to c2irvehile the no differences in their behavior. Thus, thin YSZ layers ef-
superconducting parametefs, 5T, andj. (77 K) corre- fectlvgly protect_rough _YBECU3O7*5 f||ms fr_om_ atm_o- .
sponded to the initial values. spheric degradation. Their performance is maintained in oxi-

These characteristics of YSZ films on high-temperatured'zmg processes which do not reduce the oxygen content in

superconductors provide evidence that they allow oxygeIIIhe protected superconductor.

from the atmosphere to pass into the protected YBCO film.

The times needed to attain an equilibrium oxygen content aty, | nefedov and A. N. Sokolov, Zh. Neorg. KhirB4, 2723(1989.
temperature3 ~ 380 °C for high-temperature superconduct- 2G. Watson, S. A. Holt, R.-P. Zhaet al, Physica C243 123(1995.

ing films with and without a 40 nm YSZ protective coating 3&: B o T imisew, and A A lvanov,
are similar. However, after heating in oxygen above 400° the 1';32;]‘ - Tekh. Fiz16(17), 86 (1990 [Sov. Tech. Phys. Letts,
protective properties of th? coatings deteriorated, and afters, morohashi, H. Tamura, A. Yoshida, and S. Hasuo, Appl. Phys. 2tt.
control treatment over boiling water the temperature depen- 1897(1988.

dence of the resistance was described by cdrvié can be 5J. Hladic (Ed), Physics of ElectrolytesVol. 1 (Academic Press, New
seen from the figure that at these temperatures the resistan@York’ 1972, Chap. 8.

_ _ . V. Fetisov, Neorg. Mater33, 1360(1997.

INCreases faSteI’ than ||near as a result Of the reduced OXygeTG. N. Mikhailova, V. M. Mukhortovet al, Sverkhprovodimost(K|AE)’
content in the YBCO. The release of oxygen from the high-85(12), 2304(1992. ' _
temperature superconductor causes separation or impairs thd- V- vanov, Yu. A. Kotov, G. A. Mesyats, S. N. ParaniBlectrical

L. . . . Resistance of the High-Temperature Superconducting Ceramic
continuity of the YSZ film. This behavior may be caused by YBa,Cu;0;_ 5 Under Pulsed Microwave Heatingeries of preprints of

the presence of a layeor sectiong of chemical reaction  scientific reports “Problems of High-Temperature Superconductivty”
products on the surface of the YBCO film, where oxygen Russiad, Komi Scientific Center—Sverdlovsk Scientific Center, Urals
may be present in molecular forffig. 2) Branch of the Russian Academy of Sciences, No(11989, 16 pp.
. 2. 0 _
If the YSZ and YBCO films are in direct conta@entral H. Huang and C. R. M. Grovenor, Physica2d0, 87 (1993.
section in Fig. 2, oxygen penetrates into the superconductorTranslated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 12 DECEMBER 1998

Band-pass microstripe filters using high-temperature superconducting films
I. B. Vendik, V. V. Kondrat'ev, A. A. Svishchev, S. Leppyavuori, and E. Yakku

St. Petersburg State Electrotechnical University
(Submitted July 7, 1998
Pis'ma Zh. Tekh. Fiz24, 50-54(December 26, 1998

Results are presented of a simulation and experimental investigation of band-pass filters
consisting of coupled microstripe resonators fabricated using high-temperature superconducting
films. It was shown that by using reliable models of high-temperature superconducting

filter elements and careful design, it is possible to synthesize high-temperature superconducting
filters as an integrated circuit without using additional tuning elements. Two filter
configurations were investigated at a frequency of 1.75 GHz with a 4% pass band. A significant
result is that the calculated and experimental characteristics of both filter configurations

show very satisfactory agreement. 98 American Institute of Physics.

[S1063-785(108)02612-3

High-temperature superconductifgiTSC) films on a The filter characteristics were calculated using various
dielectric substrate can be successfully used to fabricate pl@aommercial program&Sonnet, Jomega, MHand also using
nar microwave filters with the lowest pass-band losses yebur own model of multiply connected lines, which takes into
recorded. This can be attributed to the extremely low surfacaccount the surface impedance of the YBCO film and its
resistance of these HTSC films at liquid-nitrogen temperafrequency and temperature dependences. An empirical model
tures T=77 K). Since planar band-pass filters are madeof the surface impedance of HTSC films was used.
from coupled half-wave or quarter-wave resonators, the The filters were investigated experimentally at liquid-
method of synthesizing these filters is based on a model dfitrogen temperaturd =77 K using an HP network ana-
multiply connected lines. Here we report results of a simudyzer. The experimental characteristics of the filters are given
lation and experimental investigation of band-pass filterdn Fig. 2 together with the calculated characteristics. The
consisting of coupled microstripe resonators fabricated usingnsertion losses in the pass band are less than 0.5 dB, the
YBCO films on an LaAlQ substrate with a permittivity of
23.7 (PRIMA TEC films, Rg,=0.6 m() at T=77 K,

f=10 GHz, and film thickness 400—-500 hm a
The generally held view is that narrow-band, steeply

sloping HTSC filters cannot be fabricated without additional

tuning. Here we show that by using reliable models of HTSC

. S : . 30mm

filter elements and careful design, it is possible to synthesize

HTSC filters as an integrated circuit without additional tun-

ing elements. This problem is important for the large-scale

application of these filters to mobile communications sys- 1

tems. 40 mm

We investigated two filter configurations at a frequency
of 1.75 GHz with a 4% pass band. One tenth-order filter,
No. 1, was fabricated as an array of coupled half-wave mi-
crostripe resonators using a T-shaped exciting-element struc-
ture (Fig. 13 on an LaAlG, substrate 0.45 mm thick and 2
in. in diameter. The 1.1 mm wide half-wave resonators were
spaced at different intervals, selected in the design process to
ensure the same coupling coefficients as for the prototype
filter using lumped.—C elements.

Another tenth-order filter, No. 2, was also fabricated as
an array of coupled half-wave resonatdFg. 1b on the
same substrate using coupled lines as exciting elements. The
width of the microstripe resonator lines was the same as that
for filter No. 1. The relative position of the half-wave reso-
nators was modified in order to suppress coupling between 40 mm
nonadjacent resonators, which makes the low-frequency -
slope of the amplitude—frequency characteristic less steep.FIG. 1. Topology of the filters studied.

30mm

1063-7850/98/24(12)/2/$15.00 968 © 1998 American Institute of Physics



Tech. Phys. Lett. 24 (12), December 1998

is21,.d8 O F

S111,dlB =10

[P

-BOE ......... PPN PUUTTTTEN

1.65 1.70 1.75 1.

80 1.85

1S21), dB

2
-50 - \ .
_60: " sl el .....l.w. P
165 170 175 180 188
F, GHz

FIG. 2. Experimental and calculated characteristics of filter N¢a)land

filter No. 2 (b): 1 — calculations2 — experiment.

Vendik et al. 969

LI B B B B e

-10

_80 MEPErErE EPEErErE I AR U B EPE
1.60 165 170 175 180 185 1.90

F, GHz

FIG. 3. Experimental characteristics of filter No. 1 fabricated using copper
and YBaCuO superconducting film.

tal characteristics of both filter configurations show very sat-
isfactory agreement. In addition, for filter No. 2 the steepness
of the low-frequency slope is increased with the parasitic
coupling between nonadjacent resonators partially sup-
pressed. Figure 3 shows that the quality of the HTSC filters
is substantially better than that of the copper analog.

This work was carried out under Project No. 98063 of
the State Scientific and Technical Program “Topical Prob-
lems in the Physics of Condensed Media” “Superconductiv-
ity” and received financial support from the Nokia Founda-
tion.

1D. Zhang, G.-C. Liang, C. F. Shiet al, IEEE Trans. Microwave Theory
Tech.43, 3020(1995.

reflection coefficient is better than 12 dB, and the minimum 2G| matthaei and G. L. Hey-Shipton, Digest of the International IEEE
level of isolation in the stop band is 50 dB. For comparison, Microwave SymposiunAtianta, GA, 1993, pp. 1269-1272.
Fig. 3 gives the experimental characteristics of filter No. 1 °©: G- Vendik, I. B. Vendik, and D. I. Kaparkov, IEEE Trans. Microwave

fabricated using YBCO film and its copper analog.

Theory Tech46, 469(1998.

A significant result is that the calculated and experimen-Translated by R. M. Durham
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Optimizing the output characteristics of holograms in a Bi

VOLUME 24, NUMBER 12
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12510, crystal by selecting

the orientation of the crystal and the polarization of the readout light

V. V. Shepelevich and P. P. Khomutovskil

Mozyr State Pedagogical Institute
(Submitted February 4, 1998
Pis'ma Zh. Tekh. Fiz24, 55—-60(December 26, 1998

An investigation was made of the orientation angffor which the diffraction efficiency of a
hologram recorded in a BiSiO,q crystal has a maximum, as a function of the crystal
thicknessd. It is shown that the optical activity and piezoelectric effect qualitatively alter the

behavior of the dependence#"(d).
[S1063-785(08)02712-9

Topics associated with optimizing the output character-

© 1998 American Institute of Physics.

Figure 1 gives the dependencé¥(d) for four cases.

istics of holograms recorded in cubic refractive crystals haveCurve 1 (6~53°) was obtained for a photorefractive crystal

been examined in various studiéfer example, Refs. 198

which exhibits no piezoelectric effect or optical activity.

Petrovet al! determined the polarization azimuth of a lin- Curve 2 (#~54°) allows for a piezoelectric effe¢com-
early polarized readout beam which maximizes the diffracbined with photoelasticity but no optical activity was taken

tion efficiency of a hologram in a BjSiO,o (BSO) crystal of

into account. Curve3 was plotted with allowance for the

thicknessd~2 mm for two orientations of the holographic optical activity of the crystal but neglecting the piezoelectric

grating vector:K||[001] and K_L[001]. Mallick et al?* de-

effect. Curve4 describes the case of a real BSO crystal in

rived analytic expressions for the azimuth of the readoutvhich all these effects appear simultaneously.

beam for which the hologram gain has the highest values for

All the calculations were made for the following

the same orientations of the holographic grating vectorBSO crystal parametefsphotoelastic constanfs; = —0.16,

Shepelevich and Khramovi¢imade an analytic study of the P2~ -0.13,

possibility of optimizing the diffraction efficiency of a holo- Co€fficientr ;=
c,=12.96x10"

X 10 ON/m?,
coefficient

gram by correctly selecting the orientation angle.
The first experimental and theoretical study of the pho-
toelastic contribution to the photorefractive effect in cubic
crystals was made by Stepanetal® Odoulov et al® re-
ported an experimental investigation of the gain in two-wav
mixing as a function of the orientation of the holographic
grating vector in a cubic GdTe:Ge crystal in order to opti-
mize the energy exchange between the light waves.
Possibilities for optimizing the diffraction efficiency of
holograms recorded in cubic optically active piezocrystals o
were examined by Shepeleviat al,”® who obtained the  deg
experimental and theoretical dependence of the maximum

diffraction efficiency on the orientation angle. 40 —

The aim of the present study is to investigate the maxi-
mum diffraction efficiency,™ of a hologram as a function of
the BSO crystal thickness, to determine the influence of the
optical activity and piezoelectric properties of the crystal on
the behavior of this dependence, and also to find the crystal
orientations which give the maximum diffraction efficiency.

Let us assume that a noninclined transmission holo-
graphic grating is recorded in @10) cut crystal using a

standard two-wave mixing schefhand is read by a refer- 0

ence waveR. In this case, the approach described in Refs. 7
and 8 can be used to determine the orientation afgl®™
formed by the vectoK of the holographic grating to the

20 —

=

P3=— 0.12,
—5.0x10 ?mV, coefficients of elasticity
ON/mM?, ¢,=2.99x10 1°N/m?, c;=2.45
refractive
e,=1.12C/nf, and
a=0.372rad/mm. It is also assumed that the wavelength of
ethe light used is\=0.6328um, the Bragg angle inside the

p,=—0.015, electrooptic

index n=2.54, piezoelectric
specific  rotation

4 8 12 16 20
d, mm

[001] crystallographic direction which gives the maximum FIG. 1. Orientation anglé@™ versus crystal thicknesk 1 — neglecting the

diffraction efficiency »= 5" for a specific fixed azimuth
o= g of a linearly polarized reference wave.

1063-7850/98/24(12)/3/$15.00 970

piezeoelectric effect and optical activi®y;— allowing for the piezeoelectric
effect, 3 — allowing for optical activity, andd — allowing for the piezo-
electric effect and the optical activity.

© 1998 American Institute of Physics
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)
0 180 360

FIG. 2. Dependence of™ on the orientation anglé and
the crystal thicknessl: a — neglecting the piezoelectric
effect and the optical activityp — allowing for the piezo-
electric effect c — allowing for the optical activity, and d
— allowing for the piezoelectric effect and the optical ac-
tivity.

d, mm

crystal isp=11°, and the amplitude of the grating electric cal activity and the piezoelectric effect caugBsto decrease
field is E=0.5kV/cm. with increasing thicknessl, but at pointB (d~8 mm),

We can see that allowance for the piezoelectric effectvhich corresponds to rotation of the plane of polarization
“shifts” the value of ™ toward larger angles. Allowance for through 180°#™ starts to increase again before decreasing to
the optical activity leads to a sharp drop in the an@leas  point C (d~16 mm), which corresponds to rotation of the
the crystal thickness increases and at a certain critical thickplane of polarization through 360°, and so on.
ness @=5.7mm 6™ is zero (point A) and remains un- Since the three-dimensional graphs of the maximum dif-
changed asl increases further. Allowance for both the opti- fraction efficiency as a function of the angfeand crystal

thicknesd contain four “humps’ of the same height, two of
which merge into one al~5.7 mm(Fig. 2), it is interesting

360 — to plot the dependence€™(d) (Fig. 3) for all four humps.
9'“ ] s Note that similar curves can be plotted for valuesoBf
n ] 4 which correspond to the maxima relative to the intensity of
500 ] 12 one of the waves in the two-wave mixing. In this case, the

lower and upper series of curves plotted in Fig. 3 will be
observed. The two internal series of curves near the angle
P 6=180° will correspond to minimum energy exchange from
the R to the Swave.

It is easy to show that for small Bragg angles neglecting
the piezoelectric effect, these results are the same as those of
Ref. 10, where curvel corresponds to thgl11] direction
4 (#~55°).

To sum up, we have established that the dependence
60 0™(d) shows substantial qualitative changes under the influ-
i ence of the piezoelectric effect and optical activity.

The authors are grateful to N. N. Egorov for useful dis-

i cussions of the results.

We would like to thank the Ministry of Education of the
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FIG. 3. Orientation angl®™ versus crystal thicknesk 1 — neglecting the
piezeoelectric effect and optical activi®;— allowing for the piezeoelectric
effect, 3 — allowing for the optical activity, andt — allowing for the
piezoelectric effect and the optical activity.

Republic of Belarus for supporting this work.
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Optical properties of an “anomalous’” droplet
B. A. Bezuglyl, S. V. Shepelenok, and N. A. lvanova

Tyumen State University
(Submitted June 29, 1998
Pis’'ma Zh. Tekh. Fiz24, 61-64(December 26, 1998

A varifocal self-centering microlens using light-induced concentration-capillary convection has
been developed for the first time. Measurements were made of the focal length as a

function of the control beam power. The rates of self-centering and shape rearrangement of the
microlens were estimated. @998 American Institute of Physid$1063-785(108)02812-2

The idea of using liquids to construct optical elementslengthf increased as a result of an inflow of solvent via the
with controllable characteristics goes back to Newton, whaosubstrate and an increase in the volume of the lens, and also
suggested using the surface of mercury in a rotating conbecause of the increased radius of curvature of its surface
tainer as a parabolic mirror. Such progress has now beefibecause of the lower surface tengiofihe diameter of the
made in this field that liquid metal telescopes with a mirrorlens varied between 325 and 130n when the poweP
diameter of 4m are now operating successfllly. increased from 48 to 200 mW, respectively.

In 1958, Block and Harwit suggested using the Figure 1 gived as a function of the beam powBr The
thermocapillary-deformed free surface of a liquid as an opfocal lengthf was calculated using the formula
tical element. The phenomenon of self-focusing of laser f=d'a/(d’ +d)
radiation observed when an incident beam is reflected ’
from a thermocapillary deformed liquid layer was studied inwherea is the distance between the objéet control grid
Refs. 3—6. with square cellsand the liquid microleng] is the size(side

Following the discovery of concentration-capillary con- length of the cell(0.391 mm), andd’ is the size of the cell
vection induced by the thermal action of light in thin films of image constructed using the liquid microlens.
solutions of positively strain-active substanéeis highly Note that this lens possesses self-centering properties.
volatile solvents, it was suggested that the “anomalous”When the beam is displaced over a distance less than its
dropleP formed as a result of this effect could be used as aliameter, the lens strives to occupy that position in the beam
varifocal liquid lens. Bezuglyi showed that a steady-state in Which its optic axis passes through the point of maximum
anomalous droplet could be achieved, and this was corPeam intensity.
firmed experimentalf using a mixture of acetone and a  When the beam is displaced abruptly over an appreciable
saturated solution of rhodamine G in water. distance(up to twice the beam diamejethe lens becomes

In the work reported here an anomalous droplet was obdistorted during the outflow process in such a way that a
tained using a 7.3g/l solution of iodine in 96% ethanol, Pseudopod moves in the direction of the new position of the
where the strain-active component was the water containegeam and is rapidly drawn into the beam, entraining the body
in the ethanol. The experimental solution was pumped into &f the lens. This self-searching of the beam and return of the
hermetically sealed cell, which was heated from above t®ystem to the working state may be called beam “tracking”
prevent condensation of the vapor. (Fig. 2.

The control beam used to produce the droplet was The self-centering time was taken to be the time taken
formed by an optical system consisting of a light sourcefor the droplet to move into the beam as a result of an in-
(HBO-100 mercury lamp a collector, a mirror, and a con- Stantaneous displacement of the beam over a distance equal
denser. The liquid lens and also the image of the objected
constructed by it were observed using a microscope. The
optical beam poweP was varied between 48 and 200 mW 6 *
by using neutral light filters.

At powersP<48 mW the centripetal flow of liquid al- *
most ceased, the droplet, being no longer confined by the % 1
beam, escaped and dispersed. o

The shape of the lens surface depended on the beam 2+ %
power. As the radiation power increased, the diameter and i ] R H

focal lengthf of the lens decreased due to reduction in the
radius of curvature of the surfadeaused by the increased
surface tensionand owing to the reduction in its volume
(caused by evaporation of the solvenHowever, as the
beam power decreased, the diameter of the lens and its focailc. 1. Focal length of lens versus control beam power.

40 80 120 160 200
P, mW
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It can be used to fabricate an adaptive optical device
whose parameters can be controlled by varying the control
beam intensity.

This work was supported by Grant No. 15-98 from
Tyumen State University.

YA positively strain-active substance is the less volatile component of a
FIG. 2. The light beam is displaced over a distance equal to its diaifig¢ter ~ solution or mixture with whose increasing concentration the surface
and the droplef2,3) moves in the direction of the new beam positi@h. tension of the liquid increases.

to its diameter. This was found to be 1-5s, with the mini- P Hickson, E. F. Borra, R. Cabanait al, Astrophys. J.436 L201
mum correspond.lng to a power of 200 mw and the maxi-2y; " j 'Block and M. Harwit, J. Opt. Soc. A8, 480 (1958.

mum corresponding to 80 mW. The time taken for complete3G. ba Costa and J. Calatroni, Appl. OB, 233 (1979.
rearrangement of the lens when the optical flux varied be-'G. Da Costa, Phys. Let80, 320 (1980.

tween 200 and 142 mW was 3—4s and did not exceed 10 SB' _A. Bezugly, Candidate’s Dissertatiofin Russiaj, Moscow State
University, Moscow(1983, 270 pp.

when this varied between 200 and 89 mW. 8S. F. Viznyuk, and A. T. Sukhodol'ski Kvantovaya,Eektron.(Moscov@
From these experimental results, we can conclude that ai15, 767 (1988 [Sov. J. Quantum Electrori8, 489 (1988].
liguid microlens fabricated using an iodine : ethanol solution 75- dA- BeZL;]glyi_i in 'i'rocte/&dingsTof th}f Fi,::_t IngrnatiO&al Symp%sium on
. . romechanics, Heat/Mass Transfer Micrpgterm—Moscow, Russia,
has the fOIIC_)WIng properties: . Jlilly 1991(Gordon and Breach, Amsterdam, 199@p. 335—340.
It has high rates of self-centering and shape rearrangesg a. Bezuglyi, S. V. Shepelenok, and O. A. Taraséwaptive Optical
ment when the control beam power is varied,; Device Based on Liquid Leni Abstracts of the International Aerospace

It has smaller dimensions than a liquid lens obtained Congress, IAC'97 Moscow, 1997(STC “Petrovka,” 1997, Vol. 1,
using a mixture of solutions of rhodamine G in water and
rhodamine G in acetorfe; Translated by R. M. Durham
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Recording of high-energy cosmic rays by observation of the radio signal reflected
from the ionosphere

A. D. Filonenko

East Ukrainian State University, Lugansk
(Submitted August 19, 1997; resubmitted April 8, 1998
Pis'ma Zh. Tekh. Fiz24, 65—-68(December 26, 1998

Feasibility is shown for a method of detecting superhigh-energg@? eV) cosmic rays on the
surface of Antarctica with an event rate acceptable for observation purposes. This situation

can be attributed to various favorable circumstances such #sellarge area of the continent
(10°—10 km?); 2) the location of the vast majority of the ice cap at an altitude of

3-4km; 3 the low level of atmospheric noise because this area is as far as possible from the
equatorial thunderstorm belt; andl the effective band of the radio pulse frequency

spectrum(0—7 MH2 not exceeding the highest frequencies used. Estimates of the electromagnetic
pulse intensity were made using previously published stidfes® 1998 American

Institute of Physicg.S1063-785(08)02912-7

The study of cosmic rays with energi¥é,>10° eV is  these conditions, the path covered by a vertical shower hav-
closely tied to the solution of various fundamental problemsjng the initial energyW,=10°>-~10"3 eV in the atmosphere
although over the entire history of this research the numbeis only around 18t-units (the complete atmosphere is
of detected events with this energy scarcely exceeds ten. Th&8t-units from sea leveland the maximum of a shower of
is because of the extremely low intensity of the cosmic rayshis energy should be located at a depth oft-8aits, i.e.,
in this energy rangéor W,=10?° eV there is approximately approximately 2km below sea levésee Ref. 7, for ex-
one event per square kilometer per century ample.

This scenario has naturally provided the impetus for the  In other words, even an oblique shower only begins to
design of enormous detectors with working areas of morélevelop at the surface of the ic8<0.7) with the number of
than a thousand square kilometers, such as EAS-1000 or tgrticles at this stage being approximately an order of mag-
Auger project with an area of 6000 Bnand costing around nitude lower than that at the. maximym, but the effective part
100 million dollars. However, even these giants raise théf the shower(from the point of view of the number of
energy “ceiling” only by an order of magnitude. It is there- par.t|cles in i} will pass completely through th_e ice. These
fore appropriate to search for new methods of detectinﬂ?smmate_s holcoi even when the .angle of inclination of the
superhigh-energy cosmic rays. One such method which th%hOWer is 30°. Elementary e_Stlmates also show that the
present author considers to be promising is the radio dete¢/'OWer path lengti.s over which its number of particles

tion method, which is not related to the Earth’s magneticvarIeS severalfold is approximately 2@inits orLs~7.5m

field. Estimates shol* that the electron—photon shower for ice. Neglecting the closeness of the ice surface to the

produced by a high-energy cosmic particle generates a pov\ggdlatlon sourcel{~\), the lengthL of an electromagnetic

erful radio pulse with a broad spatial angular distributionlelse entering the atmosphefier example, for a vertical

whose amplitude is mainly attributed to the coherent radiaS"OWes will be given by L=L( V‘o’._s'ii at1), where
. : : o e~3 is the permittivity of icé® and « is the angle between
tion from S-electrons in this shower. The minimum wave-

. e . _the direction of emission and the vertical, and for an average
length\ i, Of this coherent radiation should be at least twice 9

angle ofa=45° we findL=20 m. This implies that coher-

the path length of the electron—photon shower in the mateém reception can be accomplished at waveleniyths>2L

rial. It was also noted that particles having energies of the>40m

2 3 H
order of 16°~10% eV, passing through the surface of the Since at frequencies of the order of a few megahertz the

Moon, produce such a powerful radio pulse that this can b, < tangent for iceis tans~0.2, the refractive index
reliably detected using a radio telescope on Earth.

__l\/l_oreover, if thg rec_eiying an_tennas are positioned on x=[s/2(1+tar125)%— 1]
artificial lunar satellites, it is possible not only to detect the
existence of 18— 1G% eV cosmic particles but also to deter- js approximately 0.18 and the wave amplitude decysies
mine their direction of incidenceHowever, it is advisable to  gver the path length=c/wx~25m. This is substantially
carry out preliminary experiments, without going into space greater tharl_ ¢, so absorption of radiation in the ice can be
as reported for example, in Ref. 5. There is also anotheneglected over this path. The spatial diagram of this radiation
possibility, which derives from the fact that the vast majority is similar to a Hertz dipole diagrahand thus waves will be
of the Antarctic ice cap is located at an altitude of aroundemitted with fairly high intensity at both low and high angles
3.5km above sea level. It is easily established that undeio the horizon. This factor creates favorable conditions for

N
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almost lossless detection of waves reflected from the ionoral reflected from the ionosphere has the same shortcoming
sphere over almost the entire continent. The rest of the raas that using a radio telesco?)ee., it is impossible to de-
diation will be absorbed by the igsee aboveand is of no  termine the direction of incidence of a cosmic particle be-
interest from the point of view of detecting the particles. cause of the uncontrollable rotation of the plane of polariza-

If an initial particle has the energW,~10%%eV, the tion of the radiowave caused by its interaction with the
field of the electromagnetic pulse produced by an electron-plasma in the Earth’s magnetic field. This shortcoming is
photon shower at a distance of 1000km will be aroundcaused by unstable conditions in the upper layers of the at-
10° mcV/mMHz. This is an extremely high field strength and mosphere and evidently cannot be compensated. However,
for comparison it is sufficient to note that, according to databoth these methods can give some idea of the energy spec-
given by several research groﬁ’pﬁ,ﬁe experimentally de- trum of the cosmic rays in this energy range, which is not
tected electric field strength of a radio pulse produced by thenly useful information in itself but is also required to plan
interaction between an extensive air shower and the Earth'experiments for the detection of superhigh-energy cosmic
magnetic field was only around 10 mcV/mMHz in the fre- rays.
quency range with the highest radiation intensity
(~30MHz). When carrying out this type of experiment in
which a radio signal reflected from the ionosphere is de-
tected, we need to bear in mind its state in this geographical ) ) . .

. . . . P. I. Golubnichi and A. D. Filonenko, Pis’'ma Zh. Tekh. Fi20(12), 57
region an_d the predicted maximum f_requenmes Usgd (1994 [Tech. Phys. Lett20, 499 (1994].

The field strength of the radio signal from cosmic par- 2p. I. Golubnichi and A. D. Filonenko, Pis'ma zh. Tekh. Fi20(23), 59
ticles having energies of the ordef,=10??eV is ten times 3g£9|94é [Tet;:h_- ;hysc-j :eHSO,Fzﬁo (li94)]0k o JheL 6o6 (166
lower at the same distance from the source. However, ovei | OUeR 9 D Flovenks U (e 2y contosn.
this area the total flux of cosmic rays having this energy is \auk ser. Fiz5812), 115(1994.
presumably more than 1.5-2 orders of magnitude greatefA. D. Filonenko, Izv. Ross. Akad. Nauk, Ser. F&1(3) (1997.
than that for the energy ranWON ]_023 eV. This means that 6A. D. Filonenko, Pis'ma Zh. Tekh. Fi23(10), 57 (1997 [Tech. Phys.
with almgSt no change in the frEqu_enCy of eveesative to 7?tt.z.23I‘3§I9e?1’(k1i?92\]/élanche Processes in Cosmic Rdys Russiard,
W,=10%%eV), the area to be monitored can be reduced by gosteknizdat, MOSCOWL948, 243 pp.
the same amount, which then necessitates detecting radi&c. w. C. Kaye and T. H. LabyTables of Physical Constants and Chemi-
pulses whose radiation is directed at a substantially |argercal Constants and Some Mathematical Functjoh6th ed.(Longman,
angle to the horizon. In this caQQ is reduced, but even in N:gvp\’()?rk, 1995 [Russ. transl. of earlier ed., Fizmatgiz, Moscow 1962,
August,\ at these latitudes is 3—4 MHz, i.e., when the radio oy g Atrashkevich, O. V. Vedeneev, H. R. Allat al, Yad. Fiz.29, 712
wave is vertically incident on the ionosphefgee Ref. 10, (1978 [Sov. J. Nucl. Phys29, 366 (1978].
for instance. 1M, P. Dolukhanov, Radiowave Propagation[in Russian, Svyaz’,

It should be noted in conclusion that the method of de- Moscow (1972, 336 pp.
tecting ultrahigh-energy cosmic rays by detecting a radio sigTranslated by R. M. Durham
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Increasing in the rate constant for dissociative attachment of electrons to hydrogen
molecules by vibrational pumping during flow in a channel

F. G. Baksht and V. G. Ivanov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted July 15, 1998
Pis'ma Zh. Tekh. Fiz24, 69—-75(December 26, 1998

An investigation is made of the electron—vibrational kinetics in a stream of vibrationally excited
hydrogen flowing in a channel. It is shown that for suitably organized flow and a suitable
choice of material for the channel walls, the rate constéiy,) for dissociative attachment of
electrons to hydrogen molecules may be increased substantially. The effect is controlled

by the mean vibrational enerdf(")) of the H, molecules entering the channel.

© 1998 American Institute of Physids$1063-785(18)03012-3

1. It has been showrthat the rate constant for dissocia- (@) =wy(T) (1_@)+U<Ee£f) o0 (4)
tive attachmen{Kp,)==,f,K,(T¢) can be increased sub-
stantially by additional vibrational pumping of,Hnolecules  are the fractions of molecules excited to levehnd atoms,
in a hydrogen stream flowing in a channel whose walls are atespectively, which are lost at the surface of the channel
room temperaturd and are made of a material with a high walls, as a function of the total number of particles incident
potential barrier for adsorption of HHeref! is the vibra-  on the surfac&,’'%*w, (T) andw(T) are the probabilities
tional distribution function of the Kimolecules at the chan- of attachment of an Hmolecul€ excited to leveb and an H
nel exit normalized to unityK,(T.) is the rate constant for atom to the C(111) surface at the gas temperatdrén the
dissociative attachment of an electron to a molecule excitedhannel,oy=1.5x 10°cm™ 2 is the density of sorption cen-
to levelv (Refs. 2 and B andT, is the electron temperature ters at the C(1.11) surface'? and (& =5 A? is the effective
in the chamber into which vibrationally pumped hydrogencross section for surface recombination by the Eley—Rideal
flows from the channel. It is assumed that the initial vibra-mechanisnf:’ It was assumed that at=300 K the probabil-
tional excitation of H takes place in a low-voltage CszH ity is w,=1 (see Ref. 18 The value ofc®" used is the
discharge. The parameters of this discharge plasma havgsult of an analysis of the experimental damade in Ref.
been determined fairly accurately theoreticdlljhe channel 7, For these values oy, ando e , we havey,(®)~1 and

walls are assumed to be the face of a1) single crystal  .=|2/#2D,,, i.e., 7y is almost independent of(0O)
for which the probabilities of adsorptidmnd desorptioti®  andw,,.

of H, molecules from the surface have been thoroughly stud- According to Cacciatore and Billingw, and 1, are
ied. Unlike Ref. 1, the calculations were made assuming @nly nonzero forv=5. In contrast, desorption of vibra-
finite coverage® of the channel walls by adsorbed H atoms. tipnally excited H molecules from the walls by the Eley—
2. The distribution of the concentratioh,, andNy of  Rjgeal(ER) mechanistfiand by the Langmuir—Hinshelwood
molecular and atomic hydrogen over the channel length an(LH) mechanisth takes place in the range of vibrational
the vibrational distribution functiorf, of H, molecules in  numbers *v=<4 (for LH desorption the vibrational distri-
the channel are determined from Ed®8)—(4) and (6) in  bution function is determined from the principle of detailed
Ref. 1, where the losses of vibrationally excited andequilibrium). As a result of the comparatively high popula-
atomic hydrogen to the walls are expressed Wy/r, tions N, and frequent transitions to<4 lower levels, de-
andNy/7y. HereN, are the concentrations of vibrationally sorption of vibrationally excited molecules from the walls

excited molecules in the channel; has little influence on the vibrational distribution function in
the channel. This influence was taken into account approxi-
L? L 2—v, mately by assuming that the desorbed molecules are uni-
o= 772Dsd+ U_H2 v, () formly distributed over the channel width The coverag®

was determined from

L? L 2-yy

™ 2pn  on 2 2§U) N, /7,(®)+Ny/7y|L
are the effective particle lifetimés’ Dy and D;, are the =2L (Ny/m) 05,0/ y4(0)+258,,02. (5
coefficients of self-diffusion of Himolecules and H atoms in
H, molecules, respectively; The left-hand side of Eq5) gives the number of H atoms
adsorbed per unit time on the walls per unit channel length.
Y,(0)=w,(T)(1-0)?, 3 The right-hand side gives twice the number of iHolecules

1063-7850/98/24(12)/3/$15.00 977 © 1998 American Institute of Physics
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FIG. 1. Vibrational distribution functions of finolecules at the entrance to  F|G. 2. Rate constants for dissociative attachment versus electron tempera-
the channelfgo) (1-3) and at the channel exft, (1'-3'): 1Band1'B — ture T, in chamber1-3 — (KI(D%; 1'—3" — (K}a); 1'B— value of(Kp,)
Boltzmann distribution at the channel entrance and corresponding vibragt channel exit corresponding to the initial Boltzmann distributi@in

tional distribution at channel exit=0.3cm,h=3 cm, T=0.03 eV. Dis- Fig. 1. The discharge parameters are the same as in Fig. 1.

charge parametersN()=10"cm™°, N{)=10"cm™® T,=0.06eV,

js=10Alcn?: 1 — T.=0.53eV,(E(?)=0.303eV,n,=5.8x 10" cm 3,

= = )= Sem3 2 — T .= ©) . . . I
#1=3.01V, ¢~ 109V, Ng' f13.0>< 10%em ) 2 — T,=0.75 e(\g)’<Ev ) function f© and is determined only by the vibrational en-
=0.411eV, n,=7.25<10%cm ®, ¢;=6.13V, ¢,=2.04V, N{)’=1.85 v

1040 % 3 — T.—1.0eV, (EO)—0.496 eV, n,—8.8x105cm °, ergy (E{”)) at the entrance to the chanrigee Ref. 14 In
©1=8.96 V, 9,=2.91V, N{9'=3.43< 10" cm 2. order to demonstrate this, Fig. 1 gives the result of calcula-
tions in which the initial vibrational distribution functiof{®)
is replaced by a truncated Boltzmann distribution fee®
desorbed from both channel walls by the ER and LH mecha<4 (curve 1B) with the same vibrational energe?)) as
nisms. The rate constandg, for LH desorption were deter- for (%) (curve1). The vibrational distribution obtained at the
mined using experimental data. channel exit(curve 1'B) is almost the same as the accurate
3. Figure 1 shows the vibrational distribution function cgjculated curvd’.

0 - : - ) . o
f$? of H, molecules in the discharge, i.e., at the entrance to  Figure 2 gives the dissociative attachment constants

the channelcurves1-3) and the corresponding distribution (KOy=3 fOK, (T.) (curves1-3), corresponding to the

functionsf, at the channel exitcurves1’'~3'). HereN{?), initial distribution functionf(®, and the constant,,) at
N, N, T,, andj, are the concentrations of,Hand H,  the channel exitcurvesl’'-3'). It can be seen thdKp,) is

the total Cs concentration, the gas temperature in the disignificantly higher thagK}). Allowance for a finite value
charge, and the emission current density, respectivelyof ® has the result that the raticK,)/(K) is substan-
Curves1-3 are plotted for different discharge voltages tially higher than that obtained in Ref. 1. From this it follows
= @1~ ¢, and therefore different electron temperatuigs  thatf/ and(K[,) only depend oE'?). This is significant
and average vibrational energig&”)) of the H, molecules:  because in view of the lack of reliable data on the constants
The channel lengtth was approximately optimum for the of interlevel transitions for large, the populationsN®) of
largest increase in the dissociative attachment constambe H, upper levels may be determined with some error.
(Kpa). Significantly, we finch>Vr, , wherer, is the char- However, the vibrational energdE(”)) concentrated in the
acteristic vibrational deexcitation time of the levels anis  lower levels is determined fairly reliably. In order to estimate
the hydrodynamic velocity in the channel. Thus, the systenthe dependence of the results on the calculated constants, we
of equationg4) in Ref. 1 which is used to fintl, contains  used the constants for-t exchange with H atoms from Ref.
small parameters before the derivatives. This has the resuli5 (unlike the previous calculations, where data from Ref. 16
thatf, does not depend on the initial vibrational distribution were usedl This produced a substantial increasd\lii?) for
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Drag and heat exchange of an object in a supersonic flow with a planar source
of energy in front of the object

G. A. Luk’'yanov
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The problem of a steady-state wake behind an energy source in a supersonic gas flow is
analyzed and solved. The energy source is a planar gasdynamic discontinuity supplying a given
energy to the flow. The parameters behind the source correspond to the weak detonation

regime (supersonic combustignThe solution obtained is used to investigate the drag and heat
exchange of an object in the wake behind the source. It is shown that the drag and thermal

loads of the object may be reduced appreciably when the Mach numbers of the incoming flow are
fairly high. An investigation was made of the energy efficiency of this method of reducing

the drag and thermal loads of an object. The conditions under which this method is energetically
favorable are determined. @998 American Institute of Physid$§1063-785(18)03112-1

Recent years have seen the publication of various studies The flow pattern studied is shown in Fig. 1a. A region of
devoted to the mathematical modeling and experimental inenergy release having the transverse dimensibna@d a
vestigation of the flow of a supersonic stream around objectshort downstream length is positioned in front of an object in
when a bulk energy source is located in front of thea steady-state supersonic flow. Neglecting the flow structure
object!™® It has been shown that under certain conditionsinside the thin layer, we consider a planar gasdynamic dis-
(Mach numbersv,., shape of object, energy source param-continuity (x=0, [y|<b) supplying a given energy to the
eters, and so drsupplying energy to a supersonic flow aheadgas flowing through the discontinuity as the model energy
of an object can substantially redu@®y up to a factor of 2 source. These steady-state flow regimes correspond to weak
the aerodynamic drag of the object. The formation of a therdetonatiort.
mal wake behind the energy source with a reduced dynamic  The parameters behind the planar energy source are de-
pressure compared with the unperturbed flow is the mechd€'mined from the mass, momentum, and energy conserva-

nism responsible for reducing the drag. tion laws, supplemented by the equation of state

In some of the cases considered in Refs. 1-3, the total ;. —, u,, (1)
energy dissipated per unit time in the horizontal motion of
the object at constant velocity,, equal toN;+F;u., (N; is pi+ piui2= Pot+ pmui , 2

the power of the energy source afd is the drag of the

2 2
objec_:t whenNi>_0) is lower _than the similar valuéyu,, ol _I+CpTi = poll| =+ Cy T |+ poig, &)
required for motion of the object whex;,=0. 2 2
The results of Refs. 1-5 indicate that research in this
p=pRT. 4

new field of physical gasdynamics holds great promise, pos-
sibly laying the foundations for the aerophysics of funda-Herep is the gas densityg is the pressurel is the tempera-
mentally new supersonic aircraft using the principle of ener4ure, u is the velocity R is the gas constant,, is the specific
getic action on the incoming gas flow. However, our level ofheat,q is the energy supplied to the energy source per unit
understanding of this problem is far from adequate. Existingnass of gas per unit time, and the subscriptandi refer to
results are fairly special and there is no general understandkhe parameters in front of and behind the source, respec-
ing of the pattern of interaction between a supersonic flowtively.

and an energy source or of the flow behind the source. The The solution of the system of equatio(§—(4) for the
potential scope for energetic action on a flow over a wideweak detonation regimésee Ref. 7 for examplehas the
range of determining parametefilach numbersM, input ~ form

1 2 1/2
2l

drag and thermal loads of an object in a supersonic flow is )\i:;{ . +
also by no means clear. This state of affairs arises from the 2(1+ B)Y2 A
present lack of any suitable theoretical foundation. The de-

energy parameters, and so)as a method of reducing the
Ao

_ _ 112
velopment of such a foundation is a matter for immediate %= pilp==No/Ni(1+B)7 ©®
action. The present study is a step i.n this directio_n.. The =T, /Tw:ﬁ(l—x?/e)/(l—xi/e), @)
results described below are presented in greater detail in Ref.

6. Ni=pPi/Pe=piTi/peTo . (8)

1063-7850/98/24(12)/3/$15.00 980 © 1998 American Institute of Physics
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0 x; X FIG. 1. a — Flow pattern in the wake behind a planar
energy source in a supersonic flondam — change in the
b dynamic pressur@p along the axis of the wake.
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Herex =u/u, is the coefficient of velocityy, is the critical
velocity, B=q/c,Tq. is the heating parameteT,., is the
initial temperature of the incoming flowe=(y+21)/(y
—1), andy is the ratio of the specific heats.

The limiting value of 8 at which thermal crisis occurs

suspended, reflected, and central shock waves, respectively.
These surfaces of discontinuity separate the regions of free
expansionl, the compressed layer of the @&tand the com-
pressed layer of the outer stred@n

The flow pattern is qualitatively the same in the two-

and subsequent steady-state heat transfer is impossible calimensional and axisymmetric variants. The flow parameters

responds to\;=1 and is given by

2

The corresponding limiting values ef , 7, , andn; are given
by

ﬁ*wmx=<mi—n%ay+1%1+Ziimi) )

_ 1/2
#Mi(lerTlMi” /(1+,3*)1’2, (10

Hy =

-1
T*=2(1+,6’*)(1+TM§)/(7+1), (11
+1 -1 v
n, = yTM?,/ 1+TM§ (1+8) (12)
For M_.>1 Egs.(10)—(12) take the form
%*2(7_"1)/71 T*zszi/(JH'l)z-
n,=yMZ/(y+1). (13)

In our particular problem, the wake behind the planar

in the wake(including the flow geometpyusing the model of
a nonviscous ideal gas are determined by the Mach numbers
M., andM;,v, andn; . In the region of free expansion, rapid
expansion of the heated gas is accompanied by a rapid drop
in the dynamic pressune, = pu?/2 (Fig. 1b. In this casepp
in the region of free expansion is considerably lower thgn
in the incoming stream. This is the main factor in the mecha-
nism responsible for reducing the drag of an object in the
wake behind this type of energy source.

From data obtainécby generalizing numerical analyses
of nonviscous axisymmetric jets in an accompanying super-
sonic stream fon>1 andy= 1.4, the longitudinal and trans-
verse dimensions of the region of free expansion are approxi-
mately

Xs/b=0.5M;\n, y</b=M;\Jn/M.,. (14)
For two-dimensional flow we have
Xs/b~M;n, ys/b~M;n/M,,. (15

The drag of an object moving in the region of free ex-

energy source is a supersonic underexpanded jet in an agansion of the wake is given by

companying supersonic flo@ig. 18. This type of flow was
investigated in fairly great detail in Refs. 8 and 9. Heating of

2
p1Uy

F]_:CXJ_TS, (16)

the gas in the energy source leads to a rise in pressure and

subsequent expansion of the gas. In the wake behind thehereC,, is the drag coefficientp, andu, are the density
source five surfaces of strong discontinuity are formed whosand velocity of the gas in front of the object in the region of
position is determined by the flow structure. The stream ofree expansion, an& is the area of the midsection of the
heated gas is separated from the stream of cold gas flowingbject. In order to estimate the efficiency with which the
past the source by a tangential discontinuitfhe surfacee  drag of an object is reduced in this flow scheme, we intro-
is the bow shock wave while the surfaced, andmare the  duce the parameter
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K K:(NO_Nl)/Niv C:(N1+ Ni)/No, (21)
whereN; = p,,U..C,Si(Toi — To), No=Fqu. ,N;=Fu.,.
+3 Using formula(17) we can transform the expressions
(21) to give
Keg 1ot M- > 1w (22)
- = 0 = 5 —w),
5 72 14 (y—1)M22SB
2 1+(y—1)M2/12 S8
44 C=w+ Cxx(’y—l)T?. (23

oo

By way of example, Fig. 2 givek andC as a function of3

103 forM_,.=10,y=1.4,C,;=C,,.=1, andS=S,. For smallg,

highly energy-efficient regimes are achieved, corresponding

to K=1. However, the reduction in the drag is relatively

small. As B increases, the value & decreases monotoni-

0 0.5 1:0 B cally. The total energy dissipated in the motion of the object
has a minimum at moderate values@fwhich for M, =10

FIG. 2. Dependences ab, m, K, andC on the heating parametgt for correspond to values ab and m of the order of 0.2-0.3.

M.=10 andy=1.4. Estimates ofK and C were obtained folC,;=C,..=1. At

significantly lower values o€, the scope for achieving en-

ergetically favorable regimes of motion is reduced apprecia-

— — 2 2
@0=F1/Fo=(Cya/Cy) (pru1/ p=Uizc). 17 bly. The fundamental possibility of reducing the total ther-
The ratio for the total heat flows to the object similar to mal loads on an object at high Mach numbkrs is of major
(17) is interest in its own right. The thermal aspect of the problem
3 3 requires more detailed analysis.
m:(CHlchw)(plullpoouco)a (18)

where Cy is the coefficient of heat transfer. The minimum *P. Yu. Georgievskiand V. A. Levin, Pisma zh. Tekh. Fizl4, 684

values ofw andm are achieved at the end of the region of 25/19/’_3\3|_[SQV- TedCfl‘_- 'i’/hyTS- LEt}lt,“v 30?(192\?]6 Nauk SSSR. Ser. Mekh
. _ _ . A. Levin an . V. lerenteva, Izv. ad. Nau . Ser. ekn.

free expansion. FOICy1=Cyxs CH1=CHe, M >1, an(_j Zhidk. Gaza No. 2, 1101993.

M;>1 the limiting (lowes} values ofw andm are approxi-  3v.yu. Borzov, I. V. Rybka, and A. S. Yur'ev, Inzh.-Fiz. ZB7(5-6), 355

mately (1994.
4P. K. Tret'yakov, A. F. Garanin, G. N. Grachet al., Dokl. Ross. Akad.
wm=2x, (1+B,)In, =(y+1)%M2, (19 Nauk 351, 339 (1996 [Phys. Dokl.41, 566 (1996].
5S. V. Guvernyuk and A. B. Sanilov, Pis'ma Zh. Tekh. Fiz23(9), 1
M= omy/(Y>— 1)Y= y(y+1)%(y?*—1)YM2. (20 (1997 [Tech. Phys. Lett23, 333(1997)].

] ) ) 8G. A. Luk'yanov, Preprint No. 04-98in Russian, Institute of High-
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Characteristics of series-connected chains of YBaCuO Josephson junctions
on a bicrystal substrate
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(Submitted May 8, 1998
Pis'ma Zh. Tekh. Fiz24, 83—-89(December 26, 1998

An investigation was made of the electrophysical characteristics of chains of high-temperature
superconducting Josephson junctions on a bicrystal substrate. Their interaction with
millimeter radiation was also studied. It was shown that these chains can be used to detect
millimeter and submillimeter radiation. @998 American Institute of Physics.
[S1063-785(108)03212-1

It is known'? that the use of series-connected chains ofwave radiation in the short-wavelength part of the millimeter
Josephson junctions in low-noise broad-band detectors faiange.
electromagnetic radiation can overcome may of the difficul- The chains were fabricated using YBaCuO films
ties encountered when single Josephson junctions are usee200 nm thick, deposited by magnetron sputtering on bic-
for this purpose. Using chains of Josephson junctions infystal substrates of yttrium-stabilized ZrQe~28 at T
creases the dynamic range of the devisdanes, whereN is =77 K) with the crystallographic axes misoriented by 32°.
the number of junctions in the chairgnd the resistances of Junctions in the form of bridges 2-+6n wide were formed
the nonlinear elements can be optimized from the point oft the bicrystal boundary by wet photolithography. The
view of achieving the highest degree of matching. In addi-chains contain 3—11 series-connected bridges. The Joseph-
tion, structures with higher critical currents can be used irson junctions are matched with the incident radiation by
chain systems than with single junctions with the same resisneans of planar butterfly antennaEor comparison we also
tance and thus the former are more stable to current overavestigated single Josephson junctions made in the same
loads. fabrication cycle as the chains of junctions. The single junc-
These advantages have stimulated the development t¢ibns had normal resistanc& = 2.5-5() and critical cur-
chains of Josephson junctions using low-temperature superentsl ., = 5-35uA at T=77K and 10-12Q.A at T=10K.
conductors specially designed for use in microwaveThe normal resistances of the chains varied in the range 8.5—
devices>™ They have been used to produce receiving ele15€Q and the critical currents were 10-3% and 50—92
ments with highly stable and reproducible parameters and tgA at 77 K and 10K, respectively. The fabrication technol-
fabricate Josephson radiometers with almost optimal maxiegy produced chains of Josephson junctions for which the
mum fluctuation sensitivity over a large dynamic rafigehe  spread of the critical currents of the individual junctions was
main limitation is the technological feasibility of fabricating less than 5%.
chains containing separate junctions with identical or at least For the measurements in the millimeter wavelength
similar characteristics. range, the substrate with the structures was placed in the
To date, the Josephson junctions with the most reprodudadetector chamber so that the radiation was incident on either
ible parameters among the high-temperature superconductdise side of the superconducting structure or on the substrate
have been fabricated from films of YBaCuO deposited orside. The investigations were carried out at temperatures in
bicrystal substrate¥® Strontium titanate and other high- the range 6—89 K. The radiation frequency varied between
permittivity materials have conventionally been used for this128 and 145 GHz and its power measured at the exit from the
purpose, which has limited their application in microwavedetector chamber was 18-10°W.
devices. Figure 1 gives the results of investigations of a single
At present, among the high-temperature superconductlosephson junction with a critical current of 128 and
ors, films of YBaCuO deposited on bicrystal substrates havaormal resistance of Q. Curvel gives the current—voltage
been used to fabricate Josephson junctions with the mosharacteristic obtained &t=14 K when radiation at a fre-
reproducible paramete?$. Strontium titanate and other quency of 135 GHz was incident on the junction from the
high-permittivity materials have conventionally been usedstructure side. The characteristic shows Shapiro current steps
for this purpose, which has limited their application in mi- whose exact position can be determined from the depen-
crowave devices. dence of the differential resistance of the junction on its bias
The aim of the present study is to determine the electrovoltageRy4(V), which is also plottedcurve?). Four steps are
physical characteristics of chains of YBaCuO Josephsorlearly visible at bias voltages below 1.1 mV. Note that the
junctions fabricated on bicrystal ZgGsubstrates and to in- characteristic voltageM;=1.R,) for this junction is 530
vestigate the characteristics of their interaction with micro-pV. When the radiation was incident from the substrate side,

1063-7850/98/24(12)/3/$15.00 983 © 1998 American Institute of Physics



984 Tech. Phys. Lett. 24 (12), December 1998 Verevkin et al.

1.5

1,0 4
0,5

I, mA

0,0 4
0,5 4
-1.0

-15
1.5 -

AYEN NI U A EPEE T WL VI
O NO = W s v
Q
ILmA

1.0 4

wn

0,5 -

I,mA
ILmA

0,0 1

0,54

N N N
™o - L
R

-1,0

—

100

AU, MV
=4
\'
S
CN

1 N 1 N 1 M U

10 15 20 25 30
V,mV Vv, mV

> -
-
~
]
-+
w
(=]
A5

FIG. 1. Current—voltage characteristics of a single Josephson junction ef!C- 2. Curre_nt—voltage characteListics of a chain of Joset?hson junctions
posed to microwave power on the structure sijeand on the substrate side ©XPOSed to microwave power on the structure $ijeand on the substrate
(3), and dependences of the differential resistaf®eand (4) and the re- side (3), and dependences of the differential resistaf@eand (4) and the

sponse&(5) and (6) on the junction voltage measured under the same COndi_response(5) and(6) on the junction voltage measured under the same con-
- ditions.
tions.

its current—voltage characteristic am}(V) clearly show chain of Josephson junctions or a single junction as the non-
nine steps at voltages below 2.5 ngsee curve8 and4 in  linear element. This sensitivity is 60 and 18 V/W respec-
Fig. 1. The response of a single junction to microwave ra-tively at T~20K; at T~60K » decreased by a factor of
diation incident on the structure side and on the substraté.5—2. Thus, the sensitivity for a chain of Josephson junc-
side is given by curveS and6 in Fig. 1, respectively. tions is substantially higher than that for a single junction.
Figure 2 gives the results of similar investigations of This is evidently because the normal resistance of the chain
chains of three Josephson junctions wRj=9.5Q and is three times higher than that of a single junction, which
I.=60uA, obtained atT=20K. The radiation frequency improves the matching of the element with the microwave
was 131.5GHz. When the radiation was incident on theadiation approximately threefold.
structure side, the current—voltage characteristic and the Although the spacing between the steps on the current—
R4(V) curves reveal six steps at bias voltages below 4 m\Woltage characteristic is three times greater for the chain than
(curvesl and?2, respectively. When the radiation was inci- for the single junction, in the first case there are 1.5-2 times
dent on the substrate side, these curves exhibit 17 Shapiroore steps than in the second. This effect can be attributed to
steps up to 14 m\{curves3 and4). Curvesb and6 give the  the partial synchronization of the contacts observed under
response of a chain of Josephson junctions measured for tliee action of external monochromatic radiation, and its inter-
same orientation of the substrate relative to the incident raaction with the Josephson self-radiation in a resonant elec-
diation as in Fig. 1 for a single junction. trodynamic system such as the detector chamber with an in-
Thus, the response to the radiation and the number aerted Josephson junction or chain of junctidrg.
Shapiro steps for radiation incident on the substrate side is The shape and behavior of the current—voltage charac-
substantially(between four and ten timgéigher than that teristics in an electromagnetic field and also the dependence
for radiation incident on the structure side. This result is aof the step height on the microwave power are accurately
direct consequence of the asymmetry of the angular distribudescribed using a resistive modétowever, the dependence
tion of a planar antenna formed on a thin dielectric substratef the microwave response on the voltage for a chain of
with high e (Ref. 7). Josephson junctions measured under the same conditions has
The results plotted in Figs. 1 and 2 can be used to estia number of notable features. Of particular note is that in
mate the voltage—power sensitivity of a detector using a addition to the usual Josephson response observed at low



Tech. Phys. Lett. 24 (12), December 1998 Verevkin et al. 985

bias voltages<5 mV, a negative response component is alsadicrystal substrates with natural faces for which the spread of
observed at bias voltages above 8 mV. This is caused by thbe parameters of individual junctions is substantially
increased quasiparticle conduction of the junctions as amaller*

result of photostimulation of inelastic resonant tunneling

via a finite number of trapped statE'sA similar effect was

observed for single Josephson junctions on a bicrystal _ _ ,
substraté2'13 A. L. Gudkov, V. A. Kulikov, V. N. Laptevet al, Pis'ma Zh. Tekh. Fiz.

. 13, 1109(1987 [Sov. Tech. Phys. Letl3, 462(1987)].
The parameters of these response components differ Subk_ k. Likharev, Dynamics of Josephson Junctions and Circ@rdon

stantially. For example, at a radiation power-o10~ ' W the 3and Breach, New York, 1986; Nauka, Moscow, 1985
voltage—power sensitivity of a detector comprising a chain ﬁ9|§8 G[lédkovF;hV- A-T”"L" ;/H Ng;?‘ét??(‘iégg]z“ Tekh. Fiz.58, 2261
. . . . ov. Phys. Tech. Phy83, .

of Josephson junctions was 60 V/W in the range of bias Volt-ay, " “\vin and M. D. Kitaigorodski, Tekh. Fiz.60(19), 197 (1990 [Sov.
ages where the Josephson response predominates and onphys. Tech. Phys3s, 525(1990)].
5V/W in the range where the response caused by the quaskD. Dimos, P. Chaudhari, J. Manhart, and F. K. LeGoues, Phys. Rev. Lett.
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t has no structure attributable to a difference be—" . vengrus, S. | Krasnosvobodisev, M. Yu. Kupriyanat al.
componen - ! . ) Sverkhprovodimost(KIAE) 6, 1730(1994.
tween the critical currents of the separate junctions in the’s. Rutledge, D. P. Neikirk, and D. P. Kasilingam, Int. J. Infrared Millim.
chain, which also indicates that the characteristics of the in- Wavesl10, 1 (1983.
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Results are presented of the photoluminescenae®aN (T=300K) after chemical treatment

of the surface using solutions of inorganic sulfides {8land(NH,),S) in water or

isopropanol. It is shown that the maximum intensity of the photoluminescence spectrum of

n-GaN increases after chemical treatment of the surface using alcohol solutions of sulfides and this
increase is greater for solutions of the strong-base sulfig& Mampared with the weak-

base sulfide (NB),S. © 1998 American Institute of Physid$51063-785(08)03312-4

The development of ultraviolet semiconductor optoelec-  The chemical treatment of the GaN surface involved im-
tronics has necessitated the development of methods of preiersing the semiconductor for 1 min at room temperature in
paring llI-V nitrides as well as methods of treating their the following solutions: a 10% aqueous solution of (N}S,
surfaces. The chemical treatment of IlI-V nitrides includesa 1% solution ofNH,),S in isopropanol i-C;H;OH), or a
dry etchind? and etching from NaOHRef. 3 or KOH  saturated NS solution in isopropanol.
solutions? Photoluminescence was excited by a pulsed nitrogen la-

Recent publications have reported theoreticald ex- ser \ =337 nm,|=20W) and was recorded at room tem-
perimental investigations of the electronic properties of aperature. The experimental technique was similar to that de-
GaN surface treated at high temperature (1000°C) irscribed by Kompan and Shabantv.
vacuum® Studies of the electronic properties of the surface  The following experimental results were obtained. The
of 1lI-V semiconductors are primarily aimed at reducing the photoluminescence intensity ofGaN increases after sulfide
surface recombination velocity and enhancing the photolutreatment of the surface using an isopropanol-based solution
minescence quantum efficiency, among other factors. Théee Fig. 1 and remains almost constant after treatment with
electronic properties of the surface have been successfullgueous sulfide solutions. The most significant increase in
modified using solutions of N& and(NH,),S sulfides in intensity (by a factor of 1.4 compared with that of the un-
water or alcohol treatedn-GaN is observed for a saturated solution of,8an

Here we attempt to use technology for passivating thesopropanol. The full-width at half-maximum of the edge
surface with alcohol solutions of sulfides to enhance the eledine of the n-GaN photoluminescence spectrum increases
tronic properties, especially to improve the photolumines-negligibly after chemical treatment using an alcohol solution

cence intensity of anm-GaN surface. because of the increased intensity of the long-wavelength
The investigations were carried out usingsaN layers edge of this ling(see Fig. L
(n=5x%10"%cm %) 400-600um thick grown on a sapphire The increase in the photoluminescence intensity of GaN

substrate by chloride gas-transport epit&uring the epi-  after chemical treatment using isopropanol-based sulfide so-
taxial growth process the layers were separated from the sulbstions can be explained in terms of model concepts of the
strate. chemical processes accompanying the sulfide passivation of

GaN

M=337 nm
T=300 K

FIG. 1. Photoluminescence spectra wiGaN after
sulfide treatment of the surface using three different
solutions: a 10% aqueous solution MH,),S, a 1%
solution of (NH,),S in isopropanol i-C3H,0H),
and a saturated solution of P& in isopropanol
(i-C3H,OH). The spectra are normalized to the maxi-
mum intensity of the photoluminescence spectrum of
the untreatech-GaN.

Na,§ +i-C,H,OH
(NH,),§ +#C,H,0H

untreated and treated
In (NH,),S + H,0

Intensity, a.u.

3.1 32 33 3.4 35 3.6
hy, eV
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TABLE |. Experimental values of the intensity)(and the full-width at  ductors shows good agreement with the model Conéépts_

half-max_imum ©) qf the photolumines_cence _spectrum for GaN and GaAs To sum up, chemical treatment of the surfaceng®aN
after various chemical treatments using sulfide solutions. . . . . . .
using isopropanol solutions of sulfides causes a reduction in
GaN GaAs the surface state density similar to that observed when GaN

(n=5x10%cm™%) (n=1x10"®cm3) (Ref. 12 is annealed at 1000°C and the surface bombarded with
nitrogen iong

Chemical solution I, a.u. 5, eV I, a.u. .
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a GaAs surfacé* We know that sodium sulfide is the salt of
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the salt of a weak base and a weak acid, so that during(1994.
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