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The promise of low dimensional thermoelectric materials for enhanced performance is reviewed,
with particular attention given to quantum wells and quantum wires. The high potential of
bismuth as a low-dimensional thermoelectric material is discussedl99® American Institute

of Physics[S1063-783%9)00105-7

Professor Abram loffe and his collaborators at the loffeadjacent barrier of the superlattice. In addition, low dimen-
Institute in St. Petersburg, Russia did pioneering wark  sionality allows certain materials such as bismuth, which are
introducing semiconductors as promising thermoelectric mapoor thermoelectrics in 3D, to become good thermoelectrics,
terials and in showing how semiconductors could be used iin principle, in 2D quantum-well or 1D quantum-wire struc-
practical devices for cooling and for electrical power tures.
generatiort. This early work led to a very active period in It is customary to express the usefulness of a thermo-
thermoelectrics research in the 1950s and early 1960s, wheectric material for use in refrigeration or power generation
many new thermoelectric materials were discovered and inapplications in terms of the dimensionless quardifywhere
vestigated. At this early time, the high potential ofBeé; as T is the temperaturén degrees KelvinandZ is the thermo-

a thermoelectric material was discovered by H. J. Goldsmiclectric figure of merit

and coworkers in the U.K and this material system remains Lo

the basis for the thermoelectric industry up to the present Z=—. @
time3 loffe’s proposal to employ semiconductor alloys K

rather than simple binary compounds in order to lower theHereSis the thermoelectric power or Seebeck coefficient,
thermal conductivity of semiconductdrproved very useful is the electrical conductivity and is the thermal conductiv-
for thermoelectric applications, thereby leading to the indusity. Large values oZ T require highS high o, and low «.
trial use of alloys in the BiTe;, Bi,Se;, and ShTe; family. Since an increase i normally implies a decrease i

For a 30 year period since the early 1960s, research abecause of carrier density considerations, and since an in-
tivity in the field of thermoelectricity has been greatly re- crease ino implies an increase in the electronic contribution
duced, and only modest progress was made in improving th® « as given by the Wiedemann—Franz law, it is very diffi-
performance of thermoelectric materidlsRecently, the cult to increaseZ in typical thermoelectric materials. The
study of thermoelectric materials has once again become dvest commercial 3D thermoelectric material is in the
active research field, in part due to the recent demonstratioBiz(1- xSy T€31-)Sey, family with room temperature
of enhancement in the thermoelectric figure of merit of azT~1 for Biy sSh; £Te;.>
two-dimensional PbTe quantum-well system, relative to its  Reduced dimensionality offers one strategy for increas-
three-dimensional3D) bulk counterpart. Calculations sug- ing ZT relative to bulk value&’ The use of low-dimensional
gest that the thermoelectric performance of any 3D materiatystems for thermoelectric applications is of interest because
should show an enhanced thermoelectric figure of meritlow dimensionality provides(l) a method for enhancing the
when prepared as a 2D multi-quantum-well superlattice, bylensity of states nedfr, leading to an enhancement of the
utilizing the enhanced density of states at the onset of eacBeebeck coefficient2) opportunities to take advantage of
electronic subband and the increased scattering of vibration#the anisotropic Fermi surfaces in multi-valley cubic semicon-
waves at the boundary between the quantum well and thductors,(3) opportunities to increase the boundary scattering
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of phonons at the barrier-well interfaces, without as large amlimensional thermoelectricity has shifted to two new direc-
increase in electron scattering at the interfad¢opportuni-  tions. One research direction focused on observations of the
ties for increased carrier mobilities at a given carrier concenenhancement at T in other 2D superlattice systems, so that
tration when quantum confinement conditions are satisfiedhe basic phenomenon could then be studied in more detail,

so that modulation doping andtdoping can be utilized. and the barrier widths could be reduced, noting that the bar-
rier regions contribute only te in Eq. (1) and not to the
1. THEORETICAL MODELING power factorS?c. Some of the systems that were studied

. include p-type PbTe, where power factors higher than for
In early m?f'_e's for thermoelectricity in 2D quantum- n-type PbTe were reported, while at the same time using
well structureS™ it was assumed t_hat_the electrons_ in the /dyy ratios reduced by a factor of more than two, relative
valence and conduction bands are in simple parabolic energ&f ntype PbTe Another superlattice system that was stud-
bands and that the electrons occupy .only the Iowes_t subbaqu was the Si/SiGe system, where an increase in the room-
of the quantum well. T_he electronic dispersion relations for a[emperature power factor of the superlattice relative to the
2D system are then given by bulk silicon value was predicted, and where even better per-
ﬁzk)z( ﬁ2k§ h2m2 formance could be expected at elevated>300 K)
Expl(Kky Ky) = + + : (2)  temperature$®
2My - 2My - 2mydy, As a second a ievi i
pproach, achieving higleyT for the
wheredyy is the width of the quantum well, amd, , m,, and whole superlattice sampléoth for the quantum well and
m, are the effective mass tensor components of the constahbarrier regions and to studying superlattices which do not
energy surfaces. It is further assumed that the current flowshow quantum confinement effettavas emphasized. By
in the x direction and that quantum confinement is in the using the same basic model, as was developed for the
direction. The corresponding relation used for a square 10*bTe/Ph_,Eu,Te superlattice, study the GaAs/AlAs super-

guantum wire is lattice, it was shown that, when tt&, and d,, values are
212 5 y 5 sufficiently small, the electronic density of states is basically
Ak hem heam i ; ; ;
E1p(k) = 5— (3 two-dimensional in both the quantum well and barrier
X

regionst’ and an increase in power factor relative to bulk
values could be achieved. One great advantage of allowing
conduction in both the barrier and the quantum-well region is
that much smaller barrier widths can be used and a signifi-
cant contribution toS?c from the barrier region can be ob-
tained. The gains i®?c from the quantum-well region rela-
tive to bulk values more than compensate for the somewhat
lower contribution toS?c- from the barrier region, so that

2. EXPERIMENTAL PROOF-OF-PRINCIPLE S?o for the whole superlatticédenoted byZ,5T) exceeds

An early phase of the experimental work was devoted tghat of t.h.e pulk. In addition, a large redugtion in thermal
showing proof-of-principlé,in order to confirm the validity ~conductivity is expected, due to the strong interface phonon
of the basic theoretical model for low dimensional thermo-Scattering, so that significant increase<ifpT are expected
electric material§® PbTe was chosen as the quantum-wellfrom this approach.
material for demonstrating proof-of-principle of an enhanced ~ Calculations suggest that another effect that may come
ZT in a 2D system because of its desirable thermoelectriét0 Play relates to carrier pocket engineering, where by
and materials propertiéé!3 Regarding its thermoelectric Proper selection ofly,, d, and their ratio dp/dy), it is
properties, PbTe has a reasonably highat 300 K in bulk possllblle to raise the energy of the onvEspomt subband so
form (ZT=0.4), reflecting its high carrier mobility, multiple that it lies higher than the- andX-point subbands, thereby
anisotropic carrier pockets, and low thermal conductivity!€2ding to an enhancement2fpT because 01; the high den-
that can be achieved by isoelectronic alloying. MeasureSity Of states for the.- and X-point subbands’ Simple cal-
ments of S%o by Hicks et al® corroborated that quantum cula_tlons suggest that such carrier pocket engineering can be
confinement could be achieved in a PbTe/REu,Te super- carned_out in the case of G;’;IAS/A|AS superlattices wdth
lattice, forx=0.073, by using large barrier widti>d,,. ~ anddy in the 20-30A rangé!

Good agreement between experiment and theory was dem- Experimentally, enhancement in the power factor and
onstrated in plots 082c as a function of carrier concentra- Z3p T have been reported for several superlattice systems not

tion and quantum-well width, thereby corroborating the €xhibiting quantum carrier confinement effects, including the
! H : 16 _ 18
model, using no adjustable parametgsly literature values Bi2T€/Bi2Sg, ° PbTe/PbSe ,Te/Te (x=0.02);" and

. 9 .
measured by other techniquédigh carrier mobilities were  S1/Ge system§? In fact, the highesZT value ever reported
found for these superlattice sampfes. for any thermoelectric material 8;5T=1.9 for the PbTe/

PbSg_,Te/Te system x=0.02) at 570 K2 It is expected
that we will see considerably more activity in the near future,
both experimentally and theoretically, on the study of such
Having demonstrated experimental evidence in supportomposite superlattice systems, which may exhibit some
of the basic theoretical model, the focus of research on lowtype of lower dimensional electronic properties, but do not

+ + ,
2m, - 2m,dg,  2m,dg,

where the current flow is also along thedirection, and
guantum confinement occurs in theandz directions. Solu-
tions of Boltzmann’s equation were then obtained $pw,
and ., (the electronic contribution to the thermal conductiv-
ity) for both the 2D and 1D systerfi$- 1!

3. RECENT 2D SUPERLATTICE STUDIES
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FIG. 1. Dependence &f,5T andZ,;pT on quantum-well and quantum-wire
widths dyy for the layers of the Bi quantum wells normal to the trigonal
direction and the Bi wire axis along the trigonal direction.

FIG. 2. Schematic energy band diagram showing the energies of the sub-
band edges for the heavy and light electrons and for the holegajdoulk

Bi, (b) 100 nm diameter Bi nanowires along the bisectrix direction, @hd

50 nm diameter Bi nanowires along the bisectrix direction.

exhibit significant carrier quantum confinement.
tem. Small diameter Bi wires have been successfully fabri-
cated by pressure-injecting liquid Bi into the cylindrical
nano-channels of a porous anodic alumina tempfaguch
Bismuth is a very attractive material for low-dimen- anodic alumina templates with pore diameters ranging from
sional thermoelectricity because of the large anisotropy of3—110 nm have been filled with liquid Bi to reach a density
the three ellipsoidal constant energy surfaces for electrons ats high as % 10'° parallel wires/crf, with template thick-
the L point in the rhombohedral Brillouin zonem{ nesses and wire lengths up to 0. As shown by high
=0.0065In,, m;‘=1.362n0, m; =0.00993n,), the very resolution electron microscopy and selected area electron
long mean free path of the-point electrons, and the high diffraction experiments, the individual Bi nanowires are es-
mobility of the carriers =3.5x 10* cn?/Vs in the binary  sentially single crystals, with nearly the same crystal struc-
direction.?® Furthermore, the heavy mass of the Bi ions re-ture and lattice parameters as bulk Bi. The individual wires
sults in efficient phonon scattering and low phonon mearare of uniform diameter along their entire length, and the
free paths. Since bulk bismuth is a semimetal, the contribunanowires in a given template have a similar crystal orienta-
tion from the holes to the Seebeck coefficient approximatelytion along their common wire axé3.The large bandgap of
cancels that for the electrons, so ttgts quite small, and the anodic alumina host material ensures good carrier quan-
high magnetic fields are needed to make bulk Bi interestingum confinement. Optical transmissidrand magnetoresis-
for thermoelectric applicatiorfs. tance studied~?°provide evidence for a semimetal to semi-
The situation for 2D Bi in a quantum well is, however, conducting transition as the wire diameter decreases and
guite different. As the quantum well width decreases, theeaches the critical diametel,, below which a semicon-
lowest bound state in the conduction band rises above thducting gap is found. Our theoretical calculations, based on
highest bound state in the valence band, thereby leading tovalues of the effective masses for bulk bismuth, indicate on
semimetal—semiconductor transition at some critical value othe basis of a simple parabolic band model for the electron
dy. 1t If the 2D bismuth system is then doped to the optimumstates, that for the binary, trigonal and bisectrix directions,
doping level, a large enhancementdp,T within the quan-  d.~30nm, 45nm and 81 nm, respectivéfy.
tum well is predicted with decreasirdyy, as shown in the Figure 2 shows a schematic diagram of the electronic
plot of Z,5T vs dy, in Fig. 1 for a Bi superlattice normal to energy-band structure for bismuth nanowires in comparison
the trigonal direction, for which all the electron carrier pock-to bulk bismuth, which is a semimetal with electrons in 3
ets are equivalent. Considerable progress has been made eexirier pockets at the points in the rhombohedral Brillouin
cently by use of CdTe as a barrier material for synthesizinggone and holes in a single carrier pocket at Thgoint, and
Bi quantum well2 While study of 2D Bi superlattices con- the band overlap of bulk Bi is 38 me¥/.For Bi nanowires
tinues, recent effort has also been expended to study 1Driented along the bisectrix direction, there are two electron
bismuth nanowire>?* Calculations for transport in the pockets in which the electrons have a heavy cyclotron effec-
trigonal direction indicate that 1D bismuth nanowires withtive mass (n[:‘) and one electron pocket with a light cyclo-
very small wire diameter could be even better than 2D bisiron effective mass m'c), where the cyclotron mass is an
muth for thermoelectric applicatior{see Fig. 2 average for the in-plane motion. Figures 2b and 2c show
Although no enhancement IBT has yet been demon- schematically the calculated ground state energies of the
strated experimentally with Bi nanowires, progress has beeheavy electron and light electron subbands and also the hole
made toward making proof-of-principle studies of this sys-subband for a Bi wire oriented along the bisectrix direction

4. BISMUTH AS A LOW DIMENSIONAL THERMOELECTRIC
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First, a review of the general properties of the collective transport induced by the cCDye)/

spin (SDW) density wave motion in quasi-one-dimensional conductors is presented. Then

the three recent developments in this field are emphasized, namely: high spatial resolution x-ray
study of the field-induced CDW deformations; quantum interference effects in
magnetotransport of a sliding CDW through columnar defects; manifestation of disorder in the
CDW/SDW ground state in thermodynamic properties at very low temperature4.999

American Institute of Physic§S1063-783@9)00205-]

1. COLLECTIVE TRANSPORT IN QUASI-ONE-DIMENSIONAL phenomenon is easy to understand if we recognize that if the
SYSTEMS lattice is regular, no position is energetically favored and no
locking results. In more theoretical terms: if we think of the
Collective transport phenomena are among the most fassDW as resulting from an electronic interaction via the lat-
cinating properties in solid state phisics. The best knownjce phonons, this interaction is the same in every galilean
example is superconductivity where the energy gap in thérame, provided that the frame velocity is small compared to
excitations at the Fermi level, as found by BCS, does nothe sound velocity. CDW condensation may thus arise in any
prevent conductivity. This is so because the interaction inset of galilean frames with uniform velocity, giving in the
volved does not require a specified reference frame and bgaboratory frame an electronic current density,
cause Coopers pairs can be built either in statksahd
—k” or * k+k or —k+ k.” The latter state leads to a uni-
form velocity such asnv=7%«. J=—ngev, (D
However in 1954, before BCS, Hich! proposed a
model in a jellium approximation in which a sliding charge-
density wave(CDW) could lead to a superconducting state. wheren, is of the order of the electron number density con-
It is now well recognized that in systems of restricted dimen-densed in the band below the CDW gap. Thislielomode
sionality the interaction between ions and electrons, the sds a direct consequence of translation invariance. In practice,
called electron—phonon interaction, leads to structurahs shown by Lee, Rice and Anderédhis translation invari-
(Peierls instabilities at low temperature. According to the ance is broken because the phasgcan in fact be pinned to
relative strength of several electron—electron coupling, thehe lattice, for example, by impurities or by a long—period
modulated ground state can be a CDW or, if the spin oriencommensurability between the CDW wave—length and the
tation is concerned, a spin—density wa&DW). lattice or by Coulomb interaction between adjacent chains.
Below the Peierls transition temperatufg, the system  An applied dc electric field, however, can supply the CDW
is driven in a modulated state of the conduction electrorwith an energy sufficient to overcome the pinning, so that
density:p(x) = po[ 1+ cosQgx+ ¢)], accompanied by a peri- above a threshold field, the CDW can slide and carry a cur-
odic lattice distortion of the same wavelenghr/®),, where  rent. Unfortunately, damping prevents superconductivity.
Qo=2kg is the modulation wave vectqgenerally incom- This extra conductivity associated with the collective CDW
mensurateke is the electronic Fermi momentynirhe new  motion, called Frbich conductivity, has been observefbr
periodicity opens a Fermi surface gap in the electron densityhe first time in 1976 and since that time, an intense experi-
of states and leads to the appearance of new satellite Braggental and theoretical activity has been devoted to the un-
reflections. derstanding of the properties of this collective transport
The opening of a gap below the Peierls transition tem-model#*
perature is reminiscent of semiconductors, but the essential Non-linear transport properties have been observed in
feature of a CDW is that its wavelengthgpyw=27/2k, is  transition metal trichalcogenides as NhS€aS;, halogened
controlled by the Fermi surface dimensions and is generallyransition  metal tetrachalcogenides as (TASe
unrelated to the undistorted lattice periodicities, i.e., the(NbSe)l3, in molybdenum oxide K;MoOs, etc. A similar
CDW is incommensurate with the lattice. Consequently thebehavior has also been found in SDW organic Bechgaard
crystal no longer has a translation group and in contrast tgalts(TMTST),X.
semiconductors, the phasge of the lattice distortion is not The properties of the new current-carrying state can be
fixed relative to the lattice but is able to slide alogpgThis  summarized as follows.
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The dc electrical conductivity increases above a threshthe CDW condensation, as it can be calculated from band

old field E+. structures or from chemical bonds. This result can be con-
The conductivity is strongly frequency-dependent in thesidered as proof of the Hioh conductivity? When the field
range of 100 MHz to a few GHz. overcomes the threshold one, the electrons, which were

Above the threshold field, noise is generated in the crystrapped below the CDW gap, coherently participate in the
tal which can be analyzed as the combination of a periodielectrical conductivity.
time dependent voltage and a broad noise following fa 1/ The general properties of the sliding CDW state are now
variation. relatively well established. New lines of research are being
Interference effects occur between the ac voltage genedeveloped at the present time. Some of them are described in
ated in the crystal in the non-linear state and an external rthe following.
field (Shapiro steps
Hysteresis and memory effects are observed, principally
at low temperature. 2. CURRENT CONVERSION IN THE SLIDING CDW STATE
Inside a domain, where the phagds only time depen- OF NbSes
dent, a simple equation of motion has been defived Phase slippage is a general phenomenon in condensed
matter systems having complex order parameters. When ex-

eE . : i
¢"+T "+ w?sing=0Q, , (20  ternal forces impose different order parameter phase veloci-
P M* ties ¢4 and ¢, in two regions 1 and 2 of the same system,
whereE is the applied fieldQo= 27/ cow, w, the pinning the phase conflict at the boundary between the two regions is
frequency andM* the Frdich mass. released by the formation of vortices at a rate givendby
For a dc fieldE higher thanEt, the “sin ¢” force term = ¢,+ ¢,. Phase slippage has been intensively studied in

gives rise to a velocity modulation at a fundamental fre-narrow superconducting channels, in superfluids and, more
quency,v, and its harmonics which can be considered as theecently, in quasi-one-dimensional conductors having a
origin of the ac voltage generated in these systems. It has t6DW ground state.
be noted that the\cpw assumed periodicity for the force Phase slippage is required at the current electrodes for
means that the fundamental frequency is linked to the meathe conversion from free to condensed carfe@DW wave
CDW velocity by vcpw=Acpw?. Therefore, according to fronts must be created near one electrode and destroyed near
Eg. 1, the extra-current carried by the CDW is given by  the other. This process is mediated by CDW-phase disloca-
Je — e —neen 3) t?on loops Whic;h climb to the sample surface, each disloca-
cow™ o=V cow™ Ho=A cow? tion loop allowing the CDW to progress by one wavelength.
According to Eqg. 3, the slope dfcpw/v is a measure- We have performedat the ESRF high-resolution x-ray
ment of the number of electrons condensed below the CDVgcattering measurements of the variatg(x) of the CDW
gap. The extra-curredi-pyy is measured from the non-linear wave vectoQ(x) =Qq+ q(x) along a thin NbSgwhisker of
V(I) characteristics. Figure 1 shows the linear relationshigross section 1@mx2um and length 4.1 mm(between
betweenlcpyw and v for an orthorhombic Tagssample. The electrodes
number of electrons deduced from th&) py Slope is of the For a fixeddirect currentof I/1y=2.1 (I;: threshold
order of the electron concentration in the bands affected bgurreny, the shift q.=Q(+1)—Q(—1) between satellite
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FIG. 2. (DoublejShift q.=Q(+I1)—
Q(—1) of the satellite positior® as a func-
tion of the positionx between the injection
electrodex=0 and the midpoint between
electrodes X=2 mm) in NbSe at T=90 K
(1/1y=2.13). The vertical and horizontal
dashed lines indicate the contact boundary
and the line of zero shift, respectiveffrom
Ref. 7).

double-shift g, [107* A}
double-shift g, [10~% A1)

positionsQ measured with positive and negative current po-interference phenomena occur around “holes” of a diameter
larities vanishes below the electrodes and rises abruptly to B=100 A produced by heavy-ion irradiation of thin NaSe
maximum value at the electrode bounddfig. 2). With  samples. One expects the CDW in motion to pass over a hole
increasing distance from the contactg-(x) decays expo- without conversion if the diameter of the hole is smaller than
nentially. Forx>0.5 mm, a cross-over to a linear decrease ofthe transverse amplitude coherence lerigth In a magnetic
the satellite shift is observed wit. (x) crossing the line of field, each defect hole serves as a “solenoid” which contrib-
zero shift at the midpoint between the electrodes 2 mm;  utes to the flux dependent scattering of the depinned CDW. It
beyond &>2 mm) the sign ofq. (x) is inverted. was shown in Ref. 9 that the presence of columnar defects
The corresponding data for the applipdised current induces oscillations in the non-linear CDW conductivity as a
(100 Hz, 10Qus pulsey of the same amplitudé reveal a  function of H, whenH is oriented parallel to the axes of the
different spatial profile: vanishing below the electrode, defects.
rises smoothly with increasing to reach its maximum at a Irradiation was carried out with Xe, Pb, or U ions with
distance of about 10@8m from the contact boundary, the energy ranging from 0.25 to 6 GeV. Structural analysis per-
maximum shift tak|ng half the maximum value observed forformed by transmission electron microscopy on t(‘thﬂck-
the direct current. After a smooth decrease with increasingess: 0.Jum) NbSe samples irradiated simultaneously with
distancex, q.{pc; joins the linear dependence of.{dc}  the samples used for electrical measurements reveal latent
with the same slopex¢0.5 mm). This important difference  {r5ces with amorphous coréslumnar defectsin the crystal
between the satellite shift profiles. (x) for applied direct 1 atrix with diameter 15 2 nm.
and pulsed current indicates a strongly spatially dependent  frigyre 3 shows the variation of the oscillatory part of the
relaxational behavior of the CDW deformations. magnetoresistance as a functiortbf If the columnar defect
A semi-microscopic mod&lrelates the CDW deforma- ;¢ is taken for the scattering of the sliding CDW, the ex-
tion q to the mismatchy between the longitudinal CDW  yocteq period of the magnetoresistance oscillation can be
stre_ssU and the_electroche_mlcal po_tenuﬂh qf the charge evaluated asAH=a¢o(7rD2/4), with D=15nm and a
carriers remaining metallic or being excited above the_ /5 Ap=11.3T consistent with the experimental value of
Peierls-gap at the given temperature: 9.8 T (as shown in Fig. B The ¢,/2 periodicity is in agree-
qx n=pu,—U. (4 ment with the instanton mod&!.An alternative model has
. . . . . been developetf, in which the Aharonov—Bohm flux is
Using this model, one can interpret the exponential regime as ) o
. i . . shown to modulate the CDW threshold; then the periodicity
phase-slip dominated and the linear regime as a consequence

of transverse pinning of the CDW dislocation loops blocking. o/2 Lesults fr_orr_1| e|r1$temtbhle averaglfng ov:Tr r?ndor? scatter-
the normal-to-condensed carreir conversion. Ing phases, simiiarly 1o the case of a collection of mesos-

copic metallic rings.

The magnetoresistance of the irradiated part of a NbSe
sample has been measured wttparallel and perpendicular
to the axes of columnar defects. Clearly, oscillations in the

Akin to superconductivity, the aim of the experiment magnetoresistance are only observed wheis parallel to
was the search for a flux quantification effect produced bythe defects and disappear for the perpendicular orientation.
the collective response of the CDW condensate. Quantum An important feature for the observation of the oscilla-

3. MAGNETO-OSCILLATIONS OF THE CDW CONDUCTION
IN PRESENCE OF COLUMNAR DEFECTS
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tory behavior ofR(H) is the phase coherence of the sliding reached its thermodynamic equilibritth!® Properties)iand
CDW between potential probes: this phase coherence is log) are common to structural glasses or orientationally disor-
for samples thicker than the phase correlation length perperdered crystals. However, energy relaxation effects are here of
dicular to the chainstypically less than um) and also for much larger intensity than in usual glasses. A theoretical
dc current above 2 3l (as seen from the lost of complete

mode locking above these currents on irradiated samples

4. SLOW DYNAMICS OF ENERGY RELAXATION AT
VERY-LOW TEMPERATURE IN CDW/SDW COMPOUNDS

100
DW systems in their grond state exhibit typical “glassy [

behavior” for numerous electrical properties, the deep origin

of the disorder being the pining of the DW phase by ran-

domly distributed impurities, lattice defects, or approach of

the commensurability. This random ground state is charac-
terized by many metastable states with very broad relaxation
times spectrum.

These metastable states are best revealed by low-
temperature thermodynamical measurements. In a systematic
study of numerous CDW compoundgTaSeg),l, TaS;,
NbSe (Ref. 12] and SDWI[in organic(TMTSF),PF; (Ref.

13), (TMTTF,)Br (Ref. 14] by means of specific he#Fig.

4) and energy relaxation techniques in fhieange between
~70mK an~ 10K, we have established several characteris-
tic “glassy” properties:

i) Additional excitations to regular phonons contribute
to the specific heat fof <1 K according to ar” law, with
p<1.1? 1 . . e

i) In the sameT range, the specific heat becomes 0.1 1
strongly time-dependent: the heat relaxation after a short T, K
heat perturbation of order of 1s, becomes nonexponential.

We have also shown that the relaxation kinetics depengnergy delivery: from a pulse of less than 1 s up to 10-15 h. The continuous

strongly on the duration of the heat perturbatiéaging curve represents data calculated from the inffiahcrement in response to
effect” similar to the case of spin glasge3he time neces- heat pulses. Other data are obtained by total integration of the energy re-
sary to achieve thermodynamic equilibrium B 1 K ex- lease. The straight lineT€) is the estimated lattice contribution. The con-

ceeds hours. The heat relaxation is thermally activated witf{i2ution of metastable states below 0.5 K evolves froff & tail for short
Lo . . time relaxation to a well-defined Schottky anomaly at the thermal equilib-
an activation energy depending on the duration of the perturiym [splitting energye.=0.9K and ratio of degeneraay, /go=12 (from

bation. It is of the order of~1—2 K if the system has Ref. 14].

C_, mJ/mol K

10 |

IG. 4. Dependence of the specific heat BMTSF),PF; on the duration of
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Multi-purpose nonlinear optical microscope. Its principle and applications to polar
thin-film observation

Y. Uesu* and N. Kato
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Fiz. Tverd. Tela(St. Petersbungl, 764—-769(May 1999

Multi-purpose nonlinear optical microscope is an optical microscope which imdges 2

distribution of the optical second harmon8H) waves from a specimen. Image contrast can be
obtained either by inhomogeneous distribution of nonlinear optical tensor components or

by the interference between SH waves from a specimen and a standard plate. This microscope
also functions as a fluorescen@e.) microscope, and SH and FL images can be obtained

from the same part of a specimen. Absorption and FL spectra from a specific part of a specimen
are measured through an optical fiber which connects an ocular with a polychromator.

These functions are especially useful for investigation ofHaggregate state of polar dye
molecules. Several photographs taken by the microscope revealed the structure of merocyanine
dye/arachidic acid mixed monolayer and the role of bridge ions in the subphas&99®

American Institute of Physic§S1063-783@9)00305-9

Experiments started in the 1970s to visualize inhomogeimage the domain structure. Teensord;;, , the third-rank
neous distributions in a specimen use the second harmonolar tensor, connects the nonlinear dielectric polarization
(SH) waves which the specimen producésRecent im-  componentP{**) with the product of electric field&E{"
provements of the spatial resolution and sensitivity of aof the incident light wave as follows:

Charge Coupled Device€CCD) camera and image process- p2o_ . 4 E(@E©) o

ing techniques enable us to obtain more easily high quality ! OMijk=) =k

images of various kinds of bulk materials and surfaces. W& herefore, if the crystallographic orientation differs, the in-
made good use of this development of technology and cortensity contrast” is produced by the effective magnitude of
structed a multi-purpose nonlinear optical microscope calledi-tensor and coherence length of the specimen. An ex-
SHCM and successfully applied it to observations of ferro-ample is the case wheid;;; and d;3; are concerned as is
electric domain structurds® and periodically inverted do- shown in the case of ferroelectric 90° domain structures in
main  structures iia]n guasi-phase-match devices foBaTiO;

frequency-conversion.Recently we have installed a Lang- _ 2

muir trough in the SHGM and performéual situ observations ['= (A3l o(da11)/dsad o d339) )
of monolayer molecules at air—water interface, in particularwherel is defined ag.=\/4(n?®)—n(®)) using refractive
those of thel-aggregate state of polar dye molecules. In thisindeces n®®) and n®) of fundamental and SH waves,
paper, we discuss the principle of the SHGM, describe itsespectively.

structure and show several photographs taken by the SHGM, In the case of ferroelectric anti-parallel domain struc-
emphasizing useful application to polar thin film studies. tures, the magnitude of trebtensor is the same but the sign

1. PRINCIPLE OF MEASUREMENT

Interference of SH waves

The SHGM has some distinctive features: First, it can
distinguish areas not only with different magnitude but also
different sign of the second-order nonlinear optical tensot
component §-tensoj. This is especially important to ob-
serve anti-parallel ferroelectric domain structures, which
have not been observed by conventional optical microscope:
Second, SH images of monolayer molecules at an air—wate
interface or on a substrate can be obtained with relatively
short exposure time. Third,2 fluorescence images can be l
obtained from the same part of the specimen as the SH im N
age. As the forth feature, quantitative measurements of akt Standard SHG plate > /
sorption and fluorescence spectra can be performed in a sp
cific part of a specimen. These are quite useful to study the l
J-aggregate state of polar dye molecules.

When a specimen contains domains with different cryseg_ 1. principle of the SHG microscope for observing anti-parallel ferro-
tallographic orientations, the anisotropy of tiéensor can electric domain structures.

180 degree ferroelectric
domain

N\

1063-7834/99/41(5)/5/$15.00 688 © 1999 American Institute of Physics
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FIG. 2. SH images of twd-cut plates of MgO; LiNbQ with oppositez axes. The intensity contrast is reversed by rotating a glass phase plate.
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FIG. 3. Schematic illustration of the SHGM.
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FIG. 4. SH images of ferroelectric thin film BNN/Mg@ — Shows the image with perpendicular incidence of the fundamental laser beanmage with
small inclination of the specimen with respect to the incident direction.

is different for+ and— domains and the phase difference of of SH waves from the SHG plate and one domain of the
the SH waves produced in these domaingrisTherefore, if  specimen should be identical. This condition can be realized
a standard SHG plate is placed in front of the specimen, thby inserting a plate generating uniform SH wave and a glass
interference between SH waves from the plate and the speqgdlate and by rotating them to vary the amplitude and phase.
men produce an intensity contrast as shown in Fig. 1. IrFigure 2 shows twor-cut plates of MgO:LiNbQ@ with op-

order to get the maximum contrast, the amplitude and phasgositez axes. By rotating the glass plate, the contrast of two

0-14 ' ] ! ] ' I ' 1 ! ] ! 25000
- —— D (J aggregate) - \D (J aggregate)
0.12} VD (monomer) Excited at 532 nm
i -1 20000
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FIG. 5. Absorption and fluorescence spectral @ggregate MD and monomer MD.
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SHG Image Fluorescence Image

S-out
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FIG. 6. SH and FL images of the same part of MD/AA mixed monolayer at air—water interface.

plates is reversed, which shows clearly the visualization offhus SHG and FL images from the same part of specimen
anti-parallel ferroelectric domain structure by the SHGM. are compared. An optical fiber connecting an ocular and a
polychromator facilitates the measurement of absorption or

2. DETAILS OF MULTI-PURPOSE NONLINEAR OPTICAL FL spectra.
MICROSCOPE

Schematic illustration of the SHGM is shown in Fig. 3. 3. OBSERVATIONS OF POLAR THIN FILMS
As a light source, N :YAG laser (wavelength of
1.06 um, repetition frequency of 10 Hz, pulse width 20 ns,
maximum energy per pulse 200 mJ in front of specijrien Recent development of ferroelectric thin films for the
used. The wavelength of the incident laser beam can be vaapplication to non-volatile memory devices is remarkable.
ied from 1.2 to 1.3um using ForsteritgCr**:Mg,SiO,) FeRAM will replace DRAM in some application fields in the
laser. Through a half-wave plate, a polarizer, an SHG plateery near future. Ferroelectric thin films are fabricated on a
and a glass plate, the incident and frequency-doubled beanssibstrate by various techniques and their alignment should
enter the specimen. Then the resultant SH wave is selectdk properly evaluated. We applied the SHGM to examine the
by filters and its ® distribution is registered by the Inte- homogeneous alignment of the c-axis of ,RaNbO;5
grated CCD camera. When a monolayer of dye molecules iBNN) thin film on MgO substrate. Figure 4 shows the re-
observed, a specially designed Langmuir trough is placedult. When the c axis of BNN is perpendicular to the sub-
below an objective lens mounted with an IR filter. strate, vertical incidence of laser beam should produce no SH

Fluorescence(FL) images are obtained when the wave. Figure 4a shows the existance of SHG region, and
frequency-doubled beam impinges directly on a specimerfurther inclination of the specimen generates more homoge-

3.1. Ferroelectric thin films
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Area of
Collapsed J Aggregates MD J Aggregate

FIG. 7. Conceptual image of Md/AA
mixed monolayer.

Domain of
J-Aggregates

neous and more intense SH waves as shown in Fig. 4klshown in Fig. 7. It consists of three domains, i.e., the
These facts clearly show that the ¢ axis is inclined in thisaggregate of MD, a monomer state or a collapsed aggrega-

bright region in Fig. 4a. tion state of MD and AA regions. These three parts have
different heights which AFM easily distinguishes, but AFM
3.2. J aggregate of merocyanine dye molecules cannot determine polar regions. On the other hand, the SHG

image discriminates the polar region where dipole moment
of molecule aligns along particular direction, while FL image

tion, the exited part consisting of several molecules forms a EOWS ﬂ:r?] f\grgrigt]arte sLater\v/vri?onut k??r:N I(asdggslf pr?éaglsztlat?'
exiton, which propagates like a soliton on the molecular as- us complementary observations ot ihe a S

semblage. The exited aggregate is termedJtaggregaté. quite useful to study the structure of MD/AA mixed mono-

The J aggregate lowers the interaction energy of moleculeéayer' It should be also stressed that SHGM revealed the role

and manifests characteristic absorption and quorescenc%f ion in subphase. Amang the ions used in the present ex-

spectra. This state of molecules is considered to be supeP—e”men.t’ NH+ produces largest domain size of thaggre-

molecule and some applications to nonlinear optics and optogate which Is as large as 5m long. . .

electric transform devices are expected. The authors are grate_ful to H. A'da' .H.' M.Oh“.’ and
Using the Langmuir trough we prepared thaggregate K. Sa_lto, Waseda University, for their participation in the

of merocyanine dy¢MD) molecules which are used as spec- exper;]ments.k d by th ial :

tral sensitizators in the photographic process. To stabilize th& g fe ng ' W?S Slépporte ):jtTe E pe|C|a CA? ntractlor;

structure, arachidic acidAA) molecules were mixed with und for Fromoting Science and fechnology, Agency o

MD. The J aggregate was formed with special kinds of ion Science and Technology, Japan.

species, N§ , Mg?* or Cd™ in subphase. The formation

was verified by absorption and fluorescence spectra as showk-mail: uesu93@mn.waseda.ac.jp

in Fig. 5 measured by the SHGM. Figure 6 shows the SH_______

and FL images of the same part of MD/AA mixed monolayer ;R. Hellwarth and P. Christensen, Opt. Commii. 318 (1974.

at air—water interface. Mostly one to one correspondencesfig’\;- 8Ga””away and C. J. R. Sheppard, Opt. Quantum Eledhri35

were obtained in both images, which shows thatllaggre- sy Uesu, S. Kurimura, and Y. Yamamoto, Appl. Phys. L&, 2165

gate of MD is SHG active and molecules align along the (1995.

same direction. The SHG active regidm'ight in the figure 4Y. Uesu, S. Kurimura, and Y. Yamamoto, Ferroelectti6, 249(1995.

5 .
h r naular form an hows anisotr _The lon Xi Y. Yamamoto, S. Kurimura, and Y. Uesu, Appl. OB6, 602(1997.
as a rectangular fo and shows anisotropy € long a %S. Kurimua and Y. Uesu, J. Appl. Phy&1, 369 (1997.

of the rectangle is nearly parallel to a barrier plate which 7y «\nn and C. Kuhn, in-Aggregation edited by T. Kobayastiworld
compresses the molecules on watsee Fig. 6. More pre- Scientific, 1996, p. 1.

cise analysis of the polarization dependence shows that th;éA- K. Ghosh and T. Feng, J. Appl. Phy$9, 5982(1978.

long axis of MD molecules inclined to the long axis of the z\ll'gggto' H. Aida, K. Saito, and Y. Uesu, J. Korean Phys. S%.51076
rectangle region. '

Finally, comparing these images with AFM ima%]we Published in English in the original Russian journal. Reproduced here with
obtain a conceptual image of MD/AA mixed monolayer asstylistic changes by the Translation Editor.

A kind of dye molecule is known to makel2 assem-
blage in a regular form. When it is exited by light illumina-



PHYSICS OF THE SOLID STATE VOLUME 41, NUMBER 5 MAY 1999
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In this paper we shall review techniques for the growth of single crystal, mostly of insulating
material, which are shaped during the growth process. In particular, we shall focus on

the growth of single-crystal fibers of optically activated materials; the emphasis will be placed on
the so-called Laser Heated Pedestal GrolddHPG) method of pulling crystalline fibers.

LHPG offers a number of logistical advantages which can be exploited as a tool for materials
research. Progress in the synthesis of materials using LHPG is described, as are
spectroscopic techniques which are employed in characterizing the optical and physical properties
of the crystal fibers obtained by this method. 1®99 American Institute of Physics.
[S1063-783%9)00405-7

There has been interest on crystalline materials prepardoe enclosed in a vacuum-tight chamber allowing growth in
in fiber form for a sustained period of time; partially becausecontrolled atmospherés.
single crystal fibers occurring naturally in the form of whis- The source rods are cut out of polycrystalline ceramics
kers often possess near-ideal physical properties of crystaproduced by mixing host and activator materials, sintering
linity and tensile strength. Earlier work addressed itselfand hot pressing the mixture into flat disks. Crystal chips and
mostly to metallic materials, for example, in 1922 von fibers can be used as source materials as well. The source
Gomperz was successful in pulling single crystal metallic rods we have employed at the University of Georgia are
filaments directly from the melt. Later, in the 1950’s, muchtypically 1X1Xx12 mn? and our fiber diameters are in the
of the work centered on the magnetic and mechanical propd.15mm to 1.0 mm range; pulling speeds are typically 0.1
erties of metallic whiskefs however their size and compo- 2.5 mm/min.
sition could not be controlled accurately.

One method which allows the growth of crystalline fi-
bers is the Stepanov method in which the melts are drawi
through shapers and crystallization is made to occur after
passage through a dieAnother method that enabled us to Several advantages of LHPG have become apparent, not
grow single crystal fibers of the desired length and diametemnly in the growth of fibers for applications but, more im-
with the proper crystallographic orientation and proper com-portantly, as a general way to explore material synthesis and
position and doping is the Laser Heated Pedestal Growtthe properties of crystal growth. Other practical advantages
(LHPG) method of fiber synthesfs. of the LHPG method have also become apparent, as follows.

LHPG and the related float zone growth technique are & The LHPG relies on surface tension to maintain the
micro-variants of the Czochralski growth method; the feedintegrity of the melt and hence it is a growth method which
stock used is generally in the shape of a rod and the melt idoes not require crucibles; nor does the enclosure containing
in the form of a self supporting bubble at the tip of the rod.the fiber growth region possesses walls heated to high tem-
A number of heating sources have been used to produce theratures as is the case in crystal growth furnaces. Both cru-
melt; the most common method by far has been laser heatingible and furnace surfaces are generally understood to be the
with focused single or multiple beams. A seed is dipped intgprimary sources of unintentional contamination in normal
the melt and is wetted by it; as the seed is pulled out, surfacerystal growth, hence, it follows that the absence of these
tension of the molten materials forms a pedestal around thsurfaces allows the growth of very pure crystal materials.
seed, hence the name of pedestal growth. The melt is kept ifihe impurity levels found in LHPG fibers are solely deter-
place solely by surface tension, hence, this fiber growthmined by the purity of the starting materials of the source
method does not require crucibles and eliminates one sourgeds.
of sample contamination. This type of container-less growth  b) The source-rod length as well as the melt volume in
also permits the synthesis of materials with extremely highLHPG are typically small, of the order of 10 mm and 1 fym
melting points. The laser heated version of pedestal growthespectively. The cost of the chemical compounds required
(LHPG) is illustrated in Fig. . for the growth of single cristal fibers, as a consequence, is

In a typical LHPG fiber pulling system, a stabilized €O relatively small. Because of this, it is possible to grow fiber
cw laser, typically with an output of between 15—75W, is crystals of materials which would be prohibitively expensive
used as a heating source. The usual focusing and turnirtg grow by traditional methods, specially as a bdg#sirther,
optics for the beam are shown in Fig. 2 along with the pull-it is also generally accepted that thermal gradients within the
ing and feeding mechanisms. The fiber pulling assembly maynelt container are responsible for introducing stresses and

1. ADVANTAGES OF THE LHPG METHOD OF FIBER
ROWTH

1063-7834/99/41(5)/4/$15.00 693 © 1999 American Institute of Physics



694

Phys. Solid State 41 (5), May 1999

<+— SEED
CRYSTAL

PULL

CO,

LASEI&

<+— FIBER

“+— FREEZING
INTERFACE

MOLTEN
ZONE

!

ROD

FEED

<+— MELTING
INTERFACE

<+— SOURCE

William M. Yen

¢) One of the most attractive features of the LHPG meth-
ods is the rapidity with which fibers can be grown. With our
pulling speeds, a fiber sample of length of 1 or 2.cm, suffi-
cient for spectroscopic characterization, can be grown and
characterized in a relatively short tiMeThe information
feed back made possible by this time scale allows the rapid
re-adjustment of stock compositions and growth conditions
for optimized materials. It is this feature that makes this
method such a powerful tool in the synthesis and engineering
of crystalline materials in general.

d) Finally, for those of us interested in the optical spec-
troscopic properties of activated materials, the fiber configu-
ration is ideal experimentally for conducting absorption,
emission and ancillary dynamical and static optical measure-
ments.

We have been able to pull a great variety of oxide and
fluoride crystal fibers doped with rare-earth and transition-
metal ion activators in a wide range of concentrations; a
list of the materials we have been able to grow is shown in
Table I.

FIG. 1. Schematic representation of the LHPG method for fiber growthz_ CHARACTERIZATION OF LHPG MATERIALS
showing the various regions involved in the growth.

The physical and mechanical properties of the fibers can
be determined using the myriad of standard techniques such

other defects in bulk crystals, because of this LHPG pulledS x-ray diffraction, crystal birefringence, microprobe analy-
fibers can be made practically stress free. The small volum@$ and optical microscopy.

of the growth region also facilitates the introduction of ex-

We have been able to derive many characteristics of our

ternal perturbations during synthesis of the crystal. The apfiPer samples by investigating the static and dynamic optical
plication of an external field to the melt may influence theProperties of a fibe?. Static measurements obtained under

growing process by encouraging the inclusion of domains opteady-state conditions can be used to determine the dopant
the formation of other stoichiometric combinatichs.
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concentrations, whether or not the concentration is uniform
along the length of the fiber and other species or active de-
fect centers exist in the fiber. Dynamic measurements in-
clude the determination of radiative and non-radiative life-
times and can yield information on the microscopic
interactions between the active ions and their surroundings.
Other optical determinations such as fluorescence lifetime
measurements can be used to provide a quick measure of the
extent of self quenching or cross relaxation present and again
allows for quick adjustments of the doping levels for opti-
mized performance. Quite generally, the macroscopic optical
properties and other physical properties of materials grown
in fiber form through the LHPG method have been found to
be identical to those in bulk materiaist?

As an example of the type of measurements which can
be conducted in the fiber configuration we mention tensile
stress studies. Many piezo-spectroscopic studies have been
conducted in optically active insulating materials; in fact,
both hydrostatic and uniaxial compressive stress studies of
the behavior of the well knowR lines of ruby have estab-
lished the shift of theR lines as a function of applied stress
as a secondary pressure standard. Complementary studies in
which tensile or decompressive stresses are applied have not
been carried out because of experimental difficulties encoun-
tered in stretching a bulk crystal; the fiber geometry is in fact
ideal for tensile stress studi&sTensile stress can be applied

FIG. 2. Cross sectional view of the LHPG growth chamber showing details®@dily by simply attaching weight to the fiber; the behavior
of the reflection and optical focusing system.

of theR line as a function of tensile stress is shown in Fig. 3.
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TABLE I. Material grown by the UGA LHPG system.
Material Dopant Material Dopant Material Dopant
Al,O4 Pure LiGaOg CPt PPt
crt Ni2* Th3*
Mg?* Cc?* and Mgt* Ti®+
Sitt LiNbOg Pure T
Ti4+ Er3+ V3+
F&" and Cf* Ert and AP* c&" and Mrf*
Co®" and St* Ert and CF* Co** and St
crt and TP* LiYF, Ert F&* and Cf*
Ccr** and st* Lu,O, Pure Fe* and Nd*
Mg?* and Cf* cet Mg?* and Mrf*
Mg?* and Mrf* Lu,SiOg cet Mo** and C&"
Ti2* and St* MgAl,O, crt Ti®* and N&¢*
Mo+ Tiet Ti? and St*
BaTiO, EPt MgCaSiQ crt Tm** and C&"
BaYFg Er* Mg; M, SiO, cret W4 and C&*
Nd®* Mg,SiO, cr* and CH* YAIO, Er*
Cah PR?* Mn,SiO, Pure Er* and EG*
Th%* NaLaWO,), ErF* YGAG ca&* and CH*
CawQ, Er* EV* YGG Mg?* and C#*
Tiz* Nd®* YIG Pure
CsB,05 Pet Er* and YB* Y,0, cet
DyF, Pure NaXWO,), EUt Dy**
GdEuQ, Nd®* NdF; Pure (=
GGG ceP* PbMoQ, Pure Ed*
G0, Pure RbMnk Pure HG*
Ew* SG,0, Er* No*
N+ Nd®* PPt
GdScQ N+ Tis* Th3*
Gd,Si0, cet SrAlLO, crt Tmé*
LaAlO; crt and EG* SITiO, cret Dy** and TB*
LaAlg 7:Gay ,:05 Tm3* ES* PP+ and YB*
LaAly Gay O; Tm3* N+ Tm3* and YB*
LaF; Pure YAG Pure YScQ Er*
LaGaGeQ Nd®* cat Eut
LagGa;SiOy, Pure cé* Nd®*
La,Oy Pure cPt Y,SiOs ES*
cet Dy3* YSAG ca&* and Cf*
LiAl 50q Pure EF* YSGG  Mg?" and CF*
Ni2* E* YvVOo, Er*
cat Fet ZnGa0, Mn2*
LiCaAlFg crt Mo** ZnSio, cr+
LiF Pure N&*

The shifts are to the blue rather than to the red, as is observeather words, LHPG single-crystal fiber can be mesoscopic
with uniaxial compressive stress, and are linear up to a tenwith respect to the characteristic dimensions of elementary
sile stress of 6 kbar, defining the yield point of the fiber. Theexcitations of the solid. These excitations include magnons,

tensile strength of the fiber was determined to be 7.7 kbagyhonons and plasmons in insulators and conduction electrons
the quality of the materials as measured by this parameter i§ he case of semiconductor fibers.

comparable to those reported by LaBelle and Mlavsky.
Torsional stress can also be applied; the effects of torsional\)I‘,in
stress on the vibration Raman active modes of sapphire fib
have been reported.

The transport properties and the dynamics of narrow-
d, high-frequency nonequilibrium phonons in crystalline
EfTbers of ruby and of YAG: BY" at low temperatures have
been investigated recent{, as have the narrow-band
29 cm ! phonons in a ruby fibe¥. These experiments have
allowed us to investigate phonon-interface interaction and
the energy transport across boundaries as a function of the
coustic impedance encontered at the fiber boundaries.
These initial results simply illustrate how the availability
of LHPG fibers can open up whole new areas to investiga-

3. PHONON SPECTROSCOPY IN SINGLE-FIBER GEOMETRY

Crystalline fibers can be pulled so that their diameter
are comparable to the mean-free-path of high-frequency,
nonequilibrium (THz) phonons at low temperatur&s.In
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FIG. 3. Tensile stress dependence of the blue shifts oRthee in a ruby
fiber. Shifts arising from uniaxial stress are to the (ddshed ling Tensile
shifts are linear up to 6.0 kbdyield poind; the tensile strength of the fiber
is 7.7 kbar.

William M. Yen

motivated, in turn, by the advent of fiber-based systems
which are impacting an ever increasing number of technolo-
gies. This interest is not likely to diminish in the future and
we foresee additional applications of these fibers in a variety
of technologies.

5. CONCLUSIONS

Though a variety of techniques is available for the
growth of single-crystal fibers, the LHPG method offers a
number of advantages and is a cost-efficient way for synthe-
sizing a large number of materials for fundamental material
science studies and for mechanical, electronic and optical
applications.
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Photoelectrically detected magnetic resonance spectroscopy of the excited triplet
states of point defects in silicon

L. S. Vlasenko

A.F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tverd. Tela(St. Petersbuptl, 774-777(May 1999

Highly sensitive methods for the detection of the electron paramagnetic resaiiRespectra
based on the spin-dependent microwave photoconductivity were applied to investigate the
structural defects in irradiated silicon. The parameters of the EPR spectra of the excited triplet
states of radiation defects were determined and several models of the carbon related

defects were supposed. €999 American Institute of Physids$$1063-783@9)00505-5

Electron paramagnetic resonanePR is one of the with opposite spins. If the defects contain an even number of
main methods for investigating the microscopic structure oflectrons, their ground state will be nonparamagnetic with
various point defects in solids, particularly in semiconduc-spin S=0. Under band-gap illumination and in recombina-
tors. Among semiconductor materials the most significantion process, the defects can be in the excited Spirl state
results were achieved in silicon. Using the EPR techniquewhen two unpaired electrons occupy different atomic or mo-
about three hundreds different EPR spectra of impurity atlecular orbitals.
oms, their complexes, radiation and thermal defects in sili- Let us consider the Hamiltonian of two interacting elec-
con were observggA part of them were identified and de- trons in magnetic field
scribed in reviews:” Further progress in magnetic resonance -~
spectroscopy of defects in semiconductors was related to the H=1eB01S + 18B%S T IS5 5,DS,, @D
development of new, highly sensitive methods based on thtaking into account the Zeeman interaction between the ap-
effects of spin dependent recombinatiDR) when the re-
combination rate of nonequilibrium carriers depends on the
spin orientation of the recombination cent&Ehese meth-
ods allow us to detect EPR spectra by measuring the inten-
sity of the recombination luminescence or the photoconduc-
tivity of samples in magnetic field under saturation of the
EPR transitions by the resonance microwave magnetic field,

The detection of microwave photoconductivity of silicon
samples by the absorption of the electric component of the
microwave field due to the resonance change of the concen
tration of photoexcited carriers increases the sensitivity of
the method by four orders of magnitutié& was found that
the main channel of SDR is the recombination through the
excited triplet states of the recombination centers. Several
new SDR detected EPR spectra of the excited triplet states o
different defects have been found in irradiated silicon. Some
of them were identified as arising from the excited sgin
=1 state of Substitutional carbon-Interstitial silicon—
Substitutional carbon(Cs—Sj—Cg) complex (spectrum
Si—-PT1),>® divacancy(spectrum SiPT5),” and complex
phosphorus- vacancy(spectrum SiPT3).58

In the present paper the advantages and some applica
tions of the SDR—EPR methods for investigating the struc-
ture of the recombination centers in irradiated silicon will be
described.

1. EXCITED TRIPLET STATES OF DEFECTS

The irradiation of silicon crystals by fast electronsor

rays gives rise to various structural defects containing th . i

: . . IG. 1. Energy levels of a system of two electrons in a magnetic Bela)
dangling bonds which can form molecular orbitals. Each ofyng the expected positions of the SDR detected lines of the change of the
the latter can be occupied by one electron or by two electronsicrowave photoconductivity).

1063-7834/99/41(5)/4/$15.00 697 © 1999 American Institute of Physics
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FIG. 2. SDR detected lines of microwave photoconductivity in irradiated silicon, observed in different ranges of magnaidofieldrious defects. Zero
field line and anticrossingg) and crossingb) lines correspond to the SWL2 center. Anticrossing line and line of the forbidden transitionare related to
the excited triplet state of the oxygenvacancy complex (SiSL1 spectrum SDR—EPR spectra of the defects with differBatonstant are presented(id).

plied magnetic field and the electrons spir andS, (ug S=0 and an excited metastable triplet stdtS=1). In
is the Bohr magnetory; andg, areg-tensors of the firstand - zero magnetic field these states are separated by the energy
second electronsthe isotropic exchange interactidi$;S,, J=W(T)—W(S,) whereJ is the exchange interaction con-

and the anisotropic magnetic dipole-dipole interactiong;. .+ An additional zero-field splitting betwedr , T2,

;L/Dt%(’) V;r:;n[;t'sr:;y;;nEm(i:ntr;]ceelSfiictﬁarzoéc?;ﬁ:;gedandT° states is due to the magnetic dipole-dipole interaction

frame corresponding to the symmetry of the defects. Théng,SZ,' The expected spectr.urn of the chgnge of p.hotoc.()n-
energy levels obtained from the Hamiltoniéh for the case ductivity of the sample containing defects in the excited trip-

of two identical electrons ;=g, and S;=S,=1/2) are let state is shown in Fig. 1b.
shown in Fig. 1a. The formation of the excited triplet states of defects un-

The exchange interaction between two unpaired elecder illumination and the change of the recombination rate of
trons leads to formation of a ground sing®tstate with spin  the photoexcited carriers under saturation of the EPR transi-
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tions between magnetic sublevdis?®, T?, andT ! as well I
as the change of photoconductivity at the magnetic figld ;
=B, corresponding to the anticrossing of the sublevels
and T° without magnetic resonandsee Fig. 1bwas con- 102 L
sidered in detail in Refs. 5,6. In addition, the spin dependent :
change of photoconductivity can be observed at zero mag-
netic field(ZFLine), at the magnetic fiel@ =B, correspond-

ing to the crossing of excite® ! state and groun&, state,

and under magnetic resonance betw&éh and T~ sublev- 10" +
els (forbiddenA = =2 transition$. The examples of the ex- i
perimentally detected lines of the SDR related change of
photoconductivity are shown in Fig. 2. The angular and tem-
perature dependences of intensity and position of these lines

AB, mT

allow us to get additional information about the parameters 100
of the Hamiltonian(1). 0 2 4 6 8 10 12 14 16
r, R
2. PARAMETERS OF THE SPECTRA AND MODELS FIG. 3. Dependence of the fine structure splittitg on the distance
OF THE DEFECTS between two interacting electrons.

The components of thgandD tensors determined from
the experimentally observed angular dependences of the EPR

spectra bear an information on the symmetry of point de_flne structure due to interaction with two equivalent carbon

fects. The exchange interaction constdrand the compo- atoms. The model of the defects responsible for thePSi4
nentD of the D tensor depend of the distancebetween spectrum is shown in Fig. 4b. This defects can be considered

interacting electrons, which is important for consideration of2 €0Mplex of two carbon atomsdivacancy. 10 _
the models of defects. Two weak spectra, SWL2 and Si-WL4,” shown in

The value ofJ depends exponentially on the distance Fig. 2d are observed in the unannealed samples. The models

and is usually many orders of magnitude higher than the
Zeeman energy. For such defects the crosstiglines can-
not be detected at reasonable strength of the magnetic field

Defects having the value af comparable with the Zeeman C+Si+C (Si-PT1) 2C+2V (Si-PT4)
energy were found recent}t® The positions and angular
dependences of the anticrossing and crossing lines for suct <111> <111>

aged over the electron wave function. It can be determined
experimentally from the fine-structure splitting of the Zee-
man lines separated lyB=2D as well as from the position

of the anticrossing lineAC) (see Fig. 1h

The knowledge ofD values allows us to estimate the
average distance between two unpaired electrons forming the
total spinS=1 of the defects and to suggest the models of
the investigated defects. The comparison of A& values
for Si-WL2 and for other SDR—EPR spectra with the theo-
retical dependence &B on the distance calculated in Ref.

11 is shown in Fig. 3. The models of some carbon related
defects derived from the SDR—EPR spectroscopic data are
shown in Fig. 4.

Carbon impurities play an important role in the forma-
tion of radiation defects in silicon. One of the main defects in o
the irradiated pure float-zone grown silicon is the
(C,—Sis—C) complex(Fig. 4a giving the SDR—EPR spec- @
trum labeled SiP T1. Under isochronal thermal annealing in L
the temperature range of 26B00°C the spectrum SPT1
decreases and new spectrum B4 appears simulta- FIG. 4. The models of the carbon related defects corresponding to
neously. It was found that this spectrum has a symmetryhe SpR-EPR spectra SPTL (a), Si-PT4 (b), Si-WL1 (c), and
similar to the symmetry of divacancy and shows the hypersi-wL2 (d).

defects(see Figs. 2a and 2lare described by the same pa-

rameters of Hamiltoniaril) as the new SDR detected Si— | 05

WL2%0 spectrum shown in Fig. 2d. |
The value of parameteD is proportional to 7/® aver- a b
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4d. These models were derived from the trigonal symmetry Bornstein Numerical Data and Functional Relationship in Science and

e i+ Technologyedited by O. Madelung, Vol. 22 b, Impurity and Defects in
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Excitons in hybrid organic—inorganic nanostructures
F. Bassani, G. C. La Rocca,*) and D. M. Basko
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V. M. Agranovich

Institute of Spectroscopy, Russian Academy of Sciences, 142902 Troitsk, Moscow District, Russia
Fiz. Tverd. Tela(St. Petersbupgl, 778—780(May 1999

In two-dimensional heterostructures made of semiconductor and organic layers, when resonance
between the Wannier and Frenkel excitons is realized, the dipole-dipole interaction coupling

them leads to novel effects. First, we discuss the pronounced nonlinear optical properties of the
hybrid Frenkel-Wannier excitons appearing when the energy splitting of the excitonic

spectrum is large compared to the exciton linewidthe case of strong resonant coup)ing

Next, we consider the case of weak resonant coupling for which theteffanechanism of energy
transfer from an inorganic quantum well to an organic overlayer is of great interest: the

electrical pumping of excitons in the semiconductor quantum well could be employed to turn on
efficiently the organic material luminescence. 1®99 American Institute of Physics.
[S1063-78319)00605-X

In the last few years, much attention was devoted to thesplitting and hybrid excitongHESs) exhibiting pronounced
study of organic crystalline layered structures, bothoptical nonlinearities are formedf, must be distinguished
experimentdl and theoreticat. The substantial improvement from the case of weak couplin@ect. 3, in which the FEs
in the technique of organic molecular-beam deposition haare much broader and the dipole-dipole coupling gives rise to
led to a variety of good quality heterostructures based omn irreversible energy transfer from the inorganic to the or-
molecular solids as well as on combinations of organic andgjanic material:®
inorganic semiconductors. The possibility of growing tailor-
made systems incorporating different organic crystalline mai. STRONG RESONANT COUPLING: HYBRID EXCITON
terials with even more flexibility than for multiple quantum NONLINEARITIES
wells based on inorganic semiconductors opens up a prom-

ising field of research from the point of view of fundamental linearities dominated by phase-space filling effects have al-

as well as applied physics. ; o )
Such technological progress prompted us to study hetr_eady attracted much interésThe density-dependent sus

erostructures with resonating Frenkel excitdRES in the ceptibility near the excitonic resonance can be written as
organic material and Wannier—Mott excitof&Es) in the n =Y
inorganic oné. For example, the FE energy in anthracene is X(w)zxo(w)( 1- n_) =%
3eV, in coronene is 2.9eV, in PTCDA 2.2 eV, in pentacene sl e—ho
1.5eV. Semiconductor quantum wells with resonating WEswhere x° is the linear susceptibilitye® is the resonance en-
can be obtained from IlI-V and I1-VI ternary solid solutions ergy andF° represents the oscillator strength of the exciton,
such as GaAlAs, ZnCdSe, ZnSSe, judiciously choosing th@ is the 2D density of excitons anthg — the saturation
alloy composition and well thickness. density given roughly byng~ 1/a§, a, being the exciton
Another concern is the width of the exciton lines. In radius. Indicating the light intensity withs, we recall that
good quality inorganic semiconductor quantum wells, then<F°l, andFY is, in turn, proportional to b/ﬁ Thus, for a
WE linewidth is of the order of 1 meVusually limited by  givenlp, the ration/ngis approximately independent of the
inhomogeneous broadenind-Es in organic materials typi- exciton radius. As long as the exciton radius dependence of
cally have a much larger linewidtkoften due to strong the oscillator strength and of the saturation density cancel
electron-phonon coupling for instance, about 200 meV in out, such a figure of merit of the optical nonlinear response
thin films of PTCDA! However, it is possible to choose cannot be much improved by tailoring the character of the
resonating organic materials with sharp FEs, such as coraxcitonic resonance with dimensional confinement or even
nene (exciton linewidth =4 meV [Ref. 4]) or the surface by changing the material clal$.
exciton of anthracendinewidth of about 1 me\[Ref. 5)). It Here, we focus on a novel way of achieving a large
is important to note that the dipole-dipole interaction cou-nonlinear optical response exploiting the HEs peculiar to
pling the FEs and WEs at an organic—inorganic heterojuncerganic—inorganic nanostructures for which the situation is
tion can be of the order of 10 mefRefs. 3 and B There- quite different. The physical system we are referring to com-
fore, the case of strong couplingect. 1, in which the prises two parallel two-dimensional layers separated by a
exciton linewidths are smaller than the anticrossing energylistance of a few nanometers: the first contains tightly bound

In covalent semiconductor quantum wells, optical non-

n

1- —>, Y

Ns
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FE (the size of which is of the order of a unit ceind the
second, loosely bound WEwith radiusa, of about 10 na-
nometery having energie&‘F’ and 68\,, respectively, and a
center of mass momentumQ along the layer plane&as-
sumed to be conservedNear resonancesf = €2,), they mix
with each other via the dipole-dipole couplifigd,~(Q)|.>®
When the dipole-dipole interaction energy is larger then the
exciton linewidths, the true eigenstates of the system are HEs
with wavefunctions of a mixed character and modified dis-
persion laws:® in particular when the FE and WE are ex-
actly in resonance the HE eigenvalues are a split doublet and
the corresponding wavefunctions are superpositions of FE
and WE wavefunctions with equal weights. Since the HEs
possess both the large radius of Wannier excitons and the
large oscillator strength of Frenkel excitons, their saturation
densityng is still comparable to that in covalent semiconduc-
tor quantum wells, but the photogenerated densijtyor a
given lp, is much higher: as a consequence, the ratiog
for the 2D HE can be two orders of magnitude larger thanF!G. 1. FreeL excitqn(solid line) andZ exciton(dashed linglifetime 7 vs
. the center of mass in-plane wave vedtor

for the usual multiple quantum weffs.

The first-order nonlinear corrections can be expressed in
terms of the total B HE densitynﬁ'g: the WE blue shift 5 \wWEAK RESONANT COUPLING: FO RSTER ENERGY
ew~=0.4&, ma’n (E, being the WE binding energythe  TRANSFER
WE Pauli blocking factoBWzl—O.14qra§n and the correc-
tion V{yr to the hybridization due to the modification of the
WE wavefunction |VQ,e+ Ve, e|2=(1—0.127a2n)| V(2.
All these effects are typical for Wannier excitons having a
small saturation densitpg~ 1/a§, but here they belong to
the hybrid excitons which also have a large oscillator
strength characteristic of Frenkel excitons. Using a standar
microscopic approachwe can then write the density depen-
dent 2D susceptibility of hybrid excitons &s

100 F

10}

0.15

001

TR R | el ]

10’

104 10°

k, cm™!

A large effort has recently been devoted to the study of
organic light-emitting diodes and lasers.r&er-like energy
transfer between different dye molecules in solid solutions
has already been used to achieve light amplification in opti-
cally pumped organic thin films: However, optically-active
8rganic materials have poor transport properties compared to
inorganic semiconductors and the efficient electrical pump-
ing of such devices is a challenging problem. Prompted by
the rapid advances of epitaxial growth techniques for crys-
talline molecular material¢even on inorganic substrajes
we consider here a novel hybrid configuration in which both
inorganic semiconductors and organic materials are present:
the basic idea is to pump the optically-active organic mol-
ecules via electronic energy transfer from the two-
dimensional Wannier—Mott excitons of a semiconductor
quantum well.

We consider a symmetric structure consisting of a semi-
where only the dominant term proportional IRE has been conductor QW of thicknes4,, between two barriers of
retained. In the linear regimey is negligible ande\l,\,:o, thicknessL,, each (, being a few nanometersthe whole
V=0 andBy,~1; the poles of the linear susceptibility are semiconductor structure being surrounded by semi-infinite
just the HE doublet eigenvalues. With increasing excitatiorslabs of an isotropic organic material. We assume that, in the
intensity, the FEs are not much disturbed due to their largérequency region considered here, the semiconductor back-
saturation density, but the WEs start bleaching and this afground dielectric constary, is real (the same for the well
fects the above HE susceptibility. For realistic parameters, aind the barrierand that of the organic materialis complex

Fg(es\,-i— e\lN— hw)

(et eh—Tiw)(e2—fhiw)—By|Vyet Vaye?
2

xue(w;Q)=

Q=10"cm* we have|V),/=5 meV (Ref. 2 and, includ-
ing phenomenological linewidths of a few meV, we obfdin

(due to a broad absorption bandhe irreversible Fister-
like energy transfer rate due to the dipole-dipole interaction

for the fractional nonlinear change in absorption coefficientcan be calculated simply from the Joule losses in the organic

close to resonande «|/ a~ 10" Ycn? n, which for a givem

material”® First, we calculate the transfer rate from free

is of the same order as for a covalent semiconductor quarexcitons’® We consider two polarizations: one lying in the

tum well. However, for a given pump intensity, the 2D
density of photogenerated excitomss in our case about two
orders of magnitude largen¢ y, g Fg), as anticipated. We

QW plane along (L-exciton), the other perpendicular to the
QW plane ¢-exciton. In Fig. 1, we plotr, and 7, as func-
tions of exciton center of mass momentknfor parameters

wish to stress that the present effect is typical of hybrid extepresentative of II-VI semiconductor QWs in a realistic
citons and would not be effective in the case of two coupledstructural geometry. It turns out that the lifetime does not
guantum wells of the same material. depend drastically on the polarization and the real parts of
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T R AR other hand, the subsequent evolution of free or localized ex-
citons is strongly affected by the presence of the organic
medium. In an isolated QW the effective lifetime of the ex-
citon distribution may be several hundred picoseconds. How-
ever, excitons coupled to the organic medium a few nanom-
eters away efficiently transfer their energy to the organic
molecules before they can recombine inside the QW. For
quantum wells based on II-VI semiconductors and in a re-
alistic configuration, such transfer may occur on time scales
of the order of 10 ps and be effective in activating the or-
ganic material luminescence.

To summarize, the simple physical pictures presented
above may lead to new concepts for optoelectronic devices
i based on hybrid organic-inorganic structures, especially if

10 100 1000 embedded in a suitable microcavity? More detailed theo-
L A retical calculations would be useful, but probably the crucial
factor will be the technological progress in the synthesis of
FIG. 2. LocqlizedX—gxgi_ton lifetime 7 vs the localization Iepgth I(solid such systems. We believe that this is a very promising field
line) along with the limiting casek <L, andL>L,, (dashed lines of research and hope that the experimental efforts to grow
and investigate these novel systems will be successful.
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dielectric constants. The dependence gris also weak. The ~active Organic Materials” (PAIS G) is acknowledged.
barrier widthL,,, when grows, gives an exponential factor V-M.A. is thankful to Scuola Normale Superiof®isa, Italy
e, As a function ofk, 7 exhibits a minimum ak,, for hospitality and support.
~1/L,. Typical values ok for a thermalized exciton distri- He also acknowledges partial support through Grant 96-
bution with temperature- 100K are~3x10°cm . We see 0334049 of the Russian Foundation of Basic Researches,
that the corresponding lifetime@ens of picosecondsare ~ Grant from “Physics of Nanostructures,” the Russian Min-
much less then the exciton recombination rate which is aboustry of Science and Technology and INTAS Grant 93-461.
100-200 ps in 1I-VI semiconductor QWs. Thus the dipole-
dipole transfer mechanism proves to be efficient enough to
transfer a large fraction of the semiconductor excitation en*)e-mail: larocca@ella.sns.it
ergy to the organic medium.
We have also studied the situation when the QW width
fluctuations or the alloy dlsorder. Iocallzg the wave function 1g g Forrest, Chem. Re97, 1793(199%, and references therein.
®(r|) of the center-of-mass exciton motiBriGeneral prop-  2v. M. Agranovich, Mol. Cryst. Lig. Cryst. Sci. Technol., Sect.280, 13
erties of®(r) are: (i) it is localized within some distance 89331':’%’906 SCfilgt?% 699(1_9?3%- M-CAgfgnﬁ/lvich,_D- M. Basko,
AT : H . C. La RoOCCa, an . bassani, J. ys. Cond. Mat., In press.

L.> Ly, (i) it IS. smoo_th_and Wlt.hOUt UOdeS' Assuming the 3v. Agranovich, R. Atanasov, and F. Bassani, Solid State Comragn.
disorder to be isotropic in two dimensions, we need to con- 595 (1994,
sider two cases of the polarization being parallel and perpen#Mm. Sakurai, M. Furukawa, K. Mizuno, and A. Matsui, J. Phys. Soc. Jpn.
dicular to the QW plane, referred to XsandZ polarizations, 61 445(1992. 4 | § , A
respectively. It is possible to get some information about the “ﬁég"“’ J. Bemard, J. M. Turlet, and P. Kottis, J. Chem. Pfi 2847
decay rate based only on general properties of the wave funcsg. c. La Rocca, F. Bassani, and V. M. Agranovich, Nuovo CimentD
tion, mentioned above. We have three length scales in our1555 (1995; G. C. La Rocca, F. Bassani, and V. M. Agranovich, in
problem:L,,, L, and L. First, only L>L,, are physically Notions and Perspectives of Nonlinear Optiedited by O. Kelle{World

. o . ' . . Scientific, Singapore, 1996G. C. La Rocca, Physica Scripie66, 142
mea_mngful. _If in additionL>L,, we obtzalnrocL, while for (1996.
a thick barrier [ <Lp) we haverx1/L<. Hence,7 has a  7y. M. Agranovich, G. C. La Rocca, and F. Bassani, JETP L88}.748
minimum at someL~L,. For illustrative purposes, we 8(1997). _ _
choose a gaussian wave function of witltand show in Fig. a-m'\ga ‘?;S'Ekl?r'o Séa% gﬁysoﬁ‘j‘r‘n’; gassa”" and V. M. Agranovich, sub-
2 the results of the calculationr (versusL ) for realistic pa- o Schmitt-Rink, D. S. Chemla, and D. A. B. Miller, Adv. Phys, 89

rameter values. We also considered the case of a quasi(1989; H. Haug and S. W. KochQuantum Theory of the Optical and

Ty, NS

0.01

A . PR L PR

thermalized plasma of free electrons and hélgbe dipole- Electronic Properties of Semiconductpr8rd ed. (World Scientific,
ipole lifetim in m lon Singapore, 1994 Ch. 16.

Id pole ; etimes obtained turn outto be as long as 30(Psl 105" "5 oer 3 Orenstein, and S. Schmitt-Rink, Scie# 679 (1990,
argey for lI-VI-semiconductors. M. Berggren, A. Dodabalapur, R. E. Slusher, and Z. Bao, Natuwadon)

According to our results, the kinetics of the initial free- 389 466(1997.
carrier populatior(produced, e.g., by the electrical pumping '?V. Agranovich, H. Benisty, and C. Weisbuch, Solid State Comni@Z,
is not significantly changed by the presence of the organic g?;Jlt (igfz)é(\iéggrano"":h' G. C. La Rocca, and F. Bassani, Pure Appl.
medium, since the energy transfer from free carriers turns out ' ’
to be slower than the process of exciton formatianless  pypiished in English in the original Russian journal. Reproduced here with
excitation density and temperature are very highn the stylistic changes by the Translation Editor.



PHYSICS OF THE SOLID STATE VOLUME 41, NUMBER 5 MAY 1999

Phase transition to the conducting state in a system of charge-transfer excitons
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We discuss the phase transition to the conducting state in a syste oh&rge-transfer
excitons(CTE9 at a donor—acceptor interface. The phase transition arises due to strong dipole-
dipole repulsion between CTEs which stimulates the population of free carriers in higher

energy states even at low temperature. We use the computer simulations with the random
distribution of excitons, with finite lifetime explicitly taken into account. The critical

concentration of CTEs and their energy distribution are calculated. We also discuss the possibility
of observing the predicted phenomena. 1899 American Institute of Physics.
[S1063-783%9)00705-4

Two models are employed to classify excitons — thel. PHASE TRANSITION FROM DIELECTRIC TO
small-radius Frenkel-exciton model, and the large-radiu§$ONDUCTING STATE
Wannier—Mott exciton modél.The charge-transfer exciton Consider the CTEs on a sing2— A interface. We as-

(CTE) occupies an int_ermediate place in the classificationyme that they are aligned normal to the interface plane,
based on the exciton internal structérghe lowest energy resulting in mutual repulsion. For example, if the static CTE
CTE usually extends over two nearest-neighbor moleculesdip0|e moment is equal to 4D and the distance between

In a CTE, the electron is localized on the acceptor and thénem is 5A(the lattice constant at the interfacéhe repul-
hole, on the donor. Such localization in organic crystals issjon energy is near 1eV. If the distance between CTEs in-
usually stable because the energy of electron-hole attractiofreases to 10 A, the repulsion energy decreases to 0.1eV. It
is large compared to the corresponding widths of the conduds important that these energies are of the order of their sepa-
tion and valence bands and due to the strong tendency of thation B from the lowest conduction band3&0.5eV, see
CTE to undergo self-trappinDue to the separation of the Ref. 8. Thus, at high CTE concentrations, we can expect
electron and the hole in a CTE, the static dipole momenthat repulsion energy populates the higher energy states with
created by positive and negative ions can assume values fige carriers, thus producing photoconductivity even at very
large as 16-25D. This feature determines the most charac-low temperaturé® In Ref. 5¢ the photoconductivity was con-
teristic properties of the CTE. For example, the CTEs considered under the assumption that the time required for a
tribute to the large second order nonlinear polarizabjlify ~phase transition to the conducting state is smaller than the
due to their large dipole momefis it was recently shown, CTE lifetime. Such a phase transition was obtained by mini-
the same feature can be responsible for a new type of phdwizing the total energy of the CTEs and dissociated excita-
tovoltaic effect in asymmetri® — A superlattices? for un-  tions (free carriers Consider, for simplicity, a R array of
usual intensity dependences of nonlinear polarizabilities ofelf-trapped CTEs af=0. The energy of CTE&concentra-

D — A superlattices® and also for phase transitions to con- tion n;) and the energy of dissociated e—h pdasncentra-
ducting states in the system of CTEdn all of these cases, tionny), can be calculated by assuming that the total number
it was assumed that CTEs between alternating layers of d&f excitations, determined by the optical pumping intensity,
nors and acceptors &— A interfaces are the lowest-energy IS constantn; +n,=n. The energy of the CTE array, there-
electronic excited states. These states are usually populaté®f® 1S E1=n;A+Eiy, whereE, is the total repulsion
after lattice relaxation from higher-energy Frenkel-type elec€nergy. This energy can be estimated using the average dis-
tronic or vibronic states. In this work, we investigate the{@ncep between CTEs. In the case of dipoles

transition from a dielectric to a conducting state in a system Ap?
of CTEs at aD — A interface(see also Ref. )6 The realistic V= — D
possibility to consider such organic crystal structures ap- p

peared recently from progress in the development of organig/hereA is a geometric constant depending on the CTE dis-
molecular-beam deposition and other related techni§uestribution in the interface plane. For example, for a square
This opens a wide range of possibilities for creating newlattice A~10. Since the CTE concentration, by definition, is
types of ordered organic multilayer structures including or-n,;=1/p?, the electrostatic energy of the interaction between

dered interfaces. the dipole moments iEimZan/ZzApzni’Z/Z. We can ap-

1063-7834/99/41(5)/4/$15.00 704 © 1999 American Institute of Physics
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) particular exciton exceeds some threshold. If thererare
400 F CTEs occupying th® — A interface, the electrostatic energy
of the jth exciton in the electric field of the other excitons
surrounding this site is
300 |
Ny p2
Vi=> =, (j#i). 0
200 F =1
Theith CT exciton dissociates when the repulsion en-
100 ergy, V;, is larger than the energy. The electrostatic po-
tential energy of the exciton strongly increases when few
0 ' . . CTEs occupy the nearest-neighbor lattice sites. If this occurs,

one or more CTEs will dissociate. Such a mechanism should

0 200 400 600 . ) . " :
result in correlations between exciton positions, and ordering
of the system of immobile CT excitons can be expected.
FIG. 1. The number of the charge-transfer excitons) (at the donor—  Such spatial ordering suggests the existence of a critical
acceptor interface and the number of the dissociated excitpnsaé func-  pump-light intensity above which there is an onset of photo-
tions of the total number of excitatiofiaccording to the simplified analyti- conductivity. Thus, just above this threshold, we expect an
cal model, Eq(3)]. ’ ' L . L

onset of cold photoconductivity. In simulations, we neglect

the process of recombination of free carriers which can result
proximate the energy of the dissociated paE§:(A in the creation of CTEs. Near the threshold, where the con-
+B)n,, where the kinetic energy of the free carriers hascentration of free carriers is small, the contribution of this
been neglecteddue to the self trapping and narrow elec- process to the number of CTEs will be small and can be
tronic bands, see aboveNear the threshold, where the con- neglected. However, even at higher concentration, the effect
sentrationn,<n; and alson,;<1, we can neglect the inter- Of free-carrier recombination can be reduced by applying the
action of the free carriers with the CTEs. The total energy oﬁ'ECtl’iC field along the interface. This field will separate elec-

n=ny+n,

the system then can be written as trons and holes and thus will create the photocurrent which
5 502 can be measured. Computer simulations were performed for
E=E,(ny)+E,(n,)=nA+ Ap“(n—ny) +Bn,. (2 a two-dimensional square lattice containing 0 sites.

2 Under continuous pumping of the sample with a constant
Minimizing the above expression with respectritpgives intensity, the CTEs are gener.ated in the process descrlped
o3 above. In order to avoid the influence of boundary condi-

3 4B tions, we simulate the evolution of only the central part of
nz=n-— 5Ap? 3 the lattice. This square, the central sublattice, consists of

200x 200 D—A sites, N=40,000. Next, we replicate the

It is clear from Eqg. 3 tham, is positive atn>n, . . . :
_ 2\12/3 ; _ central sublattice by adding 8 square sublattices surrounding
[4B/(SAPT) ™ (see Fig. 1 The appearance of free car the central one. That is, the exciton positions calculated for

riers atn>n_, is considered to be a phase transition from the . S S
. e : ap " the central 208 200 sites square lattice is reflected via mir-
dielectric to conducting state. This transition corresponds to . )
o : ror symmetry to the surrounding 8 squares. To simulate the
photoconductivity at low temperatufee., to cold photocon- .. .
) . . ; : .___time evolution, we run the system through equally spaced
ductivity) and is due to long-range dipole-dipole interactions

between CTEs. In this consideration, we neglected the rantlme steps separated by interdl. The value ofAt=7/50 is

domness in the CTE distribution and did not consider theChOSPTn to b_e much shorter than the CTE I|fet|meNe_start
. . N the simulations when there are no CTEs at the interface.
establishment of steady state in ensembles, which is depe

dent on the pump intensity and the CTE lifetime. These ef_El_nder the influence of the pumping, the excitons begin to

fects are explicitly taken into account in our computerap.pear' After.atlmee 7, the number of CT excitons occu-
simulations® pying the lattice reaches steady-state value. From this time

on, the necessary statistical information is collected. The
time evolution of the system is simulated as follows: At ev-
ery time step a few CTE&lepending on the pumping inten-

The D—A sites are arranged in a square lattice. Thesity, |, are created at randomly chosen positions in the cen-
D—A interface is uniformly irradiated with a time- tral sublattice. Then we go over the central sublattice sites
independent source of intensityOnly one CTE can be gen- and check ever{p — A molecule. With some probability, the
erated at any site. As long as the CT exciton is generated #&xciton at this site can recombine, as explained above. It also
will stay at the lattice site and it cannot move to otlizr can dissociate if its electrostatic energy is high enough. The
—A sites because of self trapping. There are two mecharules for these events to happen at one particDlarA site
nisms for the CTE to disappear. First, recombination occurare: 1. If the site is empty, the charge-transfer exciton can be
because of the finite lifetimer of the CTE. The second created with a probability?.=1At/N. 2. If a charge-transfer
mechanism is dissociation. The CTE exciton dissociategxciton already occupies this site, it can recombinate with
when, due to the dipole-dipole interaction, the energy of thehe probabilityP, =1—exp(—At/7).

2. MODEL FOR NUMERICAL SIMULATIONS AND RESULTS
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FIG. 2. The steady state number of the charge-transfer excitgnso¢cu- 0.01
pying the donor—acceptor interface and the number of dissociated pairs : . ] = et
production §,) as functions of the pump intensity. 10 100 1000

L3

. . FIG. 3. Position of the energy distribution peak as a function of the number
Next, during the same time step, we calculate the energy; ihe cT excitonsn, .

of every CTE in the electrostatic field produced by the dipole
moments of all other excitons. The energy of ttie CT
exciton can be found using the Bd). If this energy exceeds
the dissociation threshol, the CT exciton dissociates. Fi- analytical model of ordered CTEs, the small distances be-
nally, we recalculate the energies of the CT excitons thatween CTEs are allowed even at low CTE concentration. In
remain at theD — A interface. both approaches, the critical concentration strongly depends
All results reported below are collected after steady stat@n the values oB, p anda. For example, foB=0.2eV, p
is achieved. Fig. 2 shows the dependence of the number of 20D, anda=5 A, corresponding tM =0.1, the analyti-
CTEs () on the valueSwhich is the product of generation cal model yieldC;,=4%, while the computer simulation’s
intensity of the CTE$ and the CTE's lifetimer; S=17. The C.,=2.5%. ForM =0.05, C.,=2.6% (analytical approach
steady-state number of dissociated pairs is determined byr 1.5%(computer simulationsand so on. Thus, for random
their own lifetime, but we do not estimate here the concenCTE distribution at theD — A interface, the critical concen-
tration of carriers nor conductivity. Nevertheless, Fig. 2 plotstration is almost twice as small as the analytical model pre-
the valueS, which is equal to the number of dissociations dicts for ordered CTEs with infinite lifetime. The dissocia-
which take place at give8in steady state during time We  tion prevents the creation of clusters of the closely placed CT
find a qualitative agreement with the analytical theory in thatexcitons and, especially, it prohibits CTEs from occupying
the CTEs populate th® — A interface only until some ut- adjacent sites at th® — A interface. It cuts off the high-
most concentration is achieved. Further increase of the pumgnergy tail of the CTE energy-distribution function. The
S results mainly in the dissociation of CTEs into electron-peak in energy distribution increasé®r more details see
hole pairs. When the number of CTEs reaches the saturatidRef. 6 with the number of CTEs and so does the width of
density, the number of dissociatiors increases linearly the distribution. It is interesting to note that the position of
with S It is interesting to compare the critical concentrationthe peak at the repulsion energy distributi@orresponding
of CTEs derived from analytical modétee Section Pwith  to the energy of highest probabiljtyaries with the steady-
the results of computer simulations. Following qualitatively state number of CTEs approximately in the way in which the
the results of our analytical modéfig. 1), we can take as a theoretical model of an ordered CTE lattice predicts. As it
critical concentration of CTEs the concentration correspondfollows from Eq. (1), the CTE energy as a function of the
ing to saturation of CTEs at the interface or, what is nearlynumber of CTEs should vary a@’z. Figure 3 demonstrates
the same, the concentration of CTEs which corresponds tthat such dependence take place in computer simulations for
intersection of linea6, asymptote with the; curve. In Fig.  peak position, with high accuracy. At finite temperature, the
2, the value ofn; is approximately 200 and thus the corre- repulsion also can be important because it decreases the ac-
sponding critical dimensionless concentratiorC.,  tivation energy. Such decrease in activation energy depends
=200/40,006-0.5%. The curve in Fig. 1 corresponds to the on the concentration of CTES. To observe the predicted cold
value M=Ba®/p?=0.01. It follows from the analytical photoconductivity, the methods for observing photoconduc-
theory that for the samdl the critical concentratiorC.,  tivity parallel to the plane of dipoles developed in the inves-
=(4Ba’/5Ap?)?3=(4M/5A)?3=0.85%. Thus, a random tigations of Langmuir—Blodgett filnixan be used. It is clear
CTE distribution decreases the critical concentration for thelso that we need to have nearly perfectly ordered crystalline
transition to the conducting state. This effect could be exD—A multilayers with a large interface area for such mea-
pected, because, for random distribution, in contrast to ousurements.



Phys. Solid State 41 (5), May 1999 Agranovich et al. 707

Authors are thankful to Martin Pope, Jeffrey Schwartz 5(a) V. M. Agranovich, G. C. La Rocca, and F. Bassani, JETP 162t405
and Vladimir Yudson for useful discussions. (1995; (b) V. M. Agranovich, G. C. La Rocca, and F. Bassani, Chem.
Phys. Lett274, 355(1995; (c) V. M. Agranovich and K. N. llinski, Phys.
. ) ) ) Lett. A 191, 309 (1994).
E-mail: agran@isan.troitsk.ru 6S. A. Kiselev, E. Hartung, Z. G. Soos, S. R. Forrest, and V. M.
Agranovich, Chemical Physid4998, in press.
1Excitons,edited by E. Rashba and M. Sturgiorth-Holland, Amsterdam, ’S. Forrest, Chem. Re@7, 1793(1997).
1982. 8D. Haarer and M. Philpott, irSpectroscopy and Excitation Dynamics of
2M. Pope and C. E. SwenberBJectronic Processes in Organic Crystals  Condensed Molecular Systeresiited by V. M. Agranovich and R. M.
(Clarendon Press, Oxford, 1982/. M. Agranovich and M. D. Galanin, Hochstrasse(North-Holland, Amsterdam, 1983p. 27.
Electronic Excitations Energy Transfer in Condensed Matfiorth- SM. C. Petty, Langmuir-Blodgett Films (University Press, Cambrige,
Holland, Amsterdam, 1982 1996, p. 134.
3V. M. Agranovich and A. A. Zakhidov, Chem. Phys. L&D, 278(1977).
4D. S. Chemla and J. Zysblonlinear Optical Properties of Organic Mol-  Published in English in the original Russian journal. Reproduced here with
ecules and CrystaléAcademic Press, Orlando, 1987 stylistic changes by the Translation Editor.



PHYSICS OF THE SOLID STATE VOLUME 41, NUMBER 5 MAY 1999

Hot photoluminescence spectroscopy: investigation of two-dimensional structures
D. N. Mirlin, V. I. Perel’, I. I. Reshina, and V. F. Sapega

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tverd. Tela(St. Petersbungl, 785—-788(May 1999

Studies of the secondary luminesceriRaman scattering and hot photoluminescénicdow-
dimensional semiconductor structures are reviewed.1999 American Institute of
Physics[S1063-783%9)00805-9

During recent year§1992—1998 we have carried out a sequence of identical QWs takes place with conservation of
series of studies of secondary luminescence in GaAs/GaAlAthe superlattice quasimomentum, whereas defective QWs
quantum-well structure@QWS) and superlattice$SL) (Ra-  scatter light with violation of the momentum conservation
man and hot photoluminescence spectrost.opwen below law. Therefore, one observes in a Raman spectrum both the
is a short review of the results of these works, which include&known folded-phonon doublets and a continuum originating
recent observations of a 2D—quasi-3D transition in SLs.  from an inhomogeneous broadening of quantum-confined

levels. Our study showed also that the spectrum of acoustic
1. SPIN-FLIP LIGHT SCATTERING phonons emitted in a resonant Raman process is determined
by the actual form of the electron/hole wave function.
SN The clearly pronounced resonant nature of the Raman
bound carriers in quantum-well structures was made on bot@ontinuum of light scattered from acoustic phonons was used

Be-doped and undoped GaAsiSl, _,As s_tructureé . . to study the structure of the quantum-well electronic states in
It was shown that the Raman scattering mechanisms "éjuantizing magnetic and electric fields

volved in resonant excitation of the neutral-acceptor-boun

exciton (A°X) and neutral-acceptor-localized exciton

(A°LE) complexes are different. 3. ENERGY RELAXATION OF HOT ELECTRONS IN QWSs
It was established that the process involvitgX com-  AND SLs

plexes in the Faraday backscattering geometry may be con-

sidered as a double spin-flip process, which includes, besid Energy relaxation of hot electrons in 2D structures
° SP P process, . ?ﬁrough electron-phonon interaction has been attracting con-
the mutual hole spin reversal, spin flip by the electron inter-

. . . siderable interest in recent years. Such structures are charac-
acting with an acoustic phonon. terized not only by size quantization of the electronic spec-
Studies of the resonant excitation APLE complexes y oy 9 P

revealed a hole spin-flic mechanism caused by anisotro trum, but also by modification of the phonon spectrum
v pin-tip IS u y ani p'fhrough the appearance of confined and interface phonons.

exchange coupling, a process specific to quantum wells. Th'éxperimental investigation of these problems by time-

process becomes possible because the symmetry of tlPgsolved optical techniques met with difficulties associated

0 ; 0
A L%?ggg;:: E‘V\tlﬁre tggcr;]etpht?)tr-%tlﬁ d hole. electron. an dwith avery high excitation densjties produced.by laser pulses
localized exciton were determined directly a;nd the ahisot_(screenlng, hot phonons etowhich led .to unreliable results.
d dependence of tiggfactor on uant’um-welaQW) The method of hot-electron photoluminesced®L) under
Ceizi/haerere SF')tudied The crystal-field s?alittings of the accep-cw laser excitation involving measurement of the magnetic
tor statesAE(+3/2—T1/2) in QWs of different widths depolarization of this luminescence, which was developed by

were measured us and used earli‘ét(_) stl_de_bqu crystals, permitted one to
' overcome these difficulties in QWSs and SLs as well and to
obtain reliable information on the hot-electron scattering
probability and its dependence on QW width, as well as on
the part played by various types of phonons in the
scattering. The measurements were performed on a set of
The nature of the quasi-continuéiskaman spectrum in  GaAs/AlAs QWSs with well widthsL,, in the 4—16-nm
the acoustic-phonon frequency domain was studied for theange and a fixed barrier thickness of 10 nm. Figure la dis-
first time. This spectrum was shown to arise from violationplays an HPL spectrum for one of the QWSs. The spectrum
of the superlattice-quasimomentum-conservation law in reak produced in recombination of hot photoexcited electrons
QWSs. The reason for the violation lies in the width fluctua-with holes localized at beryllium acceptor levelhe hole
tions of quantum wells and barriers, which inevitably appeaiconcentration did not exceed>30'” cm™3). The distinct
during QWS growth. As a result of the fluctuations, a se-oscillatory structure of the spectrum is due to the recombi-
guence of identical QWs may contain QWSs of a larger omation of electrons both from the initial photoexcited state
smaller width(i.e., accordingly, with a lower or higher size and in the course of energy relaxation within the first elec-
guantization energy The scattering of light by a regular tronic subband through optic-phonon emission. The peak

Our investigation of spin-flip Raman scattering from

2. LIGHT SCATTERING BY ACOUSTIC PHONONS INDUCED
BY VIOLATION OF THE MOMENTUM CONSERVATION
LAW

1063-7834/99/41(5)/4/$15.00 708 © 1999 American Institute of Physics
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separation is equal to the energy of the phonons providing ¢ QW width, nm
dominant cc_)ntrlbutlon. to the scattering. Fpr QWSS V\htk,] FIG. 2. Intraband scattering probability of h@&00 me\} electrons plotted
>12 nm, this separation was 37 meV, which is the LO phlo'vs quantum-well width in a GaAs/AlAs QWS. Solid lines — DCM calcu-
non energy. For QWSs with narrow quantum wells, the disdation made for optic phonon modes of various types.
tance between the peaks was found to be 50 meV, which is

close to the energy of the AlAs-type interface phonons. Mea- ) ,
surements of the HPL magnetic depolarization at the initia®P€d for scattering of hot electrons from neutral acceptors in

hot-electron kinetic energgthe zero peakpermitted deter- QWs which takes into account both inelastic and elastic scat-

mination of the intraband scattering probability. The experi-l€ing and is not constrained by the requirements of the con-
mental data were compared with the scattering probabilitie€ntional small-angle scattering approximation. The calcula-
calculated for phonons of different types within the dielectricions based on this theory agree with experiment. A
continuum mode(DCM). The experimental and calculated comparison of e)fper_lment with calculations yielded 4 nm for
results plotted againdt, in Fig. 2 are seen to agree satisfac- tN€ acceptor radius in the well plane.
torily both in the magnitude of the scattering probability and
in the fact that AlAs-type interface phonons provide a domi-
nant contribution to scattering in narrow quantum wells.

A study was made of the scattering and energy relax-  Absorption of linearly polarized light in semiconductors
ation of hot electrons in 5/10-nm GaAs/AlAs QWSs dopedwith a complex valence-band structuia the having GaAs
by a beryllium acceptor impurity in the central part of the type) gives rise to electron and hole alignment in momenta,
wells with concentrations ranging fromx8L0" to 5x10'®  whereas circularly polarized light creates spin-oriented par-
cm 3. In this case the major contribution to the scatteringticles. Recombination of momentum-aligned or spin-oriented
probability and energy relaxation comes from the hot-electrons generates, accordingly, linearly or circularly polar-
electron interaction with neutral acceptors entailing their exized luminescencé.
citation and ionization. A decline in the significance of pho- Linear polarizationp, in a bulk semiconductofunder
non scattering is seen from the disappearance of phondmearly polarized pumpingincreases weakly with the en-
oscillations in the HPL spectrum in Fig. 1b. We measuredergy E of the recombining electrons. On the other hand, in a
the scattering probabilities from the initial photoexcited statewo-dimensional GaAs/AlAs semiconductor QWi+ 0 for
and the times characterizing energy relaxation as a functioe=0 and increases tp,~0.5 for E>E,, whereE; is the
of the acceptor concentratidd,, and found the cross sec- energy of the first quantum-confined state.
tions of these processes. The scattering probabilities for elec- In the intermediate case of superlattices, extrapolation of
trons with an initial kinetic energy of 0.26 eV range from 10 p, (E) yields zero for electron energi€sclose to the width
to 25 ps?, and the cross section of this process,=4 of the first electronic miniband, rather than foE=0, as is
X 10" cn?, is nearly one half the value af, for bulk  the case with QWSs. This behavior @f(E) was accounted
samples. The decrease @f is associated with the decrease for within the tight-binding approximation, which assumes
of small-angle scattering in QWs. The energy relaxatiorweak coupling between adjacent quantum wells. It was
times vary within 300 to 500 fs, and the corresponding scatshowr{ that this approximation holds for SLs with narrow
tering cross section is 2410 *° cn?. A theory was devel- electronic minibands, i.e. for GaAs/AlAs SLs with barrier

4. EFFECT OF DIMENSIONALITY ON HPL POLARIZATION
CHARACTERISTICS
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FIG. 3. HPL linear polarizatiop, plotted vs electron energy for QWS, SLs,
and bulk GaAs. With varying from 1 to 0.3, the miniband width changes

from 0.121 to 0.212 eV. One clearly sees fh€E) relation varies withx, for 0<E<A, because electrons with kinetic energEasA
i.e., with barrier height. . .
move predominantly in the SL plane.

Another characteristic difference in HPL between bulk
widths L,=6 A, and for fixed quantum-well thickneds,  GaAs and a QWS is connected with circular polarization of
—40 A. One could expect that in an SL with broad mini- the luminescencp, (under circularly polarized pumpingin
bands the energy dependeng€E) would be similar to that the bulk case one observes the so-called spin-momentum
for bulk GaAs. Figure 3 plots the energy dependence of th&orrelation among the photoexcited electrons. This effect in-
linear HPL polarizationp, , for superlattices with different creases the circular polarization of the luminescence.

Al contents &=0.3 and 1, i.e. with different barrier heights Direct experimental evidence for this effect was fur-
Uy, (0.29 and 1.06 e) To make the graphs more informa- nished by observation of a decreasepgin a magnetic field
tive, the figure displays also data obtained on a QWig. B measured in the Faraday geométryhe behavior ofp,
3b) and bulk GaAgFig. 33. The experimental data obtained with magnetic field showed that the action of a magnetic
with bulk GaAs are approximated by a dotted line. field reduces to cyclotron rotation of the momenta of photo-
The p, (E) relation measured on an SL with the highestexcited electrons and, thus, to destruction of the spin-
barriers k=1) (see Fig. 3d fits well to the tight-binding Momentum correlation. In QWs, no spin-momentum correla-
approximation. tion exists, and the corresponding term cannot be written,
As follows from this consideration, the energy depen-because there is no electron momentum component in the
dence ofp, for the SL with the most narrow minibands is direction of the angular momentum(it is assumed that is
similar to that observed in a QWS. This is clearly seen fromperpendicular to the QWS pland-igure 4 shows the depen-
a comparison of the slopes of thg(E) relations in these dence ofp. on magnetic field measured in the Faraday ge-
two casegFig. 3b and 3)l At the same time the Sp, (E)  ometry for electrons with a kinetic ener@y~ 80— 100 meV.
reaches zero foE~A (where A is the width of the first In bulk GaAs,p. decreases rapidljthe filled inverted tri-
electronic minibangrather than foE— 0, as is the case with angle$ with increasing magnetic field as a result of the de-
a QW. The same, (E) relation was observed for an SL with struction of the spin-momentum correlation. In SLs with nar-
x=0.8. row minibands, there is no spin-momentum correlation, and
One observes noticeable changes in ph¢E) depen- p. does not vary with increasing [filled circles x=1) and
dence already in SLs witk<0.6, where a decrease in barrier open squares«E 0.8)]. In broad-band SLs, circular polariza-
height affects appreciably this relation. The largest changeton decreases with increasing magnetic field. This effect be-
are seen, however, in the=0.3 SL (Fig. 39, wherep, (E) ~ comes noticeable in SLs witk<0.6 and indicates that for-
resembles very much the relation obtained on bulk GaAsnation of a broad miniband restores the spin-momentum
(Fig. 33. At the same time some details associated withcorrelation. In SLs withx~0.3 (filled squares in Fig. ¥ the
guasi-two-dimensional electron motion are retained Bor effect of destruction of the spin-momentum correlation is
>A. Indeed, the slope o, (E) for E>A differs from that already comparable to that observed in bulk GaAs.
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The present report submitted to the Anniversary Conference of the A. F. loffe Physicotechnical
Institute, “Physics at the Turn of the 21st Century,” deals with recent EPR studies of

main impurities in the wide-gap semiconductors SiC and GaN, which appear to be the most
promising materials for microelectronics and quantum semiconductor electronics at the start of the
21st century. ©1999 American Institute of Physids$§1063-783%9)00905-3

Silicon carbide finds an ever increasing application inand gallium, namely, thg factors of shallow aluminum and
microelectronics devices capable of operating under extremghallow boron have a strong axial symmetry along the hex-
environmental conditions, which will abound in the coming agonal axis of the crystdin cubic SiC no EPR spectra of
century unfortunately. Using nitride-based IlI-V semicon- shallow Al and Ga were observednd reflect the symmetry
ductor compounds may provide a solution to the problem obf the valence-band maximum, i.e., they can be described in
semiconductor lasers intended for operation in the UV andhe effective-mass approximation. This approximation is in-
visible regions. applicable to shallow boron, because in this caseytfaetor

The report consists of three main parts and presents thie practically isotropic neag=2.00. The anisotropy in the
results of studies carried out during the past five years priEPR spectra is extremely small, and the symmetry at low
marily at the loffe Institute, as well as in cooperation with atemperatures is axial along tleeaxis only for shallow boron
number of European research institutes. acceptors in théa sites. In thek sites, the shallow-boron local

The first part discusses the investigation of the main acaxis z coincides with the other Si—C bond directions not
ceptors in SiC, namely, Group Ill elemer(8, Al, Ga), the  aligned with thec axis, and for cubic SiGwhere, in contrast
double acceptor Be, and Sc, which occupies a somewhat spgr aluminum and gallium, one did observe EPR spectra of
cial place. shallow boron the z axis coincides with thé111) directions

The second part is devoted to transition elements in Si®f the crystal. Note that in all cases40% of the spin den-
and GaN, which form in the gap, as a rule, a number ofsity is localized at one of the carbon atoms closest to the

deep-lying levels. boron which lies on the shallow-boron local symmetry axis
Presented briefly in the third part will be the results of z The degree of spin localization at the boron atom is small

our studies of rare-earth elements in SiC. (of the order of 1% and comparable to those for aluminum
and gallium acceptors, but in the latter two cases the spin

1. EPR OF ACCEPTORS IN SIC density is apparently distributed uniformly around the impu-

rity, primarily at carbon atoms, in accordance with the
valence-band structure of SiC.

(a) Group-lll shallow-level elementsGroup Il ele- The experimental data obtained and theoretical calcula-
ments B, Al, and Ga are the main acceptor impurities in SiGtions permitted a conclusion that the acceptor atom substi-
used to produce-type materials. It was believed until re- tutes for silicon in SiC, with the difference between the size
cently that B has two levels, namely, a shallow one denotedf boron, on the one hand, and of aluminum and gallium, on
by shB, and a deep one, dB. As for Al and Ga, they werahe other, playing a dominant role. The difference between
assumed to create only shallow levels, which made therthe ionic radii of the acceptor and silicob,R=R(A3")
more promising for applications. For illustration, Fig. 1 pre- —R(Si**), is —0.19, +0.09, and+0.20 A for A=B, Al,
sents a system of various acceptor levels fér-8iC. The and Ga, respectively. The selection of the ionic radii was
6H-SIC crystal has one hexagondi)(and two quasicubic based on a simplifying assumption that the SiC crystal con-
(k) crystallographically inequivalent sites, if one considerssists of Si ions in the $f valence state and of bonding
second coordination spheres. One immediately sees that tieéectrons. In this model, the acceptor resides in tAé Ra-
energy levels of shallow boron lie deeper than those of shallence state. Thus the physical properties of shallow acceptors
low aluminum, although one would expect to have the oppodepend on the relative magnitude of the acceptor and silicon
site pattern, as is the case, for instance, with silicon, whereadii. Boron, whose radius is smaller than that of silicon,
the level of boron is more shallow than that of aluminum.occupies typically off-center position. Boron displaces from
Shallow-level Group-Ill acceptors in SiC were studied byits equilibrium position at the center of the tetrahedron to
various radiospectroscopic methdds! An important find-  approach the center of the plane formed by the three nearest-
ing made by the EPR and ODMR methods in SiC is theneighbor carbon atoms. As a result, & hybridization is
discovery of a strong difference in properties between shaldisrupted, and the spin density redistributes to extend to the
low boron and other Group-Ill acceptors, such as aluminunfourth carbon atom which is more distant from the boron

A. Group lll elements (B, Al, Ga)

1063-7834/99/41(5)/4/$15.00 712 © 1999 American Institute of Physics
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E—> shallow Al and Ga. In all cases, however,=2.0 for deep

B, Al, and Ga, which means that these centers cannot be
treated in the effective-mass approximation. Remarkably, the
aluminum and gallium deep centers were first observed by
EPR and ENDOR. ODMR data’ and their correlation with
EPR studies suggest that the deep boron level lies at 0.6-0.7
eV, whereas deep aluminum is more shallow b9.1 eV

(Fig. ).

A model proposed for the microstructure of the deep
boron, deep aluminum, and deep gallium centers, based on
the totality of the radiospectroscopic studies, considers a pair
of an impurity atom(B, Al, Ga) occupying the silicon site
and of a closely located carbon vacancy. The impurity-
vacancy direction is assumed to coincide with thaxis of
the crystal for both thé andk sites in SiC hexagonal poly-
types, and with th€111) direction in cubic SiC. This model
/ | 0.55 eV -Sc considers the unpaired electron to be localized primarily at
Ey E¢ the carbon vacancy.

The existence of deep levels for all Group-Ill elements
accounts for the onset of self-compensation in preparation of
p-SiC materials and requires development of further im-
atom. This gives rise to formation in this plane of a triangu-Provements in the technology.
lar arrangement around the central boron atom of thg BC
type with sp? hybridization. Such models are valid for both _ _

. . . B. Beryllium and scandium acceptors
the hexagonal and quasicubic boron sites. In the latter cases,
boron displaces along the Si—C bonds which do not coincide (a) Beryllium Beryllium is a double acceptor in SiC
in direction with thec axis. Al and Ga, which are larger in (Fig. 1). The Be acceptors were studied by EPR and
atomic radius than Si, occupy apparently the central positioENDOR > The shape of beryllium EPR spectra and their
as impurities and arep® hybridized, which entails mass-like orientational behavior depend on measurement temperature
acceptor properties. The accep(Br, Al, Ga) is always neu- and undergo changes within the temperature intervals above
tral, and, in the case of boron, the spin density is observed th0 and 50 K. Below 10 K, one observed EPR spectra of three
be nonuniform near the impurity because it is sitting off-types of centers with a close-to-axial symmetry, which relate
center. This results also in the level of the shallow boronto two quasicubic and one hexagonal beryllium sites in
becoming deeper, by about 0.05 eV from our estimates, conH-SiC. Above 50 K, the symmetry of the two beryllium
pared to the position expected for the impurity at a centratenters assigned by us to quasicubic beryllium sites is lower
site. It should be pointed out that a similar situation is knownthan axial, and theiz axis is aligned with one of the Be-C
to exist in silicon, where the nitrogen donor level lies deepeibonds which does not coincide with thexis. It is believed
than the phosphorus level because the nitrogen impurity offthat because beryllium is smaller in radius than silicon, it
center position. occupies, similar to the shallow boron, an off-center position

(b) Group-lll elements with deep levelEhe next stage at the silicon site, i.e., that it is shifted from the tetrahedron
in the investigation of the B, Al, and Ga acceptors was thecenter toward the center of the plane containing three carbon
discovery and study using EPR spectra of deep B, deep Agtoms and away from the fourth carbon with the highest spin
and deep Ga. It should be pointed out that, while the exisdensity. Unlike the shallow boron which is neutral, beryllium
tence of deep-B levels was universally accepted and our goahust be negatively charged.
was to look for EPR spectra of such centers, the aluminum (b) ScandiumScandium may be considered as a kind of
and gallium impurities were believed to create only shallowa bridge between acceptors and transition elements; indeed,
acceptor levels. EPR spectra of deep boronh$iC were  on the one hand, it is a Group-Ill element while, on the other,
observed and studied®1* more than 30 years after the it is the first element in the transition-metal group. This is
observatioh of shallow boron EPR. The deep-boron centerseen clearly from Table I, where Sc in neutral stat®)(A
has a close to axial symmetry, tlpfactor anisotropy is occupying the Si sitdthe four valence electrons bond the
about an order of magnitude larger than that of shallow bofour C atoms$ acts as acceptor, while when in thé Astate
ron, and electron localization on deep boron is as weak as it has one unpaired electron. EPR spectra of at least three
is on shallow boron. Sc acceptor types have been observéd.Similar to the

EPR spectra similar to those observed with deep boroshallow B and Be acceptors, these spectra are noticeably
were revealed in gallium- and aluminum-doped crystals. Théemperature dependent. Above30 K they exhibit axial
orientational dependences of EPR spectra of deep boron asgmmetry, but it decreases at lower temperatures. Besides
of the new spectra of aluminum and gallium are qualitativelythe spectra of the Sc acceptors, one observed EPR signals
similar, but theg factors, gy, of the aluminum and gallium that we assign to $¢ ions, but this point will be discussed
centers are substantially larger and close to those for them more detail in the next Section. It may be added that

| 0.3 eV —shallow B (h, ky, ky)

| 0.239 eV —shallow Al (k)
~ | 0.248 eV —shallow Al (k), ky)

| 0.317 eV —shallow Ga (k)
| 0.333 eV —shallow Ga (ky, k)
[] 0.6-0.7 eV —deep B (h, ky, ky)
[]0.5-0.6 eV —deep Al (h, k), ky)
| 0.42 eV -Be
| 0.6 eV —Be

FIG. 1. Energy-level diagram of the main acceptors if-8iC1*
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TABLE I. Transition-metal impurities in different charge states studied in SiC and GaN crystals.

SiC
free atom  Sc (8%4s?)  Ti(3d%4s?) V (3d°4s?)  Cr(3d%4s!) Mo (4d%5st)  Ta (5d%6s?)
AZ” S&*(3dh) Cr?**(3d%
S=1/2 S=2
A~ S (3d9) Ti**(3dY) V3t (3d?) crt(3d) Mo®* (4d®) Tae*(5d%)?
S=0 S=1/2 S=1 off-center S=3/2 S=1
S=3/2
Al Sc Tt (3d9) V4T (3dY) Cr*(3d?) Mo** (4d?)
acceptor S=0 S=1/2 S=1 S=1
S=1/2
A* V5*(3d) Cro*(3dY) Mo°* (4dY)
S=0 S=1/2 S=1/2
GaN
free atom Mn (31°4s?) Fe (3d%4s?) Ni (3d%4s?)
A” Mn?*(3d%) S=5/2
Al Fe*(3d%)S=5/2 Ni®*(4d")S=3/2

Note The impurities are assumed to substitute fo(Ga) in these crystals. The states observed by EPR are
underlined.

ODMR spectra obtained by us on Sc-doped SiC crystals reside with an hfs constant of 15.8 G, which is1.7 times
vealed strong anisotropic signalsyhich, by analogy with larger than that for Gf. No deviation from the central po-
the Ti impurity® can be assigned to excitons bound to Scsition was observed for other transition-metal ions either. In
acceptors. particular, in the case of Md ions one can isolate only one
constant of superhyperfine interaction with 12 equivalent
295 atoms in the second coordination sphere, which was
%‘ound to be 8.2 Q23 MH2).

2. TRANSITION-METAL ELEMENTS IN SiC AND GaN

Transition-metal elements can exist in SiC and GaN a
residual impurities and create deep levels in the band gap. As
a rule, each impurity enters the crystal in more than one
charge state and affects substantially the electrical and optic
characteristics of the material. Controlled incorporation of
these impurities appears very promising for development of
semi-insulating substrates in device fabrication. Before the
initiation of our work, only titanium and vanadium in SiC
(Ref. 19 and iron in GaN(Ref. 20 were detected and stud-
ied by EPR. Table | lists transition-metal elements in various
charge states which have been investigated in SiC and GaN
until recently. The charge states obseRlet by EPR are
underlined. Here it should be pointed out that all available
data are consistent with the assumption that impurity ions of
transition elements substitute for silicon in SiC and for Ga in |
GaN. While in the case of GaN this assumption is not ques-

6H-SiC : Cr3t

experiment

simulation

25i (6)
25 (3)

and they draw primarily on the fact that transition elements

Bert§=32,1=312)

tioned, the opinions relating to SiC are rather contradictory, v

occupy in silicon preferably interstitial sites. For illustration,
consider the &' ion whose EPR spectrifhis well ac-

i

counted for by the off-center position of chromium at the

3455

3465
Magnetic field, G

3475

silicon site (Fig. 2. The observed superhyperfine structure
can be explained as due to interaction with six equivalentic. 2. EPR spectrum for one of the quasicubic sites dt*Cions in
29Sj atoms and three equivaleAiSi atoms in the second 6H-SiC obtained at 9.5 GHz and 4.5 K with the magnetic field parallel to
coordination sphere. This arrangement appears when tH@eI hlexagon_ar" axs °”f the crystal. Shf_’W’:‘/I:e'?‘r’]"f is a S'mu'?t‘;—‘gcsl)?c““m
chromium ion is shifted along the axis?* No deviation ~c2culated with the following parametefia MHz): hfs constant for*Cr of

. . . 26.5, shfs constant for six equivalefiSi ions in the second coordination
from the central position was found for €r ions (which

) ; sphere of 8.4, and shfs constant for three equiva®itions in the second
were observed by us only in6-SiC crystals grown on the C  coordination sphere of 14.56.
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Neutron transmutation doping in semiconductors: science and applications
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Different aspects of neutron transmutation dop{Ng D) of silicon and germanium are

considered, with a special emphasis on the contribution by scientists of the loffe Physicotechnical
Institute, Russian Academy of Sciences, to the solution of these problems. Fundamental

studies related to determination of the cross sections of thermal-neutron capture by isotopes of
semiconducting materials, annealing of radiation defects produced by fast reactor neutrons,

and the use of NTD for probing the structure of the Ge impurity band are reviewed. Problems
involved in industrial-scale production of NTD-Si, application of NTD-Si and NTD-Ge

to fabrication of power thyristors, nuclear-particle and IR detectors, deep-cooled thermistors, and
bolometers are discussed. The paper concludes with a consideration of prospects in the
application of NTD-Si and NTD-Ge based on the use of materials with a controlled isotopic
composition. ©1999 American Institute of Physids$$1063-783409)01005-9

The method of neutron transmutation dopif®jTD) of  thermal-neutron fluxes in modern nuclear reactors and rea-
semiconductors is based on nuclear transformations of issonable irradiation times does not exceed a few timés 10
topes of semiconducting materials following their capture ofcm™3, which is, however, sufficient for a number of applica-
slow (therma) neutrons-? NTD is achieved by irradiating tions, particularly for production of high-voltage power di-
samples or whole ingots of semiconductor crystals with aodes and thyristor$This resulted in development in Europe
neutron flux in a nuclear reactor. On capturing a neutron, @and USA of NTD-Si production on an industrial scale of
particular isotope transmutes to another isotope with a madsundreds of tons per year in specially designed materials-
number larger by one: science research reactors. In the former Soviet Union, an

A A+l original technology of industrial production of NTD-Si was

Do ZNT=ZN"" (1) developed at the time using the already available RBMK-
Here ® is the integrated fluxdose of thermal neutronsg; ~ 1000-type nuclear power reactbithis permitted one to do
(sz) is the thermal-neutron-capture cross section for awithout construction of a special-purpose reactor, which cut
given isotopeyN” and,NA*1 (cm™3) are concentrations of dramatically the cost of the technology and boosted large-
the initial and final reaction products, respectivelyis the  scale production of NTD-Si. Scientists from the B. P. Kon-
nuclear charge, and is the mass number of the nucleus. If stantinov LNPI and A. F. loffe PTI made a major contribu-
the isotope thus obtainegN”*?, is stable, such nuclear re- tion to this project.
action does not entail doping. Of most interest is the case As for germanium, because of the large valuespand
where the final isotope is unstable. Then after its half4ife the presence of NTD-active isotopgsGe™®, 3,Ge’* and
this isotope transmutes to a nucleus of another element, withG€'® it can be doped only up to the onset of metallic con-
atomic number larger by 0ng$1NA+1, as in the case g8~ duction (3X 107 cm‘3), which, on the one hand, makes
decay, or smaller by ong, ;NA*1 if the decay occurred by possible investigation in NTD-Ge of fundamental problems
K-capture. One may present here for illustration the reactio@f conduction in an impurity barid and of the metal-
producing in silicon a phosphorus donor impurity: insulator transitior,and on the other, suggests a number of
20 a3l o 1 applications in the area of low-temperature resistance ther-

1sSP0+ n= 1,SP*—B7(2.62h — 1P (20 mometers(thermistors and radiation detectdt& These de-

The interest in NTD stems from two of its main advan- vices were employed widely in neutrino physics and the
tages over the conventional metallurgical methods of impusearch for the “hidden mass” of the Universe:* The cor-
rity incorporation. First, this is high-precision doping, be- responding reactions for the active Ge isotopes are as follows
cause the concentration of impurities introduced at a constant 20, 21
neutron flux is proportional to irradiation time, which can be 32G€ 7+ n=3,Ge"—K—capturg11.49
cpntrolled with a high accuracy. Th(_e se_cond aQVan_tage is the — 4,Gd(acceptoy, 3)
high homogeneity of impurity distribution, which is deter-
mined by a randpm isotope distr.ibutic_)n, small neutron- G N=4,GE5— B (82 min) — 3,As’(donop, (4)
capture cross sections , and the uniformity of the neutron

flux. Recalling that the values ef; lie approximately in the 764 n— 773-(12h 77 o h
region 10 23—10 24 cm™?, one readily finds that the phos- PCETHN=5GET S (121 =A™ £ (39N
phorus impurity concentration introduced in Si for maximum — 3.S€/7(donoy. (5)

1063-7834/99/41(5)/4/$15.00 716 © 1999 American Institute of Physics
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FIG. 1. Phosphorus concentration determined from Hall measurements after 1019 5. 1019
silicon crystal irradiation at various neutron doses and subsequent anneal at N d =
800 °C for 1 h(after Ref. 14. eutron dose, cm

FIG. 2. Free-electron concentration in NTD-Ges thermal-neutron irra-
) ) ) _ diation dose measured after an anneal at 460 °G1fo24 h, (2) 50 h, and
The main feature of the NTD process in Ge is that it(3) 100 h(after Ref. 15.

creates in the material both acceptdtise major impurity
and donorgminor, compensating dopanfhe resultant ma-
terial is p-Ge with a compensatiok =0.32—0.40%'>"1*A  can be explained by the formation of complexes between
certain scatter irkK comes from the fact that transmutation radiation defects and As atoms introduced in"Gsy NTD.
doping involves epithermal neutrons as well, so that the dopThe concentration of these As atoms does naturally increase
ing coefficienta for each impurity, which relates the impu- with increasing irradiation dose, but not all of the As atoms
rity concentration introduced to irradiation dode= a®, can act as donors and supply free electrons. If a radiation
differs somewhat from the value= o ;N* calculated using defect was created near an As atom, a radiation-defect—As
the cross section for thermal neutrons. As a result, the valueomplex, which is hard to anneal, may form, in which As
of a varies slightly depending on the actual neutron energyill no longer be a donor, thus decreasimgbesides, such a
spectrum in the reactor used for irradiation. complex exhibits acceptor propertitayhich results in com-
The NTD process does not, however, end by irradiatingpensation and an additional decrease.df the irradiation is
samples or ingots in a nuclear reactor. The presence in tHeng enough, the concentrations of radiation defects and As
reactor spectrum of fast, energetic neutrons gives rise to thetoms will be high, and the probability of their forming com-
creation in the sample of radiation defects or even disorderedlexes will likewise be high. For low irradiation doses this
regions. Radiation-defect annealing is a complex technologieffect may be neglected, because the radiation defects and As
cal problem, because radiation defects form complexes withtoms are far from one another.
impurities contained in the starting material, which requires  Another essential merit of NTD is the high homogeneity
development of various anneal regimearying in tempera-  of impurity distribution. In conventional metallurgical meth-
ture, duration, and atmospher®r different semiconductor ods of semiconductor doping, where the impurity is intro-
materials, and even for the same material having differentluced into the melt with subsequent growth of the crystal,
contents of some deep residual impuritiesygen, carbop>  obtaining a homogeneous distribution of an impurity encoun-
As already mentioned, one of the merits of NTD is theters radical difficulties. They are associated with the insta-
precision of doping because the dopant concentration is linbilities in the frontline of crystallization of doped crystals
early dependent on irradiation dose. Such a dependence &d an unavoidable temperature gradient in the growing in-
indeed observed typically in an experiment. For illustration,got between its center and periphery. These difficulties in-
Fig. 1 presents the phosphorus impurity concentration mearease manyfold as the ingot diameter increases. By contrast,
sured from the Hall effect vs silicon irradiation dose of athe homogeneity of doping in the NTD method is provided
neutron flux in a nuclear reactbt At high doses, however, by the random isotope distribution in the crystal lattice, the
nonlinear effects become possible. Indeed, *@ariched uniformity of the neutron fluxto achieve this, the sample is
material subjected to high irradiation doses exhibits deviarotated about its axis and pulled simultaneously through the
tions from the linear relatiorfl) toward saturation, which core during the irradiation and the small value of;. The
were partially compensated by longer anne#igy. 2).2° A producto;N; summed over all stable isotopes of the given
still more remarkable effect was observed after a repeatesemiconductor determines the neutron linear absorption co-
irradiation of the G& samples, which were preliminarily efficienty, i.e. the block effect, i.e. the shielding of the inner
heavily NTD-doped with As. Instead of the expected in-parts of the ingot by its outer layers. Knowing one can
crease of the free carrigelectrong concentrationn, one  calculate the maximum size of the crystal which can be
detected a decrease of which was the larger, the more doped by NTD with a given homogeneity. For instance, for
heavily was the NTD-G# sample doped. Both these effects Si y=4.5x 102 cm !, which permits one to achieve mac-
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FIG. 3. Microdistribution of the resistivity of reference resistances which
were prepared from germanium %) NTD and (2) metallurgical method
(after Ref. 17.
10°
rohomogeneity of doping to not worse than 10% even for a
large ingot 200 mm in diameter. The NTD method demon- T A T T A
strates its superiority in microdistribution of resistivity even 0.05 0.10 0.15
compared to reference resistances prepared by metallurgical T, K

techniquegFig. 3, Ref. 18. It is the high macro- and micro-
homogeneities of doping that account for the widespread usg®: 4 Te?“peraftt“re;efpel”f’elnce OI tht‘? reSiStiV“IV‘Ge(_Afi(figfgiﬁe’?g‘t
of NT[_)-Si’ induqing tha_t obtained on the RBMK-1000 re- CKO=m(§))e;nZSf4Ioi%o?r:peis.ati%n by iic?:e:sginzatmhz ecgr?centration T)Tgaillium
actor, in production of high-voltage power convertéts. acceptor impurity produced in the sample througH“Geansmutation 15,

NTD of germanium is characterized also by the long27, and 51 days after neutron irradiation in a reactor at a dbse3
half-life (11 d) of the G€* isotope decaying to produce the * 10 cm ? 5-12 — further compensation by gamma-ray irradiatiéh.
Ga acceptor impurity. On the one hand, this is inconvenien{? 2-67.(3) 0.82,(4) 0.90,(5) 0.944, and6) 0.956. For higher compensa-

. h . . . tions determination oK from Hall measurements is impossible because the

because it requires a long holdup of the irradiated material t@amples become inhomogeneous.
allow all nuclear reactions to come to an end and to reduce
the sample radoactivity. On the other, this offers a possibility
of studying the same sample in the course of decay, at difresults in their correlated distribution, i.e. formation of
ferent concentrations of the continuously appearing galliundonor-acceptor pairs. By contrast, the NTD process is run at
acceptor impurity as a function of time elapsed after the ir-a low (room) temperature. Even the unavoidable annealing
radiation. Irradiation oh-germanium permits one to monitor of radiation defects is performed substantially below the
the sample with progressively increasing compensation, umelting temperature, where the impurities have a low mobil-
to its conversion top type. Figure 4 shows the effect of ity. This gives one grounds to hope to obtain closely com-
increasing compensation on the electrical conductivity of thepensated samples with a random impurity distribution.
starting n-Ge samplé® We readily see that the activation First measurements of an NTD-doped ‘enriched
energy of conduction grows continuously with increasifi)g germanium were carried out at PTI in 19830ne obtained
which corresponds to a shift of the Fermi level toward mid-by NTD a series oh-type samples with a small compensa-
gap. This phenomenon, in its turn, permitted, as it were, dion, K=0.026-0.056, depending on the actual enrichment
spectroscopic investigation of the gap and determination dfy the Gé* isotope and the presence of trace amounts of
the energies and charge states of deep impurities iG€’%, an isotope which transmutes to an acceptor impurity
germaniunt! By determining the exact point of conversion Ga’*. The high cost and small amounts of the isotope-
from n- to p-type made it also possible to refine the value ofenriched germanium dioxide provided by the Isotope Fund
o for Ge’ (Ref. 12. of the Kurchatov Institute required development of a tech-

Progress has recently become evident in NTD of germanology of growing and purification of tiny Ge crystals a few
nium having an artificially modified isotopic composition. grams in weight, a problem involving serious technical dif-
The main idea behind this work consists of producingficulties. By mixing the isotopically enriched Glawith natu-
NTD-Ge with different types of conduction and different ral germanium one could subsequently prepare and study
compensation while maintaining a homogeneous impurityn-type samples with compensatiorks=0.12,0.38, and
distribution. This is particularly important for the case of 0.5422 Samples withK>0.8—0.9 were also produced.
total compensation, which, assuming random spatial distri- Lawrence Livermore National Laboratory in Berkeley,
bution of impurities, should give rise to strong fluctuations of California, is another center where such research is being
electrostatic potential. Such a system is practically imposearried out. The scientists of this laboratory report of having
sible to prepare by doping metallurgically; indeed, oppo-grown miniature crystals from G& and Gé*enriched ma-
sitely charged impurity ions remain mobile in a melt, which terials (which were obtained also from the Isotope Fund of
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Application of the theory of algebraic systems for creating a hierarchy of solid
structures formed under equilibrium and nonequilibrium conditions
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A unified hierarchy is proposed for molecular and solid structures formed under equilibrium
(ideal crystals or nonequilibrium conditionsreal crystals, fractally ordered crystalline,
quasicrystalline, and amorphous solids, as well as composite solid materials that are aperiodic on
an atomic-molecular level but are periodic on a macroscopic)leVake construction of this
hierarchy is based on applying the theory of algebraic sysigmmips, rings, and fieldigo the
multiplication of an initial structure in space depending on an inflation coeffi¢rmnnber$
expressed in the general for@= (n+m\/1)/k. Examples are presented of molecular and polymer
structures described by groups or rings, fractally ordered solids whose structures are
described by fields, and solids with damped or self oscillations in their composition, whose
structures are described by fields or periodic rings of fields with complex spatial multiplication
factors. © 1999 American Institute of Physids$51063-783%9)01105-3

Molecular systems and structures of crystals are deequilibrium, the structures of MOCs and systems of con-
scribed by “groups” as algebraic systems. Molecular sys-densed decomposition products of MOCs can have a struc-
tems are described by “point group symmetries” and crys-ture ranging from crystalline, where there is order on an
tals, by “space groups.” A “ring” algebraic system atomic-molecular level, all the way to an x-ray amorphous
describes complicated molecular systems with partiallystate, in which there is not even short-range order on an
(most often “hidden’) ordered and almost independent sub-atomic or molecular level, but periodic structures can exist
systems(some metalloorganic compounds and complexespn a macroscopic level.
oligomers and polymers, including fullerenes and nanopipes, The structures of MOC molecules, such as ferrocene—
biological molecules A “field” algebraic system generates bis-cyclo pentadienyl iron or bis-chlorobenzene, can have an
structures which have all the characteristics of fieldsextremely high symmetry. At the same time, there are com-
(“sources,” “sinks,” “gradients,” and “vortices”). These pounds with properties similar to them which do not have
systems describe physical systems which can be fractally oeny molecular symmetries, such as cyclo- pentadienyl-
dered. These last grow in energy and concentrafipas$  chlorobenzene. The structure of MOC molecules, like other
fields and create aperiodic structures such as quasicrystalmolecules, are described by the group theory of algebraic
Their aperiodicity is caused by the absence of a translatiosystems, in particular, by “point groups.”
operator in the solid, but they can have rotational symmetry  The structure of the condensed state of MOCs and their
and fractal ordering. A real representation of the growingdecomposition products can be mono- and polycrystalline
spatial structures after multiplying by a complex numberstates with periodic molecular and atomic composition and
makes it possible to explain the different types of spatial anerder reaching a macroscopic level. The ideal structure of
energy oscillations controlled by the mass and energy fluxesrystalline bodies is also described by group theory as alge-
The formation of macroscopic periodic systems without abraic systems, in particular, by “spa¢Eedoroy groups.”
periodicity on an atomic scale has been observed duringhese descriptions, however, only apply to “ideal equilib-
MOCVD processes. rium states” in the condensed phase.

1. It is known that the metal constituent can have a large  Under real, nonequilibrium and, essentially, irreversible
influence on the structure and properties of metalloorganiconditions, when energy and mass fluxes are present, con-
compoundgMOCs) in the molecular and condensed states,densed states are formed by processes which take a finite
as well as of their condensésbolid or liquid) decomposition time and result in the formation of a variety of different
products. Both the ordering of other atoms around a giverstructures: gradient, fractally ordered, porous, layered with a
atom within an MOC molecule and the ordering of the atomsperiodicity only on a macroscopic level, etc. These structures
of the metal and, perhaps, of atoms of other elements preseate presently discussed in terms of synergetics or the theory
in the system of condensed decomposition products of aof dynamic systems, as well as by using the mathematics of
MOC (carbon, hydrogen, compounds of the metal with themthe theory of nonlinear oscillatiorfs’
and with other elemenkslepend on the position of the metal Because of their structure, the condensed states of
atom in the periodic tabléi.e., on the energy and spatial MOCs and their decomposition products formed under non-
characteristics of a metal atom equilibrium conditions have properties which are unusual for

Depending on how far the system is from a state ofordinary crystalline bodies. For example, nonlinear optical

1063-7834/99/41(5)/5/$15.00 720 © 1999 American Institute of Physics
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properties have been observed in some industrial MOCs amstructures described by “rings” and “fields.”

polymers, liquid-crystal properties in high substitution The experimental tasks in this work are to verify, im-
MOCs and polymers, electrooptical effects, etc. For films ofprove, and confirm the theoretical advances in terms of the
the solid decomposition products of MOCs under nonequifonlinear properties of MOCs and polymers, and of films of
librium conditions in the MOCVD process, gradient, inorganic phases obtained through the decomposition of
composition-layered, and fractally-ordered structures typiMOCs under equilibrium and nonequilibrium conditions.
cally develop which have high durability and corrosion re- 2. We propose using general number theory to obtain an
sistance, anomalously low temperature coefficients of eleceffective solution for the problem of creating models for the
trical resistivity (for chromium filmg, acoustic emission formation of complex molecules and solids under equilib-
during formation, anomalous stability of pores of certainrium and nonequilibriunirea) conditions from the vapor or
sizes, and micro- and nanocomposite compositions in théquid phase. This makes it possible to analyze the different
solid phase. Similar properties are possessed by theypes of molecular and solid structures as they form. Simple
fullerenes, nanopipes in the condensed phase, in the limiynit cells of a certain number of interacting atoms of one or
shungite, and graphite inclusion compounds, as well as niseveral types can be multiplied in space using the self-
merous layered (MoS TaS,, FEPS;),, double and triple  similarity (or inflation-deflation coefficient Q, which can
oxides of P, As, and the metals Zr, Hf, U, &tsolid com- take on any numerical value. The numig@rcan be written

pounds, and the micro and macrozeolites. as the fraction
For many years, the authors have systematically studied
both the structure of MOC molecules and crystals, and the Q=(n+m\/f)/k, (&N

structure of the condensed decomposition products of MOCs

obtained by the breakup of MOCs during heterogeneous gasvheren, m, |, andk are arbitrary numbers.

solid or -liquid, liquid (or MOC solution-solid, and solid- When a simple unit cell is multiplied b, its structure
solid reactions, as well as during gaseous phase reactioiis repeated over larger or smaller scale lengths and different
with different methods of activatiotthermal, plasma chemi- types of spatial filling by the structure can occur, depending
cal, photochemical, mechanochemjcal onn, m |, andk.

The formation of all the above types of condensed states The simplest case occurs far=0 andk=1. ThenQ
(from single crystal to x-ray amorphous, layered, and fracta=n. These conditions correspond to the natural series of
lly ordered has been observed experimentally. A theoreticahumbers and the resulting solid structures correspond to pe-
(mathematical treatment of the formation of the condensedriodic packing of solids, beginning with atomic scale lengths
phase for these processes was first given in Ref. 4. and on to macroscopic scale lengths. This process is known

For a unified treatment of the structures of MOCs andas crystallization. This case is difficult to attain under non-
their condensed decomposition products, however, it wasquilibrium conditions when energy and mass fluxes are
proposed® that the theory of algebraic systenigroups, present. Only when these fluxes are negligible does crystal-
rings, and fields- and number theory be used in a qualitative lization occur. Crystal structures are described by “group”
classification to construct an hierarchy of the structures antheory as an algebraic system theory. It is also applicable to
the algebraic systems corresponding to them during formamolecular systems. However, molecular systems are de-
tion of the condensed phase in the decomposition of chemicribed by point groups, and crystals, by space groups in
cal compounds, in particular, MOCs. Possibilities not en-which the point groups enter explicitly or implicitly as sub-
countered in the scientific literature were pointed out forgroups (in many molecular crystals or in the nearest-
treating molecules with high-symmetry fragments, oligo-neighbor ions in ionic crystalsA “group” algebraic system
mers, and polymers, with the aid of algebraic “ring” sys- is characterized by only one operation, which is additive
tems, along with the conditions under which they generatéadding or subtracting as the opposite of adgliagmultipli-
“groups” or “fields.” It is interesting that “fields” with cative (multiplication or division as the inverse of multipli-
fractional and irrational multiplication factors of the spatial cation. If the elements of the group are strongly couplace
structure seed generate a fractal ordering in the condensenbt localized in separate spagethen the group is multipli-
state of the material in space. When the seed spatial multcative. A given molecular system can be described by an
plication factors are imaginary, the algebraic “field” system additive or multiplicative group, depending on the force
corresponds to processes for formation of macroperiodievhose interaction is being considered. Additive groups are

structures which are not periodic on an atomic lgVetani- used to describe systems with a weak interaction. Here the
festation” of the imaginary nature of the multiplication fragments(subgroups of the additive groupare essentially
factors. independent of one anothé&ero overlap. Groups describe

Our purpose is to develop a theoretical apparatus fothe simplest, as well as complicated, molecular systems and
determining the mutual correspondence of algebraic systenfer the latter, with a low symmetrye.g.,C;), this descrip-
and real equilibrium and nonequilibrium structures in ordertion is ineffective.
to predict and describe the energy and spatial characteristics The next case occurs for integer m, (1>0), andl/k
of molecular and polymeric systems, and of fractally and(k<<1). In this caseQ forms an algebraic system with two
spatially periodically ordered condensed states. There is alstefined operations: addition and multiplication. This kind of
some interest in developing methods for estimating and prealgebraic system is referred to as a rirfgThis case corre-
dicting the nonlinear properties of substances resulting fronsponds to complicated molecular systems containing many
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ecules, and, finally, pregraphite structures, fullerene deriva-
tives, and nanopipes.

All the remaining cases, wheie#0, Q is a fraction or
irrational number, andl>0, create “field” algebraic
system$ and the structures generated in these cases have all
the properties of fieldgi.e., “sources,” “sinks,” “gradi-
ents,” and “vortices”). These systems have spatial gradients
over the elements contained in the structure and can be de-
fined as fractally ordered spatial systems. These systems al-
ways develop under nonequilibrium conditions when energy
and mass fluxes are preséint energy and concentration, or
mass, fields and create aperiodic structures, including, in
particular, “amorphous” and quasicrystalline bodies formed
under nonequilibrium conditions. The aperiodicity of these
structures is related to the absence of a translation operation
in the solid blocks, but they can have rotational symmetry
axes of arbitrary order and retain fractal ordering. Real sys-
tems of this sort have apparently not been considered in ma-
terials science, except in a few of our recent papéefs
where methods were developed for constructing quasicrys-
talline structures over a fractal skeleton which revealed the
possibility of forming structures like pore&losed, stable
fractal forms, within which “local crystallization” is pos-
sible over many generations, i.e., the pores can be partially
filled with “primary construction material” that has a pack-
ing structure possessed of a translation operation. The siting
of these pores and, thereby, of the local crystals is fractal in
nature.

For a long time architects and artists have used the
“golden mean” for creating beautiful aperiodic structures
with irrationally ordered symmetries in buildings. A much
more complicated irrational ordering occurs in living nature,
in an open nonequilibrium system capable of living among
inorganic material on the earth, as was often pointed out by
Academicians Shubnikov and Belov.

Special cases of complex system formation occur for
|<0. A real representation of developing spatial structures
obtained by multiplying by a complex number allows us to
obtain an explanation for various types of spatial oscillations
in the structural components under nonequilibrium and equi-
librium conditions for the formation of solids(see
Mel'nikov,*® Zhuk!® and Almazo¥®). These oscillations, as
well as stable, stationary states and self oscillations, are a
consequence of nonlinear kinetics in nonequilibrium pro-
cessedoften irreproduciblg accompanied by mass and en-
FIG. 2. Two dimensional fractally ordered quasicrystalline structures repre—ergy fluxes through the system that are difficult to control.
sented by a “field:” (a, b modelling hexagonal carbon structures by This case represents the formation of macroperiodic systems
“fields” that include a “ring” with a high degree of amorphization and with a lack, compared to crystalline systems, of periodicity
filamentary elgment(sa) and with a high degree of aromatization with bands (an aperiodicity on an atomic size scale. The latter are pe-
of polyaromatic structures as precursors of nanopipgs(c) the develop- . . . .
ment of a two dimensional fractal structure with an inflation coefficignt riodic on macroscopic and atomic scale Iengths. This behav-
=(2+/2) andC, rotational symmetry and manifesting arbitrary filling of 10r has been examined and discussed using the theory of
“stable fractal structures” by elements from preceding generations. nonlinear oscillations for deposition from the vapor phase

(MOCVD processes®1%in the general and some particular

cases of the deposition of solids under conditions of limited
partially ordered and almost independent subsystems. Bumass(diffusion, laminar flows, vorticesand energy trans-
this type of system has not been examined in the literatureport (heat transfer’® It is interesting that damped and forced
even though these conditions exist in some organometallioscillations produce structures that are described by
compounds and complexes, polymers, biological macromol-fields,” while self oscillating regimes in the growth of sol-
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Disordered material§glasses and amorphous substances, melts, polymers, biological medlia, etc.
are an important class of objects. Despite the chaos usually associated with their structure,
glasses and amorphous substances of various k#ssiconducting, dielectric, metallipossess

a universal spatial scale lengthl nm, an order parameter, which can be as important
theoretically as the unit cell for crystals. The disorder in disordered substances is not absolute;
the periodicity positions of atomic inherent in crystals is maintained within a few

coordination spheres and is then somehow destroyed. The way in which the order breaks down
makes it possible to distinguish the glasses from amorphous materials in terms of the

form of the structural correlation function. The inhomogeneities in question are not exotic,
unigue formations or analogs of defects in crystals, but are the fragments out of which amorphous
substances and glasses are entirely constructed. The spatial inhomogeneity of disordered
substances having a characteristic scale lengtk bhm leads to some universal characteristics

in their vibrational properties, changes the relaxation mechanism for electronic excitation,

and determines the specific features of charge transportl9@® American Institute of Physics.
[S1063-783%9)01205-9

From the viewpoint of fundamental science, the structurgohous substances which explain the experimentally observed
of amorphous substances and glasses is basic to solid-stdiehavior to some extent. The most widely recognized of
physics. How is the world constructed under the conditionghem, which describes the low-energy vibrational behavior,
of disorder with which these substances are usually assodis the soft-potential modélwhich arose as a generalization
ated? This question is no easier to answer than many of thef a phenomenological model for two-level systemisThe
fundamental problems of astrophysics and elementary pamicroscopic nature of soft potentials is, however, still un-
ticle physics. clear and has not yet been explained.

Of all the states of matter, only the crystalline state  Attempts to describe amorphous substances and glasses
stands out distinctly in terms of the geometric ordering andas “bad” crystals have never ceased. It is assumed that they
positioning of its atoms over fairly long distances. This hasare quasicrystalline: although the distances between neigh-
permitted major experimental advances in the understandinigoring atoms fluctuate irregularly, on average they differ
of the crystalline state and the development of satisfactoryittle from the mean. In this case it is possible to introduce a
theoretical models. Noncrystalline materiéise overwhelm-  coordination scale length in which the potential of a chain is
ing majority of amorphous substances, glasses, and liquids iapproximately periodic. One of the first such approaches was
practical usg however, do not have this order if one ap- used by Gubanov in the early 196@¢'$n 1998 Alexandet
proaches them with “crystalline” measures. This creates aagain proposed using a Cauchy—Born expansion for describ-
perception that there is no universality to their structure andng amorphous substances. Nevertheless, he understands
the only thing one can do is to study each substance, attemfgrge part of the review is devoted to this poititat the main
to construct a model of its structure, and find individual cri- obstacle is the impossibility of defining a “reference” state,
teria for controlling its properties. This approach does notelative to which the expansion is carried out.
appear to be productive, but it is widespread. We believe that quasicrystalline concepts of the structure

It is well known that all amorphous materials with very of amorphous substances in the sense of Refs. 4 and 5 should
different types of short-range ordérovalent lattices, metal- be avoided. The physical properties and geometry of amor-
lic glasses, polymers, ejchave a number of properties in phous materials are closely related. The disorder in amor-
common. These include a linear temperature dependence phous substances is topological, and topological defects can-
specific heat and a quadratic one for temperatiired K, not be eliminated by small displacements of the atoms. This
an excess density of vibrational states Tor5—20 K, the  requires a global realignment of the structure.

Vogel—-Fulcher law for their relaxation properties at high A possible basis for new approaches to the theoretical
temperatures, the 2/3 rule for the relationship between thdescription of amorphous substances and glasses might be a
vitrification and melting temperatures, etc. The existence ofecognition of the fact that the disorder in these materials is
such universal behaviors suggests that it is based on commawt absolute. The periodicity in the positions of the atoms
features in the structure of amorphous materials. intrinsic to crystals is maintained over several coordination
There are now many models for the structure of amorspheres, and then somehow destroyed. The distance over
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which order is still preserved can be characterized by the The two approaches are interrelated. Noneuclidean ge-
correlation radiuRR. of the structure. Various estimates for ometry can be described in a language which is a special
amorphous and glassy materials yi&g~1 nm® Here itis  case of nonabelian gauge fields. The curvature tensor is pro-
appropriates to note that the way the order in the atomi@ortional to the stress tensor of the field.

positions breaks up within a few coordination spheres is dif-  Introducing disclinations makes it possible to overcome
ferent for amorphous substances and glasses. In glasses, the contradiction between the two major specifications defin-
loss of ordering takes place comparatively smoottiye  ing the structure: minimizing the local energy and the dens-
structure correlation functiorr(R) is exponentigl while  est possible occupation of space. The density of disclinations
amorphous substances consist of fairly perfect small crystain an amorphous substance must be very high, while the
lites [(F(R) is gaussiah The characteristic form of the distance between them must be on the order of a few inter-
structural correlation function can be determined by Rama@tomic distances. Disclinations divide an amorphous sub-
scattering. Over scales much longer thaR,, amorphous stance into regions within which the crystalline order is pre-
substances are well described as continuous media to whi@rved to a substantial degree.

many results of conventional crystallography apply fully.  Thus, physicists have measured an inhomogeneity scale
Here the situation is similar to a fractal description: fractonsiength which appears to bel nm, and the mathematicians
occur over small distances, and a continuum over long dishayve proposed a model of boundaries for these inhomogene-

tances. o _ ities. We showed back in 1977 that glass has a crystalline
Experiments have long indicated the existence of somg,qer over scale lengths1 nm 1516

kind of universal structural formations on scale lengths of ¢ inhomogeneities of concern here are not exotic

~1 nm. This is shown by data from x-ray structure studies,nique formations or analogs of defects in crystals, but are
(the first sharp diffraction peaksmall-angle x-ray scatter- o fragments out of which amorphous substances and
ing, dark-field electron microscopy, neutron scattering, andyasses are entirely constructed. In this sense they can be
Raman scattering. But, to judge from numerous articles, th?egarded as analogs of the unit cells of crystals.
overwhelming majority of experimentalists and theorists do The spatial inhomogeneity of amorphous substances and
not take this fundamental property of amorphous substancegﬁalsses with a characteristic scale length-df nm leads to

Into account. : . . the appearance of universal behavior in their vibrational
Probably the main argument against using the concept o . . . )
: . . . properties, changes the relaxation mechanism for electronic
structural inhomogeneities with a scale length~ef nm is

the question of how the boundaries between them are cortlef);g;tg;?’ and determines the specific features of charge

structed. The microcrystallite theory of glass structure pro- .
Y y org P As noted above, glasses have an excess deftity-

posed by Lebedéwas unacknowledged precisely because ared to the Debye densjtgf vibrational states at energies

the question of the structure of the boundary between cry& o )
tallites was not answered. Many physicists regard the bounoo—f 2-10 meV(3-15 .K)' The excess wbraﬂonal_ deqsﬂy show;
p as a peak, which exceeds the Debye vibrational density

aries as some kind of amorphized layer with a thickness o : T -
P y or this energy by a factor of 2-6 in different materials. An

the order of a few interatomic distances. Its structure ca L . )
excess vibrational density is observed in all glasses. It shows

only be imagined. _ ) . .
Meanwhile, approaches have long been under develodﬂp in low-energy inelastic-neutron-scattering spectra, low-

ment which relate the topological disorder in amorphous®duéncy Raman scatteririthe “boson peak], far-IR ab-
substances to the presence of characteristic structural el€0Ption, and low-temperature specific heat and thermal con-
ments, i.e., dislocations. One of these is associated with tHgUCtivity. We assume that there is reason to relate the excess
names of Kleman, Sadoc, and Likhactfe¥* Their model vibrational density in glasses at 3-15 K to their having a
proceeds from the assumption that an amorphous substang@aracteristic length, an average ordering radius, with a scale
can be described as a substance with an ordered structure!fgth of ~1 nm. The low frequency vibrational excitations
a curved space. Disorder develops after the crystal is mappégsponsible for the excess vibrational density are localized in
from the curved space into real euclidean space. This maghe structural nanoinhomogeneities in our mddeThere
ping cannot be done without distortions, which lead to thehave also been a number of experiments on models which
loss of order. But the distortions are not arbitrary disruptionsconfirm the possibility, in principle, of this mechanism for
of the order; they take place in accordance with completeljhe development of an excess vibrational densitpata on
defined laws and, specifically, as a result of the appearandew-temperature heat conduction in a wide range of glasses
of linear, rotational defects, i.e., disclinations, which causéave been analyzedand it was found that, in the plateau
topological disordering of the structure of amorphous subfegion, the loffe—Regel criterion for phonon localization is
stances. satisfied:A~I1, wherel is the mean-free path determined for
A second approach, associated with the names of Riviegtrong scattering on the scale of the structural inhomogeneity
Nelson, and Sethn%;**is based on introducing a nonabe- andX is the phonon wavelength. Comparing these data with
lian gauge field, which makes it possible to take into accounmeasurements of the thermal conductivity in aggregates,
the invariance of the structures of amorphous substanceghere the localization shows up on a scale length equal to
with respect to local rotations. Fields of this type are alscothe correlation length of the structure, yielded a correlation
associated with disclinations. Their stress tensor is proporength of 10-30 A for the glasses. The size distribution of the
tional to the disclination density tensor. nanoinhomogeneities can be described by a logarithmic
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function with a universal dispersion of the logarithm of fre- dence of the conductivity is a smooth curve with an activa-
quencyc=0.48Y7 tion energy that falls as the temperature is lowered. As a rule,

The low-energy features of the vibrational spectra ofthis is interpreted in terms of several exponential segments
glasses can have a significant influence on their properties abrresponding to the known charge-transport mechanisms:
high, as well as lowT, up to the vitrification temperature. through a zone of delocalized states, through localized states
Thus, the contribution of low-energy phonons to the magniear the Fermi level, and through states lying above the
tude of the mean-square thermal vibrations of the atoms ifermi level of the material. However, our analysis of the
enhanced by a factor proportional to the reciprocal of thenumerous experimental data shows that, in a whole series of
square of their frequency. Therefdf®in glasses the exis- cases, the temperature dependence of the conductivity of the
tence of an excess low-energy vibrational density, in an inimaterial can be represented in an entirely different manner,
tegral amount of 10%, raises the amplitude of the thermaby an inverse Arrhenius law, rather than as a sum of two,
vibrations by 30-40% compared to the corresponding crysthree, or more exponentials having different activation ener-
tals at the same temperature. At the vitrification point, thegies.
amplitude of the thermal vibrations is extremely close to the ~ Phenomenologically, an inverse Arrhenius law for the
level in the corresponding crystals at the melting point. Thedemperature dependence of the conductivity can be obtained
relationship between the vitrification and melting tempera-by considering the fluctuations in the potential and the spatial
tures in materials having the same chemical compositiofluctuations in the mobility. Then, treating the conductivity
found® using the Lindemann criterion is determined by theof a highly inhomogeneous medium using percolation
parameters of the excess low-energy vibrational density: ittheory, we find that the only effective participants in the
amplitude, the position of the maximum, and the universaconductivity are carriers lying within a narrow energy inter-
dispersion of the log-normal distribution with respect to theval kT near a percolation leve; corresponding to the de-
frequency of the excess vibrational density. The ragéT, velopment of a critical conducting cluster. The necessary cal-
was very close to 2/3, the well known empirical rule. In theseculations have been done elsewh&re.
materials, as in amorphous silicon and germanium, there is Note that an inverse Arrhenius law has long been known
no excess vibrational density at low energies: the boson pedRr the temperature dependence of the photoluminescence
actually merges with the line corresponding to Temode.  intensity in disordered materials, in particular for amorphous
Thus, these materials do not vitrify and, when they aresilicon and chalcogenidés This law is explained by a com-
cooled below the melting point, they crystallize rapidly in petition between radiative and nonradiative recombination
accord with the fact that in them, as opposed to the glasseshannels. We have séérthat the transport of charged car-
the amplitude of the thermal vibrations is close to that in thefiers and their recombination in disordered solids are closely
crystal state. interrelated.

In amorphous substances and glasses, the physics of the Therefore, despite the chaos usually associated with the
relaxation of electronic excitation differs fundamentally from structure of disordered substances, they do have a universal
that in crystals. In media with spatial dispersion in theirspatial scale length, an order parameter that is characteristic
properties, the excitation energy is localized over scal@®f amorphous substances and glasses of various kasi-
lengths on the order of the correlation radius of the structureconducting, dielectric, metallic Size effects determine the
Energy transfer from the electronic subsystem to the ion cor@xperimentally observed features of their vibrational proper-
takes place in two steps: in the first, high-frequency localies, relaxation of electronic excitation, and charge transport.
phonons are generated in a region bounded by the correlatigh continuum description of amorphous substances and
radius R, of the structure and only then, after some timeglasses is applicable only on scale lengths exceeding the
delay, is energy pumped into long-wavelength vibrationscharacteristic correlation length.

Localized phonons are “trapped” inside the structural cor-

relation region and have a unique spectrum which dependgE-mail: malinovsky@iae.nsk.su
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from Ka~ Kp tO JFN 1/R, are present The excess energy 1v. G. Karpov, M. I. Klinger, and F. N. Ignat'ev, Zh.Kgp. Teor. Fiz84,
associated with _Iocal vi_brations is dispers_ed _only_ throughggé%llgfgdgsrgghlpgysl: Jﬁ;;‘,’;i: 32;?2?% Varma, Philos. Mag.1
phonon-phonon interactions and the localization time may (1972.

exceed the reciprocal of the characteristic phonon frequen3w. A. Phillips, J. Temp. Physz, 351(1972.

cies by an order of magnitude. This delay in energy removaI4A- l. Qubanqv,Quantum-EIectronic Theory of Amorphous Semiconduc-
!eads to an interestir_1g phenomenon: structural (ealignmeqtsgrigénxsnudsg:?gglfg '\éoé’g\é 2§?$9g_oscow_"enmgrad’ 1963

in amorphous materials and glasses driven by light of arbi-¢v. k. Malinovskir, Avtometriya No. 1, 251985.

trarily low intensity. Each absorbed photon can change the'V. K. Malinovskii, V. N. Novikov, and A. P. Sokolov, Fiz. Khim. Stekla
structure of the hanoregion where it is absorbed. StrthuraLi.S(i).’ S:b(gc?S\?.inThe Glassy State. Proceedings of the Ill-rd All-Union
changes of this sort have been observed most clearly in chal-cqpference AN SSSR, Leningrad, 1960p. 7.

cogenide glasses and, to some extent, in all other glasses an@h. Kleman and J. F. Sadoc, J. Physique Lé6, L569 (1979.
amorphous substancgs local heating modét explains the ~ °M. Kleman, J. Physiqué3, 1389(1982. _
experimental data most rigorously and completely. _ Xf S\éfLe"éPsﬁﬁhﬁﬁg g'a 5'@’85‘"&?}‘{‘%; d'?igsg‘;dego‘z*"”“”““m Theory

Nanoinhomogeneities have also been observed in experizy. Rivier and D. M. Duffy, J. Physiqud3, 293 (1982.
ments on current transport. Usually the temperature deperJy. P. Sethna, Phys. Rev. Lefitl, 2198(1983.



728 Phys. Solid State 41 (5), May 1999 V. K. Malinovskil

14D. R. Nelson, Phys. Rev. B8, 5515(1983. 20y, K. Malinovsky and V. N. Novikov, J. Phys.: Condens. Mattei_139
15y, G. Zhdanov and V. K. Malinovski Pis'ma Zh. Tekh. Fiz3, 943 (1992.
(1977 [Sov. Tech. Phys. LetB, 387 (1977)]. 21y, K. Malinovsky and V. G. Zhdanov, J. Non-Cryst. Soligig 31(1982.

16y, G. Zhdanov, B. T. Kolomietz, V. M. Lyubin, and V. K. Malinovsky 220. A. Gudaev, V. K. Malinovsky, and E. E. Paul, Solid State Commun.

- 74, 55 (1990).
Phys. Status Solidi A2, 621 (1979. 23 . . '
17y K. Malinovskii, V. N. Novikov, and A. P. Sokolov, Usp. Fiz. Nad63 Amorphous Semiconductoradited by M. H. BrodskySpringer Verlag,

Berlin—Heidelberg—N.Y., 1979
o5, 119(1993 [Phys. Usp36, 440(1993) %0, A. Gudaev and V. K. Malinovsk Fiz. Tverd. Tela37, 81 (1995
V. K Malinovsky, V. N. Novikov, A. P. Sokolov, and V. G. Dodonov, [Phys. Solid Stat7, 41 (1995].
Solid State Commurg7, 725(1988.

18C. Yu. Clar and J. J. Freeman, Phys. Rev3® 7620(1987). Translated by D. H. McNeill



PHYSICS OF THE SOLID STATE VOLUME 41, NUMBER 5 MAY 1999

Energy characteristics of carbon clusters with passivated bonds
V. V. Rotkin*) and R. A. Suris

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tverd. Tela(St. Petersbungdl, 809—812(May 1999

A modified phenomenological model is proposed for calculating the formation energy of carbon
nanoclusters which makes it possible to analyze the regions of existence of clusters of

various forms. A new parameter of the model, which corresponds to passivation of broken carbon
bonds, affects the shape of the equilibrium optimum clusters, i.e., those having a minimum
energy for a fixed number of atoms. Analytic dependences of equilibrium-configuration states
determining the existence of spheroidal closed clusters, nanopipes, and fragments of a

graphite plane, on the broken-bond energy parameter obtained in this model are presented.

© 1999 American Institute of Physids$1063-783#9)01305-3

Theoretical studies of the synthesis of carbon nanocluseluster from one state of configuration space to another.
ters in electric arcs or by laser ablation of graphite, in mo-  Our method has been formulated in earlier pabans is
lecular and atomic beams, by igniting hydrocarbons, or bybased on expanding the total formation energy of a cluster
other methods are difficult since the conditions for synthesisnto independentin our approximatiopterms corresponding
(Cluster production techniques have been reviewed by Smoteo: (1) the “seed” formation energy of grapher{¢his con-
ley et all) are utterly different and the set of synthesizedstant term determines the reference level and will not be
clusters is usually diverse and hard to classify. At present itncluded in the following calculations (2) the energy of
has been established firmly that a large number of small cacurvature of the cluster surface, which is analogous to the
bon clusters are present in the synthesis products: presuralastic deformation energy of a plan@) the energy associ-
ably linear chaingcarbene type or with free bondsr frag-  ated with pentagonal defects that are not characteristic of
ments of a monolayer of a graphite plarigraphene graphene; and4) the energy of broken bonds. This paper is
fragmenty. More compact nanoclusters have also beerflevoted to accounting for the passivation of broken bonds,
found: with cylindrical and spherical shapes or unclosedwhich in terms of the model corresponds to varying the
fragments of these with characteristic radii of a few nm.broken-bond energy parameter. Here we show that this
Conditions have been fouhdor synthesizing rather long modification of the model leads to a change in the results on
(severalum) cylindrical clusters, i.e., nanopipes, with vari- the energy equilibrium in the configuration space of clusters
ous diameters. Fragments of conical surfaces, multilayehaving different shapes. Specifically, it has been shawat
clusters, etc., have been observed among the clusters. Theoftening” the bonds changes the energy diagram for the
theoretical description of the synthesis of carbon nanoclusphases relationship between flat fragments of graphene and
ters is also complicated because, up to now, no final concluspheregand nanopipgsin favor of the uncoiled fragments.
sion has been reached as to how much this process is deter- In the first part of the paper, we formulate a model and
mined by the reaction kinetics, or by an energy or entropystudy the effect of the magnitude of the broken bond energy
factor. Little is known about the reaction kinetics for forma- on the shape of an optimum cluster with nanopipes as an
tion of the various clusters, while the formation energies of eexample. The energy diagram for the coexistence of nan-
large number of isomersyChave been calculated by various opipes and flat graphene fragments is constructed in the sec-
methods, ranging from phenomenological to first-principlesond part. We also illustrate the change in the diagram when
calculations. We have proposed unified approach to the the bonds are “softened.” The third part is devoted to cal-
energy characteristics of the formation of carbon nanocluseulating the critical value of the bond “softness,” which is
ters with a curved surface like graphite. It allows us to com-defined as the value at which the equilibrium positions of the
pare the formation energy of fullerenes with different shapesglifferent states in configuration space undergo a change.
so that it is possible to determine the most energetically fa-
vorable clustergi.e., the clusters having the minimum for- . .
mation energy for a fixed number of atonis a continuum 1. EFFECT OF THE "SOFTNESS™ OF BROKEN BONDS ON

Y . ) THE OPTIMUM CLUSTER SHAPE
approximation. These calculations allow us to judge the
probability of forming clusters of a given shape for an equi- We shall specify the formation energy of a cluster
librium synthesis processvhile including the entropy factor through its geometric dimensions and shape. The greater the
does not significantly change the free energgs well as curvature of the cluster surface, the higher the energy asso-
whether a given isomer is in equilibrium. Note that @m-  ciated with bond deformation. The first parameter of the
ergetically nonequilibrium state of the clusten@s not nec- model is a phenomenological parameter that specifies the
essarily unstable. Examining the stability of a state requires aharacteristic deformation energy of a single bond for unit
detailed study of the kinetics of a specific transition by thecurvature and has been chosen equaEte-0.9 eV® The

1063-7834/99/41(5)/4/$15.00 729 © 1999 American Institute of Physics
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second model parameter takes the nonequivalence of the This dependence for the energy is important in studying

bonds into partial account: it is the appearance energy for 1the region of equilibrium between nanopipes and flat clus-

pentagons in a hexagonal graphene lattice forming a closetgrs.

clustef and it wasEs=17.7 eV. (Each closed polyhedral

cluster consisting of vertices with three edges should, acz. EQUILIBRIUM BETWEEN NANOPIPES AND FLAT

cording to the Gauss—Bonnet theorem, have 12 pentagonBRAGMENTS OF GRAPHENE

facets. Each pentagon in the cluster lattice is associated with | del th ii f b i .

a topological surface curvature of412. It is easy to under- N our model the Specific energy ot a carbon atom in
raphene is exactly zerdy definition), so that an infinite

stand that a pentagonal disclination corresponds to the re: . :
moval of 1/6 of a hexagonal lattideThe broken bond en- %at sheet of graphite would be the most energetically favor-

ergy, the last model parameter, was considered to bgble(equmbnum) configuration. But for a finite, flat cluster

invariant and equal to the dissociation energy of a carbol'© necessarily obtain a numper of broken bonds. The total
bond in graphiteE, =2.355 eV. energy of the broken bonds is not small and often sets the

It is energetically favorable to reduce the radius of adlrectlon of cluster conformation processes toward the for-

mation of maximally closed clusters. In any case, reducin
cluster, so as to reduce the number of broken bonds on tht y y 9

: ; ) . he open perimeter of an unclosed cluster is energeticall
open perimeter. This process leads to an increase in the ¢ ben p 9 y

vature and in the energy associated with it. Thus, the eneré’_vorable. Therefore, of the _fla_1t fragments, the clusters_, with a
ircular shape have the minimum enefyyThe formation

of formation can be optimized with respect to the geometricener of this tvpe of cluster. which is proportional 1o its
shape of the cluster. We shall refer to a cluster having mini-~ 9y yp ' prop
erimeter, depends on the number of atoms/kls

mum formation energy for a constant numiéof atoms as P : . . .
Let us now find the domain of existence of nanopipes

“optimum.” The optimum is attained by varying the cluster ith ios | than that of a flat h ¢ ¢
dimensions while leaving the topological surface type un-V1th energies fower than that of a flat graphene tragment,

changed. For example, for a cylindrical surface the total en'—nCIUdIng the possible passivation of the broken bonds.

ergy of an optimum nanopipe increases N&3 (Ref. 6, Among arbitrary nanopipes, the optimum clusters have a

where N=87RH/3,/3 is the number of atoms in the nan- minimum energy, so we shall calculate first the energy dif-
opipe, andH andR are its length and radiugNote that al ference between an optimum nanopipe and a flat, circular

the distances here and in the following are given in units Of:luster. Obviously, this difference should change sign, since

carbon bonds, which we assume to be fixed and equll to the energy of a nanopipe increases more s_lowly .W'th the

~1.4 A) We can calculatél andR of an optimum nanopipe number of atoms and, for a small cluster size this shape

for arbitrary fixedN: should be energetically unfavorabilén fact, this occurs for
N=<N;=729N, /64=148 atoms. 3

R.=R (l) 1 H.=2R (l) 2/3. 1) Beginning with this number of atoms, the formation of a
0™ My ' 0— * ) . . .
N N, nanopipe is more energetically favorable than that of a flat
cluster. Figure 1 is a configurational-equilibrium energy dia-
and thereby completely determine the shape of an optimurgram for nanopipes and flat clusters. Whe=N,,
cluster. Here we use the const&y=3E./E, and theN, nanopipes of a fixed shape defined by Eg$.can develop.
=167-,Ri/3\/§: 13 atoms determined by it. Obviously, We have obtained an analytim the limit R>R, ) rela-
“softening” of the bonds shows up formally in the transfor- tion for the cluster dimensions which determine the bound-
mation E,— £E,,, where the new model parametevaries — aries of the nanopipe region,
from unity to zero as the broken bonds are passivated. By 2 R
bond passivation we mean both any possible real physical- N1=N*<R—> —O(R—
chemical processes and a partial accounting for the fact that * *
the initial and final reaction products can contain other elefor the right-hand boundary, at which the clusters have the
ments besides carbon, for example, during burning of hydrosame length and diameter. A flattened shape of this sort cor-
carbons to yield purely carbon clusters. responds to a negligible energy of curvature, while the ener-
Formal substitution of in Eq. (1) for R andH shows gies of the broken bonds in the two types of clusters almost
that the length of the optimum nanopipe decreases, while theompensate one another. Obviously, the position of this
radius increases a$~ ¢ andR~ ¢ Y3 when¢ is reduced.  boundary should not be sensitive to “softening” of the bind-
For the same number of atoms the optimum cluster shapeg energy. In fact, neitheN;, nor R; or H; contain the
becomes flatter, corresponding to dominance of the energy gfaramete&E,. On the other hand, the left boundary,
curvature and the growth of the perimeter resulting from the
reduction in the curvature of the surface. N-=4N (
We also write down an expression for the total energy of 2 *
the optimum clustefRecall that this is the minimum energy
that a nanopipe can have for a fixed number of atpms.

4

4 3

+0

RZ
R

R
R,

R ®)

—4N*(

is shifted significantlyN,~ &2 for constanR. This is under-
standable since, in this case, a nanopipe is extremely elon-
13 gated, while the energy of its broken bonds is extremely low
Eo=6w\/§Ec(£) ) 2) compared to the energy of curvature, which also compen-
Ny sates the energy of a flat graphene fragment. The latter de-
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A N;m gives a formal limit to the domain of applicability of Eq.
(7), it is clear physically that, as soon as the number of atoms
in the cluster becomes equal to or less than the number

of defects, the assumption that their interactions are small
ceases to be correct, as does the entire interpolation formula
(7), which is based on the assumption that most of the atoms
belong to a graphite-type hexagonal lattfjceor large clus-

ters the formation energy can be written in the form

1 1
Esph: NgE¢ W N/ (7
im

where we have used the constamis=2X 60X 16m/33
=~1161 andN;,=Ng/(Es/E.+ 16m//3)=24, which is de-
fined in terms ofEs=17.7 eV (the second parameter of our
mode), the energy of the 12 noninteracting pentagonal de-
fects in a closed spheroidal cluster.

In Ref. 5 we showed that the equilibrium among spheri-
cal and flat clusters, as well as among spheres and nanopipes,
shifts when the bonds are softened. Let us consider the dif-
ference in the formation energies of several clusters and
R > spheres. This quantity is positive for any nhumber of cluster

atoms, since the energy of a sphere is minimal. Let us as-
FIG. 1. The domain of existence of nanopipes including the possible passsume that the energy of a given cluster is a universal power
vation of broken bonds in th&, N plane (the radius and the number of |gqw functionE=W(N/N*)dEc of the number of atoms in the

atoms in relatlvg units The smooth_ curves represent the bounda}rles of thecluster relative to N* (as was found for an optimum
region of nanopipes whose formation energy is less than for a circular frag-

ment of graphene with the same number of atoms. The dashed curve sholdnopipe or for a flat circular frag_ment of graphene with
the change in the boundary of the region where nanopipes exist with passexponentsd=1/3 and 1/2, respectively Then, for some

vation of the broken carbon bonds. The shape of the clusters differs at thgrijtical softeninggc the difference in the formation energies
boundaries of the region; this is determined by the ratio of the energies of: . -
curvature and of the broken bonds at the perimeter of the nanopipe. OfIrSt gogs .tO zer9 fC?I‘ a C_ertam numbBlrc of gtoms. Th.IS.
cluster is in equilibrium with a sphere. Its size and critical
softening are given by
creases when the broken bonds are “softened” and the
nanopipe that was energetically favorable before, now has a Ne=Njm
higher energy than a flat cluster. The domain of existence of
the nanopipes, therefore, becomes narrower when the bonds
c™ \/

1+1
a!

1
Ywd
q/'vherew is a dimensionless coefficient for a universal func-
tion of energy of these clusters, which equats/8 for a flat
circular cluster and 63 for an optimum nanopipe. The
values of the critical softening for these cases are 0.63 and
0.44.

In this paper, we have shown, therefore, that a phenom-
enological continuum model proposed for calculating the
formation energies of carbon nanoclusters with curved sur-
faces can be modified to account for the passivation of bro-
ken carbon bonds at the cluster bound@wyto account for

In terms of our model, it was found that a sphericalthe participation of pure carbon, as well as of clusters, in the
cluster with minimum surface curvature and no brokenreactions of carbon compounddhe broken-bond energy is
bonds hagfor a fixed number of atomghe lowest energy of used as a new parameter in the model. With an optimum

formation. Thus, a cluster with a different shape is out ofnanopipe as an example, it is shown that, in the general case,
equilibrium compared to a spheroidal shape for any numbethis parameter affects the shape of an optimum cluster and,
of atoms.(This is not true for spherical clusters with a small therefore, can change the region where clusters of different
number of atoms, since their formation energy is underestishapes coexist. The above analysis indicates that the domain
mated by this model because of the very large curvature andhere energetically favorableompared to a flat graphene
because pentagonal defects inevitably adjoin one another féiragmen} cylindrical clusters exist becomes narrower with
cluster sizesN<60. The energy of a cluster of this type bond “softening.” Analytical dependences of the numbers
cannot be described in a continuum approximation. Althougtof atoms for equilibrium configurations of states on the

are “softened.”

The minimum size of a nanopipe, which is energetically
favorable compared to a flat fragment and is specified by E
(3), also increases, with

d \(A+did N [N\
T

1+d Nim | Njim

1 6
N(£) =N, 1+—) - (6)

2¢

When £ is reduced by a factor of two, the minimum size
increases by a factor of 5.6.

3. ENERGY CHARACTERISTICS OF CLUSTERS WITH
PASSIVATED BONDS
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broken-bond energy parameter have been obtained in the resf the broken bonds for a fixed area by choosing a path that is close to a
gion where Spheroida| closed clusters, nanopipeS, and fragDirde along the directrices of the hexagonal lattice. The density of broken

. . S .. bonds per unit length of the perimeter will be minimal when the directrices
ments of a graphene plane coexist. Since an infinite graphlté;re chosen to have the same direction as in the case of a “zigzag"

crystal (without broken bondsis the most energetically fa-  nanopipe(See V. V. Rotkin, Candidates Dissertation in Phys.-Math. Sci-
vorable configuration for carbon atoms, while the equilib- ences, St. Petersbu($997.)

rium energy characteristics of relatively small clusters are

determined mainly by the size of the open perimeter of a
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Properties of lanthanide and actinide intermetallics are extremely interesting both for applications
and fundamental research. The impetus to start fundamental reseaf@testron materials
doubtlessly was the determination of the ferromagnetic properties gfdod UD; by the research
group of the Institute of Low Temperature and Structure Research in Wroclaw and detection

of the mixed valence state in samarium monochalcogenides at A. F. loffe Physicotechnical Institute
in Leningrad(at that timg. Since then, the phenomena of the mixed valence, heavy-

fermion, state as well as complicated magnetic structures have been under intensive investigation
in numerous laboratories all over the world. As examples, the exotic magnetic structures of
CeSb and UNiB are described. Then the problems of the heavy-fermion state existing igsUBe
and UCuy, ,Alg_, are presented. Next, the non-Fermi-liquid behavior appearing due to

magnetic instability is discussed. Finally, some perspective for further research is proposed.

© 1999 American Institute of PhysidsS1063-783#9)01405-7

Solid-state physics is strongly attached to materials. Théocation in relation to the Fermi level, to the band states, and
examples of materials which have recently been broadly into the spatial extension of tHeshell. In the majority of lan-
vestigated in many solid-state laboratories are those contaithanides and heavier actinides thelectrons are localized,
ing lanthanide and, to a lesser extent, actinide elements. Latocated below the Fermi level and protected from the influ-
thanides and actinides are representatives of two families thanhce of surrounding and external factors. They exhibit local-
involve thef-electron shell(however, heavier actinides are ized magnetic moments whose value is close to that of the
only artifically obtainegl and are radioactive. The physical free ion. These elements exhibit also magnetic order. How-
properties of these two groups of elements and their comever, light actinides and some lanthanides which have elec-
pounds deserve much interest because of their intriguing furtronic configurations close to the particularly stable orfiés,
damental properties resulting from the electronic structurd’, andf!4 exhibit different behavior. Thélevel is located
and broad application. This last reason concerns, obviouslyairly close in energy to the valence and bonding electrons,
only lanthanides. and to the Fermi level. As a result, thelectrons contribute

The properties of actinides became known after the reto the conduction process along with tHeand s electrons
sults of the Manhattan Project were released, but the broaand hybridize with them strongly. The spatially extended
interest started as soon as pecularities of the actinide eleshell is extremely sensitive to any influence of external fac-
tronic structure became apparent. tors such as pressure and magnetic and crystal fields. There-

Investigation of the physical properties of lanthanide in-fore, different interactions, existing in tHeelectron ion in a
termetallics started about four decades ago when separatddlicate balance, are the reason for the unusual properties.
lanthanide elements became available and reasonably go@tkamples of some of them will be described below, e.g., the
samples were succesfully prepared first polycrystals and strong hybridization, huge magnetocrystalline anisotropy,
latter single crystajs complex magnetic ordering, spin-fluctuation, heavy-fermion,

Magnetic studies soon found that a plentitude of magKondo lattice, mixed valence, etc., whéelectron elements
netic behavior exists in these intermetallics, which in manyform compounds.
instances is observed nowhere else. Therefore it is no wonder
that one of the most important applications of tHeedectron =~ 2. ANOMALOUS LANTHANIDES AND ACTINIDES
materials is their use as hard magnetic materials. Another
promising direction is the vast field of high-temperature
superconductivity.

The celebration of the loffe Institute Anniversary is a
good occasion to remind us that the initiation of the funda-
mental research ofselectron materials came from the Jubi-
lee Institute as well as from the team in which the present
speaker has spent all his scientific life. It is odd that the first
As mentioned above, both lanthanides and actinides arexperiments concerned the actinides. In the late 1940s,
families of the elements which involve ttieelectron shell.  W. Trzebiatowski and his coworkers, examining the mag-
However, there are striking differences between the innetic properties of uranium hydride and deuteride to deter-
dividual representatives of these families depending on thenine the uranium electronic structure in these compounds,
degree of localization of th&electrons resulting from their discovered ferromagnetism in both compounds below

1. ELECTRONIC STRUCTURE
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~180K (for detailed references see Refl.. The authors 7 of which are successively stabilized in zero field when the
hesitated for a long time to publish unexpected results up ttemperature is decreased, corresponding to long-period com-
1952 when this fact was confirmed by other laboratofie®  mensurate structures, as shown in Fi§.The magnetic field
Ref. 1). The electronic structure of the uranium in semi- orcreates the ferromagnetic layers and, at low temperatures,
intermetallic compounds is still a puzzle but magnetic orderfinally forms a simple ferromagneti€) structure. At higner
ing has been discovered in numerous compounds of uraniutemperatures, the field destroys antiferromagn@iie) lay-
and other actinide:* Now all types of magnetic ordering ers and rearranges a sequence of paramagnetic layers from
and coherent states have been found in these compoundsngle to double ones. Only the ferro-paramagnéf®)
Available space does not permit us to discuss this problem iphase persisting in the highest field contains again simple
detail but some examples will be presented below. paramagnetic layers. The most unusual feature of CeSb,
The other phenomenon — mixed valence state — wa$iowever, comes from the coexistence in the so-called
discovered in the loffe Institute in the 1960s when theantiferro-paramagnetiCAFP) and FP phases in which sev-
change in color of magnetic semiconductors — monochalcoeral regions of magnetic and nofer paraymagnetic Ce at-
genides of samarium — was observed after applying a smatims are observed. Inelastic scattering of polarized neutrons
stress. It was also found that the electrical resistivity of thesgiving magnetic spectra have determined the crystal-electric-
compounds, having semiconductor character, suddenly ddield (CEF) ground state of magnetic Ce atoms dSgaquar-
creases under pressure, indicating the transformation to tet with large magnetic moment (2.k), whereas that of
metallic state. Then such behavior was found in other comparamagnetic Ce atoms a$'adoublet with smaller moment
pounds of Ce, Sm, Eu, Tm and Yb, developing under thg0.7 uz).%° This unusual phase diagram is not yet fully un-
influence of other factors, not only pressure. The early periodlerstood but its origin seems to be found in the large aniso-
of this research is summarized in Ref. 5; terminology, thetropic hybridization betweep holes of Sb and th&'g states
models explaining this phenomenon, as well as more recemtf Ce**. Other concepts, such as sole CEF effects, devil's
experimental results are collected in Ref. 6; and the moss$taircase and ANNNI(anisotropic next-nearest-neighbor
recent experimental results are presented in Ref. 7. Ising) models have been considered but no appreciable re-
Both these groups of phenomena are an indication thagults have been obtaindtbr references see Ref).Differ-
the unusual electronic structure of lanthanides and actinidesnt approachs for explaining this complex phase diagram
is the reason for the uncommon properties of these materialbave been applied by introducing an incommensurate mean-
Below, we are going to discuss some examples of thidield model*! In this model, paramagnetism on one part of
behavior, starting with unusual magnetic structures. Figure Ce atoms arises because there is no exchange field at their
shows the H,T) phase diagram observed for Ce@ke Ref.  sites. This phase diagram undergoes also a dramatic change
8, for additional sources see Ref). This phase diagram under pressuré&or references see Ref).9The existence of
contains the largest number of collinear magnetic phasethe paramagneti€P) phases is actually suppressed above
ever known. It can be noted that there are 15 distinct phase,GPa. It is clear that more theoretical investigations are still
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acter because the local field vanishes at those sites. The ex-
pected ordering of these “paramagnetic” sites when a small
field is applied is not, however, experimentally confirmed,
suggesting another explanation for the 1/3 U atom behavior.
Lacroix et al® suggest that these 1/3 U atoms are nonmag-
netic due to the Kondo effect. They present a model in which
the coexistence of magnetic and nonmagnetic U atoms is the
consequence of competition between frustration of the crys-
tallographic structure and the instability of Snoments.

The heavy-fermiofHF) state is one of the most exciting
topics contemporary solid-state physics. At low tempera-
tures, some of théelectron systems exhibit properties that
seem to have switched upon cooling from those of a system
of local moments to those of a narrow energy band of mobile
electrons. These materials sometimes order magnetically, but
the ordered magnetic moments are a fraction of the large
high-temperaturé-electron moment. Interest in this problem
heightened when it was discovered that one of these com-
pounds, CeCiSi,, is a superconductér’*®The large spe-
cific heat discontinuity at the superconducting transition
shows that the itinerant electrons act as though they have a
mass some 100 times larger than that of an electron in a
typical metal. The superconducting state often displays un-
usual properties and complicated phase diagrams involving
several superconducting phases. A large number of HF sys-
tems are now known. Most of these materials are intermetal-
lic compounds containing Ce or U, whose atoms have in-
completef shells. A few contain the lanthanide Yb or the
FIG. 2. Crystal and magnetic structure of URi a — Crystal structure of aCtlmd_e Np or Pu as the essential mgredlen_t. It is nOV_V We”
the CeCgB-type subcell UNjB; b — zero-field magnetic structure of €Stablished that theelectrons on the lanthanide or actinide
UNi,B (projection on the basal planeThe arrows show the magnetic mo- atoms are responsible for all of the unusual properties, but
ments, while the solid circles represent the Kondo screened U(aitesrd- there is no agreement among the investigators regarding the
ing to_Ref. 16. La}ttice dist_ortions differentiatd and B nonmagnetic ;ites, mechanism or mechanisms by whiglshell electrons can
reducing(increasing the distance betweeh and?2 (1 and 3) magnetic U
atoms. produce the observed effects.

The cubic actinide compound UBghas been identified
as the second HF conductor by @ttal® but its magnetic
needed to account for this exceptional behavior. properties have been determined by a team from the author’s

One of the most unusual magnetic structures has bednstitute?® Preliminary observation of superconductivity in a
detected in UNjB.*>71%In this crystal structuréhexagonal, UBe;3 samplé* has been interpreted as resulting from pre-
CeCqB-type, P6/nmm space group presented in Fig. 2a, cipitations of spurious phases in form of fine filaments. The
only U atoms have a magnetic moment and they have aesults concerning UBgand its solid solutions are collected
hexagonal arrangement in the basal plane. The separation iof Refs. 4, 6, and 22. UBg does not exhibit three-
the nearest-neighbdnn) U atoms in the basal plane is larger dimensional magnetic ordering. Its electrical resistivity, upon
than that in the perpendicular directioa/Q.5c=1.4), creat- cooling, first increases and passes through a maximum at
ing a triangular lattice of F chains. This arrangement is cerabout 30K. In pure UBg this maximum is hardly resolv-
tainly related to the geometrical frustration of this triangularable, asp(T) increases again sharply to a second maximum
lattice by AF interaction. Below 20 K, the neutron diffraction at about 2.5 K22 At even lower temperatures(T) decreases
(ND) experiments***show that only 2/3 of the U moments steeply. In the low-temperature range of this decrease, an
order in a complex structure AF in which the magnetic unitextraordinarily strong negative magnetoresistivity is ob-
cell contains nine U atoms as it is shown in Fig.2t8ix  served. At these temperatures, HF behavior occurs with
ordered magnetic U moments are arranged perpendicularly 0.72—0.86 J/K¥mol (see Ref. 22 UBe;; becomes super-
to thec axis forming a 120° angle between the next-nearestonducting at about 0.9 K. The properties of YBean be
neighbors(nnn). Application of magnetic field along the influenced dramatically by deliberate doping with an ex-
axis or parallel to the basal plane reveals strong anisotropy itremely strong influence of substitution in the Be sites.
the system. This magnetic structure has been deséfilbed The HF state has been also detected in Wroclaw in the
two independent spin systems, of which one orders while th&Cu, , ,Alg_, system which exists for € x<2 (for review
other remains paramagnetic down to low temperatures. kee Ref. 28 The simple AF ordering was determined in the
was proposed that 1/3 of the U atoms form chains within theJ sublattice by neutron diffractiofND) for x not far from
ordered spin matrix that stabilize their one-dimensional charx=0 (Ty(x=0)=~40K). The electronic specific-heat coeffi-




736 Phys. Solid State 41 (5), May 1999 Wojciech Suski

cient amounts to about 0.12 Ffol, however, forx=1.5, 40
the magnetism disappears andincreases to 0.8 JAtol, R
suggesting HF-like behavior. The reason for such a high
value is a mystery since the material does not transform to 30F
the superconducting state at low temperafdr&tructural v, -
disorder has been excluded as the reason for bothighd 2920k
the absence of magnetic ordering and superconducting state~
for higherx by a recent ND experimeRt.It might be that the
increase of Cu concentration causes a volume compression 19
which is not large enough to decrease the U-U separation 5
below the Hill limit necessary for the superconducting state t
by uranium compounds, but which might result in an en- 0'5 ]b i 200
hanced 3-ligand hybridization. Then in the spirit of the ) ) ‘NFL
Doniact*  phase diagram, the fSonduction- *
electron-exchange coupling is shifted from below to aboverIG. 3. Phase diagram of UGuAlg_, (Ref. 26; C/T at 0.5 K(right scale
the critical value at which the AF order vanishes. Further on;— Squares
the L-absorption-edge-shift experim&hshows that the ura-
nium valence depends strongly on stoichiometty &nd for
all x, uranium exhibits nonintegral occupance of tHeshell. ~ centration and coexistence of Fermi-liquid and non-Fermi-
This phenomenon results probably from simultaneous exisliquid characteristics indicates a complex nature of the low-
tence of the uranium electrons in two states, itinerant and temperature state.
localized, with the decrease of the occupance of thelell In summary, most probably, the coming XXI century
corresponding to the increase xfthe 5f shell thus getting Will see further progress in the solid-state physics of
closer to the Fermi level. At the same time, the density off-electron materials. But serious development will be pos-
states at the Fermi level increases substantially, which is resible only if three particular problems find sufficient support.
lated to the observed increase nf 1. Development of technology, especially for single-
Recently, the transition from heavy Landau Fermi liquid crystal samples, including transuranium elements. The basis
(HLFL) to non-Fermi liquid(NFL) behavior has been ob- for this is an improvement of the Czocharalski multi-arc
served in numerous U- and Ce-containing systems. HLFImMethod. Also MBE and laser ablation methods should pro-
and NFL states can be distinguished by different temperaturduce new magnetic and superconducting materials.
dependences of magnetic susceptibility electrical resistiv- 2. Further progress in experimental methods, particularly
ity, p, and specific healC or C/T. In HLFL, the suscepti- those which extend nuclear-physics methods to solid-state
vility follows the Curie—Weiss law at high temperature andphysics. Some of them allow determining local properties.
at low temperature exhibits almost temperature independerfthe present author believes that, for example, the magnetic
paramagnetismPauli typg, p~AT? and C~yT, respec- resonance and x-ray scattering will supply new information
tively. In NFL, x~InT or y~(1-T¥9), p~T and C~ concerning electronic structure including the ratio of orbital
—TInT, respectively. Both regimes are separated by th@&nd spin parts of magnetic moments for light actinides and
quantum critical pointQCP but they can also coexist. This anormal lanthanidetsee Ref. 28
state can be induced by a change in composition and also by 3. Development of multibody-interaction theory and fur-
pressure. The HLFL state can coexist with anti- and ferrother progress in computational techniques which enable com-
magnetic ordering, spin fluctuatidSP and spin-glass state, Plicated band-structure calculation.
whereas the NFL state appears in a very narrow compositon However, all presently-observed phenomena can be ex-
range (pressurg in which magnetic instability disappears. tended if society will understand that the progress in solid-
Nishioka et al?® have presented the phase diagram ofstate physics means progress in technology and in industry
UCuy.,Alg_, system forx dependence of/T at 0.5K and S0 that enough money should be available. Solid state phys-
Neel temperature, derived from the specific heat and magiCs is not an extremely expensive research, after all.
netic measurements, shown in Fig. 3. It is to be seen that
three states can exist in this sytem: AF, HLFL, and NFL, ;
depending orx. Moreover, Krimmelet al?’ claim that, for R Trocand W. Suski, J. Alloys Compa19, 1 (1995. .

_ s . . J.-M. Fournier and R. Trqén Handbook on the Physics and Chemistry of
x=0.75, an indication of SF is seen. It is clear that the NFL the Actinides Vol. Il, edited by J. A. Freeman and G. H. Lander,
state arises due to very tiny composition change and exists(Elsevier, N.-Y., 1985 p. 29.
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From Ro ntgen to loffe, from Giessen to Saint Petersburg — relations between
Russian and German physics
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Two former professors of physics at Giessen university contributed significantly to the
development of the loffe Institute: Wilhelm Conrad iRgen as a teacher of Abram loffe, and
Wilhelm Hanle, whose effect found various applications, e.g., in the spectroscopy of hot
electrons in low-dimensional structures. A few examples will illustrate how topics of their
scientific work found a continuation in the research activities at Giessen, but also in the
collaboration between Giessen and Saint Petersburg. They range from sodium chloride, the old
Rontgen/loffe material where we could prove the existence of an unusual isotope effect

in nickel-doped crystals, over level-crossing experiments in gases, to GaAs/AlAs superlattices,
where level-anticrossing spectroscopy of excitons reveals detailed information about
recombination processes and interface quality. A short summary of the efforts to keep the
traditionally close and good relations between Russian and German physics vital completes the
report. © 1999 American Institute of PhysidsS1063-783809)01505-1

A talk given by a physicist from Giessen, Germany, at ator, but of very conservative physicist, who did not allow use
conference with the title “Physics at the turn of the 21 cen-of the word “electron” in his institute. Without this restric-
tury” naturally starts with the beginning of the 20 century tion, perhaps, Ratgen and loffe instead of Pohl, Gudden and
and Wilhelm Conrad Ratgen, winner of the first Nobel Gyulai would have been the discoverers of the F center since
prize in 1901. He became well known in the scientific com-during their extensive experiments on the effect of x-rays
munity already before detecting the x-rays by an experimenand light on the electrical conduction in crysfateey cer-
which he did during his time in Giessen where he held thdainly encountered such defects.
physics chair from 1879 to 1888. Rowland proved in 1876  One year after Ratgen’s death in 1923, another physi-
that a moved electrostatic charge, called a convection cugist who became important for Giessen University, hamely
rent, had the same magnetic effect as a normal conductiowilhelm Hanle, holder of the physics chair at Giessen from
current. In 1885 Rotgen repeated these experiments first in1941 to 1969, reportédan effect which later was named
a much improved form and then extended them to the firsafter him. This Hanle effect, depolarization @Gksonance
experimental proof of Maxwell's dielectric displacement fluorescence by an external magnetic field due to destruction
current! For this purpose he used an apparatus in which @f the coherence existing at zero-field level-crossing, is still
disk made from a dielectric material was rotating betweerone of the most accurate methods for measuring atomic life-
two ring electrodes. The upper one was grounded, the lowdimes. Its main advantage is the low densities at which the
one consisted of two halves with opposite electric potentialsexperiments can be done in order to avoid disturbing effects
This caused a change of sign of the polarization inside théke collision broadening, etc.
dielectric two times per turn, and Rtmen succeeded in an For that reason it has been widely used in the loffe
unambiguous proof of the magnetic field connected to thidnstituté® as well as in Giessen. Two examples shall be given
displacement current. In this field we find our first examplehere: The group of Boris Zakharchenya studied the photolu-
of relations between Russian and German physics, since theinescence of “hot” electrons created in a GaAs/AlGaAs
Russian physicist A. Eichenwald later continued these exmultiple-quantum-well structure by excitation with a krypton
periments at the engineering school in Moscow and was thkaser’ In the emission, a pronounced peak shows up at the
first to demonstrate the quantitative agreement of this madhigh-energy edge of the spectrum arising from the recombi-
netic field with that of a normal conduction currént. nation of electrons from the point of photocreation, that is,

More important for the anniversary we celebrate thisprior to any energy relaxation. The degree of polarization in
week was, of course, the long-lasting connection betweethis peak decreases with increasing magnetic field in the
Rontgen and loffe. At the end of a century in which the form of a typical Hanle curveP(B)/P(O)=(1+4w§7(2))‘l
existence of quarks and Z bosons has been demonstratedaitd allows determining the “lifetime”r, of the hot elec-
is very informative to read about the years from 1902 totrons which, in that case, corresponds to the emission time of
1905 which the founder of our Physical-Technical InstituteanL O phonon. It is obvious that such results can be obtained
spent as Ratgen’s student and assistant at Munich Univer-only in experiments which avoid complicating factors like,
sity. In his bookMeeting with Physicisfshe gives a very for instance, phonon heating leading to a large spread in the
detailed description of Rudgen as an excellent experimenta- times observed.

1063-7834/99/41(5)/4/$15.00 738 © 1999 American Institute of Physics
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The second example is a result from my instiftite this ~ structure splitting between the thresg states competing
case, the level-crossing technique is used in a rather differemtith the Zeeman effect which makes the situation a little bit
way. Light emitted from the helium D level excited by more complicated when the external magnetic field is not
atomic collisions with H& or Ne* projectiles, having a po- directed along the center axis. Exact diagonalization of the
larization parallel to the ion beam, has been measured appropriate spin Hamiltonian, however, with help of the pro-
having a function of external electric and magnetic fields.gram “V-epr”1° it is possible to understand and fit com-
For zero electric field, only the Hanle effect influences thepletely the angular dependence observedO@l] rotation.
intensityl (B) of this (polarized light which, therefore, has a What was interesting and puzzling in these results is the
Lorentzian line shape with a half-width depending on thestructure observed at resonance. A deconvolution of the in-
lifetime of the excited state. At non-zero but constant electridegrated spectrum yields 5 Gaussians with an intensity ratio
field, the quadratic Stark effect causes several additional:6:13:6:1.
level crossings, but only those withm=+2 can be ob- The inability to explain by a superhyperfine interaction
served with the experimental geometry used. A splitting ofwith surrounding chlorine nuclei arose already in the case of
the Hanle curve into three Lorentzians results, thereforesilver chloride doped with Ni*, where a similar structure
whose intensity directly reflects the sublevel populations. was observed* The authors explained this by a different

From these examples you may see the common interesthistribution of the two chlorine isotopes among the four
that existed in our institutes for a long time, and not only inneighboring lattice sites in the plane perpendicular to the
this field. But all of you are aware of the problems hamper-center axis. Taking into account the natural abundance of
ing the relations between Russian aiides) German phys-  3°Cl, which is three times larger than thatB€l, one readily
ics. Already Raitgen and loffe shared a fate which many of calculates probabilities df:6:13:6:1 for thedifferent con-
us experienced for a long time, too, namely to live in coun-figurations. This is based on a distortion of the square by
tries being for some time very unfriendly to each other. Thisdifferent vibrational amplitudes as a result of the different
becomes obvious from Régen’s statement “Of course | isotope masses. This distortion leads to an orthorombic com-
could not publish during the war against Russia a scientifiponent in the crystal field and, from that, to a deviation of the
article together with a Russian physicistin Ref. 3, ex-  resonance position proportional ¥4—y?. So the model can
plaining the long delayfrom 1913 to 1921 between the two explain the existence of 5 lines with the observed intensity
parts of their joint papérabout “Electrical conductivity in  ratio, but until now no direct determination of the real distri-
some crystals and the influence of irradiation on it.” | still bution of the isotopes was done. Therefore we performed an
remember my first visit in this beautiful city on the occasionelectron-nuclear double resonan@&NDOR) experiment in
of the International Conference on Luminescence in 1972his system. The result is a large number of ENDOR lines,
and the strong barriers between East and West which existeghich again using the “V-epr” program can be analyzed
at that time. Fortunately the situation became better and betompletely. Analyzing the ENDOR intensities respectively
ter beginning in the 1980s. Especially in my field, interactionfor the *°Cl and *’Cl nuclei at 100 position among the five
of radiation with matter, the scientific community in Russialines, one finds a decrease for chlorine 37, an increase for
and Germany is very indebted to Albrecht Winnacker, whochlorine 35, and, surprisingly, a ratio 1:5 on the central line
participates in this conference, and Kurt Schwarz, at thainstead of the natural isotope rafj@:3). Thus our ENDOR
time in Riga, for organizing a series of Soviethow  experiments completely proved the model.

Russiany German seminars on “Point defects in insulators  After the dramatic changes in 1989, further programs
and deep-level centers in semiconductors,” and to the Ruswere started to support the cooperation between Russian and
sian Academy of Sciences and Deutsche Forschungsgemei@erman physicists. Here | want to mention especially the
schaft for funding. Volkswagen Foundation which financed between 1990 and

From these seminars, starting with the first meeting atl998 eighteen projects with scientific groups in Saint Peters-
Heidelberg in 1983, emanated a vivid scientific exchangédourg, among them eleven at the loffe institute. Altogether 17
between Giessen and Leningrad/Saint Petersburg. Duringillion DM were given to Russid10 percent of them to
one of these research stays we returned to ‘“Steinsalz'Saint Petersbujga sum which amounts to nearly one half of
(NaC1), the original material of Ratgen and loffé. Now,  the total funding for Central and Eastern Europe. An impor-
however, in a special form, namely, doped with divalenttant role was played here by Gottfried Landwehr from
nickel. This incorporation regiures a charge compensation byWurzburg University as a head of the selection committee.
sodium vacancies. Andrey Badalyan detected by EPR two | am very glad that one of the eleven projects mentioned
different center configurations, one with the vacancy along above was carried out by Boris Zakharchenya’'s and Pavel
(100, the other along 4110 direction? We concentrated Baranov’s groups at the loffe institute and my group at Gies-
one the first species. We have three of them, besides the osen. Its topic was photoluminescence of hot electrons and
shown with a nickel-vacancy axis alorj§01], two others magnetic resonance in quantum-well structures and superlat-
along[100] and[010] respectively. What do we expect from tices. GaAs/AlAs superlattices are grown by molecular beam
this 3d® system? Its level scheme in a cubic environmentepitaxy and consist of a sequence of alternating GaAs and
with tetragonal distortion can be found in many textbooks.AlAs layers. This periodic arrangement shows up nicely in
For our EPR experiment only the orbital singlet ground staténigh-resolution transmission electron microscopy. In addi-
with triplet spin configuratiorithe two d electrons couple to tion, Rmtgen’s discovery also plays an important role for the
S=1) is relevant. The axial crystal field causes a fine-characterization of such nanostructures, x-ray diffraction
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supplying complementary information about layer dimen-level, from which light linearly polarized alon§110] is
sions. Since these are of the order of a few monolayergmitted. The second anticrossing accordingly increases the
extreme quantum confinement effects appear. We studiediatensity of the[110] light. For the inverted interface the
series of samples with nominally 5.5 monolayéts73nn)  sequence is reversed. In that way one can even distinguish at
GaAs and 8.5 monolayer€.65nnm) AlAs. For quantum which interface the recombining exciton is localiZé®ince
wells with such dimensions the energy of the lowest electronhe whole luminescence is a dynamic process and all levels
state in AlAs is lower than that in GaAs, so excitons areare coupled by rate equations a population increase of one
formed from X, electrons in the AlAs layer and from radiative level may cause a decrease in the other. Another
holes in the GaAs layer. This characterizes a type-Il supereonsequence is the different dependence of ODMR of differ-
lattice and leads to a localization of the excitons at the interent excitons on the microwave chopping frequency we use to
faces. Due to the very low temperatures of our experimentsnodulate the effect This provides an additional possibility
(1.5K) only the lowest energy exciton@nore exactly: the to study exciton dynamics and to unravel different contribu-
heavy-hole excitonsplay a role. The radius of such an ex- tions.

citon, which amounts to more than 10 nm, in the bulk mate-  Very detailed information obtained experimentally was
rial, is strongly reduced in the growth direction. This fact used to study the influence of growth parameters on the in-
together with the low local symmetry of the interface resultterface quality of superlattices in collaboration with Franz
in an exchangdor zero-field splitting of all four exciton Ahlers and Klaus Pierz from the Physikalisch-Technische

sublevels. The heavy holes statag= + 3/2 couple with the Bundesanstalt in Braunschweig. In a sample grown at
ms=*1/2 states of the electron to produne=2, 1, —1, 600 °C, with growth interruptions of 50 s after deposition of

and—2 exciton states. In magnetic field, circularly polarized €ach GaAs layer, two luminescence lines were observed. In
optical transitions are allowed only from time= =1 states. the ODMR experiment it could be clearly seen that the low-
If we connect them by microwave transitions to one of theenergy line arises from the recombination of an exciton with
nonradiative, h|gher popu|ate(m: +2 states, we increase @ smaller eXChange Spllttlng than that of the excitons contrib-
either the intensity of the or thes~ radiation. This shows uting to the high-energy line. From the sign and shape of the
up in the circular polarization of emission and can be used téeVel anticrossings in linear polarization we showed that only
detect magnetic resonance and to examine the energy leVeXcitons localized at the inverted interface were observed in
system of the excitons. Very important in this context is thethe low-energy line, in the high-energy line, two excitons
fact that coupling of levels not only occurs due to microwaveloc@lized at both the inverted and normal interface were
transitions, but also when the external magnetic field bring€'€ary separatetf. In this way, one can now determine the

energy levels close to each other. Zero-field level crossing idePendence of the growth parameters on the ratio of excitons

the origin of the Hanle effect, which we discussed before/ocalized at different interfaces, check the physical back-

Here a level anticrossing occurs, which also effects levefround for this, control the quality of superlattices, etc. It
populations showing up in the intensity of circular or linear Should be mentioned that the energy levels deduced from

polarization of emission. Level anticrossing is a very heIpfuIODMR and frorr_1 the level antlcrqssmg resonance f|e|(_js_ are
method of spectroscopf/since it does not have the limita- absolutely consistent. Th_e two dlffer_ent exchange spl_|tt|ngs
tions of optically detected magnetic resonan@DMR), obseryed for the two Iummesgence lines prove thel eX|sFence
which usually fails for radiative lifetimes shorter than p.4. .Of regions Iarger_ than the radius of the exciton which differ
A systematic investigation of a large number of in the local perl.od and the_ GaAs layer th.|c_k.ness by one
superlattice®13 reveals an approximately exponential Ole_monolayer. Obviously, the increased possibility for relax-

o . . _ation of the GaAs surface by the pause during growth en-
pendence of the exchange splitting on the superlattice perlo(ibles the appearance of monolayer-high interface islands.

The isotropic exchange splitting of excitons can be used to These few examples hopefully illustrated that relations

determine the period of a SL. Together with the dependencg . : .
of the hole g factor on the thickness of the GaAs layer, a etween Russian and German physics are in a good shape
9 ) o . 'S 'YL, &4 that Giessen and Saint Petersburg keep the old traditions

complete geometrical characterization with very high resolu—vital
tion becomes possible. '

The main topic of our collaboration in recent times was
the investigation of ODMR together with the linear polariza- *E-mail: Arthur.Scharmann@exp1.physik.uni-giessen.de
tion of level anticrossing signals. The reason for that is the
following: The sequence of layers in the growth direction ) )

; ; ; ; i *W. C. Raontgen, Wiedemanns Annalet9, 1, 97 (1890.

changes the respect_lve or|ent_at|on (_)f the gallium and a!uml 2. Eichenwald, Annalen der Physlia, 919 (1904,
num bonds to arsenic atoms in Fhe interface. Whereas in theA. loffe, Meetings with Physicist§in Russiad (Govt. Publisher of
so-called normalAlAs on GaAg interface, the AlAs bonds  Physics-Mathematics Literature, Moscow, 19§%erman translatidh

lie in a(110) plane, oriented along[d 10] direction, and the 45\} Gc TF?;';’;:;' l;ir’?;:(gehldgearYPhysﬁzl(l) L (1922

GaAs bonds in a (1Q) plane, oriented alonfl10], for the 5w, Hanle, Z. Phys30(1), 93 (1924.
inverted interfac€GaAs on AIA9 the situation is just oppo- 6Optical Orientation edited by F. Meier and B. P. Zakharchenya, Modern

; ; ; ; ; ot Problems of Condensed Matter Physics, Vol(I8orth Holland, 1984
site. This results in an inversion of the radiative levels. The7B. P. Zakharchenya, P. S. Kop'ev. D. N. Mirin, D. G. Polakov, 1. I.

first level anticrossingwith increasing magnetic fieldfor Reshina, V. F. Sapega, and A. A. Sirenko, Solid State Com®@r203
the normal interface leads to a population increase of the (1989.
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Progress in the growth and research of crystals for wide-gap semiconducting materials
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The feasibility of a sublimation sandwich method for controlled growth of single crystals and
epitaxial layers of different SiC and GaN polytypes is demonstrated. The controlled

production of pure if;<10'® cm™ %) and heavily-doped crystals and epitaxial layers of these
materials has made it possible to study their semiconducting parameters in detail and to identify the
nature of a number of the most important impurity centers. It is shown for the example of

SiC that the typically high chemical-binding energy of atoms in these compounds is the reason for
the formation of stable metastable compounds, among them associations and clusters that
include intrinsic defects which have a significant effect on the properties of the material. Clusters
formed on the surface can serve as seeds for different polytypes during crystal growth.

© 1999 American Institute of PhysidsS1063-783#19)01605-9

Wide-gap semiconducting materials are those with aals, initially of SiC and later of GaN,which is now known
wide band gap close to or exceeding 2.3 eV. Materials in thiss the sublimation sandwich method. The concept of the
group can be used for creating various electrooptical devicesnethod has been described previously.
including light-emitting diodes and lasers for operation inthe  The main advantages of this method are:
short-wavelength visible and UV spectrdrithe outstanding (1) Inside a sandwich growth cell, it is possible to create
representatives of this group are SiC and GaN, which arand maintain conditions close to equilibrium over a wide
also characterized by high binding energigs6 e\). These range of temperatures, supersaturations, external pressures,
materials are extremely promising for the production ofand compositions of the vapor phase. As a result, it is pos-
high-power, high-temperature devices. For example, thegible to obtain extremely perfect single-crystal layers, even
maximum operating temperature for various devices basedf such decomposing compounds as GaN, with sublimation
on SiC lie within 730-1300 °C, which is 400 °C or more mass transport of material from the source to the substrate at
higher than for Si and GaAs. The breakdown voltages folextremely high rategup to 1—-2 mm/h without a chemical
SiC and GaN structures are an order of magnitude highetransporter. Here the efficiency of material transport is close
than for classical semiconductor structures. to 100%.

We have been actively studying wide-gap semiconduct-  (2) The composition of the vapor phase is easily con-
ing materialg(primarily SiC and GalNsince the 1960's. The trolled, so it is possible to ensure the required doping level of
major emphasis was on developing the technological basige growing crystal, and vary its stoichiometric composition
for manufacturing these materials, including growing crys-and polytype.
tals and epitaxial layers, with controlled doping by impurities (3) With this method it is possible to obtain additional
for creating device structures. Complex studies have beeimformation on the mechanisms of growth and dopiitg
made of the properties of the materials, and of the behaviogluding the elementary stageso that it is easier to model
of impurities and intrinsic defects in them, in connectionthe mass transfer process theoretically and to verify the
with the conditions for fabricating them and the subsequeniodel.
relaxation annealing. Special attention has been devoted to 1.2. Gallium nitride. Epitaxial layers of GaN were first
the polytypism of SiC. The major parameters of the poly-obtained by sublimation on SiC and sapphire substrates in a
types of SiC that we determined in the 1960's and 1970's aréorizontal reactor with rf heating® GaN powder or metallic
still quite reliable and have only been modified slightly in the Ga were used as a sublimation source. Growth proceeded at
ensuing years. In particular, the promise of a polytype sucla temperature of 1100-1300 °C in a nitrogen flow. Here it
as 4 was demonstrated. was possible to attain very high growth rates, up to 1 mm/h.

In this paper we present some original data from a studyt was found possible to grow thick epitaxial layers, as well
of the growth and doping of SiC and GaN. Most of the as bulk crystals with thicknesses of up to 0.8 mm and linear
information on an analysis of the doping behavior concernglimensions of up to 15—20 mm.

SiC. This is explained by the fact that SiC, as opposed to  The undopeah-type samples had electron concentrations
GaN, is relatively stable thermally and does not decomposef 2x 10'” cm™2 or more. Samples of GaN doped with Fe,
at high temperatures. Mn, Ni, and V impurities were also obtained. The nature of
most of these impurity centers was first identified using elec-
tron paramagnetic resonan€PR). A typical luminescence

1.1. The sublimation sandwich method@/e have pro- spectrum for these samples is shown in Fig. 1. A single,
posed a method for growing epitaxial layers and single cryssharp exciton peak and a broad band in the yellow portion of

1. GROWTH AND DOPING OF SiC AND GaN

1063-7834/99/41(5)/4/$15.00 742 © 1999 American Institute of Physics
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FIG. 1. Luminescence spectrum of GaN grown on a SiC substrate. , , , N

the spectrum can be seen. It should be noted that the inten- G, cm™3
sity of the yellow band depends strongly on the structural K
perfection of the grown sample. A high intensity of this band
was observed near structural and morphological defects of 107} o

the crystal. An enhancement in the intensity of the yellow N

luminescence was observed in the epitaxial layer adjoining el oN
the substrate, evidently owing to stresses generated by the 10
mismatch between the lattices of the substrate and the GaN. < B
These data, along with x-ray data, demonstrate the possibil- 1073 F
ity of obtaining extremely perfect layers of GaN by sublima- Al - aa
tion.

1.3. Silicon carbide Epitaxial layers of SiC were grown 50
at temperatures of 1700—-2600 °C in an inert atmosphere or
in vacuum. Bulk crystals of SiC of polytypes 4 anH évere L L L
also grown, with diameters up to 40 mm and thicknesses up 108 10 102 102
to 15 mm. The purest undoped SiC layers had electron con-
centrations of 18 cm™3. The possibility of growing heavily-
doped SiC crystals of either or p-type with extremely high  FIG. 2. Elementary capture coefficient of N, B, Al, and Ga as functions of
doping levels close to £dcm™3 was demonstrated. Data on source impurity concentration. Direction of grow{if2001C (a), [0001]Si
the maximum concentrations in SiC layers for more than 2¢P)- Te=1850"C.
impurities are given in Ref. 7.

The degree of doping in the growing level depends By using a sandwich system it was possible to calculate
strongly on many factors, including the substrate orientationthe elementary capture coefficients for the most important
the growth temperature and rate, and the stoichiometric conimpurities (K;) as functions of the growth conditions and
position of the vapor phaseThese effects can be explained substrate orientatiofFig. 2). It turned out that the elemen-
by a lack of equilibrium in the vapor—crystal system undertary capture coefficients for the impurities are much lower
the growth conditions achievable in practice. The conditionthan for the matrix atoms. As the growth temperature is
for such an equilibrium is known to bég< D;/h (Wherevg raised, the capture efficiency of most of the impurities in-
is the growth rateD; is the impurity diffusion coefficient, creases, while, on the other hand, that of the donor impurity
andh is the thickness of the growing layelUsing experi- €lements from group V decreases.
mental values oD, , it is easy to show that this condition is Increasing the impurity concentration, as well as addi-
not met for most impurities. Thus, the doping anisotropy is ional implantation of surface-active impuritiés.g., silicon
consequence of a difference in the adsorption properties df the growth zone, cause a reductionkip.
the polar{0001 facets. For example, the concentration of ~ For group V impurities(nitrogen, phosphorjighese ef-
the acceptor impurities Al and Ga in layers grown on po|arfeCtS can be attributed to desorption of impurities from the
{0001 facets can vary by factors of 5-10. However, thesurface layer. Another reason for the low valuexpfs the
orientational doping anisotropy can be greatly reduced byormation, on the growing surface, of inclusions of a second
raising the growth temperature or changing the compositiohase, which have been enriched by an introduced impurity.
of the vapor phase by, for example, introducing silicon vapoiSimilar processes with precipitate formation near structural
into the growth zone. and morphological defects have been found to be most typi-

As a rule, the concentration of most impurities is highercal for boron impuritie$.
on a(0001Si face than on 40001)C face because of the
higher surface energy of the former. An exception is group
and VI donor impurities, which are better adsorbed on a We have examined various ways of introducing nonsto-
carbon face. ichiometric intrinsic defects into a growing crystal. All these

Ga

Cs, cm™3

\12. INTRINSIC DEFECTS IN GROWN SiC CRYSTALS
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mation in samples containing excess Si can be related to the
3C 8H 6H I5R 4H t | t S b lated to th
"31R . 27R presence of clusters as stress concentrators. Clusters are also
4+ 4 obviously responsible for the microplasma breakdown of ep-
3 I
}
}
}
i
|
]
I
!
}
|
|

itaxial p—n-junctions typical of this group of crystals. As
opposed to the ordinary microplasmas caused by extended
e ] defects, these microplasmas are annealed at temperatures
T,>2550°C. Note that complete relaxation annealing, with
A3 loss of the behavior specific to a nonstoichiometric crystal,
takes place only at temperatur€g> 2550 °C. This is also
explained by the presence of clusters which are stable up to
high temperatures.
Clusters have little effect on the semiconducting proper-
L : ties of a material, since they are electrically inactive, but
0 0.2 0.4 D their breakup at high temperatures owing to Oswald ripening
FIG. 3. Concentration of carbon vacancies as a function of the polytypedoes favor a greater thermal Stabl_“ty on the Part of the sim-
hexagonality fraction in samples grown under different conditions: Lely PIEr centers, such d3, centers, which are luminescence ac-
method, T=2600 °C (1); sublimation sandwich method with excess Si, tivators. Here impuritiegsuch as nitrogen and borpwhich
T=1900°C(2); sublimation sandwich method with excessFIC-Sn sys-  facilitate clusterization have been found to play a significant
tem), T=2200°C(3). role. The existence of latent nonstoichiometry in Si€an
also be explained by the presence of clusters. Given that an
enhanced intrinsic defect content is observed in samples
methods are based on the low relaxation rate at the phaggown with an excess of silicon, we should expect that the
boundary and in the bulk of the crystal. For example, lower-clusters include interstitial silicon atoms or carbon vacancies.
ing the sublimation growth temperature or increasing the rat®irect proof of the presence of clusters of both the interstitial
of condensation leads to enrichment of the growing crystahnd vacancy types, which are stable to temperatures in ex-
with excess silicon. The same effect was achieved by introeess of 2000 °C has been obtained in studies of SiC samples
ducing Si into the system, as well as impurity Ta, Zr, Hf, P,irradiated with high-energy particles by means of electron
and Ba’ For relative enrichment of a crystal with carbon, the microscopy, x-ray diffractometry, and positron diagnostics.
most promising impurities are elements of the 1V-b group, The very possibility of developing different kinds of
especially tint° clusters with intrinsic defects and impurities, which are
In a study of the crystal properties as a function of thestable at high crystal-growth temperatures, is a factor which
growth conditions, it was found that intrinsic defects showfavors polytypism. We believe that clusters can be nucleation
up first in SiC crystals grown at relatively low temperaturescenters for various kinds of polytyfeThe probability of
and containing excess silicdh. forming a surface cluster depends little on the amount of
Various methods, among them EPR, positron diagnossupersaturation. Thus, this growth mechanism shows up
tics, nonstationary deep level spectroscopy, and luminesnost distinctly at low supersaturations during growth on a
cence analysis, revealed the existence of associates in thegingular surface without any structural or morphological de-
including intrinsic defects, as well as impurity atoms. Forfects that might favor maintenance of the substrate
example, positron diagnostic data demonstrate directly thpolytype!® When there are no external factors favoring the
presence of an elevated concentration of vacancy defects appearance of a certain polytype, seeds for different poly-
these crystals at a level oP310'" cm 2 (Fig. 3. EPR was types develop on this surface and this leads to a polytype
used to reveal and identify associates, with an acceptor iminstability effect'® At the same time, the structure of a de-
purity and carbon vacancy in them. Note that the latter araeloping polytype seed depends on the Si:C ratio in the va-
responsible for deep centers with an ionization endfgy  por phase? For example, when there is excess Si, the prob-
+0.5—-0.6 eV. The crystals enriched in silicon have a char-ability of forming a seed for a cubic polytyp@C) is high
acteristic defect luminescence withCy spectrum that has and when there is a relative excess of carfmmmin the vapor
been observed previously only in crystals containing radiaof isovalent impurities of the 1Vb grolipseeds for the hex-
tion defects. The center for this luminescence is obviously agonal polytype W develop*
vacancy associate. Therefore, the most important specific feature of wide-
Intrinsic defects in SiC crystals enriched with silicon of- gap materials with a high binding energy is that relaxation
ten are in the form of clusters:? The enhanced thermal processes involving intrinsic defects and impurity atoms take
stability of nonequilibrium defect centers is evidently ex- place very slowly in them, so that it is difficult to achieve
plained precisely by the presence of clusters. For examplequilibrium in the solid phase, even at the hig@hdustria)
the annealing temperature in them fby and D defect- temperatures at which growth, diffusion, or ion implantation
luminescence centers introduced through irradiation by hightake place. As a result, the grown crystals can contain non-
energy particles at 600—800 °C is higher than in SiC samplesquilibrium metastable states which include intrinsic defects
with similar impurity composition grown by the Lely method and impurities, so that the crystal properties depend on the
under standard conditiong §=2600 °Q. temperature and other fabrication conditions. These specific
The enhanced susceptibility to dislocation and crack forfeatures of the material are extremely stable. Eliminating

C, 10717 cm™3
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EPR of defects in semiconductors: Past, present, future
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Important physical concepts learned from early EPR studies of defects in silicon are reviewed.
Highlighted are the studies of shallow effective-mass-like donors and acceptors by Feher,

of deep transition-element impurities by Ludwig and Woodbury, and of vacancies and interstitials
by Watkinset al. It is shown that the concepts learned in silicon translate remarkably well

to corresponding defects in the other elemental and compound semiconductors. The introduction
of sensitive optical and electrical detection methods during the intervening years, and the

recent progress in single-defect detection insure the continued vital role of EPR in the future.

© 1999 American Institute of Physids$1063-783#9)01705-0

For over forty years, electron paramagnetic resonancquality, lower internal strain crystals, Neubrand was able to
(EPR has played a key role in the study of point defects indetect for the first time the acceptor resonance in the absence
semiconductors. Because of the detailed structural informasf external strain, and confirm the compléte 3/2 spectrum
tion available from the spectrum of a defect — symmetryfor the bound holé.
from its angular dependence, and the atomic and lattice This pioneering EPR work in silicon has served to set
structure from its hyperfine interactions — it has proven tothe pattern of understanding for all of the elemental and
be uniquely able to identify a defect, to map out its wave-compound semiconductors. Similar shallows=1/2
function in the lattice, and determine its microscopic struc-effective-mass donor resonances have been observed subse-
ture. quently in many of the semiconductors, but the shallbw

In this short presentation, | can present only a very few=3/2 acceptors have resisted detection, the valence band
of the highlights, with apologies to the many, many EPRmaximum being ak=0 for all. The acceptors have been
scientists who have made, and are continuing to make, vitalbserved in a very few cases, but again only either when
contributions to our understanding of defects in semiconducstress was externally applied to the cubic semiconductor, or

tors. when internally available for a few non-cubic semiconduc-
tors.
I. PAST
1. Shallow effective-mass impurities 2. Deep transition element impurities
Over forty years ago, Fehemtroduced the important At about the same time, Ludwig and Woodbury initiated

technique of electron-nuclear double resonatENDOR), a systematic study of thed3transition-element impurities in
where the nuclear resonance of nearby lattice atoms could tsilicon, which continued through the 1966’dUsing EPR
detected as a change in the EPR signal of a defect. With thigsnd ENDOR, several charge states of most of the 3
he was able to map out for the first time the wavefunction oftransition-element impurities were observed and a simple
the S=1/2 bound electron of the shallow donor in silicon physical picture of their properties emerged.
over the surrounding silicon lattice sittThis served to es- This is summarized in Fig. 1. The sign of the crystal
tablish in beautiful detail the correctness of the theory offields experienced by thé electrons is reversed for the in-
Kohn and Luttingef which described the wavefunction as a terstitial and substitutional sites. For the interstitial site, the
large-orbit hydrogenic envelope functiofeffective-mass crystal field can be considered to arise primarily from the
electron, dielectric shielded from the positive gomeultiply- positive cores of the four nearest silicon atoms, which are
ing a sum of the free-electron states at the conduction-baneixposed because their charge compensating valence elec-
valley minima. trons are involved in bonds pointing away from the intersti-
The shallow acceptor in silicon was more difficult be- tial site. Therefore, as shown in Fig. 1, the triply degenerate
cause, for it, the top of the valence band is at khe@oint  d(t,) orbitals are lower in energy because they interact more
(k=0), with orbital angular momentunL=1, giving strongly with the neighbors than the doubly degened#&
J=3/2 for the bound hole. The hole is strongly sensitive,orbitals, which better avoid them. In the substitutional site,
therefore, to random strains in the crystal and the acceptdhe negative charge of the electrons in the bonds to the im-
resonance was too broad to detect. Feher solved the problepurity dominate, and the level order is reversed.
by applying a uniaxial stress to the crystal, which lifted the  Starting from the free ion @*4s? configuration for a
degeneracy of the boundl=3/2 hole and made the reso- particular charge state, al+ 8 electrons go into these or-
nance observablfeagain confirming the general features of bitals for the non-bonding interstitial case, as expected. For
the Kohn-Luttinger theory. Twenty years later, with higherthe substitutional impurities, which require four electrons to

1063-7834/99/41(5)/5/$15.00 746 © 1999 American Institute of Physics



Phys. Solid State 41 (5), May 1999 G. D. Watkins 747

INTERSTITIAL SUBSTITUTIONAL

3z -r2, Xz—y2 e ty

Yz, ZX, Xy ty e
free ion d*? Hund’s Rule d*P¢ Hund’s Rule
3d%sP max S max S

# electrons required to complete bonds

FIG. 1. Simple crystal field model deduced fail &ansition-element impurities in silicdh.

complete their bonds to the four silicon neighbosst 8 bors in the particular case of the transition elements at the
—4 remain to go into the orbitals. In both cases, the levels end of each seriek.
are filled according to Hund’s Rule, electrons paifethxi-
mum S), first filling the lower level, spin-up, then the upper,
spin-up, before filling, spin-down, in the lower, etc. The re-
pulsive electron—electron interactions between the localized Also, begun at about the same time and continuing
3d orbitals, which force maximum spin, therefore dominatethrough the 1980’s, my students and | have systematically
over the crystal-field energy. probed the properties of the intrinsic defects — vacancies
This general pattern, established very early for siliconand self-interstitials — in silicoh®*2 The approach taken
has been remarkably successful in interpreting the many sulvas to produce the defects by 1-3 MeV electron irradiation
sequent EPR and optical results for transition elements in alh situ at cryogenic temperatures and to study by EPR the
of the semiconductors — elemental, 11—V, and II-VI alike. frozen-in isolated vacancies and interstitials, and then to
In the compound semiconductors, the impurities tend to entawvarm up and study their migrational properties.
substitutionally the metal sublattice. For them, the substitu-  Figure 2 summarizes the experiment and the overall pat-
tional rules are the same as above, exceptdhigB— 3 elec-  tern of results. Immediately after irradiation, EPR of the iso-
trons go into thed levels in the 111-V’s, the three electrons lated vacancy in two different charge states, andV ™, is
replacing now the three valence electrons associated with thebserved. Long-range migration of the vacancy with subse-
neutral group—IIl atom that the impurity ion replaces. Simi-quent trapping by impurities occurs at70 K in n-type ma-
larly, for the 1I-VI's, the d-level occupancy number is terial, ~200K in high-resistivity material, and-150K in
a+pB—2. p-type material. As shown, a whole host of trapped vacancies
Of course, the excitement, and new physics, arises whehave been identified by EPR, confirming unambiguously that
departures are found, although there have been few so fathe annealing is indeed the result of long-range diffusion of
One interesting one is that of the shallow manganese accefhe vacancy. Kinetic studies of the annealing have revealed
tor in GaAs. In that case it has been found that®Nnot  the activation energies for vacancy diffusion as shown in
d*, as expected by the simple rules above, but the Hund'§ig. 2, along with the corresponding defect charge states.
rule d°, with a shallow bound hole Another departure has This was the first surprise. The high mobility well below
been found for substitutional Niin silicon® and also for the room temperature, and its large dependence on the vacancy
correspondingd’ substitutional ions of the d(Pd") and  charge state, were not anticipated.
5d (Pt~, Au®) series. For them, a Jahn—Teller distortion sets A second surprise was the experimantal observation that
in, which overcomes the electron—electron coupling, givingvacancy annealing can be stimulated even at 4.2 K by shin-
S=1/2 for their e4t§ paramagnetic charge states. Thising near bandgap light on the sample or by injecting elec-
anomaly has been explained as a result of strong chargeons and holes electrically, This phenomenon, called
transfer of the paramagnetit orbitals onto the four neigh- recombination-enhanced migration, was also established to

3. Vacancies and self-interstitials
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be occurring to a limited extent during the electron irradia-level (+/+ +). This rare phenomenon, called negative-
tion itself, which also generates substantial electron-hole paimplies a net attraction between electrons at the vacancy. To
ionization. account for this, the Jahn—Teller energy lowering for the
A third even greater surprise was the observation, in thezacancy single-donor level (8/) can be estimated to be at
p-type material studied, that the interstitial had already mi-east~0.5eV in Ref. 13. With relaxation energies this large
grated long distances during the initial electron irradiation af ~ 1/2 the bandgap! it is easy to understand how capture of
4.2K. Immediately after the irradiation, only interstitials glectrons and holes at the vacancy can supply the necessary
trapped by impurities were observed, as illustrated in Fig. 2yiprational energy to overcome the small diffusion barriers
and in~1:1 concentration to the isolated vacancies. Apparindicated in Fig. 2, and explain its athermal 4.2 K migration
ently, the interstitial is even more efficient in converting the ,qer electronic excitation.
ca}ptur'e of electrons and holes into the energy required for its Inspection of the wide variety of observed configurations
migration. for the trapped interstitials, combined with predictions of re-

F|gurg |3 prowdes a S'mfplﬁ lnterpretatlcr)]n Or: the ellec- ent ab initio calculations for interstitial bordfi and
tronic and lattice structure of the vacancy that has evolved;; 11516 has served to suggest a similar simple physical

irom the EPR studies. Using the concept of simple m°|eCUIa[)icture for predicting the properties of such interstitials. Con-

orbitals made up from t_he dangling bonds of the four V& ider thes and p valence orbitals for the interstitial atom
cancy neighbors, the various charge states can be understovovﬁen placed in the high-symmetfi, interstitial position of
by their successive population with the appropriate numbe{he lattice. Populate them in the normal atomic order with
of electrons, two forv* ™, three forV™, etc. Here, the - ropula . o

) . . electrons appropriate for the charge state of the interstitial.
electron—electron interactions are weaker than in th P ) ot . .
transition-element ion case, being spread mostly over th or B(2s7), Al 7(3s7) and Sj 7 (3s%), there IS o orbital .
four nearest-atom neighbors, but also onto their neighbors egeneracy, therefore no Jahn—TeIIer_d|stort|on, and the in-
well, and each level is filled before proceeding to the next.terf'ﬂt""‘I should ;tay on-center, as indeed observed for
The interesting feature here is that Jahn—Teller energ -Li , and Ereduz:ted bY+ thezorylfor the other two. For
lowering distortions occurs as soon as partial occupancy dfi (2572p), G (2s°2p), Si’ (3s"3p7), and their further de-
the degenerate, orbital occurs. A tetragonal distortion oc- 9eneratep-level occupancy charge states, off-center Jahn—
curs forV*, as observed in its EPR, because of its Sim‘:ﬂeTeIIer distortions should occur into symmetry lowering
occupancy in the, orbital. A much larger tetragonal distor- bonding configurations, as indeed observed fdt &hd

tion occurs forV® being driven by the energy gain of two G, and predicted for all three atoms. Considering the
electrons in the orbital. Fov~, an additional dihedral dis- large energies involved ip bonding, it is again easy to un-
tortion occurs. derstand efficient recombination-enhanced migration for the

These distortions turn out to have important consednterstitial as it cycles back and forth between its various
quences. For example, the increased two-electron Jahneonfigurations during electron and hole capture.
Teller energy lowering fol° over the one-electron energy Remarkably, therefore, the electronic and lattice struc-
lowering for V*, actually serves to overcome the Coulombtures for vacancies and interstitials in silicon can be under-
repulsion between the two electrons and lower the vacancgtood in almost identical fashion, as summarized in Fig. 4. In
first donor level (04 ) to a position, below the second donor each case, there is a non-degenerates) level lowest and
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a threefold degenerate,(p) level higher, which are filled degeneracy and full undistortdg summetry. Apparently, in

by the electrons appropriate for the charge state of the defedhese wider bandgap materials, with more localized vacancy

Each level is filled before going to the next, and when orbitalorbitals, the electron—electron interactions are beginning to

degeneracy results, symmetry-lowering Jahn—Teller distordominate. We may expect interesting surprises, therefore, as

tions occur as bond reconstructions, rebonding configurave begin to probe the intrinsic defects in these materials.

tions, etc. Theorists, who do not have the ability so far to properly
The one-electron orbital pictures for vacancies and interinclude these multiplet effects, must also beware.

stitials in Fig. 4 must, of course, be generally applicable to

all semiconducta — a vacancy always produces four dan-|; preseNT AND FUTURE

gling bonds, an interstitial in the undistorted tetrahedral site

is always an ion surrounded by four non-bonding neighbors.  Intensive EPR studies continue today and will in the

In the 11-VI semiconductors, for example, it provides a natu-future, particularly in probing defects in the wide bandgap

ral explanation for the on-center character observed by EPR

for the chalcogen vacanciéﬁl(ai), and the trigonally dis- .

torted metal vacancied/; (a2t3).1! In ZnSe, the interstitial Vacancy Interstitial

Zn'(sh), has also been observed, and is on-center, as

predicted'! For the many other semiconductors about which

no clear experimental defect identifications exist, these mod-

els may provide useful predictive properties, which, inciden-

tally, provide a remarkable consistent simple physical expla-

nation for the large lattice configurational changes currently

often being predicted in modern state-of-theartinitio the-

oretical calculations. However, a word of caution is in order. at) s"p”

It can also be considered to work for the only other identified

intrinsic defectsV2,in GaP’, V¢ in diamond® andVg in  FIG. 4. An identical simple one-electron orbital model appears to work for

3C—SiC.1g However, there is an important difference. For both vacancy and interstitial in s_lllcon, the levels being filled, first the lower _
non-degenerate one, then the higher threefold degenerate one. When partial

. 2.3 . . s .
the.”' agt; configuration, Hund's rUl? occupancy dc_)m'natesaoccupancy of the degenerate (p) orbitals results, &n<5, large Jahn—
giving a nondegenerat8=3/2 half-filled t, shell with no  Teller relaxations occur. Such a model should apply for all semiconductors.
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II-VI quantum-well structures containing a 2DEG of low density have been investigated by
means of polarized photoluminescence, photoluminescence excitation and reflectivity in external
magnetic fields up to 20 T. The spin splittings of the exci¥oand the negatively charged

exciton X~ are measured as a function of the magnetic field strength. The behavior of the
magnetic-field-induced polarization degree of the luminescence line relat¥d to

demonstrates the formation process of negatively charged excitons from excitons and free
carriers polarized by the external magnetic field. We have determined the binding energies of the
trion formed either with the heavy-hole or the light-hole exciton. The optically detected

magnetic resonand®DMR) technique was applied for the first time to study the optical transition
processes in a nanosecond timescale. The electron ODMR was observed with the detection

on either the direct exciton or the negatively charged excitdfRurther evidence for the interaction

of excitons with the electrons of the two-dimensional gas are demonstrated by a combined
exciton-cyclotron resonance line observed in reflectivity and luminescence excitation, shake-up
processes observed in photoluminescence, as well as inelastic and spin-dependent scattering
processes. €1999 American Institute of Physids$$1063-78349)01805-5

Effects resulting from the exciton-electron interaction ininvestigated specially designed structures, where we varied
the presence of a two-dimensional electron (2BEG) of  the carrier concentration by external optical illuminatiofo
low density ath,ag<<1, wheren, is the electron concentra- achieve this, the heterostructures are sandwiched between
tion andag is the exciton Bohr radius, became a subject ofshort-period superlattices, where the QWSs are separated from
intensive investigations very recently. This interest has beethe superlatticdSL) by 20 nm thick barriers, which leads to
stimulated by the observation of a negatively charged excia much higher probability for the electrons to tunnel from the
ton X~ in CdTe(Cd,ZnTe modulation-doped quantum-well SL to the QW, as compared to holes, due to the difference in
(QW) structures. the effective masses. Consequently, the electron concentra-

In this paper we review several new effects observed irtion in the QW can be varied accurately by the intensity of
structures where the exciton interacts with a 2DEG of lowillumination with a radiation energy exceeding the SL band
carrier density. In detail we discuss: the spin splitting andgap. For the experiments with additional microwave illumi-
polarization dependence ¥fandX ™ in high magnetic field,  nation we used a back-wave oscillator, whose frequency can
the combined exciton-cyclotron resonaridége optically de-  be tuned from 55 GHz to 80 GHz by the application of dif-
tected magnetic resonan¢®DMR) on X :* the shake-up ferent dc voltages. For these ODMR experiments the micro-
proces3® and the spin-dependent broadening of excitonicwaves were chopped at 45Hz and the synchronous changes
states’ of the PL intensities were recorded by a two-channel photon-

counter.

1. SAMPLE STRUCTURES AND EXPERIMENTAL DETAILS

In this study we performed measurements on two differ2. MAGNETO-OPTICAL STUDY OF THE TRION
ent types of structures. We used modulation-doped CdTe/ . o
(Cd,MgTe or ZnSefzn,Mg)(S,S8 QWs with a 2DEG of 2.1. Zeeman splitting and polarization degree
low density of about 1.810*°cm™2. The structures were In the first part of this paper we concentrate on the prop-
grown by molecular-beam epitaxy dda00) oriented GaAs erties of negatively charged exciton states in the magnetic
substrates and selectively doped with iodine or chlorindield range extending up to 20T. PL was excited with a
separated by a spacer layer from the QW. Furthermore, w&i-sapphire laser at energies below the band gap of the bar-

1063-7834/99/41(5)/6/$15.00 751 © 1999 American Institute of Physics
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FIG. 1. a — Photoluminescence and PLE spectra of an 8 nm-thick CdJ#/i9d ;Te modulation-doped SQW structuné.and X~ label the heavy-hole
exciton and the negatively charged exciton lines— PL spectra taken in the magnetic field of 7 T are shown for two circular polarizatién@otted and
o~ (solid) lines, respectivelyc — magnetic field dependence of the PL line positiarsper pangland the Zeeman splittingower panel. The electron-spin
splitting calculated fog.= — 1.46 is plotted by a solid line. The heavy-hole splitting is calculated from the electron aixdathéX ~ splitting respectively.
For details see text.

riers while the external magnetic fields were applied perpenvalue. There is no significant difference observable whether
dicular to the QW layerg¢Faraday geometiy the holeg factor is determined by the splitting & or X ™.

In Fig. 1a the PL and PLE spectra detected for a 8 nmSchematically the spin splitting for 2DEG elecrons, excitons
thick CdTe/Cd Mgg sTe QW at a temperature of 1.6 K and andX™ are presented in Fig. 2. Note that tke state is split
at zero magnetic field are shown. The exciton Ikelomi-  due to the heavy-hole contribution only, but the spin splitting
nates in the PLE spectrum but is much weaker than the negaf the X~ optical transitions is also determined by the split-
tively charged exciton lineX™ in the PL spectrum, which ting of the conduction-band stateg.}, as the 2D electron is
reflects the strong probability for excitons to be bound in thethe final state afterX™ recombination (for details see
X~ complex. This situation is changed under applied magreferance®
netic fields when the 2DEG is polariz¢dig. 1b. At 7 T the The magnetic-field-induced polarization degree »r
o~ polarized PL component of the exciton line increasesand X~ PL lines in QWSs with and without 2DEG is dis-
strongly in intensity and becomes comparable with Xhe  played in the lower part of Fig. 3. In undoped QWs Ke
line intensity. We also stress here that at 7 T ¥hand the
X~ PL lines are polarized with opposite signs and forXie
line the high energy component is stronger in intensity than
the lower one. Detailed dependencieskadnd X~ PL inten-
sities on the magnetic field strength are plotted in the upper
panel of Fig. 3 and will be discussed below.

For a detailed analysis of the observed PL polarization a
precise knowledge about the spin splitting of the exciton and
the free carrier states is essential first. The experimentally
determined spin splittings for excitons aKd are very close
to each othe(Fig. 1c, upper pangl The excitonicg factor

excitons, X

2DEG electrons

“112) (-1/2,+3/2)

+

(+1/2,-3/2)

(+1/2)

c

has a positive sigrilower part of Fig. 1. The electrong
factor at the bottom of the conduction band in an 8 nm-thick
CdTe/Cd Mgy sTe QW (ge.=—1.46) is known with high
accuracy*® The heavy-hole spin splitting was deduced by
subtracting the electron splitting from the excitonic one. The

hole splitting is zero at magnetic fields below 12T and in-gig. 2. schematical presentation of X formation process in external
magnetic fields from excitons and 2DEG electrons.

creases at higher fields giving rise to a positiyefactor

(+1/2,-1/2,+3/2)
(+1/2,-1/2,-3/2)

charged excitons, X’
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% 777 excitons are washed out fof~, but (+1/2, —3/2) excitons
FT=16K N N are preserved_ as tk(§1/2) electron states are empty. As a
12 | 0—X(c) e X(o) H result the exciton PL increases strongly for the polarized
o L X . et X (G) --A-- X (G+) . componenisee Fig. 3, upper panel
=10 - H
> L o ’\\ J
_e' 8T_'<o\o \\.\ o 2.2. The effect of microwave radiation on the trion
© - \o o o0—O ] The formation process of the trion is also reflected in the
-~ ~ " . . . g .
> oF \/2>~"8';)6<2 . PL spectra which are taken with and without additional mi-
g - p TelAL . crowave illumination. These experiments have been per-
o 4t e "x:‘:"‘-A- formed on an 8 nm-thick QW structures with optical tuning
£} / e 4  of the 2DEG density:* At B=0 T the microwaves decrease
T 2 X //' - the X~ emission and increase thé emission, whereas at
| e AA 4 N 1 magnetic fields above 3T the microwave radiation increase
QR T T T A A A A A the X~ emission and decrease tieemission ino~ polar-
0 S M thF' id T15 20 ization and have no obvious influence Xn andX emission
agnetic Field, in o polarization. The ODMR70 GH2 spectrum detected
0.6 ————

L e B L on X andX™ emission are shown in Fig. 4a fer  polariza-
doped: @ © tion and Fig. 4b foro* polarization. The changes are nor-

%)
% 04 L X ~o undoped: A A ] malized by their respective total intensities ¥fand X~
3 02p e®%0o - emission, and the positive and negative signs represent the
S 00.;.2 0 NP oo mmmee A incre_ase and de_crease of PL intensity_, resp_e_ctively. The
= N An ° i maximal change is about 8% of the total intensitieXafnd
N 021 o AL ° - X~ emission. With the increase of the magnetic field
o i ° ] strength, ther~ ODMR signals decline fast to zero and then
g '0‘4_' o \ o] change their signs, whereas thé ODMR signals decline
& -06f o / X i slowly to zero. Inc~ polarization a sharp positive and nega-
3 - ° 5 - tive ODMR line (at B~3.42T) appears respectively on the
'5 08112 16K ° 5 0 0o o 0 O] broad ODMR background signals detected ¥n and X

1.0 T T e emission. However, no sharp ODMR lines was observed in

0 5 10 15 20 o™ polarization.
Magnetic Field, T The details of the sharp ODMR lines are shown in the

inset of Fig. 4a. For 70 GHz microwaves the resonant lines
FIG. 3. Magnetic field variation of the PL line intensities detected for dif- lie at B,.e= 3.424 T with the linewidttAB=39 mT. From the
frﬁmlatgfncz'gfedpo'%zatgnsangl’fM :”ne Scnf?;ghiiﬁ'éuc‘ég?ﬁi‘:‘groszfar resonant magnetic field strength for different microwave fre-
ization degreepof tth esz:Fi)tonpand neggtively charged exciton PL Iipnes withquenCIesg* = 1-461t,0-002 was obtained very preC|ser.
(circles and without(triangles modulation dopinglower pannel. We identify the sharp lines as the ODMR of the electrons of

the 2D gas, whereas the broad background and the polariza-

tion dependence is determined by the formation process of
line is u_npolarized and thxilline poIari;atio_n incre{;\ses lin- X -The scheme of the formation & under magnetic field
early with a slope of 0.0k~ only, which is considerably 5 shown in Fig. 2 where thg factor of the electron is nega-
smaller than the thermal equilibrium value of 0.3 IN" tive and that of a heavy hole is very small for low fields and
modulation-doped QWs the polarization degree of Xie  ,qitive for higher field strength. The formation and the re-

line is nonmonotonic and alters its sign at 12T and the eX¢ompination ofX~ from the optically active exciton can be
citon line polarization is strongly enhanced. It is obvious that, itten

the presence of a strongly polarized 2DEG induces such

strong modification. One can see in Fig. 2 that in magnetic ~ €(-1/2)F X(-1)y— X~ 32y~ Photon(a ™) +e(_ 1y 1)
fields theX™ formation process is limited to the creation of a . "

(+1/2, —1/2, +3/2) state constructed from(a-1/2) electron €12t X+ 1= Xz~ Photon(o ™) +€( 1. (2
and a(—1/2, +3/2) exciton. The(+1/2, —1/2, —3/2) X~ Under the applied excitation conditions in this structure,
state is populated by relaxation from thel/2, —1/2, +3/2)  the electron density is estimated to be less than 4
state. In magnetic fields below 12 T these states are not split 10'°cm™2. Therefore, at the resonant magnetic figlgs
and the state which contribute to th€ polarized transition =3.424T andT=1.6K all electrons lie in thél=0 Landau

is preferably populated. At higher fields, when the state conlevel and most of them populate the lower spin staté/2)
tributing to theo™ polarized transition becomes the lowest by thermalization because of the long lifetire=2.7 us) of
one, its thermal occupation leads to the rise of the negativéhe excess electroridn addition, the measured large exciton
polarization. The exciton polarization under these conditiongolarization(see Fig. 3lbshows that most excitons are popu-
is determined by theX™ formation process{(—1/2, +3/2) lating the(—1) state.
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0.10 microwave resonant absorption induces a decrease of the
008F 3 o o XH (+1/2) electron population.
0.06 |- : | The microwave radiation pumps electrons from the low
0.04¢ o o spin statg(+1/2) to the upper spin state-1/2) continuously
0"()2 | o ° ® . e o A until the electrons reach a new steady population. The
0.00 o ® change of the electron population by the magnetic resonant
' ® O absorption results in the change of the formation probability
0.0z o o © 7 of X~. This is the reason why the magnetic resonance of
004F o o © . electrons can be detected in thé or the X emission.
-0.06 | ’W}\N Ww MW 1 From the descussion above, it is obvious that electron
% 008§ i 2 N\J g spin-dependent and the electron spin-conserving formation
C 10} % i J and recombination processes ¥ makes the electron
2 012k o i ODMR detectable. This formation mechanism)6f can be
O ol 338 340 342 344 346 348 i further supported by the broad ODMR backgroutad B
> 0- 1 - 2:’»:1 = 5 e 6 e 7 ‘8 >3 T) shown in Fig. 4a and 4b. Besides the microwave reso-
D nant absorption, the heating of electrons in the microwave
% 0.10 field*®!! also induced an increase in the-1/2) electron
= 008t b o o X populatiqn 'and a decrease in thel/2) electron popglation
- _ due to raising of the excess electron temperatfifehis en-
8 0.06 ¢ XH hances the formation probability of the-3/2) X~ just as the
N 0.04¢ o J resonance case discussed above. The broad background sig-
o °© o nals (at B>3 T) decrease with the magnetic field strength
002} - : . . .
e S o o due to the suppression of the microwave heating by magnetic
S 0.0 oo field.*?
Z o0l ¢ i We could say that the above microwave heating effect is
. polarized since the backgrouxat B>3 T) occur only ino~
0.04 ° . polarization. At low magnetic fields< 1 T), where the two
006k ° i electron spin states have nearly the same population, another
. b microwave heating effect occurs and we call it non-polarized
0088 ] because the background occurs in both circular polarizations.
-0.10 . baciitia,a L 1 N The increase of the electron kinetic energy by microwave

0 1 2 3 4 5 6 7 8 heating decreases the probability for an exciton trapping an
- electron. This is in accord with the temperature experiments
Magnetlc Field B’ T on X~ .'* So we observed a decreaseXof emission and an
FIG. 4. ODMR (70GH2 signals detected from an 8nm thick Increase ofX emission in both circular polarization at
CdTe/Cgq Mg, sTe QW with optical tuning of 2DEG density odemission ~ B<<1 T shown in Figs. 4a and 4b.
and Xi emission for(a) o and (b) o’ _polarization. Th_e (_:hanges are In o~ polarization, the polarized effect of the micro-
o B e 1 it SoN bac(Yave healing plays the main role at high magnetic felds
ground signals. In the inset the sharp electron ODMR GH2 line de-  (B>3 T) and the non-polarized effect at low magnetic fields
tected onX emission ino~ polarization is shown. The resonance position (B<<1 T). For 1<B<3 T, the two effects compete with each
lies atBes=3.424 T with a linewidthAB=39 mT. other, so the ODMR background signals decline fast to zero
and change their signs with increasing magnetic field
strength. Ino* polarization, only the non-polarized effect
For theo~ polarized luminescence of the trion, there is plays a role and the ODMR background signals decline
a small electron population in the-1/2) state and a strong Slowly to zero due to the suppression of the microwave heat-
exciton population in thg—1) state. Microwave resonant ing. Since the polarized ODMR backgroutat B>3 T) is
absorption increases the electron population in (thd/2) due to the microwave heating of excess electrons while elec-
state and enhances the formation probability of th&/2)  trons which are bound to impurities can not be heated by
X~. Therefore, we observed a positive electron ODMR sig-microwaves, the ODMR measurements prove clearly the at-
nal detected on th¥~ emission and simultaneously a nega- tribution of the PL line toX™ and not to an impurity bound
tive electron ODMR signal detected on tKeemission since exciton.
the enha}rnCEd f(.)rm.atlon o€ is I.n expense oK. 2.3. Trions formed with the light hole exciton
In o™ polarization, there exists a strong electron popu-
lation in the (+1/2) state and a small exciton population in A fingerprint of X~ is the strong polarization of its reso-
the (+1) state. The formation probability of the+3/2) X~ nance in external magnetic fields. When the excess electrons
therefore in not sensitive to changes of thel/2) electron are strongly polarized by the external magnetic field, excita-
population. Thus, the sharp electron ODMR line can not beion of the X~ singlet state is allowed for one defined polar-
observed for thé—3/2) X~ in ¢* polarization although the ization only. In contrast to the CdT&d,Mg)Te structures
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FIG. 5. Reflectivity spectra of a 10 nm ZnSe{£gMgg 1151656 5, quan- 0 5 10 15 20
tum well at 1.6 K and 7 T fow™ (solid) ando~ (dotted lines. The insert Magnetic field, T
shows the radiative dampin@scillator strength for the exciton and the
trion. FIG. 6. Fan chart of an 8 nm CdTe/g#g,sTe quantum well. Open sym-

bols representr* and closed symbols~ polarization respectively. The
lines represent calculation for the exciton 1s, 2s, and 3s states applying the
discussed so far theg factor of the electron in ZnSe/ model described in Ref. 18.

(Zn,Mg)(S,Se QWs is positive §.=1.1). Therefore, the al-
lowed transition forX™ formed with the heavy-hole exciton

in these structures is the~ polarization, whereas ™" is the peaks. This line is attributed to a combined exciton-cyclotron

allowed polarization for the trion formed with the light-hole "€SONancéEXCR) and is a supplementary example for new
exciton. Such a behavior is demonstrated for a 10 nni€atures observable in semiconductor quantum wells contain-

ZnSe/Zn 5o 1150 16585, QW With n~4x 10°cm™2 in ing an electron gas of low densityAn incident photon cre-
Fig. 5. The resonance indeed appears in opposite circulér_tes an exciton in the ground state and simultaneously ex-

polarization of the reflected light. Furthermore, the bindingc'tes one of the resident electrons from the lowest to first
energy of the trion can be determined from Fig. 5. &t (EXCRIY or to the secondExXCR2 Landau level. As can be

=7 T, the binding energy ok~ formed with the heavy-hole S€€N from Fig. 6, the energy positions of these EXCR lines

exciton is 4.6meV. and 3.8meV fof~ formed with the are in the range of the Coulomb-bound states, but they be-
light-hole exciton. ' have very differently. For instance, the intensity of the ExCR

We have fitted all experimentally observed resonanceliN® increase strongly for larger,, whereas the magnetoex-
within a model of a nonlocal dielectric resporféeln the Cciton lines are insensitive to this parameter. Furthermore,

insert of Fig. 5 we have plotted the dependencies of th&g. 6 shows that the EXCR lines shift linearly in magnetic

exciton and trion radiative damping as a function of the magfi€ldS with a slope of 1.2meV/TEXCRD or 2.9 meV/T

netic field. It is obvious that the exciton radiative damping(EXCR2, respectively, which is comparable to the electron
constantl’, (i.e. the exciton oscillator strengtishows no  cyclotron energies in CdTéZd,MgTe QWs. An extrapola-

dependence on the magnetic field strength for both circulafion of these shifts to zero field meets approximately the

polarizations. The trion oscillator strength, in contrast to theEN€rgy of the 1s state of the heavy-hole excitts—hh).
excitonic one, decrease with the magnetic field for she This linear shift of the EXCR lines, as opposed to the qua-

polarization and increases for the polarization. This dif- dratic one of the heavy-hole excitonsg(12s, and 3 states
ferent behavior of, for o+ ando— polarizations is due to /SO displayed in Fig. 5 shows that the free electrons con-
the singlet structure of the trion ground state, where the twdribute to the observed process. Theoretically the shift of the

electrons involved have opposite spins. In the presence of XCR lines in an external magnetic field behave like
magnetic field the background electrons are polarized anl} #:®c.e(1+Me/M), wherem is the electron antl=m
the trions could be created by photons of one polarization” M IS the exciton mass; w. e is the cyclotron energy and
only. N an mteger((_jetalls of the _theoret|cal cor_15|derat|0n are in
Ref. 3. Applying the experimentally obtained mass values

my=0.11Imgy andm;,,= 0.48m; gives 1.24 meV/T very close
to the experimental value.

In external magnetic fields, besides the trion line, an- The EXCR line is stronglyr~ polarized, when the spin
other new line appears in the PLE and reflectivity spectrapf the free electron gas is parallel to the free electron gas

which can not be attributed to the normal magneto-excitorpolarization in the external field direction. Asaa photon

3. COMBINED EXCITON-CYCLOTRON RESONANCE
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such a photon is dipole allowed. On the other hand;*a  98-02-04089 and Os98/5.

polarized photon leads to a final state exciton with a mag-

netic moment of 2, whose recombination is dipole forbidden.
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We present a critical review of the present state of the critical exponent puzzle of the metal-
insulator transition of doped semiconductors with emphasis on the role of meso- and macroscopic
inhomogeneity caused by the disorder of intended or unintended acceptors and donors in
crystals. By using both isotopic engineering and neutron transmutation d@NifD) of
germanium we found for low compensatiofa K=1.4 and 12%that the critical

exponents of the localization length and the dielectric constant are neafli2 and{=1, which

double for medium compensatiofest K=38 and 54%to v=1 and/=2, respectively.

© 1999 American Institute of Physids$1063-783499)01905-X

Until now there has been an intensive debate in the litthese uncertainties, we have prepared four sets of germanium
erature whether the metal-insulator transitiIT) is a  samples which were both isotopically engineered and
phase transition of first or second order and what the experiReutron-transmutation doped. The crystals have in this case a
mental conditions are to obtain it at finite temperatures anavell controlled disorder from the compensation by the isoto-
in real (disordered systems:? If the MIT is a second-order pic enrichment of “Ge (K=0.014, 0.12, 0.38 and 0.54 for
phase transition, a further challenge is the puzzle of the critin-type conductivity and of a mesoscopically as well as mac-
cal indexu for the scaling behavior of the metallic conduc- roscopically homogeneous distribution of the impurities with
tivity near the MIT, i.e. just above the critical impurity con- N néar Nc. In the case of low compensations, we got
centrationN,, and as small compensati#?4In particular, ~Samples on both sides of the MIT.
in several uncompensated materig[Si: P [Refs. 2-4,
Si:As [Refs. 5,8, Ge:As[Refs. 7,8) some experimental
groups obtainedt~1/2, others obtainegi=1 (Si:P, [Ref. Isotopically engineered, bulk Ge crystals were grown
13] Ge:As and Ge:Ga* which also has been found in from pure’Ge, enriched up to 94%, or by a mixture 6Ge
different compensated materfaf:> On the other, hand the with Ge of natural isotopic content. The isotopé&e and
value of u~1/2 is significantly smaller thap=1to 1.3 pre-  "%Ge transmute after irradiation by thermal neutrong®fs
dicted theoretically for an Anderson transition driven only by donors and'Ge acceptors. The four seriesrefype Ge with
disordet®2° and also less than Chayes al?! inequality  different isotopic abundancén %) and differentK after
u>2/3 for a MIT caused by both disorder and electron—NTD are listed in Table I. The values &f are proportional
electron interactions. to the product of the isotopic abundance and the thermal

The main uncertainty in all previous experimental work heutron cross-sections of all isotopes producing impurities,
is whether the impurities, for instance, the donors-tgpe  K=Nga/Nas, Whereas the impurity concentration is propor-
conductors, are distributed macroscopically homogeneousfjonal to the irradiation dose.
during doping or not and whether, during any chemical dop-
ing, an unintended disorder via compensation (bpck- 2- RESULTS AND DISCUSSION
ground acceptors or defects is present or not. The disorder  A|| samples withN<N, at T<1 K exhibited a tempera-
in doped semiconductors arises mainly from the intended ofyre dependence of resistivity according to
unintended compensatiok which is, for n-type material, _ 12
K=N,/Ng, as well as from correlated incorporation of do- P(T)=poeXp(To/T)™™ @)
nors and acceptors from melt-grown crystals and macroEquation(1) corresponds to variable-range hopping conduc-
scopic inhomogeneity in the impurity distribution. To avoid tivity with a Coulomb gap at the Fermi le8land with

1. SAMPLE PREPARATION

1063-7834/99/41(5)/4/$15.00 757 © 1999 American Institute of Physics
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TABLE |I. Isotopic abundance in the four series of NTD Ge after mass-
spectroscopic analysis, compensation degree, conduction type and critical
impurity concentratior(see text

Phys. Solid State 41 (5), May 1999

Rentzsch et al.

10°F
Isotope  °Ge “Ge Ge ™Ge ™Ge K (%) Type N.(cm 3
Series1 02 07 32 938 21 14 n  35x107 10*E
Series2 17 24 10 939 10 12 n  4.0x10Y F
Seres3 50 65 24 828 33 38 n  7.1x10Y -
Series4 81 112 ca4 723 ca4d 54 n 1.5x 108 103 3
g 10 E
B 2 G F
T0—286 /aK, (2) < i
wherea is the localization length and is the dielectric con- 10! 3
stant. Figures 1 and 2 show typical dependencies of the re- - .
sistivity on temperature for low=1.4 and 12% and me- ol AN
dium (K= 38%) disorder. One can see that Efj) is fulfilled 10 3 range of validity
at low temperatures for all impurity concentrations where - of Eq. (1 and la)
variable-rangle hopping is obtained. According to scaling 107 E .
theory of the MIT, botha and « diverge at the MIT with b . ! .
power law$®® 0 4 5
-12 1,-1/2
a=Cjag|(N/Ng)— 1|77, (33 T K
K=C2Ko|(N/N )_1|7§ (3b) FIG. 2. Temperature dependence of resistivity at medium compensation,
(3 H

K=0.38.

with {/v=2, in Eq.(3a,H ag=4 nm is the Bohr radius of

the Arsenic donorxy=15.2 is the static dielectric constant

andC, andC, are constants. As the result, the slope of the— 1| at differentK are shown in Fig. 4. At low disorderK(
curves in Figs. 1 and 2, i.eT,, must decrease with a power =1.4 and 12%the powerp is close to the value of 3/2 and
p={+ v approachinglT,=0 atN=N,. Figure 3 showsT, doubles at medium disordeK& 38 and 54%to a value of
as function ofNy=n/(1—K) for differentK, wheren is the ~ about 3. Taking into accourgf{v=2, one obtaing’=1/2 and
free-carrier concentration. The linear extrapolation of thel, and{=1 and 2, at low and mediurk respectively. The
curves in Fig. 3. gives us the value b, which rapidly  values ofa(K) can be independently determined from mea-
increases wittK. The scaling relation of, versus|(N/N,) surements of the positive magnetoresistance. In all samples
atT<0.5 and aB=0.5—2 T the positive magnetoresistance
was found® to fulfill the theory in Ref. 22:

1025 0T1 1K 006 o004 og3  e(BNR(O)=+ (e*/ah?) a*(B?/T%?%) = +B*/Bo(a,T)?,
r T T T —— (4)
/ /s
10° 3 , .
i .
N Tgs o< l/ka 'yj . 20 '
10° F ‘,i‘;? 47 18}
E 4 A
- i 16 |-
103k 4 S
F « 14}
=) [ A’ /
S 10k * W - o 12+
. - X Ne=3.5x10" cm 3
< [ rd 2 10 // a
10'E 8 gl 7 Ne = 4.0x10"7 em™3
F ‘N — 17 .. -3
K (%), n(10'7 cm™) 6L w’ Ne=7.1x10""cm™" |
10° e . {2‘; %"5“1) I Al J/Ne = 1.5x10'8 e
Nl v 14, 2.5
107 gL e 14, 273 H 2F
L ] Il 1 1 ] f 1 1 1 i 0
0 1 2 3 4 5 6 0 ”
T—I/Z’ K—I/Z

Ny (10'7 cm™3)

FIG. 1. Temperature dependence of resistivity at low compensation,

K=0.014, 0.12.

FIG. 3. Determination ofN; at T;—0.
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102§ T ——— T 10—1. =y ' v v
1| v K=14% | + NIDnGek=12% |
A K=12% )
101 ° K=38% ] p=312
| = K=54% ]
5 range of Efros-
", (g2 Shklovski law ]
X 4001 1 NS { Eq. (1 and 1a)
}\o
p=3/2
10" 1 ] 4
] range of Mott's law
p=3 107 —— —
10_2 . . 0.1 1
10—2 10—1 100 7, K
N/ N 1 FIG. 6. Temperature dependence of the positive hopping magnetoresistance.
I c l The upper straight line shows the range of validity of E).

FIG. 4. Ty vs |(N/N.) —1| at differentK.
macroscopic homogeneity. The determinatioMNgffrom the

where =660 is a numerical coefficient. Figure 5 shows theextrapolaﬂop Of To(N)—0 at Efros—Shklovskii variable-
range hopping agrees well with, from the metallic side.

typlgal dependence of the hopping m.agnetore5|stance, which For low disorder(at K = 1.4 and 129 the critical expo-
confirms the appearance of quadratic dependence on a low - . .
T ) nents of the localization length and the dielectric constant are
magnetic field in all samples. The analysis of the temperature _ _ . _
: . . I Aearly v=1/2 and{=1, respectively. The value of=y at
dependence according to Ed) is shown in Fig. 6 indicat- . . - i
. 2 . low disorder agree well with early Si:fRef. 2 and Ge: As
ing the range of validity at about=0.2—1.5K for this .
(Ref. 6 as well as with recent results on uncompensated
sample. From Eq4) we calculateda(K) of all samples. By i .
L 1 NTD Ge:Ga(Ref. 8 results. At medium desorddat K
a combination off g (ax) ™~ of the temperature dependence — 38 and 549% the critical indices double to=1 and{=2
of resistivity without magnetic field by using Eqgd. and 2 '

we also estimatea(K). Both dependencies as functions of respectively. These results accord with results on different
I(N/N,)— 1| are shown in Figs. 7 and 8, confirming the chemically doped material Si: RRef. 13 and Ge:As/Ga

. Ref. 19 where the cr | homogenei I less. Ad-
above estimates for the slopes1/2 and 1, and=1 and 2 (. € 4 where t ec ystal ho ogene ty could be ess d
. ) : ditionally, some disorder by unintended compensation or
for the scaling behavior o and «, at low and mediunK . . o2 )
respectively correlated impurity distribution is possibte.However, the

From the experimental point of view the puzzle of the disparity of the critical indices between theory and experi-

critical indices has been solved by well-controlled disorderment remains unresolved because, to our knowledge, untl
via the compensation degree and homogeneous doping by a
combination of artificially changed isotopic contdisotopic 4 4
. . ; . . . 10 —
engineering and NTD which give rise to mesoscopic and
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Emission processes accompanying deformation and fracture of metals
K. B. Abramova,*) I. P. Shcherbakov, A. I. Rusakov, and A. A. Semenov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tverd. Tela(St. Petersbunl, 841-843(May 1999

Present-day physical methods of investigation reveal that the fracture and plastic deformation of
metals is accompanied by emission processes, in particular, by luminescence and emission

of electrons. All the metals studied thus far exhibit a capability of luminescence. The intensity,
duration, and spectrum of mechanoluminescence are different for different metals. The

intensity is determined by the mechanical and thermal characteristics. For a given metal, the
intensity depends on dislocation density in the structure and the sample loading rate. The spectrum
of noble metals is governed by the electronic structure of surface states. The dynamics of
mechanoluminescence and electron emisgioemissiojn depends on the rate of stress variation

in the sample under study. This permits one to consider the mechanoluminescence and
exoemission not only as physical characteristics but also as a potential tool for probing surface
states in metals and the kinetics of emergence of mobile dislocations on the surface with

a high time resolution. ©1999 American Institute of Physid$S1063-783%9)02005-5

Deformation and fracture of all solids, including insula- studies the attendant processes initiated directly in the illu-
tors, semiconductors, and metals, excites in them a numbeninated spot and around it. At the same time the parts of the
of nonequilibrium processes, such as electron and ion emisarget which were not acted upon directly by the radiation
sion, emission of lightmechanoluminescengegeneration are also subject to the stresses propagating outward from the
of sound, electromagnetic radiation in the rf range, and evespot. Using a laser pulse for investigating the emission phe-
x-rays’~’ In metals, these processes have been studied leasbmena induced on the back side of the target appears both
of all, but experimental observations have been accumulate@xperimentally appropriate and informative. The interaction
and their interpretation suggested. The mechanism proposeff a laser pulse with the surface of a metallic target within a
to account for the mechanoluminescence in metals is agroad energy range, including pulse energies below the spal-
follows.® In the course of fracture, plastic zones with a high|ation threshold, was studied, in particular, in Refs. 10 and
dislocation density form at the crack tip. Unloading the 11 one can calculate with a good enough accuracy and in
sample results in a dislocation-assisted relief of the strainegpsolute units the temporal and spatial distribution of tem-
layer gssogiated with annihilation of pajrs qf dislopations Ofperature and stresses in the irradiated target and compare
opposite sign and emergence of mobile dislocation on the,ep with the onset of luminescence and exoemission pulses

tsurfaceh._ Rheal (Izl(lslo::hat!o?i '? a mﬁltal_ ha\;]e Zlcomptl)eﬁlsnr%duced on its back side, find the minimum stresses generat-
ure, which makes their total annihiiation nhardly probable. ning the luminescence and exoemission, and verify or estab-

each dislocation reaction, only separate parallel sections Cq1 the correlation between the stresses and emid&ion
annihilate. The annihilation of such sections is accompanie Correlation of the stresses and temperatures, as Well as

by liberation of a.con5|der§1ble. energy, which may .be as h.'g.r(])f their temporal and spatial distributions with the evolution
as a few eV per interatomic distance along the axis. Annihi-

lation of dislocations in noble metals may give rise to term" IMme of the emission of.photor(snechanolummescen):e
crossing of the inned electrons localized in the dislocation and electron$ex01_em|53|o)1_|n the sqmples where they were
core region with frees-p band states. The nonadiabatic tran- detected from their back side permits one to draw the follow-
sitions originating in such a crossing produce holes in quasi'—ng conclusmns(_l) the dynamics of the emission processes
local d states near the dislocations, which form in dislocation?'® connected with that of the stresses, namely, the higher the
reactions. It thus follows that the luminescence intensityStréSs variation rate, the higher is the intensity of the mecha-
should be connected with the dislocation concentration in th@0luminescence and exoemission, difimechanolumines-
near-surface strained layer, and its dynamics, with that of€nce and exoemission are initiated in the stage where the
dislocation motion or stresses. stresses in a sample are close to the material yield point.

To verify the existence of such relations experimentally, ~ The experimentally fourld dependence of the intensity
we used samples with initially different microstructure, i.e. of mechanoluminescence on the original sample microstruc-
different dislocation densities, and two different methods ofture provides support for its dislocation mechanism. At the
sample deformation, namelgi) illumination with a laser same time one measured and compared only the time-
pulse of a preset and high enough pulse energy(iangass- integrated radiation. No spectral measurements were at-
ing an electric current pulse, likewise with a preset and suftempted because of the low intensity of the radiation. To
ficiently high energy. support the main points underlying the dislocation model, it

When irradiating a sample with laser pulses, one usuallyvould be important to check whether the mechanolumines-

1063-7834/99/41(5)/2/$15.00 761 © 1999 American Institute of Physics
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cence spectrum does indeed depend on the original micrdhe mechanoluminescence band. As expected, the mecha-
structure of a sample. noluminescence band intensity generated in the fracture of
The process of deformation and fracture of a conductoan annealed sample was found to be weaker than that of the
through which a large current is passed is accompanied by eznannealed one. These observations provide supportive evi-
bright light flash** The emission spectrum contains a num-dence for the dislocation mechanism of mechanolumines-
ber of lines and bands, i.e. it carries a large amount of inforcence; indeed, annealing produced a decrease of dislocation
mation on the system and dynamics of electronic levels of @oncentration and a weaker intensity of the band associated
metallic sample, both of the metal itself and of its constituenwith excitation of hole states in the nonadiabatic transitions
atoms. A study was made of the emission spectrum excitedhich are initiated at the annihilation of dislocations and at
in the fracture of copper conductdrs® The observed emis- their emergence on the surface.
sion bands were identified. It was established, in particular, An analysis of the spectra of the emission generated in
that the excitation produced by energetic electrons which arthe fracture of conductors by a large-density current permits
generated in the fracture induced by a heavy current is adhe following conclusions(l) The annealing-induced change
companied by a luminescence associated with the fracturef the microstructure reduces the excitation probability of the
process itself. surface electronic states responsible for the mechanolumines-
In the experiments described in the present paper, coppéence band, an®) The annealing-induced change of the
conductors with originally differing microstructure were microstructure does not affect the bulk electronic states re-
fractured by passing through them an electric current with #ponsible for the cathodoluminescence and photolumines-
density of(0.7-1.0x 10" A/cm?. The conductors were dia. cence bands.
0.5 mm, 70-cm long sections of technical-grade MO copper  Thus the results obtained in all the above experiments
wire. The energy was provided by a 4@ capacitor bank support the dislocation mechanism of mechanoluminescence
charged to 1.5 kV. The loading rate wds-1x 10° m/s, and  and give one grounds to assume a similar nature of the elec-
the pulse duration=20us. The radiation under study was tron exoemission observed to occur in plastic deformation of
focused onto the entrance slit of a diffraction-grating specmetals.
trometer; in its focal plane was mounted an FPP31L ccd- Support of the Russian Fund for Fundamental Research
based scanner, whose output was fed through an ADC into @rant 97-02-18097and of the Integration Proje¢Grant
computer. This arrangement permitted measurement of th€0854) is gratefully acknowledged.
spectral characteristics of radiation flashes produced in the
fracture of a sample within the 5400—-8100-A interval with a
resolution of 6 A.
The continuous emission spectrum accompanying MHD———
fracture of copper had been measured previously within @y . krotova and V. V. Karasev, Dokl. Akad. Nauk SSSR, 607
broader rang&4500—9000 A The measurements were per- (1953.
formed, however, only at 20 points in this spectral range, and’N- R. Valuev, V. I. Eremenko, N. N. Nikonenkov, and A. A. Tupik,

. . . Pis’'ma zZh. Tekh. Fiz11, 401(1989 [Tech. Phys. Lettll, 165(1985].
to obtain an average intensity, ten samples had to be frac30. V. Gusev,Acoustic Emission Generated in Deformation of Refractory

tured at each point. Metals[in Russiai (Nauka, Moscow, 1982
The present measurements have been carried out in mor&. B. Abramova and I. P. Shcherbakov, Zh. Tekh. F84, No. 9, 76
detail and on a radically improved level. First, the completes(lgj"‘)V\ETECh- Zgysg% 92% %g?‘g-g .
N, . . . J. Walton, Adv. Phys26, .
emission spectrum was measured in one experiment. Secon@@l A. Klyuev, A. G. Lipson, Yu. P. Toporov, A. D. Aliev, and A. E.
the measurements were performed at 500 points in the 5400—chalykh, Pis'ma zh. Tekh. Fi0, 1135(1984 [Tech. Phys. Lettl0, 480
8100-A range. Third, one measured not only the continuous (1984]. _
but the line spectrum as well. This permitted one to improve,,T- Y2 Gorazdovski JETP Lett.5, 64 (1967.
the precision and reliability of the results obtained M. 1. Molotskii, Fiz. Tverd. TelaLeningrad 20, 1651(1978 [Sov. Phys.
pre lability rest - Solid State20, 956 (1978].
It is known that dislocations lying in the same slip plane °m. 1. Molotskii, Chem. Rev13, Pt. 3, 1(1989.
but having oppositely directed Burgers vectors annihilate ori°S. I. Anisimov, Ya. O. Imas, P. S. Solonov, and Yu. V. KhodyEtfect of

ntact. If h disl tions lie in different sli lan their High-Power Radiation on Metalin Russiarn (Nauka, Moscow, 1970

co .a.C . suc qlsoca 0. § lie in differe S_p planes, the 113, F. Ready Effets of High-Power Laser RadiatiofAcademic Press,

annihilation requires previous creep. Annealing favors creep oyjando, 1971: Mir, Moscow, 1974

of the dislocations and in this way reduces their concentrak. B. Abramova, A. I. Rusakov, A. A. Semenov, and I. P. Shcherbakov,

tion. Microphotographs of samples before and after anneal- Fiz. Tverd. Tela(St. Petersbuigd0, 957(1998 [Phys. Solid Statd0, 877

_ y . (1998].

INg were Obta.med and presented in Ref. 13. 13K. B. Abramova, I. P. Shcherbakov, I. Ya. Pukhonto, and A. M.
A comparison of the spectra of annealed and unannealedgondyrev, zh. Tekh. Fiz66, No. 5, 190(1996 [Tech. Phys41, 511

copper samples showed that the cathodoluminescence anci996].

photoluminescence bands of copper are actually replicas 6fK. B. Abramova and B. P. Peregud, Zh. Tekh. Fz, 2216(1971) [Sov.

6 Thic i Phys. Tech. Physl6, 1758(1971)].
one anothet® This is apparently due to the fact that they areis, g Apramova, B. P. Peregud, Yu. N. Perunov, V. A fRsol'd, and

produced by excitation of bulk states, _which undergo only |, p. Shcherbakov, Opt. Spektrosh, 809 (1985 [Opt. Spectrosc58,
small changes in the course of annealing. In other intervals 496 (1985].

the spectra differ in intensity, which implies changes in thels"P/'r-] g '\40|0:]Skghaf§633-6% fgeéegud, Zh. Tekh. F&l, 618 (1981 [Sov.
relative intensity of luminescence bands of different nature. TS Tech- Phy=26, 369 (1983
The spectral interval discussed in the present work relates toranslated by G. Skrebtsov
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Quasielastic light scattering in the near IR from photoexcited electron-hole plasma
created in a GaAs layer with embedded InAs quantum dots

B. Kh. Bairamov, V. A. Voitenko, B. P. Zakharchenya, V. V. Toporov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

M. Henini and A. J. Kent

Department of Physics, University of Nottingham, Nottingham, NG7 2RD, UK
Fiz. Tverd. Tela(St. Petersbunl, 844—847(May 1999

The paper reports the development of a high-sensitivity technique for measurement of inelastic
electronic light-scattering spectra in the near-IR region, which are excited by a stable
single-mode cw YAG:Nd laser operating at 1064.4-nm. This technique has permitted detection
for the first time of quasielastic scattering of light by a photoexcited electron-hole plasma
generated in a GaAs layer with an embedded self-organized ensemble of InAs quantum dots. A
considerable resonant enhancement of the quasielastic electronic scattering intensity

exceeding the level characteristic of the bulk material by two orders of magnitude has been
revealed. The main scattering mechanism, involving joint diffusion of electrons and holes, has been
elucidated. ©1999 American Institute of Physid$$1063-783%9)02105-X]

Size quantization in all three directions attained in semi-allel (yy) incident- and scattered-light polarizations, with the
conductor structures containing quantum d@®) embed- y axis along thg 233] crystallographic direction. The scat-
ded in a wide-gap matrix results in a substantial modificationered light was analyzed with a large collecting powér (
of the density of electronic states and a considerably stronget 1:3) double-grating monochromator and detected with a
carrier localization, which is eXpeCted to improve appreCia'Coo|ed PM tube in a two-channel photon-counting arrange-
bly the principal characteristics of some nanoelectronics dement. The spectral resolution was 2 ¢ The measure-
vices. We are reporting here on a further development of #nents were performed at pump densities within the interval
high-sensitivity techniquefor measuring of inelastic elec- P=(0.2—1.0) kW/cn?, which do not produce local heating
tronic light-scattering spectra in the near-IR region and oy the samples.
using it to study light-scattering spectra from QD structures. Figure 1a and 1b presents fragments of inelastic light-

We have succeeded in detecting quasielastic electronic Iig@cattering spectra obtained directly from the InAs QD layer

Zczttgrlng érom free carrers mhan InArs] QDh.system e,mbe,din the GaAs matrix al =194 and 77 K, respectively. These
© 'nd% tﬁAS lmatttnx. hltl's ‘T‘ own that t tlsds_cag]erlgg"lss ectra, which lie in a hard-to-reach low-frequency region
caused by Ine electron-nole plasma generated in the bu irectly adjoining the exciting laser line, demonstrate con-
GaAs with embedded InAs QDs by incident light. The en- . . ) : . .

: vincingly the Lorentz wing of quasielastic electronic light
semble of self-assembled QDs is produced through sponta- : o .
: scattering. A similar spectrum for trsd-GaAs substrate ob-
neous breakup of a strongly strained InAs layer grown on . L . . " .
. . ; tained atT=300 K in identical experimental conditions is

GaAs surface into coherent islands. It was established '[haf:1 in Fig. 2. The fairly st i in th ¢
the observed considerable enhancement of the quasielasﬁcown N F1g. 2. The Tairly strong Tines seen In these spectra

electronic light-scattering intensity is caused by the resonarftt 271.3 and 294.3 ¢, 269.7 and 292.8 ¢, 268.0 and

_1 . . . . .
nature of this scattering. It permitted us to measure for thé2+-3 CM ~ originate from lattice scattering of light from the
first time spectra of quasielastic electronic light scattering®"GaAs substrate by T®() and LO[") phonons at 77, 194,

from QD structures at an intensity level considerably in ex-2nd 300 K, respectively. The strongest line seen at 159.7
cess of the values established for the bulk material. cm™* against the background of comparatively weak lines
The study was made of undoped structures MBE groWrg:orresponding to overtone scattering in a portion of the
on n-type, semi-insulatingi-GaAs substrates with a faceted si-GaAs substrate spectrum amplified here 20 times is due to
(311)B surface. The islands grew by the Stranski-KrastanowVertone scattering involving two acoustic 2TAK) GaAs
mechanism. The active region of the sample consisted of te@honons. Remarkably, the intensity of the observed quasi-
rows of quantum dots formed by deposition of alternatingelastic electronic light scattering in this spectrum is compa-
InAs layers with an effective thickness of 1.8 ML and rable to that of the 2TAX,K) phonons. This observation, as
5.1-nm thick GaAs layers. The effective size of such InAswell as the pattern and shape of the scattering line, imply that
QDs was~12X6 nm. the si-GaAs substrate hastype conduction with a free car-
The spectra were excited by a high-stability cw YAG:Nd rier concentratiom=1.0x 10*> cm~3 (Ref. 2. This quasi-
laser operating at a wavelength of 1064.4 nm. The spectralastic electronic light scattering drops sharply in absolute
obtained were backscattered from 31 1)B plane for par- intensity with decreasing temperature, to disappear alto-

1063-7834/99/41(5)/4/$15.00 763 © 1999 American Institute of Physics
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FIG. 1. Fragments of spectra obtained from an InAs QD layer embedded in a deliberately undoped GaAs matrix grown on a semisnsdatsg
substrate. The spectra were measure@al =194 K and(b) T=77 K.
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FIG. 2. A fragment of the spectrum from a semi-insulatiigGaAs substrate on which deliberately undoped structures were grown consisting of InAs QDs
embedded in a GaAs matrix. The spectrum was obtaindt=800 K.

gether in the spectrum obtained Bt 77 K, in full agree- electric field in QDs embedded in an effective dielectric me-
ment with Ref. 3. dium will be determined by the difference between the di-

The spectra of structures with InAs QDs embedded in &lectric constants of InAs and GaAs at the pump frequency.
GaAs matrix exhibit a distinctly different pattern. This scat- The luminescence line peaking at 1031.4 nm indicates elec-
tering also differs strongly from the process of inelastic lighttron quantization in quantum dots. Because the characteristic
scattering by free holes ip-GaAs? As evident from the dimensions of the QDs arranged in periodic rows are com-
spectra in Fig. 1, at =77 K the contribution of lattice scat- parable to the periods of the structure in both directions, in
tering is not dominant. Moreover, these spectra reveal athe growth direction and perpendicular to it, the electronic
anomalous increase in the absolute intensity of quasielaststates of the discrete spectrum in such structures become
light scattering with decreasing temperature. We have alsmultiply coupled. The extent of this coupling, i.e. the number
observed an increase in the absolute intensity of quasielastaf the dots involved, depends on the dot size dispersion and,
electronic light scattering in structures with InAs QDs em-in particular, decreases strongly with the onset of coales-
bedded in the GaAs matrix. This increase in intensity excence, i.e. of the stage where large dots form at the expense
ceeds the corresponding bulk levels by about two orders abf the other dots decreasing in siz&iewed on the energy
magnitude. Besides, an anti-Stokes component of such scateale, this coupling of quantum states manifests itself in
tering appears at low temperatures. At still lower temperabreaking up of the electronic bands and in the appearance in
tures a fairly broad one-phonon luminescence band appeartie gap betweek g, =0.424 eV(InAs) andEg,=1.519 eV
and a narrow shoulder corresponding to the acoustic plasmaiGaAs of allowed minibands and minigaps. For an incident
becomes visible at 20 cii (these features are not shown in photon energyhw=1.165 eV, most of the volume of the
Fig. 1). system under study with an effective band ggpcan satisfy

We believe that the observed intensity increase mayhe resonance conditioho=Eg.
originate from the resonant nature of the scattering, which is  In accordance with the above-mentioned resonant nature
due to a selectively photoexcited electron-hole plasma inef the scattering, its excitation produces photoionization of
duced in the GaAs layer in the presence of a self-organizedlectron-hole pairs, which build up near the InAs QDs. Con-
ensemble of InAs QDs. Because the characteristic dimersidered from the classical viewpoint, the photoinduced exci-
sions of a quantum dot are small compared to the light waveton liquid is injected from its localization region near the
length d<<\), its electromagnetic-field eigenmodes can bedots into the GaAs volume transparent to the incident light,
found essentially in the electrostatic approximation. Thewhere it generates a two-component plasma. As fluctuations
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of the dielectric permittivity in such a system, one shouldwidth I'=qg?D,, is due to the joint diffusion of electrons and
take the sum of the contributions due to electrons and fiolesoles. Note that the mobility of eIectrom% ere/m} ex-
with a resonance factddetermined by the gap width; and  ceeds that of heavy holeb;,/b,=m} 7,/mj; 7,<1. There-
equal toRey=EJ/[E;— (hw;)?]. Our estimates show that it fore I in Fig. 1b is determined by the smallest of the pos-
is this factor that prowdes a dominant contribution to thesible diffusion coefficients, which is that of holes. That the
observed enhancement in the quasielastic light-scattering irexperimental values df are a few times smaller than those
tensity, while the contribution associated with the decreasindor bulk n-InP andn-GaAs crystals with comparable impu-
amplitudes of the incident and scattered wave fields is only aity concentrations is also a new observatfof’~°
factor of two to three. This yieIdR=3R§h for the maximum Remarkably, at lower temperatures one observes carrier
net-intensity increase. motion between quantum dots to follow a drift pattern,
To consider the Lorentzian wing of the quasielastic elecwhich may result in an increase of the average dot popula-
tronic light scattering, recall that the photoinduced nonequition compared to the case of ambipolar diffusion.
librium carriers have zero macroscopic spreadout velocity = We note in conclusion that practical realization of the
and a low mobility. On writing out all possible spectral cor- possibility of obtaining near-IR spectra of resonant quasi-
relation functions of electrons and holes, one comes to thelastic electronic light scattering from structures with QDs
following expression for the quasielastic scattering crosffers a new potential for studying the interaction of electro-

sectior magnetic waves and carrier diffusion in semiconductor nano-
) ) 2 structures.
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Rate spectra of small deformations in solids

N. N. Peschanskaya, P. N. Yakushev,*) V. V. Shpeizman, A. B. Sinani, and
V. A. Bershtein
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Fiz. Tverd. Tela(St. Petersbungl, 848—850(May 1999

The method of constructing the temperature dependence for the rate of small creep deformation
(strain-rate spectjds applied to determine relaxation transitions in solids. This method is

based on precision measurements of the rate using a laser interferometer and is distinguished by
its high resolution. The possibility of using the spectra for predicting critical temperatures

in the fracture kinetics of polymers and metals, as well as changes in the electrical properties
example, the superconducting transition in Y—Ba—Cu—O cerangqinted out. ©1999

American Institute of Physic§S1063-783@9)02205-4

Research on deformation kinetics in connection withand, after a deformatior=(1—3)x10 4, the sample is
molecular dynamics and the structure of matetidlss one  unloaded, heated by 3—10 K, loaded with the same load, etc.
of the fundamental concerns in the physics of durability andThe rate measurement at all temperatures is made with the
plasticity. The deformability of materials shows up most dis-same creep duration relative to the half beat arriving at the
tinctly in creep. Creep develops with constant external patime of the measurement. The resulting dependencesoof
rametergstress and temperatgrend is an example of struc- T have the form of spectra with peaks which indicate a
tural self organization. The principal characteristic of anychange in the mobility of the structure. The correlation fre-

process, including creep, is its rate, and the accuracy witquency of the experiment for the creep duration of 10-30 s is
which it is measured determines the reliability of the resultsyoughly 1072 Hz.

Creep Kinetics is traditionally studied in terms of average

rates in its steady state, which limits the range of possible

studies. A fundamentally new detection scheme based on % RESULTS AND DISCUSSION

laser interferometer has been devfsédr more accurate The anomalies in the temperature dependences of the
measurement of the rate for small strain increments at anghechanical characteristics found in the past have been ex-
“point” of the process. This precision technique has openedlained by relaxation transitions which change the deform-
up new approaches to the study of creep kinetics and madedbility, i.e., the degree of brittlenesplasticity), of the
possible to discover previously unknown behavior, in par-material>>’Rate spectra provide more complete information
ticular the spectral temperature dependences of the rates gh critical temperatures for the development of various
small inelastic deformatior%.le'Major studies have been de- physical and mechanical properties than do other standard
voted to polymers;®*?but similar behavior has been found methods such as internal friction. The creep-rate spectrum
in metals and ceramics,'***as well. We shall examine the has been used to study polymers of various types, metals and
prospects of the creep-rate spectrum technique for predictinglioys, ceramicsincluding superconducting onestc.

critical temperatures for various material properties. 2.1. Polymers.Figure 1 shows plots of the microcreep
rate and rupture point as functions of temperature, together
1. EXPERIMENTAL METHOD with internal friction spectra, for polystyrene. Four peaks

Rate spectra can be obtained for different forms of Ioad_corresponding to relaxation transitions can be seen clearly in
. P ) . . the rate spectra. The two low-temperature relaxation regions
ing. Here we have used unilateral loading. The loading de-

. ) . . correspond more precisely to breaks in the temperature de-
vice and detector portions of the apparatus, including P P y b

Michelson interferometer using a low-nower laser with aapendence of the toughness than do the indistinct relaxations
9 P . in the internal-friction spectra. Near 320 K the toughness of
wavelength A=0.63 um, have been described

67,12 ) . i polystyrene is very low and was not measured in the region
elsewhere:"* The strain rates is determined by the beat \yhere the material becomes soft. Similar correlations have
frequencyv of interfering beamsone at the initial frequency peen observed for other polymérd

and one that has changed frequency owing to the Doppler 5 5 \etals. Data for zinc are shown in Fig. 2 as an
shift): e=\v/2lo, wherel, is the sample length. The small- example. The creep rate spectrum has three peaks corre-
est deformation on the basis of whiehcan be determined sponding to breaks in the temperature dependence of the
with an error of~1% is 0.15um (half a beat in the inter- toughness for different forms of the stressed state. The
ferometej. The method for constructing a spectrum is asbreaks in these curves correspond to regions of ductile-brittle
follows: the sample is cooled to the lowest temperaturdransitions’ Therefore, the embrittlement temperature does
within the range being studied, loaded to low stresses equalot vary arbitrarily, but is drawn toward the lowest peak in
to 0.1-0.3 times the yield point at the highest temperaturethe creep-rate spectrum. Similar data have been obtained for

1063-7834/99/41(5)/3/$15.00 767 © 1999 American Institute of Physics
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FIG. 1. Polystyrene. Temperature dependences of the breakinggpéint

creep rates [o=10 MPa(2—scale ) and (3—scale 1); ¢=0.5 MPa(4— f\/\/_/\4
scale 11)], and internal-friction spectrut,tans, 1 Hz (5). 05
polymers’ The creep-rate spectra can be used, therefore, to 0 . : L L
predict the embrittlement temperature as the loading condi- 10 200 300
tions are varied; this is an important practical result. Breaks T, K
in plots of toughness against temperature have been dis- , _ _
. . FIG. 3. Inelastic strain rate spectra for compression of Y-Ba—Cu—-O ceram-
cussed before and a physical model for bnttle_ fracture WaRs ;=10 MPa. Grain size gm): 1-3 (1), 10-30(2).
proposed that takes the role of local strains into accbunt.
The rapidly damped, small inelastic deformations mentioned
there are caused by local shear distributed within the elastic
matrix. The nonmonotonicity is a general feature of the tem-makes it possible to study even extremely brittle materials,
perature dependences of the rates of local strains in materialghere macroscopic plasticity never develdps
of various classes, and the high resolution of this method 2.3. Superconducting ceramic¥.—Ba—Cu—O ceramics
were studied using samples with different grain sizes and
different oxygen content€:* Over the range from 77 to 300
c, MPa 3’ 2' K, three peaks are usually observed in the creep rate spec-
trum, one of which corresponds to the superconducting tran-
sition temperaturd ;~90 K. In Fig. 3, spectruni was ob-
tained from a fine-grained ceramic, speckand 3, from
single-phase large-grained ceramics with different densities,
and spectrum4 from a multiphase large-grained ceramic.
The peak neaf . is the most stable peak in all the ceramics,
while the positions of the others depend on the structure.
These data suggest that an electronic state affects the rate of
small inelastic strains, and this has also been confirmed by
the destruction of the superconducting state in a magnetic
field or by an electric current, as opposed to temperature
03t 12 changeg? It was shown with ceramics containing different
' amounts of oxygen that the rate peak can be maintained even
when the superconducting transition vanishes as the oxygen
content is reducetf: This effect is explained by a nonuni-
02 1! form distribution of oxygen, i.e., the rate spectrum reveals
\ microstructural inhomogeneities capable of a superconduct-
ing transition, even when the sample as a whole no longer
L | ! manifests superconducting properties.
100 200 300 T, K Spectra of the rate of small inelastic strains, therefore, do
FIG. 2. Zinc. Temperature variations of the strain rateder50 MPa(1) reflect temperature variations in the mobility of the molecu-
breaking points ur?der tensiai@), torsion (3), compression foll <200 K lar (or CrySta,‘) Strucu_ﬂe and can be.u-sed as an independent
(4), and under compression fdr>200 K (4). The ductile—brittle transition ~SPECtroscopic technique for determining the temperature re-
regions under tensio(2’), torsion(3'), and compressiotd’). gions for low-frequency relaxation in solids of various kinds.
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A short review is presented of the erbium-ion excitation mechanisms in crystalline and
amorphous silicon and of the processes governing thermal quenching of erbium luminescence in
these materials, which draws both from the studies carried out by the present authors and

from available literature data. @999 American Institute of Physids$$1063-783409)02305-9

The recent interest in studies of the luminescence obeing transferred to the electron present at the neutral donor
erbium-doped crystalline silicd® stems from the fact that center, which subsequently becomes ejected into the conduc-
the 1.54um wavelength of erbium-ion emission created intion band(Fig. 1a. This mechanism was proposed by the
transitions from the first excited stafé,;s, to the ground present authors® who observed a notable enhancement of
state?l 5/, coincides with the wavelength of minimum trans- exciton luminescence with increasing pumping level only af-
mission losses in quartz optical-fiber communication linester the erbium luminescence had reached saturafian 2).
Therefore erbium-doped silicon is a promising material forThe temperature dependence of the erbium luminescence in-
developing of a new type of optoelectronic devices. tensity has two portions with different slopes; the low-

The efficiency of optoelectronic devices based on artemperature slope describes the weakening of the erbium lu-
erbium-doped semiconductor matrix should be determinedninescence resulting from detachment of the bound exciton
primarily by that of energy transfer from the matrix carriers from the erbium complexthe binding energy is 15 mey
to the inner 4 shell of the erbium ion. This energy transfer and the high-temperature one is due to thermal ionization of
in a semiconductor originates from Coulomb interaction bethe neutral donor center with an ionization energyl50
tween free carrierdelectrons and holg¢sand the strongly —200 meV(Fig. 3.
localized & electrons whose ground state lies below the  Excitation of erbium in silicon more heavily doped with
valence-band minimum by about 10 eV. One can conceive oérbium (>10' cm™3) and oxygen occurs in Auger recom-
two mechanisms of erbium-ion electronic excitatfon, bination of the electron captured by the donor level of the
namely, Auger recombination of an electron-hole pair, inerbium complex with a hole in the valence band. The excess
which the energy is transferred to & dlectron of the erbium energy liberated in this Auger process is transferred to local
ion, and impact excitation of ions by hot carriers havingphonons of the erbium center or to a third bddy electron
an energy in excess of the first erbium-ion excited stater a holg if it happens to be close to the erbium cer(eig.
(=0.8 eV). 1b). The characteristic energy of thermal quenching of the
erbium luminescence in this mechanism is the same as that
in the exciton mechanism;-150 meV, because the donor
level is thermally ionized. Because of the interaction with
phonons, the probability of this process may be expected to

It was experimentally established that erbium lumines-be lower than that involving exciton transitions, and there is
cence in silicon is enhanced considerably if oxygen is im-experimental evidence to support this conclusion.
planted in silicon simultaneously with erbium in concentra-  Impact excitation of erbium ions by hot electrons in an
tions exceeding that of erbium by an order of magnitudeinversely biaseg-n junction was successfully demonstrated
These conditions favor formation of a complex of erbiumin Refs. 6 and 7. Such p-n junction in crystalline silicon
surrounded by oxygen, with a corresponding donor levetan be obtained by doping it with erbium and oxygem (
having a binding energfp=150-200 meV. region and boron p region. The conclusion that erbium is

Absorption of light in silicon doped comparatively impact excited is based on the observation by the present
weakly with erbium 10 cm™3) and oxygen creates free authorg of hot electroluminescence simultaneously with that
excitons, whose lifetimes in crystalline silicon are of the or-due to erbium. The erbium electroluminescence obtained un-
der of 10 us. A free exciton has a high probability to be der impact excitation within the 77—-300-K temperature in-
captured by a neutral donor center formed by an erbiunterval is practically temperature independ€@rg. 4).
complex. Recombination of a bound exciton gives rise to  If the p-n junction in a structure prepared on(&all)
Auger excitation of the Bf" 4f shell, with the energy excess silicon substrate is inversely biased, Auger excitation arises

1. EXCITATION AND DEEXCITATION OF ERBIUM
IN CRYSTALLINE SILICON

1063-7834/99/41(5)/4/$15.00 770 © 1999 American Institute of Physics
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FIG. 1. (a) Schematic presentation of erbium-ion excitation by the excitonic

mechanism. FE — free exciton, BE — bound excitbg, — donor level of

the erbium complex(b) Scheme of the Auger excitation of an erbium ion

through recombination of an electron at the erbium-complex donor level

with a valence-band hole. The excess energy is transferred to either a thidependence of the erbium-ion lifetime in excited state; in the

body (in the diagram, a conduction-band elecfoor local phonons of the first case the lifetime should not depend on temperature and
erbium complex. . . - ) !
in the second, it should decrease with increasing tempera-

ture.

involving hot electrons from the upper subband of the con- It was showfi*® that the erbium ion is deexcited pre-
duction band whose bottom lies higher than the bottom oflominantly through energy transfer from & dlectron at an
the main subband by about 100 mé¥g. 5). The possibility ~ €Xcited level to a free carrigiFig. 6a. This process is the
of such a process and its high efficiency was first pointed oufeverse of impact ionization of an erbium ion by a hot car-
in Ref. 3. Our experiments suggest that the probability offier, it does not follow an activation behavior, and should
such an Auger excitation in silicon in the 150—300-K regionresult in temperature-independent deexcitation. Significantly,
increases strongly due to resonant excitation of the erbiurf€excitation via free carriers permits considerable reduction
ion to the second excited statk;;,.5 Under resonant con- ©f the erbium-ion lifetime in the excited statgom ~1 ms
ditions the excitation efficiency approaches unity.

The main obstacle to developing high-efficiency light-
emitting diodes operating at 1.54m and based on erbium-

doped silicon is thermal quenching of the luminescence. It T. K
may be caused both by a weakening of the excitation effi- 300 200 K 100
ciency by the above mechanisms and by nonradiative deex- 10° T ——r—— " v
citation of erbium ions. The difference between these pro- 3
cesses can be revealed by studies of the temperature “ g \ 1 p
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to <1lus) and, thus, a substantial increase of the operating. ERBIUM EXCITATION AND DEEXCITATION
frequency of inversely biased Si:Er light-emitting diodes. IN AMORPHOUS SILICON

The reason for this lies in that the active region of (ke Erbium ions in amorphous hydrogenated silicon are ex-
anctlon 'expa'nds Whep the voltgge IS femo‘,’e‘i and thg Xited through the Auger process, which reflects the specific
cited erbium ions fall into a region with a high free-carrier ¢o 1 reg of this material. Doping amorphous silicon with er-

con(_:re;]ntratg)_n. . b q ited th h bium produces erbium-oxygen complexes similar to those
e erbium ion can become deexcited through creation,se e jn crystalline silicon. Besides, the doping of amor-

gf an ellectrlon]:hcr)]le paé¢he electroln can ze_ crehated b%th a,t aphous silicon initiates formation of high concentrations of
onor level of the erbium complex and in the conductionyecects(dangling bondg which can reside in two charge

ban.d(|.:|g. 6h. .Th's process is the reverse of the Aug,lerstates, neutraithe so-calledd® center$ and singly-charged
excitation of erbium when an electron bound at an erbiu

f_erred o I(_)qu phonons,_ in the inverse transnl_(coiee)_(mta_- phonons, but the energy released in the capture is close to
tion) the_mls_smg energy is C(_)mpensateo_l by lattice v_|brat|onsthat for excitation of thel s, level, and, therefore, the
The actl\{atlon energy of this process 5150 meV if _th_e Auger process is nearly resondestimates show its activa-
electron is created at the donor level, ar@00 meYV, if it tion energy to be only-6 meV, and the probability of this
appears in the conduction baffd. defect-related Auger excitatioDRAE) is practically tem-
perature independeniCalculations of the DRAE probability
and of the competing processes, namely, of the radiative
electron transfer to ®° center and of the nonradiative mul-

tiphonon capture show the DRAE process to have the highest
efficiency within a broad temperature region, including room
c L - temperaturé?
Er i 4 At the same time it is because the probability of nonra-
1372 diative multiphonon trapping increases with temperature that
. this channel begins to dominate over the erbium ion excita-
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FIG. 6. (a) Scheme of erbium-ion deexcitation in interaction with a free Vv —g ]

carrier (conduction-band electron(b) Scheme of erbium-ion deexcitation

through trapping of a valence-band electron to a donor level of the erbiunkIG. 7. Scheme of erbium-ion Auger excitation in amorphous silicon
complex.AE — energy taken from the lattice and determining the activa- through trapping of a conduction-band electron byD& center (DRAE
tion energy of the deexcitation process. process
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Magnetic moment of quantum cylinders
. I. Chuchaev, V. A. Margulis,*) A. V. Shorokhov, and S. E. Kholodova

Mordovian State University, 430000 Saransk, Russia
Fiz. Tverd. Tela(St. Petersbungl, 856—858(May 1999

The magnetic response of a two-dimensional layer rolled into a cylinder and located in a
longitudinal magnetic field is examined. The magnetic moment of the degenerate electron gas is
studied as a function of the magnetic flux. The shape of the fluctuation maxima is analyzed

in detail. It is shown that at zero temperature there are breaks in each period of the change in the
magnetic moment. Over this period, a plot of the magnetic moment depends strongly on the

ratio of the Fermi energy to the size-confinement energy. In particular, there are no breaks for
integral or semi-integral values of the square root of this ratio.1999 American Institute

of Physics[S1063-783%9)02405-3

Studies of the magnetic response in various low-polar angle,m* is the effective massp is the momentum
dimensional systems provide valuable information on theyong the axis of the cylinder, ang=%2/2m* p? is the size
electronic energy spectrum and lateral confinement potentiglynfinement energy.

in these structures:** Applying a magnetic field to a nano- The spectrum of this Hamiltonian has the form
structure creates additional possibilities for studying these

2 2

structures. This is because a magnetic field can create addi- p
tional, or enhance existing, lateral confinement in a nano- 8mp:8(m+ o, + ot 2
structure.

The equilibrium properties of the electron gas in nano-Here m=0,+1,+2, . .., the flux of themagnetic fieldB

structures are mainly determined by the electronic energyhrough the cross section of the cylinderdis= 7p2B, and
spectrum, which, in turn, depends on the geometry of thep —hc/|e| is the flux quantum. Using the standard expres-

system. . _ _sion for the thermodynamic potentifd,** we find the mag-
The magnetic response of nanostructures with cylindriyetic moment from

cal symmetry at a temperatufle=0 have been studiédor

the case of a weak magnetic field, which was regarded as a | Lmy, < ©  (m+®/dy)dp
perturbation. Note that the magnetic response is studied both ——= f — ,
using the canonical Gibbs distributidnonstant number of pe  whm* m=—= Jo 1+exf(emp—u)/T]

electrong and the grand canonical distributioftonstant wherem, is the free-electron mass apg is the Bohr mag-
chemical potential of the gag,(B)=cons}. In most situa- peton.

tions the results obtained with these distributions differ very  por further analysis it is convenient to expand the mag-
little. This is because the oscillatory portion @{B) is very  netic moment of the cylinder in a Fourier series using the
small for a constant number of electrofiszor a degenerate poisson summation formula. After some simple, but fairly
electron gas, however, it is more convenient to use the grangrotracted transformations, we obtain

canonical distribution in the calculations. Thus, in the fol-

lowing we shall use this approach, i.e., assume glatonst. * _

In addition, we shall consider exclusively a noninteracting — — E:nzl Cn(T)sm(an 30) (4)
electron gas.

The purpose of this paper is to study theoretically thewhere the Fourier coefficients,(T) are given by
magnetic response of a two-dimensional degenerate electron

(€©)

gas rolled up into a cylindefa quantum cylinderin a con- Lmy (= ) o
stant and uniform magnetic fieB parallel to the axis of a Cn(M)= Wjo dzzsin (nz) fo dp{1
cylinder of radiusp. T
In the effective-mass approximation, the Hamiltontan +exd (eZ%/4m?+ p?l2m* — w)/T]} L. (5)
of the one-electron spinless states for a vector poteAtial _ )
chosen to have the fors=(By/2—Bx/2,0) is given in cy- We_introduce the new variablex=zye/2m and
lindrical coordinates by y=p/+2m* and transform to polar coordinates ¢) in the
xy plane in Eq4). Then for theC,,(T) we obtain the expres-
d? ko, d mM* ol 2 sion
H=—8—2— 2Cd_ 2Cp2+ p*, (1)
de ¢ 2m - 2L\/2m*sm0J°c x23,(2mnx)dx ©
where w.=|eB|/m*c is the cyclotron frequencyy is the ol Am* 0 1+exp[(sx2—,u)/T]'

1063-7834/99/41(5)/3/$15.00 774 © 1999 American Institute of Physics
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1074 Mipg

FIG. 1. Magnetic response of a quantum cylinder as a function of magnetic flux. The nbinaher curve corresponds to the value p#Nx 10", where
N=0,1,...,9.

As Eqgs.(6) and(4) imply, the magnetic moment of the where ¢(x,s) is the Hurwitz ¢ function and
quantum cylinder is an oscillating function of the flux with a (Lmg)/(272%Jm*)(u%/e)Y*=A. As Eq. (9) implies, the
period equal to the quantum of flux. critical point on the graph a1 (&) on the interval 8c£<1/2

For a qualitative study of the character of these oscillais the point where&g=17. Let us examine the behavior of the
tions, we shall examine the case 0. Then, we obtain  graph in the neighborhood of this point. We shall use the

shift formula for the Hurwitz{ function in this analysis.

C.(0) Luv2m*mo Jp(27nyule) . (77 Then the second of Eq#9) can be written as
" mhm* e n
For real situationsu>e¢. Using the asymptotic form of M&n) L 3
the Bessel functiod,(x) for large arguments, we obtain the AdmAug =H(=1R2gt ) —i(-12,1= ¢+ )
estimate
3 —Vn—& 7>¢ (10
M(T=0) V2Lmg [u3\Y* .
— 2 ——sin(2mné) )
M whym*\ €] n=1n3%? A comparison of Eqs(9) and (10) shows, however, that at
the pointy=¢ there is a break in th®l (£, %) curve owing to
><cos<27-rn77— f) (8) the third term in Eqg.(10). In addition, this term can add
4) another zero to the functiod (&, ») within the interval 6<¢

where ¢ and # denote the fractional parts ab/d, and <1/2. In this case there are two extref@maximum and a
[ule, respectively. minimum) within a half period of the function.
Equation(8) implies that it is sufficient to carry out our Some plots constructed from E@) are shown in Fig. 1.
investigation of the oscillations of the magnetic moment in '€ form of the curves is consistent with the above analytic
the region where & ¢<1 and 0< <1. results for the properties of the magnetic moment.

Equation (8) implies thatM (&, 7)=—M(1—¢&,7) and Note that, for T#0, the breaks in the curves are
M(&+1/2,7—1/2)=M(&, 7). For this symmetry,we con- Smoothed out but, on the whole, the pattern of the oscilla-

sider only the regior, 7<1/2. We can see at once that, for ioNs remains the same.

integral values of/u/e, there is only one extremum within As the results obtained here show, in a quantum cylinder
this half period(a maximum or minimum depending on the amplitudes of the oscillatory peaks in thgB) curve

whether;<1/2 or 7>1/2). For 7<1/2, Eq.(8) gives depend on the magnitude of the chemical potential, but their
' locations are determined by the relationship betwéemd
M(& 7) 7. Here the period of the oscillations is independent.@ind

(1284 m)—d(=12,1= ¢t m); &=, equal to the quantum of fluxAaron—Bohm oscillations

M(£.7) This originates in the purely geometric circumstance that, for
iA (=12&+ ) —L(—123—§&); 7>&, (9) any gf thel possn_)Ie elegtron energies, the_ projection of its
TAKB quasiclassical trajectory in a plane perpendicular to the mag-

47App
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Molecular mobility and strengthening of oriented liquid-crystal polymers
E. A. Egorov, A. V. Savitskil, V. V. Zhizhenkov, and I. A. Gorshkova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tverd. Tela(St. Petersbuigdl, 859-861(May 1999

Broad-line proton magnetic resonance has been used to study cooperative mesophase molecular
motion in the example of a fully-aromatic oriented liquid-crystal polymer Vectra A950.

The molecular mobility is found to decrease as a result of heat treatment, which is considered to
be the reason for a higher tensileipture strength owing to an increase in the activation

energy for the fracture process. ®99 American Institute of Physid$1063-783#9)02505-9

A substantial increase in the strength of rigid-chain poly-that is more distinct in freshly preparddot subjected to
mers results from an increase in the fracture activatiorthermal processindiber. Thermal processing causes the fine
energy U, which occurs during chemical or thermal pro- structure to smooth out. The structure of these spectra indi-
cessing of oriented fibefsTable | lists some examples of cates that the high-molecular nature of the material does not
thermo- and lyotropic liquid-crystal polymers for which the prevent cooperative motion in the liquid-crystal phase. In
strengtho and U, increase during thermal processing. Pro-order to obtain more detailed information on the molecular
ton magnetic resonand®MR) has been usédo study the  motion in the mesophase we have analyzed the fine structure
molecular mobility in the fully aromatic liquid-crystal poly- of the spectrum of fibers oriented along a magnetic field.
mer Vectra. Above the transition temperature to the mepata on the proton-proton distances and angular parameters
sophase Tpy), a fine structure is observed in the PMR SpeC-fo; the rings were taken from the literatuté The structure
tra. An analysi_s of_ these spectra revealed the fe_atures_ of the the spectrum is caused by dipole-dipole magnetic interac-
molecular motion in the mesophase and made it possible 9,5 among nearest protons in the rings. Isolated pairs of
relate them to strengthening during thermal processing. phenylene rings and triads of protons in the naphthalene

In this paper our task is to study the molecular motlonrings yield two and seven lines, respectivé/it was as-

over aW'd? range of t.emperatures. In more detail for d!ﬁeremsumed that each of these lines is Gaussian broadened with
sample orientations in a magnetic field and to clarify the

dispersionsﬁé and Bﬁ for the phenylene and naphthalener-

molecular mechanisms for polymer strengthening durin oo
thermal processing. The main objects of study were highlyq-ngs' These parameters are the contributions to the second

oriented fibers made of the copolymer Vectra A950co- moment from protons which are external with respect to the
polymer of 4-hydroxybenzoic and 2-hydr0xy-6-naphthoicgrOUpS' i o

acids in a 7:3 ratipmanufactured by the Celanese Research ' the first approximation the spectrum was calculated
Co. PMR spectra were recorded on a broad-line NMR' the simplest case of ideal orientation of the chains by

spectrometet. The samples were heated in a nitrogen atmo-ch00sing values o8. This spectrum shape agreed fairly well
sphere. with the experimental on¢300 °C, initial samplg but the
Figure 1 shows PMR spectra for fibers oriented para"epistance between the components was somewhat larger than
and perpendicular to the magnetic field of the spectrometer 48 the experiment? This difference cannot be caused by
temperatures ranging from 20 to 300 °C. The spectra wergtatic(constant in timgmisorientation of the segments in the
recorded in the form of the first derivative with a low modu- fiber. Obviously, a new type of motion must be considered,
lation of the magnetic field. According to differential thermal specifically a cooperative type such that, as the liquid-crystal
analysis data, the temperatufeg, of the transition to the state is entered, the angular distribution of the directors of
mesophase was 285 °C. At temperatures up to 150 °C, thie fragments of the chains must be regarded as dynamic,
spectra are triplets, as reported previowsHowever, at tem-  rather than static. Suppose the cooperative molecular motion
peratures close td,,, a fine structure appeared in the spectraproduces a continuous variation in the orientation of all the

TABLE |. Characteristics of the materials.

Before annealing After annealing
Polymer o,GPa Uy, kcal/lmole o,GPa U, kcal/mole LC type
Vectra A950 1.3 31 2.8 42 Thermo-
Poly-n-phenylphenylene-terephthalate 1.0 29 3.0 53 tropic
Polyamido-benzimideazole 1.7 31 3.6 58 Lyo-
Poly-n-benzamide 1.4 45 1.8 56 tropic

1063-7834/99/41(5)/3/$15.00 77 © 1999 American Institute of Physics
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FIG. 1. PMR spectra of Vectra fibers: fiber parall@l and perpendiculaib) to the magnetic field. The last spectra in the series were obtained after thermal
processingindicated by an asterikthe rest are spectra of the original fibers.

directors within the limits of a constant angular amplituysle
These vibrations should be rather rapid: for averaging the
local magnetic fields, according to PMR theory the period of
the oscillations should not exceed 10s. As a result of this
sort of motion, all the segments appear to be in an identical

state ande can be used as a measure of the cooperative .
motion in the mesophase. But even this assumption could nc a
bring all the components of the theoretical spectrum into
agreement with experiment.

We believe the main reason for this difference is that, in
real fibers, the phenylene ringheir axis of rotatioh deviate o
in the mesophase from the orientation axis of the fiber by
some angle¥,, which must also be regarded as a time av-
erage, since the cooperative motions of the macromolecule
cause additional oscillations of the rings. The best agreemer

-5 0 5 &

between the theoretical and experimeritdl 300 °G spectra
was obtained for the following values of the parameters:
=23°, W,=17°, 5=0.26G% and B;=0.14G? (see Fig.
2a). Obviously, the agreement between theory and experi-

b
ment is better, especially if we note that the spectra are N Fiberaxis
shown in first-derivative form. This result means that we can ~ ~<3- O —~
regard these parameters as the actual characteristics of tl ? h g

motion of the chains in the mesophase. ~—

——

Additional information on the molecular motion in the
|iquid-crysta| phase can be obtained from Spectra for f|ber§|G 2. Spectra: theoret?cally 'calculatesi.nooth curve and experimeqta!
oriented perpendicular to the spectrometer magnetic fiel Pomts) for 300 °C and or|enFat|0n of the fibers parallel to the magnetl_c field
. . . a). The model for the motion of a fragment of a macromolecule in the
The good resolution of the spectrum in this case means th@fesophase: the director of the fragment oscillates within a ranged the

the segments of the macromolecules rotate or vibrate addiragments undergo rotational vibrations around the éis
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tionally at a large amplitude about axes parallel to the fibeing, like the magnitude ofr, depends on the thermal pro-

axis, since, otherwise, the interproton vectors would have anessing conditions, so that can be used as a characteristic

angular(azimutha) distribution that was constant in time in of the process. It is precisely an increase in the rigidity of the

the same plane as the spectrometer magnetic field vector, antaterial on a microscopic level that can explain the rise in

this would cause smoothing of the spectral structure. Uy owing to thermal processing: in a thermally processed
In the mesophase, therefore, large scale conformationalample an external load is distributed among rigid regions, in

motions, which can be regarded as “quasisegmental” mowhich the “weak bonds® appear to be blocked by neigh-

tions are intrinsic to the macromolecules of the fully aro-boring chains, rather than among individual macromolecules.

matic liquid-crystal copolymer. A model for the motion of a This effect should lead to a higher activation energy for the

fragment of the chain in the mesophase is suggested in Fidracture process.

2b. The spectra of thermally processed samples indicate that We thank the Russian Fund for Fundamental Research

thermal processing slows down the quasi-segmental motiofor support of this workGrant No. 97-03-32624
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clude more than three-dimensional crystdjsStrengthen- Translated by D. H. McNeill
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Relaxation into tunnel induced nonequilibrium states in metal-oxide semiconductor
structures

A. Vercik*) and A. Faigon
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Paseo Cola 850, (1063) Buenos Aires, Argentina
Fiz. Tverd. Tela(St. Petersbungl, 862—864(May 1999

The relaxation of a metal-oxide semiconductor structure from deep depletion towards a tunnel-
induced non-equilibrium steady state is addressed in this work. A simple model was
constructed, taking into account thermal generation, tunneling of both types of carriers and
impact ionization. Experimental results obtainedprandn-type Si substrates and oxides thinner
than 6.5 nm are shown to be well fitted by the proposed model. A map describing the

possible behavior patterns for a structure with given oxide thickness and effective generation
velocity is presented. €999 American Institute of Physid$$1063-783%9)02605-2

The transients in a metal-oxide sdemicondudtdOS) 1. THEORY
structure relaxing from deep depletion towards equilibrium
were previously investigated in connection with the charac-
terization of the minority-carrier-generation mechanisms. It
is assumed, for the methods to be applicable, that the tran- dQqep
sient ends in the thermal equilibrium state. The presence of JIm=JdispT Jip+ Jn=Jg+ —5= + I, 1)
tunneling currents alters this behavior, affecting the transient
to yield a steady state different from thermal equilibritih.  WhereJgisy is the displacements current due to changes in the

Very thin oxide samples exhibit similar transients for charge distribution within the semiconductor, ahglandJ,
both p- and n-type substrates. This symmetry breaks down@'® th_e conduction currents which in this case cor_respond to
for oxide thicknesses above 3.5nm. Three qualitatively diffunneling currents for holes and electrons, respectivglys
ferent behavior patterns, depending of the oxide thicknesd® minority carrier generation current into the inversion
can be identified through current transient curves for thé®Ye» @ndQuepis the space charge in the depleted region.
n-type substrate samples. From analysis of the associated Qharge copservatlon in integral fqrm, applied to the in-
currents, the three patterns correspond) tp-iype substrate version layer, is expressed as follows:
samples and very thin oxide samples for which minority dQiny
carriers seem to dominate the tunneling currentinierme- W:Jg_‘]tp’ @
diate oxide thicknes&—6 nm on n substrates, for which the
tunneling current is dominated by majority carriers but thewhereQiy, is the inversion layer charge. Using the conser-
whole current is limited by the generation of minority carri- vation of the electric displacement vector, the inversion layer
ers, and i) thicker oxides onn substrates, for which the charge takes the form
impact ionization mechanism removes the limit imposed to e
the current by supplying minority carriers. Qinv=|Vg— V4| %—qNW, ©)

The problem of modeling the relaxation of a MOS struc-
ture from deep depletion to tunnel-induced non-equilibriumwhere Vg is the applied voltagey is the semiconductor
states is addressed in this work. potential,d is the oxide thickness;, is the oxide dielectric

An exact formulation of this problem requires the cou- permittivity, g is the electron chargéy is the dopant concen-
pling Poisson equation, continuity equations for holes andration, andW is the depletion region width. Using the
electrons, and complete expressions for the pair-generatidtnown dependence oV on Vs, the variation ofQ;,, with
process, tunneling, and impact ionization. An integral treatlime in terms of variations 0¥ results in
ment for the continuity equations, as used in this work, leads

. . . . L . dQinv | &ox es [dVs
to a unique differential equation describing the evolution to- =+ —|—F, (4)
wards equilibrium. dt d = W(vy] dt

The model was tested by reproducing experimental rewhere ¢ is the semiconductor dielectric permittivity. Re-
sults in the three regimes, and was used to analyze the dptacing in Eq.(2) we obtain the differential equation fof,
pendence of each type of behavior on the thickness and gen-
eration parameters. %: ﬂ '

A map for the relationship between oxide thickness and dt {C n s
thermal treatment to obtain a given behavior pattern is given. oW

The measured current in the external circuit after apply-
ng a reverse voltage step to atMOS diode is given by

®

1063-7834/99/41(5)/3/$15.00 780 © 1999 American Institute of Physics
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) ) FIG. 2. Experimental(solid) and calculateddashed curves, for am-type
FIG. 1. Experimentalsolid) and calculateddashed curves, for ap-type sample, 3.7 nm oxide thickness.
sample, 4.5 nm oxide thickness, with different voltage pulgeis.the gate
area.

rier. It is composed by carriers in the inversion layer with the
) _ ) first term proportional t@, (Ref. 10, and the carriers gen-
The total generation current is written as erated and driven to the surfac,.

o= an| o 5 )| 1-exd 80
o= M| 37, TS| 1R
wheren; is the intrinsic concentratiork is the Boltzmann
constant;r, is the bulk generation lifetimes; is the value of . . : )
Ty
the surface generation when the surface is inverted Sgisl tion can be classmec_j, as was shown in a recent Wark,
; . ; three different behavior patterns, as follows.
the generation velocity for the depleted surface, given by ) L .
Ref. 6: _ a) Dominance of the current by minority-carrier tunnel-
ing.
N b) Tunneling of both type of carriers, with the current
So= S5 5 2m) llimited by th ion of minority carri
(pst2n;) imited by the generation of minority carriers.
¢) Tunneling of both type of carriers without limitation

whereS, is 2 copstant paramete&‘;; thg d|ﬁer§nce betyveen by the minority-carrier generation which is enhanced by im-
the metal Fermi level and the minority carrier quasi Ferm|pact ionization

level, ps is the surface minority carrier concentration, which Case ais observed in the-type substrate capacitors or

+aS(psi—ps), (6)

2. EXPERIMENTAL RESULT FITTING

The transient currents of a pulsed MOS diode to deple-

in terms of Vs is in n-type with very thin insulatorgup to about 3nm In n
(Vg—Ve)?[ea|? aN KT samples with oxides between 3 and 6 nm, the impact ioniza-
Ps= 2kTes | d ) kT Vel = q) (7) tion may occur but is insufficient for removing the genera-

) o o ) ~ tion limitation (case . Case ¢ occurs for n-substrate
where p$% is the equilibrium minority-carrier concentration samples with oxides thicker than about 6 nm.

at the surface calculated from E@7) with V=V, the Figures 1 to 3 show a family of experimental curves
equilibrium semiconductor voltage drop calculated in Refs. 4

and 7. The number of pairs generated by impact in the space

charge region forV,,>1.7V, approximately, (Vox=Vgq 9000
_ i r T T
VS) IS ] 'I Vg =69V n-Si
‘Jgi = aW‘Jtn ’ (8) ‘\I‘ ,'
. . . . . . E ,
whgrea is thg n_umber_of |on|zeq pairs per unit distance and S ¢000 F h A=1x10"% cm2
Jin is the majority-carrier tunneling curreft. < ! 68 V
The extraction of minority carriers by tunneling was o e
modeled by the following expression: E f
- & 3000 W/ 67V
1y
Joo=| Ch——+J, | exp — 2kod)exp — anqV, , (9 %
tp ( haﬁNV g F( 0 ) F( hd ox) ( £/ 65 V
6V ===
whereC,,, and «y, are humerical constants for hole tunnel- 0 = -
ing. Equation(9) keeps the exponential dependence of the 0 2 T 4 6
ime, s

current on the oxide voltage drop reported for the direct tun-
neling regime’ The pre.faCtor. in this expression representsgg, 3. Experimentalsolid) and calculateddashed curves, for am-type
the total supply of carriers with velocity normal to the bar- sample, 6.3 nm oxide thickness.
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108 boundary between regions Il and Il is obtained. Diodes with
= higher Sg¢ or thicker oxide will exhibit the typical thick-
-.g T, _ structure-like behavior pattern.
02 £ 10° III-Thick Structures will be in region | if the surface is not in-
g © verted in the steady state, so the surface-generation velocity
) 2 i will take on a value betwee§, andS;. Any tunneling cur-
3 8 10~ IRNN [l-Intermediate rent growth will be screened by the decreasing generation
& 2 S current. The minimum level of generation current before the
= . \\ inversion(or the maximum generation current when the sur-
10-16 I Tll“n . \\ . face is inverteglis obtained by replacing, in the bulk genera-
2 3 4 57 6 7 tion expression, the depletion width value immediately after
Oxide thickness, nm the pulse Wp, given by

FIG. 4. Behavior pattern map for MOS tunnel diodes wittype substrate.

The boundarie_s betwgeen regions were calculated for (3dkd line) and As 2V Cz
50V (dashed lingapplied to the gate. Wy= s 1——97% 4 (11)
Cox qNsSA2
pertaining to each one of the described cases fitted with thand then, the generation in this case will be
model proposed above. Details of the experimental work are
given in Ref. 5.
Wo

‘]g:qniz_Tg"'qniS- (12)

3. DISCUSSION
] ] i ) The initial oxide voltage in this situation is
In contrast top samples in which a unique kind of tran-

sient curve is measured, the behavior during the relaxation
into tunnel-induced non-equilibrium states in metal-oxide 0 aNW2
semiconductor structures withSi is determined by the ox- Vox=Vg— 2—85 (13

ide thickness and minority-carrier generation parameters.

The carrier generation can be characterized by an effective

velocity, S, as the total generation current denslty di- The prefactor in expressid®) for J;,, i.e., the incident

vided by qn;. In the steady state, the generation currentcurrent, will be governed by, provided that the minority-

should equal the hole tunnel curred,. Thus, for the carrier concentration at the surface is too small. Replacing

steady state, the effective generation velocity is (9), (12) and (13) in Eq. (10), the resultingSg; vs d curve
represents the lowest boundary between regions | and I, i.e.,
diodes with smalle6 or d will exhibit a thin-structure-like

_Ip(Vox,d): (100  behavior pattern.

eff qn;
A map for the different behaviors can be constructed

plotting this velocity versus the oxide thickn€$sg. 4). This

plot is divided into three regions. Structures laying in region*E-mail: avercik@fi.uba.ar

| will exhibit curves like those shown in Fig. 1 for 3and 8V.

No transient other than the decay of the surface generation

velocity from its depleted values,, to a steady-state value,

greater or equal t&;, can be measured in these diodes. _

Structures with parameters in region Ill, are those for which ;M- A- Green and J. Schewchun, Solid-State Electddh.349 (1974.

. L . . W. E. Dahlke and J. A. Shimer, Solid-State Electr@f, 465(1983.

impact ionization spontaneously begins, enhancing generasg "y Wang, B. C. Fang, F. C. Tzeng, C. T. Chen, and C. Y. Chang, J.

tion of minority carriers(Fig. 3. Diodes between these two  Appl. Phys.60, 1080(1986.

regions will show an increasing current transiéfig. 2) due “B. Majkusiak and A. Strojwas, J. Appl. Phy®4, 5638(1993.

P ; ; . SA. Vercik and A. Faigon, J. Appl. Phy&4, 329(1998.
to the presence of a majority tunneling current without im 5A. . Grove,Physics and Technology of Semiconductor Devicashn

pact ionization — region II. Wiley & Sons, 1967,
The boundaries between these regions, can be detefR. Seiwatz and M. Green, J. Appl. Phy®, 1034(1958.

mined as follows. The condition to be fulfilled by a diode to 20- Chang, C-dHU, and R-bW(-j Blrodelrjem J. Allopl- PWS-3C()2(1;83-
; ; ; _ : A. Faigon and F. Campabadal, Solid-State ElectB%.251(1996.
be in region lll is that the steady-state oxide voltage dropmH' C. Card and E. H. Rhoederick, J. Phys4P1602(1971.

must exceed the threshold for impact ionization, to ensure
that impact ionization will begin during the transition to pypiished in English in the original Russian journal. Reproduced here with
equilibrium. Thus, from Eq.(10) with V,=1.7V, the stylistic changes by the Translation Editor.
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Transition and rare-earth elements in the SiC and GaN wide-gap semiconductors:
recent EPR studies

P. G. Baranov, I. V. Iin,*) E. N. Mokhov, and V. A. Khramtsov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tverd. Tela(St. Petersbunl, 865—-867(May 1999

EPR studies of transition-element ions in SiC and GaN and of erbiunHiSB& are reported.

Data are presented on®cions and scandium acceptors, and chromium and molybdenum

ions in various charge states in SiC. A study was made of nickel and manganese in nominally pure
GaN grown by the sandwich sublimation method. The first EPR investigation of Er in

6H-SIC is reported. Erbium was identified from the hfs of the EPR spectra. Various possible
models of erbium centers in silicon carbides are discussed. Strong room-temperature

erbium-ion luminescence was observed. 1899 American Institute of Physics.
[S1063-78389)02705-1

The wide-gap semiconductors SiC and GaN having &,=2.008, A,=15.0<10 % cm %, A,=3.0x10 % cm*,
high binding energy are among the most promising materialand A,=5.0x 10 % cm™ 1. The Sg(LT) signals were not
for use in opto- and microelectronics, as well as in high-studied thoroughly, but qualitatively the local axes of the
frequency and power electronics. GaN-based materials amorresponding centers can be identified as directed along the
expected to produce revolutionary changes in informatiorSi-C bonds which do not coincide with tleaxis. The low
recording. Doping SiC and GaN with transition elements cresymmetry of the low-temperature Sc signals may be due to
ating deep levels in the semiconductor, and fabrication opin-density redistribution and, possibly, to off-center posi-
semi-insulating layers of these materials are presently an intion of the scandium atom. An alternative possibility is a
portant problem. EPR is the main and most informative toolmore complex defect structuf@a complex including a car-
for studying defect structure at the atomic level. bon vacancy, ett.

This work discusses the use of EPR to investigate a
number of impurity centers of transition and rare-earth ele-

ments in SiC. B. Chromium

1. IONS OF TRANSITION ELEMENTS IN SiC Studies of 61-SiC:Cr crystals revealed EPR signals due
_ to chromium ions in the charge states>Cr(3d%, S=3/2),

A Scandium Ref. 2, and Ct" (3d* S=2). The chromium was identified

The two types of Sc EPR spectra observed infrom the hf structure of the’>Cr nuclei (=3/2). The
6H-crystals were assigned by us to scandium acceptors arfitH-SiC lattice has three inequivalent sites, namely, a hex-
S&* ions! At temperatures close to 40 K, one observed S@gonal fi) and two quasicubic onek{ andk2). The C#*
acceptor signals SHT) (HT stands here for high tempera- signals observed originated from two inequivalent lattice
ture) and signals due to 3¢ ions (3d', S=1/2). Both cen- sites(apparentlykl andk2). The hf structure was reliably
ters have axial symmetry relative to ticeaxis and can be identified only in theB|c orientation and was found to be:
described by a spin Hamiltonian for the k1 sites Aj=8.67x10"% cm*, and for k2 A,
=9.11x 104 cm 1. The CPF* signals can be described by

H=psBgSt SAI, D the spin Hamiltonian
whereS and| are the electron and nuclear spips; is the
Bohr magneton, and is the hyperfinghf) structure tensor. H=0)1eB,S;+ 9. ua(BxS+BySy)
The z axis is parallel to thec axis of the crystal. The Sc +D[S2—1/35(S+1)]+ SAl, )

impurity was identified from the hf structure of the spectra

caused by interaction with th&Sc isotope (=7/2). The whereD relates to the fine structure. Because in zero-field
SG(HT) acceptor has the following parametersy, splitting D>gugB, one observes only thil =+ 1/2 tran-
=2.0016, g, =2.0011, Aj=10.1x10"* cm™', and A,  sition within the Kramers doublet, which is described by an
=22.6<10"* cm™%; for SA* they are:g=2.0047,g, effective spinS’=1/2 and Hamiltoniar(1) with effectiveg’
=2.0002, Aj=44.6<10* cm™', and A =84x10"* factors. Theg factors have the following effective values:
cm 1. As the temperature is lowered to 4 K, these spectrayj =4.0 and 4.02g; =1.97 and 1.96 for thkl andk2 sites,
disappear to be replaced by at least two different signals dueespectively. It can be shown that the experimental vadlies
to lower-symmetry Sc acceptors, denoted by(5€) and are related to the true values of thdactor in the following
Sca(LT) (with LT standing for low temperatufe way: gH’ =9, g, =29g,[1-3/16(h»/2D)?]. Our estimates
The parameters of $QLT) are: g,=2.001, g,=2.016, give D>40 GHz.

1063-7834/99/41(5)/3/$15.00 783 © 1999 American Institute of Physics
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TABLE |. Parameters of Mn and Ni ions in GafRef. 4. TABLE Il. Parameters of erbium centers itH6SIiC:Er.

D], A, A, Ay, A,
lon g g, 10%em?t  10%cm? Note Spectrum g, g, g, 10%cm! 10%cm?! 10%cm?
Mn2+(3d5) 1.999 1.999 240 70 S=5/2 LS, 12.2 3.35 1.5 450 124 55
Ni3+(3d7) 2.10 =4.2 S=1/2 LS, 10.6 6.16 1.26 390 227 46

2.10 =21 =1.5x 10 S=3/2 LS; 925 7.2 145 353 276 53
AX, 8.28 8.28 1.07 290 290 38
AXs 8.07 8.07 1.16 285 285 41

We observed hyperfine interaction not only with fier
nucleus, but with nuclei of the €t nearest-neighbor ions in
the lattice as welf. These interactions can be accounted for3. ERBIUM IN 6 H-SiC
by assuming the chromium atom to be shifted along dhe

axis from_the silicon site. ) 4 mation and doped during growth. They exhibited EPR sig-
.The signal of the d|val_ent chromium € (3d*, 822),' nals of two types, low(orthorhombi¢ symmetry(LS) and
which was observed only in crystals grown on the C side Ofaxial (Ax).5 The LS signals were found to have an hf struc-
SiC, can be described by spin HamiItoniéZZ. Its Param- - yre due to interaction with th&’Er nuclei ( =7/2, 22.8%
eters arexg;= %-1987’ 9,=1.942, A=15x10 " cm %, and  anq are assigned to the®Erimpurity occupying three crys-
[D|=1.285cm . tallographically inequivalent sites in theH6SiC lattice. The
C. Molybdenum LS signals can be described by spin Hamilton{dn with
parameters given in Table Il. The structure of the low-
symmetry erbium centers is shown in Fig. 1a for thand
k1 sites. As follows from the nature of the angular depen-
%Iences, the axis of the center does not coincide withcthe
axis of the crystal and is deflected from it by 70F10°),
while the center itselfthe z axis) is oriented along one of the

. . ) Si-C bonds. This orientation shows that the low-symmetry
thekl andk2 sites, and in strongly-type ones, onlk2-site erbium centers represent actually arf 'Eion at the silicon

signals, which shows that the Ko impurity sitting at di- site bound in a complex with another defdet carbon or

ferent sites produces levels with strongly differing energle_soxygen vacancyoccupying the nearest carbon site; it should

n th_e gap. The line positions can be described _by SP'he added that, for any inequivalent site, the defeet Fig.
Hamiltonian (2). Its parameters arg=1.977, 1.975;9, 18) can occupy carbon sites 1, 2, or 3, but not site 4,

=1.976,1.977, and|D|=1018<10* and 110&%10 4
c
*
4
3
2
tonian (1) (with an effective spinS’' =1/2). The parameters i

cm ! for the k1 and k2 sites, respectively. Md ions
(4d3, S=3/2) were observed to create signalsitype crys-

for the two ions are listed in Table I. Both ions occupy gal-Fig. 1. Models of E¥* centers in 61-SiC. (a) Orthorhombic centers ih
lium sites in the GaN lattice. andk sites. ) Two models of axial centersh(sites.

The 6H-SiC:Er crystals were grown by sandwich subli-

We observed signals ink crystals from molybdenum
ions in two charge states, Mo and Mc**. The hf structure
of the spectra produced in interaction with the nuclear spin
of the ®*Mo (1=5/2) and®Mo (1=5/2) isotopes permitted
unambiguous identification of the impurityweakly n-type
crystals exhibit signals due to Mo (3d?, S=1) occupying

tals. The corresponding parameters agg=1.945, g,
=1.969, andD|>2 cm 1. Signals from M&" (4d') were
also detected; they can be described by the spin Hamiltonian
(1) for S=1/2 with the parameterg=1.9679 andg,
=1.9747° In p-type crystals Mo signals are not observed,
which suggests that the nonparamagnetic® Metate (41°)

is here in equilibrium.

2. Mn AND Ni IN GaN

(o

A

4

1 3

2
EPR signals of manganese and nickel were observed in

nominally pure GaN crystals grown by the sandwich subli-

mation method. The manganese impurity was identified

from the characteristic hf structure of the spectra due to in-

teraction with the nuclear spin of tf&Vin isotope (=5/2,

100%).The charge state of the manganese i€M@3d°®, S

=5/2). We observed Ni signals with an angular dependence

characteristic of a system with an electronic spin3/2 in a

strong axial crystalline field. The charge state of the nickel

a
1
b
e C

here is N?* (3d?, S=3/2). The Ni spectra can be described O Si
by spin Hamiltonian(2) (the true spinS=3/2) or, because o Er
the crystalline field is strongD>gugB, by spin Hamil- 0O def
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We detected in B-SiC:Er crystals six signals with an data on transition-metal impurities, manganese and nickel, in
axial symmetry with respect to the hexagonal axisgallium nitride have been obtained. EPR spectra of Er in SiC
(Ax1—AXxg). Only for two lines (A% and Ax) could one have been investigated for the first time.
detect reliably an hf structure. Similarly to the case of low- Partial support of the Russian Fund for Fundamental Re-
symmetry centers, it consists of eight weak lines and origisearch(Grant 98-02-1824lis gratefully acknowledged.
nates from interaction with®Er nuclei. The axial angular
dependences of the erbium centers can be described by Spig . jvan.llyin@pop.ioffe.rssi.ru
Hamiltonian(1) (see Table Il for the corresponding param-
eters ahd a_ccounted for by. two mOde.lS of the cente_r pre-1P. G. Baranov, I. V. I'in, E. N. Mokhov, A. D. Roenkov, and V. A.
Senteq n F|g 1b f_or th_dﬂ site. In the fll’§t model, erbium Khramtsov, Fiz. Tverd. Tel&St. Petersbung39, 52 (1997 [Phys. Solid
occupies silicon sites in a regular lattice. In the second state39, 44 (1997)].
model, besides an EF ion at the silicon site, there is also a 2?- C; Blﬁgﬁggxb(\iég\é Khramtsov, and E. N. Mokhov, Semicond. Sci.

H H H H echnol.9, .
defect in the adjacem carbon ,Slt(,a alo_ng thais. lt_ should 3J. Baur, M. Kunzer, K. F. Dombrowski, U. Kaufmann, J. Schneider, P. G.
be stregsed that the defect axis |n.aX|aI centers is parallel t0garanov, and E. N. Mokhov, Inst. Phys. Conf. S&g5 No. 12, 933
thec axis of the crystal for all inequivalent sites. The crystals (1997.
in which EPR of erbium was observed exhibited strong Iu-Agif{lgg[oanov’ I. V. llyin, and E. N. Mokhov, Solid State Commu@l,
mm_esce_nce at the wavelength of 1.pn associated with °P. G. Barénov, I. V. llyin, and E. N. Mokhov, Solid State Comm{3,
erbium ions® 291 (1997.

In this way we have studied in the recent few years EPR°P. G. Baranov, I. V. Ilin, E. N. Mokhov, A. B. Pevtsov, and V. A.
spectra of several transition-element impurities substituting ghlf_zrnstf‘i&f'gzqgegd- TelaSt. Petersbug4l, No. 38 (1999 [Phys.
for silicon in 6H-SIiC, namely, scandium, molybdenum, and >0id State41 32 (1999
chromium, as well as scandium acceptors. Preliminary EPRranslated by G. Skrebtsov
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Charge displacement induced by intercalation of graphite-like nanoclusters
in amorphous carbon with copper

V. 1. lvanov-Omskii* and E. A. Smorgonskaya
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Fiz. Tverd. Tela(St. Petersbunl, 868—870(May 1999

Interaction of an impurity Cu atom with carbon in copper-intercalated graphite-like nanoclusters
in a-C:H has been considered in a simple tight-binding approximation. Clusters with

simple configurations were used to show that partial ionization of Cu gives rise to metallization
of a semiconductor cluster and to a substantial charge redistribution in the latter. The
presence of copper initiates in the cluster internal polarization with components directed both
normal to the graphene-fragment plane and parallel to it. The lowering of the cluster

symmetry induced by copper intercalation activates the Raman ®andhe IR spectrum of

a-C:H. © 1999 American Institute of Physids$$1063-783409)02805-1

It is known that metallic copper does not interact chemi-Cu atom does not enter the carbon ring and interacts only
cally with carbon and does not form with it oriented valencewith its 7 electrons, and that the perturbation of the strong
bonds characteristic of metal carbides. Copper is difficult taC-C covalento bonds within the ring may be neglected. It
insert into crystalline graphite as an intercalant. At the samevas also assumed that the principal contribution to the inter-
time copper as an impurity enters amorphous cafbae@:H) action is due to one outes electron of the Cu atom. The
easily and modifies strongly its electrical and opticalcorrespondings orbital andN p, valence orbitals of the C
properties: Unlike graphite, a-C:H is a semiconductor trans-atoms made up a system o ¢ 1) basis functionsy; of
parent in the visible. The structure of a-C:H represents @4amiltonianH (the z axis is orthogonal to they graphene
system of graphite-like nanoclusters 5-20 A in size embedplane, and index=1,2,... N+1 labels the atoms The
ded in a wide-gap diamond-like matrix. It is the size quanti-wave function of thgth state in the cluster was written in the
zation of the electronic spectrum in such nanoclusters thatCcAO form with coefficientsu;; :
creates an optical gap in a-C#Doping the a-C:H opens up
new possibilities for probing the interaction of copper with N+1
carbon by both electrical and optical methods. To cite one |¢j>: E Uji|Xi>-
example, an investigation of IR absorption and Raman spec- '
tra of a-C:HCu) showed that Cu atoms preferentially enter
graphite-like nanoclusters in a-C:H without forming of Cu-C
bonds, i.e., by the intercalation mechanism.

The matrix elements of the Hamiltonian,y;;
=(XJ-*|I:||Xi>, were determined in the Harrison
This work presents calculated electronic spectra Oiapproximatioﬁ. The diagonal matrix elemenjg; are essen-

simple graphite-like carbon nanoclusters containing a smaﬁ'a"y the en_ergles of @ and % states of |50Jated C and Cu
fragment of the graphene plane and one Cu atom near tHIOMS relative to the vacuum level,=(p; [H[p,)= —8.97
plane. An analysis is made of the effects accompanying theV andss=(s*|H[s)=—6.92 eV. The off-diagonal matrix
event of cluster intercalation with copper, namely, chargeelements i+ j) describing interatomic interaction were cal-
redistribution in the cluster and the Cu-induced static dipoleculated asy;; =n,-iﬁ2/,udji , Whereu is the electronic mass,
moment, as well as changes in the vibrational spectrum. dj; is the distance between atomisand j, and n; are
tabulated universal coefficients depending on the type of the
wave functions of the interacting atoms. In our case the
quantities reduce to two parametey,,, and Vs, , which
The electronic spectrum of a graphene nanocluster witltorrespond to ther coupling among the, electrons of the
a Cu impurity atom was calculated in the well-known tight- neighboring C atoms and te coupling between the Cs
binding formalism, or the LCAO method, in the nearest-electron and the, electrons of the nearest C atoms. The
neighbor approximation. The main relations obtained in thealistance between the neighboring carbon atoms was assumed
frame of LCAO for such clusters were given in Ref. 4. Theequal to the C-C covalent bond length in graphiti
numerical calculations were performed for clusters of vari-=1.42 A.
ous sizes. While the exact position of the Cu atom in the cluster is
It was found that the main features in the variation ofnot known, the most likely should be the one providing the
cluster properties induced by copper intercalation can bstrongest coupling with the carbon fragment. This condition
readily exemplified by two clusters of two or four regular was shown to be met if the Cu atom lies on the hexagonal
six-membered carbon rings containing, respectivdly;10  axis z of the carbon ringFig. 1) at a distancey=dcc/\2
or 16 carbon atoméFig. 1a and 1h It was assumed that the =1 A from the ring plane.

1. MODEL AND MAIN APPROXIMATIONS

1063-7834/99/41(5)/3/$15.00 786 © 1999 American Institute of Physics



Phys. Solid State 41 (5), May 1999 V. 1. lvanov-Omskii and E. A. Smorgonskaya 787

AZ
+0.51

. /i (9_7 AZ+o.55

20

+0.003

-0.193

—0.028 —0.136

-0.092 -0.073
a b

FIG. 1. Schematic presentation of graphite-like nanoclusters contdiairi® and(b) 16 C atomd(filled circles and one Cu atonfopen circlg. The figure
adjoining a circle specifies the effective charge of the given érie.

2. NANOCLUSTER METALLIZATION BY COPPER lies in the conduction band. In this case the dc conduction of
-C:HCu) will be dominated by electron tunneling and/or
opping between “metallized” copper-carbon clusters. This
mechanism can apparently be analyzed by methods of per-
colation theory. Copper metallization of graphite-like clus-
whose configuration is shown in Fig. 1a and 1b. The discreté®"s should f?S“" in a fz.iSt rise (.)f the conductivity of a-C:H,
exactly what is observédn experiment, and the correspond-

spectrum of both clusters is seen to have “bands” of | L .
bonding and=* antibonding states separated by a gap. Thd"9 activation energy should be substantially smaller than the

gap width is determined only by the cluster size and de—.Optical gap. The conduptivity may be expected to grow with
creases with increasingN, which coincides with the Increasing Cu content in a—C{B_u) as long as the concen-
calculationé made for purely carbon clusters. The valg tration of copper-carbon graphite-like clusters continues to

=2.6 eV forN=16 is in a satisfactory agreement with the Increase.
experimentally determinédptical gap.
For T=0, all levels of ther bonding states are filled by 3- COPPER-INDUCED POLARIZATION OF NANOCLUSTERS

electrons, and the extra electron of the Cu atom falls to the The Cu atom in the semiconductor nanoclusters consid-
bottom of the band ofr* antibonding states, which in the ered here behaves as a donor with the level lying within the
absence of Cu were totally empty. Thus an intercalated CIUSregion of unoccupiedr* states of the C atoms, which makes
ter resembles a degenerate semiconductor whose Fermi ley@le donor partially ionized. Intercalation gives rise to a dis-
placement and redistribution of charge of the valence elec-

Figures 2 and 3 present energy-level splittings of the C:]‘
and Cu 2, and 4 states of &) isolated atoms, k) in a
graphene layer, anct) after its subsequent intercalation by
a Cu atom, calculated for clusters with=10 and 16 atoms

I\ trons among the cluster atoms. The effective chafeof
N=10
vacuum level
0 A
N=16
vacuum level

28 0
° .

-5 g @

2% 28
> 5 / =]
© -5r g%
~ D *
o0 £ 7= R

> 5]

g © ;

£ No0F & [

=4

-15 8

g s

2 7

b= (5

2 -15[ o

=
20 F bS]
a b c 5
sl
FIG. 2. Splitting and shift of the C and Cyp2and 4 levels of(a) isolated =201
atoms,(b) 7 bound in the graphene layer, ate] 7 bound in the graphene a b c

layer ando bound in the bulk of the nanocluster, for a cluster containing 10
C atoms. FIG. 3. Same as in Fig. 2 for a nanocluster containing 16 C atoms.
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theith atom can be readily estimated within the LCAO ap-inequivalent(Fig. 1), their vibrations change the in-plane
proximation through the squared moduli of coefficienfs. dipole-moment component and, hence, should become al-
lowed in absorption. Th& bands observed in a-C{Bu) in
ei*/e:(N+1)*12 (2|Um|2+ 2|Uw*i|2) , absorption and Raman scattering coincide in position with a
] good accuracy. There are therefore grounds to believe that
where the summation is performed over all occupied sfatesintercalation with copper does not affect strongly the carbon
(e is the electronic charge ring geometry and, hence, the C«Cbonds, as assumed in
The results of the estimates gf/e are shown in Fig. 1a our model.G band activation was observed in absorption in
and 1b by figures adjoining the corresponding atoms. Théitrogen-doped a-C:H, but N atoms, unlike copper, become
positive charge of the Cu ion was found to be slightly largerincorporated in carbon rings to form C-N bon(ds.
than +0.5e in both clusters, and the charge of the fragment ~ TO conclude, intercalation of graphite-like nanoclusters
of the graphene |ayer has the same magnitude but the Oppm a-C:H with copper affects the electronic and vibrational
site sign. Thus a nonzero componéhtof the static dipole ~ Properties of the clusters themselves and of the system as a
momentP is induced in the cluster along the nornzab the ~ Whole. Our simplified model is applicable to low Cu concen-
layer. For clusters withN=10 and 16, we obtained {rations, because it disregards the possibility of two or more
P,/ed.c=0.36 and 0.38, respectively. In a general caseCU atoms entering the same cluster. In the opposite case one
with the Cu atom located not on the cluster symmetry axigshould take into consideration the interaction among the in-
normal to the |ayer' a static d|p0|e moment appears |n(§he tercalant atomS, which will affect noticeably the copper bind-
layer plane as well. For clusters symmetric with respect td"d energy in a cluster. For one Cu atom this energy was
the xz or yz plane, which are under consideration here, thisestimated as 0.4-0.7 eV, depending on the size of the
dipole moment is parallel either to theaxis (N=10) or to  graphene fragmeitFor high Cu contents, a cluster may not
the y axis (N: 16) Estimates made for the Correspondingbe able to hold the intercalant in its State, so that the inserted
components yieltP, /edec=—0.95 andP, /edcc=—1.53.  COpper will condense to form pure copper clusters. This will
In the absence of correlation among clusters, i.e. for randorR€ accompanied by an abrupt drop in the conductivity of

cluster geometry and mutual arrangement, the net polariz&-C:H (CU), if the concentration of such clusters in the
tion in a-C:H is zero. a-C:H matrix is below the percolation threshold. This effect

was observed experimentally at a Cu content-df5 at.%!

4. VIBRATIONAL PROPERTIES OF COPPER-INTERCALATED

NANOCLUSTERS *E-mail: ivanov.ivom@pop.ioffe.rssi.ru

The internal polarization of a Cu-intercalated graphite-

Lllke .nanOCIlquS.ter Eholl:jld Pmdu.ce dlporlle activity in atomlfc V- 1v. 1. Ivanov-Omski, in Diamond-Based Composites and Related
ratlons. This should give rise t(? the appearan(;e O new Materials, edited by M. Prelas, A. Benedictus, L.-T. S. Lin, G. Popovici,

bands in IR spectra of a-C{gu) which were absent in those and P. Gielisse, NATO ASI Series-3, Vol. 38, High Technoldjuwer
of pure a-C:H. One can now explain, in particular, the ex- zAcad%miC F’Ublisdhefsy Dordreiith 1;)9?5- 171. (1987

: : ; : : J. Robertson and E. P. O'Reilly, Phys. Rev38 2946(1987.
perimentally 0bserve°’dstrcinlg increase in the |r]tenS|ty of the 3. 1. Ivanov-Omski and G. S. Frolova, Zh. Tekh. Fis5(9), 186 (1995
so-called band (1580 cm ) in the IR absqrptlon SPECtrUM  [Tech. Phys40, 966(1995].
of copper-doped a-C:H. This band, associated with symmet#v. I. lvanov-Omski and E A. Smorgonskaya, Fiz. Tekh. Poluprovodn.
ric vibrations of the C-C bonds in the carbon ring plane of 32 931(1998 [Slemlcon_dUCt0f§2 831((11933]- e of Solitd
graphite-like nanoclusters, is known to be active in the Ra- - A Harrison,Electronic Structure and the Properties of Solit. H.

s : . .  Freeman and Co., San Francisco, 1980

man spgctrum of a'C-_H Wh|.|e be[ng. practlcally not seen INéR_ 3. Nemanich, G. Lucovsky, and S. A. Solin, Solid State Comragn.
absorption. Note that in a single infinite graphene layer the 117 (197%.
altogethef. The presence of a Cu atom lowers the cluster '
symmetry; indeed, the carbon ring atoms become essentialltanslated by G. Skrebtsov
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Electron spin beats in InGaAs/GaAs quantum dots
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Time-resolved picosecond spectroscopy is used for the first time to study optical orientation and
spin dynamics of carriers in self-organized@aAs/GaAs quantum-daotQD) arrays.

Optical orientation of carriers created by 1.2 ps light pulses, both in the GaAs matrix and wetting
layer, and captured by QDs is found to last a few hundreds of picosecond. The saturation of
electron ground state at high-excitation-light intensity leads to electron polarization in excited
states close to 100% and to its vanishing in ground state. Electron-spin quantum beats in a
transverse magnetic field are observed for the first time in semiconductor QDs. We thus determine
the quasi-zero-dimensional electrgrfactor in In, sGa, sAs/GaAs QDs to belg, |=0.27

+0.03. © 1999 American Institute of PhysidsS1063-783#9)02905-9

Semiconductor structures with quantum dots are curpulses with a repetition frequency of 82 MHz was used to
rently the subject both of fundamental studies and of practiexcite the investigated structures. The time resolution of the
cal applications. In the last few years much attention wagxperiment based on parametric up-conversion, was limited
given to the study of the energy relaxation of carriers in theséy the laser pulse duration. The exciting circularly-polarized
structures:’ Taking into account the spin of carriers makeslight was obtained by passing linearly-polarized laser beam
it possible to obtain additional information on the energythrough a quarter-wave plate. The luminescence was regis-
relaxation processes and the structure of the electron energgred along the growth axi€z) in back-scattering geom-
levels. In the present work, time-resolved spectroscopy witletry.
picosecond resolution has been used for the first time to in-  The results of polarization measurements in the different
vestigate spin dynamics in semiconductor quantum dots enstructures under study are qualitatively the same. Presented
bedded in a semiconductor matrix. Spin polarization of carbelow are the results of experiments on sample 1. Figure 1
riers was created as a result of their optical orientdtisn  shows normalized luminescence spectra obtained under ex-
short(~1 p9 pulses of circularly polarized light. It has been citation of carriers in GaAs matrix. Spectrum 1 is a recorded
found that the spin polarization of electrons generated in thender continuous-wavéew) excitation with a pump density
matrix or in the wetting layer, can survive their capture byof 1 W/cn?. An increase of the cw-excitation intensity by
the QDs and last a few hundreds of picoseconds. This akwo orders of magnitude did not change the shape position of
lowed us to observe guantum beats of electron spin in #he spectrum. This indicates that spectrum 1 results from the
transverse magnetic field and thus to determine the magnemission of ground-state electrons and holes. We associate
tude of the transverse g factor of quasi-zero-dimensionahe presence of two strongly overlapping lines in this spec-
electrons in 1gGa sAs/GaAs quantum dots. trum with radiative recombination of two groups of dots hav-

The structures studied were grown by solid-source moing different mean sizes. Spectra 2 and 3 are registered under
lecular beam epitaxy in Riber-32P machine on semipulse excitation with pump densities of 0.1 and 1.6
insulating GaA9100) substrates. Active region was inserted MW/cm?, respectively. As seen from comparison with spec-
into the middle of a 0.2m thick undoped GaAs layer con- trum 1, an increase in the pulse-excitation intensity results in
fined by AIAS2 nm)/GaAg2 nm) superlattices to prevent es- a significant(up to 50 meV blue shift of the luminescence
cape of nonequilibrium carriers to the sample surface antine. Such transformation of the luminescence spectra of
substrate. In the first structure, denoted as 1, the active regiaquantum dots at high excitation levels has been observed
consists of 6 planes of QDs separated by 50 A-thick GaAdeforé"®” and was due to the filling of the ground states of
spacers. Each QD plane was formed by deposition of 4lectrons and holes and to the appearance of an intense light
monolayers(MLs) of IngsGa sAs. In structure 2 the active emission from the excited states. Indeed, as an estimate
layer consists of 10 planes of 1.7 ML InAs QDs separated byghows, at the maximum pump density of 1.6 MWfcthat
200 A-thick GaAs spacers. Sample 3 contains one plane offe used, the number of photoexcited electron-hole pairs ex-
2.7 ML InAs QDs. The growth temperature was set to beceeds by several times the number of quantum dots in the
485 °C for In-containing layers and 600 °C for the other partslluminated region; this leads to population of the excited
of the structures. states, since they can no longer relax to the filled ground

A tunable Ti-sapphire laser producing 1.2 ps-long lightstates. The excited states, in turn, give rise to an intense

1063-7834/99/41(5)/4/$15.00 789 © 1999 American Institute of Physics
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In our experiments the spin orientation of electrons and
holes was created by cicularly polarized light. The recombi-
nation radiation involving spin-oriented carriers also turns
out to be circularly polarized. Therefore the luminescence
circular-polarization degrep=(1"—17)/(1*+17) can be
used to measure the carrier spin polarization and their spin
dynamics. Herd © and|~ denote the respective intensities
of the left-hand and right-hand circularly polarized lumines-
cence components.

Figure 2 shows the time dependengds) measured at
g four different energies of recombination radiation quanta
120 125 130 135 140 145 150 155 Eqet (Marked by arrows in Fig.)lunder excitation into the

Energy eV GaAs barrier Eqy.=1.531eV with pulse density of 1.6
' MW/cm?. It can be seen from Figs. 2a and 2b that at the
FIG. 1. Photoluminescence spectra of §8a, sAs/GaAs QDs(sample 1. high-energy edge of the luminescence line the initial value of
T=10K. 1 — cw. excitation With!Eexc=_l.610 eV and power density 1 W/ p is large (it reaches 80% aEg=1.363 eVl and slowly
cn?; 2 and3 — short pulse pumping with power densities 0.1 and 1.6 MW/ . A
o, E,.—1.531 eV, time delay after excitation pulse equals 2004ps: decreases with a characteristic time of about 300—400 ps.
cw photoluminescence excitation spectréEgt,= 1.248 eV. When going down to the low-energy part of the lumines-
cence spectrum, the maximum value gfsignificantly de-
creases and the polarization decay time is drastically reduced
luminescence spectral component. Cudvin Fig. 1 repre- (Figs. 2c and 2H Thus, atEy.=1.292 eV,p decreases from
sents the cw-photoluminescence excitation spectrum rean initial value ofp(0)~22% down to 5% within 15 péFig.
corded at a registration ener@y..= 1.245 eV (the position  2d).
of the low-energy maximum in spectrum. We, as well as Let us first remark on the nature of the slow decay of
the authors of Refs 4 and 7 assign the relatively broad banat largeEe;. The rate of the change @f is determined by
(1.42-1.48 eVY near the edge of the fundamental absorptionthe slowest of the spin-relaxation processes in electrons and
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of GaAs to the absorption of the wetting layer. holes. Due to the strong spin-orbit interaction in the valence
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FIG. 2. Luminescence circular polarization dependence on time delay at different detection eBgsgids,,.~1.531 eV,T=10 K. Solid lines show the
exponential decay of the polarization degree with time constantrg (ps): a — 290, b — 400, ¢ — 211, d — 92.
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band, the spin-relaxation time of holes is significantly shorter
than that of electroffsand does not exceed a few picosec-
onds in bulk intrinsic semiconductors of the GaAs type.
For this reason, we think that the luminescence polarization
is only determined by the spin polarization of electrons,
while the slow change gf is due to the large value of their
spin relaxation time.

Quite surprising was the fact that, at largg.; during
some tens of picoseconds, the valuepdubstantially ex-
ceed 50%, reaching 80% B.,=1.363 eV(Fig. 23. Since
the holes patrticipating in the radiative recombination in in-
vestigated dots are heavy hoféshe value ofp is numeri-
cally equal to the spin polarization of electroRs: p=P,
(Ref. 8. At the same time, in accord with the optical selec-
tion rulesi3 spin polarization of the electrons generated inFIG. 3. Luminescence polarization oscillations in a transverse magnetic
bulk GaAs cannot exceed 50%. field B=3.5T. T=1.7K. The solid line is drawn on formul&) with

L . Larmor precession period equal to 76 ps.

A qualitative explanation of the appearancepofalues

larger than 50% on the high-energy side of the QD spectra

may be obtained in the following simple model. Suppose thakxperiments, a long-living luminescence polarization is cre-
the electrons generated in the GaAs barrier, with a spin poated by the electron polarizatign= —2S,, and, in a mag-

larization equal to 50%, are trapped by QDs with such ponetic field directed perpendicular to the exciting begm,
larization, while the holes lose entirely their polarization dur-varies with time as

ing their energy relaxation process. In dots analogous to

ours, besides the ground level there are excited levels of both p(t) —e s cosOt @)
1-16 ; S Api 0) :

holes and electrorfs'~1®By virtue of Pauli’s principle each p(

level can accomodate no more than two electrons with opy ig easy to determine the magnitude of the electydactor

posite spins. As aP.=0.5, there are three times as many py measuring the beat frequency as a function of the mag-
electrons with spin-1/2 than electrons with spif- 1/2, so,  petic field.

with the increase of the concentration of photoexcited carri- e dependenceg(t) measured in a magnetic fieH

ers leading to the saturation of the ground state, the highest3 5T atEqe= 1.355 €V is shown in Fig. 3. It can be seen
elgctrop levels WiII_be populated prgdqminantly by elec:tronsthatp oscillates with time in agreement with E(R). The

with spin —1/2, which leads, at the limit, to the 100% polar- gependence of the spin-beat frequency on the magnetic field
ization of the associated recombination radiation. The scattgg presented on Fig. 4. It is quite linear. Thus the modulus of
of the QD sizes, resulting in the inhomogeneous broadening,e glectron transverse g factor of, YBa sASs/GaAs QDs

of the luminescence line, diminishes this effect; at the high+an pe accurately deduced. We ﬁmﬂ —0.27+0.03. Note
energy edge of the line, however, the valugahay exceed that it is theg factor for electrons in the excited state.

50%, which is just what we observe in our experiments. On T conclude, electron-spin orientation and its subsequent
the contrary, t_he radiation from the grognd state must b%ynamics in self-organized (6a)As/GaAs QDs have been
unpolarized, since two electrons occupying this state havgy,died for the first time using picosecond time-resolved Iu-
opposite spins. This is also observed experimental Fig.  minescence spectroscopy. It has been found that optical ori-

Circular polarization

1 ! 1 . 1 1

0 50 100 150 200
Time, ps

2d).
The long-lived and large polarization of electrons en-
ables the observation of their spin beats in transverse mag- 14
netic fields and determination of the g-factor magnitude. ),
Electron-spin quantum beats set in under coherent excitation 12
of the two electron-spin levels by a short pulse of circularly 2 |
polarized light and may be considered to result from Larmor = 10r
precession of electron spins about the magnetic feldith 3 s
a frequencyQ=gugB/#%, whereg is the electrong factor P I
and ug is the Bohr magnetotf. The pump pulse is substan- F sl *
tially shorter than the electron-lifetime and spin-relaxation 2 I
time, denotedr and 75, respectively. Therefore the motion % al
of the average spi% of electrons excited during the pump 2 (]
pulse obeys the equation 2+
ds S 0 ‘ . , ! . . !
G- (@x9-—, «y 0 1 2 3 4

S

ic field, T
where the first term on the right-hand side describes the Lar- Magnetic field

mor precession, and the second, spin relaxation. Since in OBIG. 4. Spin beat frequency versus magnetic field.
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semiconductors in a sulfide solution.

V. N. Bessolov, E. V. Konenkova, and M. V. Lebedev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

D. R. T. Zahn

Institut fir Physik, TU-Chemnitz, D-09107 Chemnitz, Germany
Fiz. Tverd. Tela(St. Petersbunl, 875—-878(May 1999

The electronic properties of tHa00) surface ofn-GaAs,p-GaAs, andn-InP semiconductors

treated with various sulfide solutions have been studied. Sulfide treatment was shown to increase
the photoluminescence intensity, decrease the depth of the near-surface depleted region in

the semiconductor, and shift the surface Fermi level toward the conduction band. These effects
are the stronger, the higher the sulfur chemical activity in the solution19€@9 American

Institute of Physicg.S1063-783#9)03005-1

The properties of a real surface of most IlI-V semicon-with a Perkin-Elmer PHI 5400 spectrometer using Kig
ductors are determined by the high density of surface statemdiation hv=1253.6 eV, 300-W power. The valence-band
and, as a consequence, by a high rate of surface nonradiatigpectra were measured at room temperature with a He lamp
recombination. The improvement in the performance of ahv=21.2 eVj.

GaAs/AlGaAs bipolar transistor following its treatment in a The Raman spectra were taken in the range of 200 to
water solution of sodium sulfidenitiated studies of the in- 400 cn'* with a Dilor XY spectrometef.The spectra were
teraction of sulfur in solution and the gas phase with theexcited by an At laser line at\ =457.9 nm[radiation pen-
surface of GaAs and other IlI-V semiconductors. etration depth in GaAs is 50.3 niiiRef. 5], and the laser

Investigation of the electronic properties of the sulfur- power was 2.5 mW. One studied the intensity ratio of the LO
modified GaA§100 surface showed that sulfide treatment peak associated with the depleted layer on the semiconductor
results, first, in a decrease of the surface density of states atrface to theL™ peak due to scattering from a coupled
midgag and, second, in a change of the near-surface banphonon-plasmon mode in the bulk, which permitted mea-
warping and a shift of the surface Fermi level, which de-surement of the thickness of the near-surface semiconductor
pends on the actual treatment used. For instance, treatirdepleted layef.
n-GaAg100 with a water solution of ammonium sulfide The photoluminescence was excited with the
does not practically affect the surface Fermi le¥alhereas \=530.9-nm line of a 100-mW K laser at room tempera-
molecular sulfur shifts the Fermi level by 0.2 eV toward theture. The spectra were recorded with an IFS-66 spectrometer.
conduction band. Treating-GaAg100 with an alcohol so- The electron work function for a semiconductor surface
lution of ammonium sulfide brings about a still largdry ~ was determined by the Kelvin method by measuring the con-
~0.5 e\) shift of the Fermi levef In other words, the tact potential difference between the semiconductor and a
chemical state of sulfur atoms before adsorption has a pragold film deposited on a SiOsubstrate with a dynamic
nounced effect on the electronic structure of the sulfidecapacitor®
treated surface. The sulfide treatment results in a substantial thinning

This work studies the electronic properties of GaXX) and, in some cases, in a complete removal of the native oxide
and InR100) surfaces passivated by various sulfide solu-layer from the semiconductor surface, followed by formation
tions. of a thin sulfide layer on the surface. The thickness of this

The samples were GaAs:I®0 (n=1x10® cm %) layer, as derived from XPS data, was 0.5—-1.2 ML for GaAs,
and GaAs:Zf100) (p=1x10* cm 3) plates, which priorto and 1.5-4.0 ML for InP. The rate constant for the sulfide
the sulfide passivation were treated with HCI for 100 s, adayer formation, which is a measure of the chemical activity
well as n-InP(100) plates o=1x10' cm™3), which were  of sulfur ions in solution, i.e. the rate of the sulfide layer
pretreated with HF for 1 min. formation referred to the sulfur concentration in the liquid

The sulfide treatment lasted 1 min in an ammonium sulphase, grows exponentially with increasing inverse dielectric
fide solution (NH),S (20%) and saturated solutions of so- constant of the solvent usédyhich argues for a predomi-
dium sulfide (NaS:xH,O) in water, isopropanol if nantly electrostatic interaction of the ions with the semicon-
C;3H,OH) and tret-butanolt¢C,HsOH), as well as in solu- ductor surfacé.
tions of sulfur monochloride &£, in carbon tetrachloride UV photoelectron spectroscopic studies of the
CCl,. n-GaAq100 and p-GaAg100 surfaces passivated in a

X-ray photoelectron spectra of the surface were obtainedNH,),S+i-C3H,OH solution showed that the surface

1063-7834/99/41(5)/3/$15.00 793 © 1999 American Institute of Physics
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FIG. 1. Room-temperature valence-band photoemission spectré) of
n-GaAs withn=1x10'® cm 2 and (b) p-GaAs withp=1x10'® cm * ob-
tained after a sulfide treatment in a (WHS(20%) +i-C3H;OH (1:10 solu-

tion obtained with a He lamph(p=21.2 e\j.
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FIG. 3. Depth of the near-surface depleted regibin n-GaAs withn=
1x10' cm 3, p-GaAs with p=1x10"® cm 3, and n-InP with n=1
X 10'® cm™3 passivated in various solutions, as a function of the sulfur
chemical activity in solution. The chemical activity was estimated in Ref.

Fermi level lies at 1.23 and 1.08 eV above the semiconductofo. The arrows refer tal — (NH,),S, 2 — NaS + H,0, 3 — S,Cl, +
valence-band edge mGaAs andp-GaAs, respectivelyFig.
1), while using for this purpose a water solution of (NES
leaves the Fermi level at 0.8 eRef. 3 and 0.5 eV(Ref. 9

for n-GaAs andp-GaAs, respectively, the positions charac-

CCl,, 4 — (NH,),S + i-CsH,0H, 5 — (NH,),S + t-C,HsOH, 6 — Na,S
+ i-C3H;0H, 7 — NayS + t-C,HoOH.

teristic of the unpassivated semiconductor. Annealing theution changes the position of the Fermi level relative to the
p-GaAq100 surface treated in a (Np,S+i-C3H;OH so-
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FIG. 2. Position of the surface Fermi levet{s) relative to the valence-
band E,) and conduction-bandE;) edges inn-GaAs with n=1x 10
cm® and p-GaAs with p=1x10® cm™® sulfide-treated with a

(NH,),S(20%) + i-C3H,OH (1:10) solution as a function of annealing tem-

perature.

semiconductor band edges, while annealing to 400°C the
n-GaAg100 surface treated in the same solution practically
does not affect the Fermi level at &fig. 2).

A Raman spectroscopic study oh-GaAg100),
p-GaAg100, andn-InP(100 showed passivation to reduce
the depth of the near-surface depleted region in the semicon-
ductor, this reduction being the larger, the higher the sulfur
chemical activity in the solutiofFig. 3). The decrease in the
depth of the depleted region evidences a decrease in the den-
sity of surface states in the semiconductor band gap. That the
surface barrier ip-GaAg100 is shown by UPS to increase
noticeably under passivation in an alcohol sulfide solution
indicates that this barrier is due to the formation of a dipole
layer on the surface resulting from the capture by the elec-
tronegative sulfur atoms of electrons from the semiconduc-
tor. Indeed, sulfide treatment increases the work function of
the semiconductor, as well as increases its ionization energy,
which argues for the formation of a dipole layer on the sur-
face (Fig. 4). The ionization energy increases to a greater
degree in a solution with a higher chemical activity of sulfur.
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FIG. 5. The increase in photoluminescence intensitn-@aAs with n=
1x10® cm™2 and p-GaAs with p=1x10"® cm™2 passivated in various
solutions as a function of the sulfur chemical activity in solution. The pho-
toluminescence intensity was reduced to that of an untreated semiconductor.
The arrows refer to various sulfide solutiofsee caption to Fig.)3

adsorption(Fig. 5. We readily see that the improvement in
the photoluminescence properties of GaAs correlates well
with the decrease in the depth of the depleted region and,
hence, with the decrease of the surface density of states in
the semiconductor band gap.

Thus the chemical activity of an atom before adsorption
plays a dominant part in modification of the electronic struc-
ture of a semiconductor surface. An increase in the chemical
activity of sulfur atoms is accompanied by an increase in the
efficiency of electronic passivation of the G4A80) surface,
which is evidenced by an increase in photoluminescence in-
tensity and a decrease of the near-surface depleted region in
depth. The growth in the chemical activity of sulfur atoms in
solution increases the work function and ionization energy of
GaAs and InP.
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Weak localization with a specific role of t symmetry (2D and 3D holes in tellurium )

N. S. Averkiev, V. A. Berezovets, N. I. Sablina, and I. I. Farbshtein*)

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tverd. Tela(St. Petersbungl, 879—-881(May 1999

The anomalous magnetoresistance in crystalline tellurium is analyzed for diffetgpé carrier
dimensions: a bulk sample, size-quantized accumulation layers on different tellurium
crystallographic surfaces, and tellurium clustéedlurium embedded in a dielectric opal majrix

It is shown that the effect can be interpreted in all cases in terms of the theory of weak
localization of noninteracting particles with inclusion of the specific features of the tellurium

band spectrum, namely, fully lifted spin degeneracy, trigonal spectrum distortion, and a specific
role played by theé symmetry in inter-valley scattering. The differences observed among

the various manifestations of the weak localization effect are determined by the hole wave function
phase-relaxation channel which is dominant in a particular case. A case is discussed where

the time characterizing the inter-valley transition probability becomes comparable to the
momentum relaxation time. €999 American Institute of Physid$1063-783%9)03105-4

Negative magnetoresistanédMR) was discoveredin D. Tellurium cluster crystal
bulk tellurium samples in 1948 and confirmed |at&in spe-
cial experiments. Positive anomalous magnetoresistancglu

(AMR) in a close-to-zero magnetic field was observed in 3 32D layer on(0001) of Te under maximum biagurve5
study of two-dimensional holes in quantum-confined accus, Fig. 2), but the pattern is displaced toward strong mag-

mulation layers(AL) on the (0001 and (10D) tellurium  petic fields®
crystallographic surfacé's® Later, AMR was observed to
occur also in tellurium clustergtellurium embedded in a
dielectric opal matrix’ We are going to show that the ob-
served variety of AMR manifestations in tellurium can be A. Weak localization effect

interpretgq by a theory of weak Ipcglization with 'inclusion of The extrema of the valence and conduction bands in tel-
the specific symmetry characteristics of a tellurium crystal. |,rium are located at th&1 and P corners of the Brillouin
zone and are related only through the time inversion opera-
tion. The wave functions at th®l and P points are super-
positions of states with the angular-momentum projection
A. 3D case (bulk crystal ) M,= +3/2 and transform into one another under time inver-
The behavior of NMR in a bulk crystal is presented Sion operation. The quantum correction to the conductivity
graphically in Fig. 1 Shubnikov—de Haas-type oscillations Of noninteracting particles is determined by the sum of the

in strong magnetic fields confirm a strong carrier degeneracy:00Perons made up of wavefunctions of the same valley,
Cum=Cpp, and of those which are off-diagonal with re-

spect to the valleys,Cyp=Cpy. EXxpressions were
B. 2D layer on (0001) obtained®?relating the weak localization effect in a mag-
netic field to the hole-wave function phase-relaxation pro-
cesses in 3D and 2D systems, respectively:

The low-temperature magnetoresistance in the tellurium
ster crystals studied is similar in behavior to that observed

2. DISCUSSION

1. EXPERIMENTAL STUDIES OF AMR IN TELLURIUM

Three quantum-confined subbands wHz~30 meV
form in an AL of natural origin on th€é0001) surface in the
initial state® The AMR is seen in weak magnetic fieldsl eH H
Oe and is positiveFig. 2).* Lowering the temperature en- Ao(H)=09 \/%+f3(m
hances the effect. When the 2D-hole concentration de- ¢y Ny

creases, and a positive bias is applied in a MIS capacitor 1 H 1 H
geometry, a NMR portion appears within the %58 <400 T3t Hy+2H, AR Hyl)' @
Oe region.
Ao(H)=0¢i f —H
_ o(H)=a0| T2 ol T H,
C. 2D layer on (1010)
In thi the AL has t bbarftsndEr b 1f A 1f A 2
n this case, the as two subbardandEg becomes +§2m EZH_¢ , 2

as high as 44 meV. In this geometry one observes only posi-
tive AMR (Fig. 3), which transforms in strong magnetic whereo,=e?/(27?#%), f5 andf, are known functions, and
fields to a classical relation of the typ#? (Refs. 5 and B Hy., ,=chl(4eD7,, ). The magnetic fieldH , is related

1063-7834/99/41(5)/3/$15.00 796 © 1999 American Institute of Physics
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FIG. 3. AMR of a Te sample with a 2D layer on the (?Dlsurface. Solid
) line — experiment, circles — calculation.

30 H, kOe

FIG. 1. Transverse magnetoresistance of single-crystal tellurium with a hol

concentratiorp(77)=6.3x 10'° cm™® (Ref. 8. B. Comparison with experiment

to the wavefunction phase-relaxation timg, and the fields

A comparisofi® of relation (2) with experimental data
permitted determination of the quantities .

(i) 2D layer on the(0001) surface. HereH , (T)=(5T
+5) Oe,H,=7 Oe, andH =100 Oe? The formation of a

H, andH,, to the elastic scattering times in inter- and intra-NMR region is due to the decrease ldf, with decreasing
valley transitionsr, and 7,,, respectively. The trigonal dis- 2D-hole concentration.

tortion of the Fermi surfac8 brings about phase relaxation

(i) A layer on the (100) surface.H,(T)=(9.7T

of the hole wave function in intra-valley scattering, because; 272) Qe, H,~300 Oe,H,=100 Oe, and the AMR is al-
E (k)#E (—k). The fieldH, is proportional tok? . Because ways positive(Fig. 3).° Calculations showed that,~H,,
of the M andP valleys being spin inequivalent, elastic inter- >H,, H,. Such a strong difference between the values of

Va.”ey Scattering results in phase I‘elaxation, similar to the SCP-|V in the two above cases Suggests that inter-va”ey transi-
scattering in semiconductdfs*?

tions are initiated by holes scattering from surface roughness,
which is substantially different for these two orientations,
namely, the cleavage plane (1@l and the break plane
(0002.

Equations(1) and(2) are applicable in cases where the
- magnetic lengthl(H) exceeds the mean free path The
G wave function phase of holes undergoes relaxation in their
T 8 multiple collisions with impurities. Wheh(H) becomes of
= the order ofl with increasing magnetic field, phase relax-
is 6 ation will occur already in a small number of collisions with
S 4 impurities. It can be shown that a deviation from the diffu-
l sion regime under isotropic scattering reduces the conductiv-
2 ity in magnetic field:*>'* Then in fields such that(H)~1,
- ( . , . / cglculations que in the diffusiop approximation shqulq
l\c:,: 0 100200 300 yield an overestimate for _the .magmtude of the effect. This is
| ) 4 borne out by the graphs in Fig. 3.
= . 7 ./ (iii) The 3D case. In the 3D case, the contributions due
§§—1 300 5 to different channels change considerably. While the phase
% > H Oe relaxation probability in inelastic scattering retains roughly

FIG. 2. AMR of a Te sample with a 2D layer on tH@001) surface.
T=044 K. 1 — P, =2x10"% cm 2, 2-5 — Uy(2)<U,(3)<U4(4)

<Uq(5).

its magnitude, the phase relaxation associated with the trigo-
nal distortion of the Fermi surface is here practically absent
because of a comparatively small Fermi energy in the
samples studied. Assuming inter-valley transitions in a bulk
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Ceramic materials for use in microwave electronics
E. A. Nenasheva and O. N. Trubitsyna
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Fiz. Tverd. Tela(St. Petersbungl, 882—884(May 1999

A study is reported of the structure and electrical properties of Bhil.@;, compositions

(BLT), where Ln=La, Nd, or Sm, with calcium, strontium, or lead substituted for barium, and
bismuth for the lanthanide. The BLT compound is shown to be characterized by a broad
isomorphicity region, at the edge of which form solid solutions with the highest dielectric
permittivity reached thus far, up to about 170. A number of thermally stable ceramic

materials with a high dielectric permittivity of 80 to 120, which permit construction of microwave
dielectric resonators with Q factors of up to 600 for 120 and up to 3000 fot =80 at

f=4 GHz, have been developed based on BLT solid solutions19@9 American Institute of
Physics[S1063-783#19)03205-7

The recently increasing interest in microwave communi-ically distorted perovskite-like BLT structuteontains ele-
cations has stimulated progress in research and developmemt®nts characteristic of the lattice of tetragonal tungsten
in the area of microwave ceramics employed universally inrbronzes and has voidstructural vacancies in the barium
microwave electronics devices. sublattice.

The main requirements imposed on the ceramic materi- The explanatioh of the highe typical of BLT com-
als to be used in microwave-range devices are a high dielepounds combined with a near-zef&€, assumes a dominant
tric permittivity & for a vanishingly small temperature coef- contribution of low-frequency vibrational modes £6. The
ficient TC, and low dielectric losses within a broad observed splitting of these modes and a possible thermal
temperature and frequency range. An increase in dielectricompensation of the dielectric contributions due to the com-
permittivity of a ceramic material results in a smaller size ofponents of this splitting may account for the enhanced ther-
microwave devices, while reducing dielectric losses in-mal stability of thee of BLT-based materials.
creases their Q factoi~ 1/tans). Studied?® of dielectric spectra of BLT compounds re-

Ceramic materials based on barium, titanium, and rarevealed an absence &f dispersion over a broad frequency
earth(RE) oxided > exhibit a unique combination of a high range, including submillimeter waves. These features make
dielectric permittivity at a near-zerdC, and low dielectric BLT compounds promising for development of microwave
losses within a broad temperature and frequency range. ceramics.

The main component of such materials is the compound
BaO-Ln,0;-4TiO, (BaLn,Ti,O;,, or BLT) with Ln=La,

Nd, Sm? whose structural formula, according to Ref. 5, is
given in the forni Bag s [Bay gLng ol[ TigO,7],. The rhomb-

b
3.0 J
Vo, A
1068 }-
© 2.0
1066 .
o
[«W)
1064 T o
. } 5
1062
a
0 02 04 06x O 02 04 06x 0.2 0. 0.6 y

FIG. 1. Dependence of unit-cell volumé, of BLT solid-solution samples  FIG. 2. Content of insoluble residue in samples of [@4_,)
on composition in théA,Ba, ,)La,Ti,O,, system, wherda) A = Sr (1) (BiyNd,_,)TisO,, for (a) x=0.10 and(b) x=0.15, obtained by1) solid-
and Ca(2), and(b) (Sr,Ba; _,)Nd,TisO;,. state synthesis an@) chemical coprecipitation.
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TABLE |. X-ray diffraction data for some (RB& _,)(Nd,Bi,_,)Ti,O;,-based BLT solid-solution composi-

tions.
Composition Cell parameters
Cell volume
X y a A b, A c, A Vo, A3 Impurity
0.1 14 22.34@) 12.2112) 3.86345) 1061.5 (Ba,PBBi,TisO15
barium polytitanates.
0.15 1.6 22.34®) 12.2182) 3.847Q5) 1050.0 (Ba,PBBi4TiO1s,
Nd,Ti,O; barium polytitanates.
0.15 1.4 22.358) 12.21@2) 3.86125) 1061.3 (Ba,PBBi4Ti 045,
Nd,Ti,O,, BaTi;Oq
0.25 18 22.366) 12.20G2) 3.84245) 1048.4 (Ba,PBBi,TiO1s5,
Nd,Ti,0,, TiO,
1. TECHNOLOGY OF PREPARATION X-ray diffraction data obtained for some compositions in the

New materials based on barium, titanium, and RE oxideépb’'A‘D\’a(’\ld'|3'%2T"‘Oﬂ112 SySLeT a;ﬁ "Stei n ;Il'ablle . in BLT
with various compositions were obtained both by solid-state S seen from these data, the unit cell volume in

- . . 3 .. .
synthesis from oxides and carbonates and by chemical coprépl'd solutions increases when “Bi ions are incorporated

cipitation from salt solutions followed by thermal treatment and decreases. with Increasing lead concent.ratlon. When b.Oth
of the precipitated. The ceramic powders thus SynthesizedeIements are introduced, |som_orphous solid solutlon.s. with

were hydraulically pressed into discs of the size required fO(I;Iose cell parameters form within a broad compositional

measurements of the electrical properties within the ranger nge. o . .

of (10— 10F) GHz and 4-5 Hz, as well as for x-ray dif- Chemical coprecipitation of BLT solid solutions from

fraction studies. Prior to measurements, these discs were siﬁglt solutlon.s, f0|.|0WEd by j[hermal treatmgnt of the pl’eCIp.I-
tered until zero water absorption. tates, described in Ref. 9, increases the yield of the reaction

of solid-solution formation and permits one to decrease the
synthesis temperature by about 100 K compared to solid-
phase preparation.

A study has been made of the structure and electrical Figure 2 displays data on the content of insoluble
properties of BLT samples with calcium, strontium, and leadimpurity-phase residues in tH&®b,Ba(Nd,Bi),Ti,O;, com-
substituted for barium, and of bismuth, for the RE elementpositions obtained by solid-stat&) and chemical coprecipi-
Single-phase  BLT solid solutions form in the tation (2) methods vs composition. The amount of the in-
(AxBa;—,)LNn,Ti,Oy, system, where ACa, Sr, withx in-  soluble residues was determined to withi®.02 wt.%.
creasing to 0.1 for Ca and to 0.2 for Sr. A second, The electrical parameters of BLT solid solutions vary
ALn,Ti, O, -type, perovskite phase with a doubled unit cell within a broad range with composition. The highesup to
was found to appear starting witt=0.2 for Ca and with 170, are obtained in the system where bismuth was partially

x=0.4 for Sr'° Substituting St* or C&* cations for BA"  supstituted for lanthanum at the boundary of the isomorphic-
was observed to decrease the unit-cell volume of BLT solidty region (Fig. 3. The TC, parameter may vary from

solutions(Fig. 1). Forx>0.4, the unit-cell parameters of the —800x 107 6K~ to +100x10 K™% For a thermally
BLT-type phase practically do not change, which in thestable ceramic withTC,=(0+30)x10" K™%, & of the
given case implies the constancy of its chemical composi-
tion. At the same time the second phase with a
SrLaTi,O,-type superstructure discovered in samples with
x=0.4 for Sr has a cell parameta+ 7.772 A which exceeds
slightly that of the same Srkai,O;, phase with stoichio-
metric compositionx=1.0 (@a=7.769 A). This is probably T 100
associated with a partial incorporation of barium into the
strontium sublattice. Thus two phases, representing solid so
lutions with BLT-type and SrLali,0;, Sstructures were de-
tected in the (SBa,_,)La,Ti, O, system within the con-
centration interval ofx=0.4 to 0.8. For 0.8&x<1, there
exist only solid solutions with the SrLa@i,O;, structure.
When neodymium is substituted for lanthanum, the region of ~ -700
SP*— Ba&" isomorphism extends to=0.6.

In (SrBa, _,)Sm,Ti,O,,-based materials, a pyrochlore
phase is seen to exist already starting with 0.2, and for
x=0.6 a third, perovskite-structure phase Sg$mO;, (a FIG. 3. Dependence of unit cell volunwg, dielectric permittivitye, and of

= 7-7_22 A appears. Similar r.esults were obtained Wi_th leadits temperature coefficieftC, on bismuth content in a BLT solid solution
substituted for barium, and bismuth for RE elements in BLT.(Ba, (Ca),) (BiyLa,_,) Ti,O;, system.

2. DISCUSSION OF RESULTS

°

e |V, A3

. 41072

-300
. 41070

-500
. 11068

TCg 106, degrees

. 11066

02 04 06 08 10y
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TABLE Il. Main electrical characteristics of thermally stable BLT solid- parameters of microwave devices within a broad range and
solution-based materials in the microwave range. to choose purposefully an optimum ceramic composition

Material R Qf=4 GH2) Q-f, GHz best suitable for a given problem.

B80 80 3000 12000

B90 20 1900 7500

B92 92 1600 6400

B100 100 1300 5200 1 —

B120 120 600 2400 (Dl.gléglar, S. Gaberzk, Z. Stadler, and D. Suvorov, Ferroelectra® 269

2B. A. Rotenberg, L. P. Mudrolyubova, and E. A. NenasheviekiE
Tekhn., Ser. Radiodet. Radiokomp. No. 2(1387.
3Ye. A. Nenasheva, Mater. Res. Soc. Symp. PR&S 607 (1992.
4L. P. Mudrolyubova, B. A. Rotenberg, N. F. Kartenko, A. N. Borshch,
substitutional solid solutions lies from 70 to 120, depending V. G. Prokhvatilov, Yu. P. Kostikov, and M. P. Ivanova, lzv. Akad. Nauk
on the composition_ SSSR, Neorg. Mateld7, 683(1981).

The main characteristics of a number of BLT-based thel‘—SR' G. Matveeva, M. B. Varfolomeev, and L. S. II'yushchenko, Zh. Neorg,

) X I Khim. 29, 31 (1984.
mally stable materials which can be used in microwave eleCsys A Nenasheva N. E. Kartenko. |. B. Kamushkina. and V. P. Pyshkov

tronics are listed in Table II. in Proceedings of the International Conference on Electrical Ceramics,
Thus an analysis of the structure and electrical properties Production and Properties, Riga (199Gt. Il, p. 79.

; ; i ; ; V. |. Butko, A. G. Belous, E. A. Nenasheva, Yu. M. Poplavko, and E. F.
of materials of varying composition made in the region of Ushatkin, Fiz. Tverd. TeléLeningrad 26, 2951(1984 [Sov. Phys. Solid

isomorphicity of (ABa;_,)(Ln,_Biy)Ti,O;, systems, State26, 1783(1984].
where A=Ca, Sr, Pb, and LaLa, Nd, and Sm, shows that 8Ye. A. Nenasheva, L. P. Mudrolyubova, N. F. Kartenko, G. V. Kozlov,
isovalent solid solutions prepared at the edge of the isomor- and B. P. Gorshunov, iRroceedings of the International Conference on

L ; i : ; : YT Electrical Ceramics, Production and Properties, Riga (199®) Il, p. 82.
phicity region exhibit a high dielectric permittivity and low 9T. F. Limar, A. N. Borshch, I. G. Slatinskaya, L. P. Mudrolyubova, and

dielectric losses within a broad frequency range. E. A. NenashevaDbshcheotr. Vopr(NIITEKhIM, Moscow, 1988, No.
These isovalent solid solutions were used to develop a 10.

. . . 10 3
number of high-Q thermally stable materials for microwave iil/t '\_‘enfz:shefvav B.A. Rct);]ent;(;rg,_ andib'Fi K?r_tenkg\t&mricts 2of ;he
technology applications. -Union Conference on the Physics of Dielectrics, Baku (19p2%2.

The new materials permit one to vary the main electricalTranslated by G. Skrebtsov
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Electronic and optical properties of fullerene nanostructures
Yu. I. Prilutski*) and S. S. Durov

Kiev Shevchenko University, 252033 Kiev, Ukraine
Fiz. Tverd. Tela(St. Petersbung4l, 885—-887(May 1999

Two new types of molecular/electronic fullerene nanostructures are considgreidhly stable
hydrated clustersl{, symmetry groupand microcrystalsT;, symmetry groupof fullerene

Cgo in water solution and 2the single-walled carbon nanotube frorg,@llerenes. The vibrational
spectra of these fullerene nanostructures are calculated using molecular dynamics. The
electronic properties of a single-walled fullerene nanotube are investigated using the tight-
binding method. The theoretical results obtained were compared with available experimental data.
© 1999 American Institute of Physids$1063-783#9)03305-3

Fullerenes are widely investigated currently and havestructure of fullerene aggregateg,@h water solutiont? The
potential for various technical applicatiohin particular, for  main results were as follows:) ahe spherical clusters!
biomedical testing, water-soluble forms of fullerenes are unsymmetry groupwith a diameter of 3.56 nm containing 33
doubtedly of great interest. Poor solubility in water of molecules of Go (see Fig. 1 were shown to be the most
fullerenes and their derivatives limits biological and medicalstaple ones among possible hydrated aggregatgmdsible
studies, even though there were reports of successfully prexistence of stable hydrated microcrystalg, @he space
pared micro- and macro-colloidal particle solutions in or-group is T,,, the lattice parameters a@=1.002 nm and
ganic solvents or in watér.” In particular, G. V. Andrievsky ¢c=1.636nm [Ref. 16) having a linear size of
and collaborators” recently proposed a method for obtain- (2.51—5.84) nm in water solution of fullerenes was stated;
ing molecular-colloidal dispersions of fullerenes in Waterc) the water effect on a geometry of the fullerene aggregates
without any stabilizers and this resulted in the generation ofvas discussed;)dthe obtained theoretical results were ex-
solutions with fullerene aggregate sizes from several nanerimentally confirmed.
meters to 200nm. These aggregates consisted of smaller The calculated vibrational frequencies of the most stable
spherical particles with diameter approximately-2nm  hydrated fullerene cluster consisted of 3, @olecules(w
containing 4-13 molecules of @).G The fullerene water =(14—152) cm?) which lie significantly lower than the
solutions (FWS), being molecular-colloidal systems, were fundamental intramolecular modes for the individual, C
found to be stable for more than 12 months at ambient con-
ditions. At present, the highest concentration gf &chieved
in the FWS is~1.4 g/I>~" It should be noted that the forma-
tion of similar fullerene G, structures in different organic
solvents was not observed showing the important influ-
ence of water on their formation and existericé.

The discovery of single-walled carbon nanotifelsas
provided the opportunity to study their mechanical, optical
and electronic propertidd:! Specifically, their electronic —

o . . TN :
characteristics are predicted to vary depending upon the ,’-‘._.5{‘,}:;,

nanotube symmetry and diameter, thus giving either w‘\.‘.";-; e
or semiconducting behavidtt is very important for the cre- (‘. “',’}""".

. . . . \-‘ 4’\“‘1‘-“ &
ation of novel materials for nanoengineering. ’ \g{*

The geometric structure of possible fullerene aggregates
in water was studied in detail in Ref. 12. The present paper is 4
devoted to the calculation of the vibrational spectrum of
fullerene aggregates in water solution and the structure of ¢
single-walled fullerene nanotul8 WFN), as well as its elec-
tronic and optical properties. The theoretical results obtainec
were compared with available experimental dar®

od
\See®

1. STUDY OF VIBRATIONAL SPECTRUM OF FULLERENE
Cso AGGREGATES IN WATER

using the atom-—atom thential method, the closestrg, 1. The calculated structure of a fullerene cluster consisting of3 C
packing, and symmetry principles, we have calculated thenolecules.

1063-7834/99/41(5)/3/$15.00 802 © 1999 American Institute of Physics
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TABLE |I. Calculated Raman frequencigsm ) of hydrated fullerene
cluster consisting of 33 £g molecules.

e W= =i

Theory Theory’
Symmetry (cluster Gg) (molecule Gy) ) ‘." " \"\'
h v i"‘"Q‘ll‘
H 28 437 ' ’
A: 33 476 6"‘ ‘. (
He - I e
H 63 780 % \ \ b -
Hq 82 1142 R = SN
Hg 85 1288
Hg 94 1406 FIG. 2. The calculated structure of a single-walled fullerene nanotube.
Ag 101 1485
H 103 1550

<)

In our caseg ., is the average interaction energy between
two 7 electrons located on the single and double bonds in
the G molecule;d, is the average distance between the
fullerene (w=(296-1590) cm *).}” The Raman spectrum neighboring carbon atoms ingCmolecule. The numerical
of this cluster is presented in Table I. calculations carried out by using the tight-binding metflod
The limiting intermolecular spectrum of hydrated micro- have shown that ., =2.35eV andd,=0.14 nm. The pres-
crystal G is presented in Table Il. As we can see the cal-ence of a heptagon—heptagon pair as a defect in the structure
culated vibrational frequencies lie below the fundamentabf the SWFN leads to a change of its radius from 0.35 to
modes for solid G.*° 0.38 nm(the average distance between the neighboring car-
It should be noted that low vibrational frequencies ofpon atoms in the heptagon is equaldgalso. As a result,
fullerene cluster g (2Hy and Ay modes, see Table tan  the decrease of the gap from 0.94 to 0.87 eV takes place.
coincide with some intermolecular frequencies of microcrys-Thus, the semiconductor—semiconductor heterojunction hav-
tal Cg (Eg, E, andF, modes, see Table)ll ing different values of the gap is formed. It should be noted
The numerical calculations were carried out in the apthat a similar heterojunction was really observed in the
proximation of a Lennard—Jong$2—6 atom—atom poten- experiment®*for the single-walled carbon nanotube with a
tial only (the entropy factor did not arise because an assumgpentagon—heptagon defect.
tion was made that the formation of orientationally ordered  The calculated vibrational frequencies of the SWHN
structures in water takes plagRef. 12 using the proposed the framework of the proposed molecular-dynamics mdglel

molecular-dynamics model for a fullerene crystap G® lie in the range ofw=(49—1744) cmr . The Raman spec-
trum of this nanotube is presented in Table Ill. As we can

2. STUDY OF ELECTRONIC AND VIBRATIONAL see, they are in satisfactory agreement with the available

PROPERTIES OF THE SWEN experimental results for the single-walled carbon nanotube

. ) ~__of "armchair” configuration.
The simulated structure of the SWFN is presented in Fig.

2. The radius and the length of the ideal part of a nanotub
are equal to 0.35 nrfRef. 19 and 0.43 nm, respectively. §. CONCLUSION
As is known!*! the dependence of the gap on the radius ~ The main results obtained are as follows.
R of a single-walled carbon nanotube may be approximately 1) The vibrational spectra of possible fullereng, @g-
described by gregates in watefclusters ofl , symmetry and microcrystals
of (T, symmetry groupare calculated using the molecular-

gg=¢ % dynamics approact. The theoretical results obtained can be
mmT . . . .
R useful in further optical experiments;
TABLE Il. The calculated limiting k=0) intermolecular frequencies TABLE IIl. The calculated and experimental Raman-active vibrational
(cm™1) of hydrated microcrystal g, frequenciegcm™?) for a single-walled nanotube.
Symmetry Theory Theo} Symmetry Theory Experimetit
(microcrystal (solid
yotal Go G Hg 119 116
A, 21 35 Hg 190 186
E, 27 48 Ag 396 377
Fu 23 43 Hg 770 755
Fu 30 53 Hg 885 855
A 13 19 Hg 1356 1347
= 14 20 Hg 1525 1526
Fqg 9 17 Hgy 1549 1550
Fq 11 18 Aq 1583 1567
F 18 23 H 1606 1593

)
«Q
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Optical detection of magnetic resonance and of exciton-level anticrossing in
guantum wells and superlattices

P. G. Baranov and N. G. Romanov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tverd. Tela(St. Petersburig 41, 888—890(May 1999

Recent studies of excitonic and electron-hole recombination in GaAs/AlAs quantum wells and
superlattices are reported using microwave-optical spectroscopy of low-dimensional
structures developed by the authors. 1®99 American Institute of Physics.
[S1063-783%9)03405-X

The studies dealing with optical detection of magneticAlAs and GaAs layers, respectively, and recombination be-
resonances were initiated at the A. F. loffe Physicotechnicalween them can be used to probe the microscopic structure of
Institute in 1977 by the discovery of the effect of free-carrierthe interfaces. Because of the low local symmetry of the
cyclotron resonance on luminescence in semiconduttorsinterface C,,), all the four exciton levels are exchange split,
The electron and hole cyclotron resonance was found to su@nd the excitons located on opposite interfaces have inverted
press dramatically the luminescence intensity of excitons antadiative-level systems.
electron-hole drops. Besides the enhanced sensitivity and Nanostructures are presently studied primarily by photo-
spatial selectivity, optically-detected cyclotron resonanceluminescence techniques. The traditional methods of ra-
ODCR, possesses such important merits as the possibility afiospectroscopy are inapplicable here because of the not
studying undoped samples with simultaneous observation dfigh enough sensitivity, but this difficulty can be overcome
the electron and hole cyclotron resonance, investigation dfy employing ODMR. Already the very first ODMR experi-
the dynamics of carriers and the nature of their trapping andhents made on GaAs/AlAs SLs permitted one to obtain ac-
recombination, and probing the band structure and effects afurate and unambiguous information on the energy level sys-
carrier localization in thin epitaxial layers and nanostruc-tem of localized excitons and their fine-structure parameters,
tures. ODCR has become a powerful tool in semiconductoas well as on the magnetig factors of unbound electrons
researct;® which is employed particularly effective in stud- and holes®~° It was demonstrated that the isotropic ex-
ies of low-dimensional systenfs’ change splittingA in type-ll SLs depends primarily on the

The Physicotechnical Institute carried out a series of pioSL period and varies with the latter as shown in Fig®4°
neering studies of tunneling and photostimulated recombinaFthe splitting of the radiative level§;=A/2, and that of the
tion processes in irradiated ionic crystals by optically de-nonradiative ones is small. The halefactor is determined
tected magnetic resonanc€®®DMR).2~1° The effect of by the thickness of the GaAs layers.
impurity-spin polarization on recombination-luminescence  In type-ll SLs one observed also broad ODMR lines of
intensity was discovered, and energy transport process&xchange-coupled electron-hole pairs. Multi-photon ODMR
were investigated in ionic and semiconductor crystals withstudies revealed that the linewidth and line shape of “local-
magnetic impuritie$®!? Optical pumping and cross relax- ized” electrons in such pairs is dominated not by scatter in
ation were employed to develop novel techniques for opticathe g factor but rather by the exchange-splitting distribution
detection of electronic and nuclear magnetic resonance withresulting from the statistical distribution of the pair-partner
out application of microwave¥:12 Numerous studies of ex- distances.
citonic and donor-acceptor recombination in the GaP, GaSe, The results of the ODMR studies were used by the
lI-VI, and SiC semiconductors were carried out, and, in parpresent authors to develop level anticrossing spectrostopy.
ticular, the first ODMR investigations of acceptors in silicon Anticrossing of a more populated nonradiative level with a
carbide doped by gallium, boron, and scandium wereadiative one gives rise to a resonant enhancement in the
made!®!3* The multi-photon ODMR spectroscopy was luminescence intensity of the corresponding polarization.
used for the first time to probe semiconductors and silveiThe position of LAC signals depends on the exchange split-
halides®® tings andg factors, as well as on the magnetic-field orienta-

The present paper reports on the recent studies of GaAsibn with respect to the SL plane. It can be calculated by
AlAs and GaAs/AlGaAs quantum wells and superlatticesexciton spin-Hamiltonian diagonalization as this is done with
(SL) by ODMR and on the exciton level anticrossifigAC) ODMR signals. It should be noted that, in contrast to
spectroscopy developed on this basis. ODMR, observation of anticrossing does not require satura-

The GaAs/AlAs systems allow development of both di-tion of EPR transitions and has no limitations associated with
rect (type I) and indirect(type Il) superlattices. In type-ll the radiative lifetime. ODMR can be observed only for states
SLs, the electronsS=1/2) and heavy holesJ¢{=*+3/2)  with lifetimes in excess of 0.Ls, i.e., only in type-Il SLs.
making up the heavy-hole excitons are localized in adjacenfnticrossing observations based on the linear polarization of

1063-7834/99/41(5)/3/$15.00 805 © 1999 American Institute of Physics
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L, A site interfaces because of different surface segregation of gal-
0 20 40 60 %0 lium and aluminunt®?2® Exciton localization at opposite in-
T T T T T - terfaces was investigated as a function of superlattice growth
:~\ ------ Aab. 4 ] c_or1ditions, in particular, of growth interruptions after depo—
100 A """--A.‘_D T sition of GaAs or AlAs layeré’ Measurements of the lumi-
N 2 nescence response to application of a resonant microwave

field permitted one to start ODMR studies of the dynamic
characteristics of excitorf§.

~ Detection of LAC signals by the linear polarization of
luminescence in type-l systems showed that the exciton ra-
diative levels are split in these structures too, with the radia-
tion emitted from the lowest level being polarized along

N [110]. This argues for the interface islands being preferen-

tially [110] oriented, which agrees with data obtained by
electron and tunneling microscopy.
Thus studies of type-Il GaAs/AlAs superlattices, as well
0.1 - L - ! s ' " as of quantum wells and type-l GaAs/AlGaAs and GaAs/
0 20 40 60 80 AlAs superlattices by optically detected level anticrossing
P, A and magnetic resonance provided information on the relation
FIG. 1. Experimental dependences of the exciton isotropic-exchange spli(—)f gthange splltt.lngsg faCtor.S’ and the sequence of gxcnon
ting A in (1) type-Il GaAs/AlAs superlattices on SL perigd and in(2)  radiative levels with superlattice parameters and the interface
type-1 GaAs/AlAs superlattices an(8) type-l GaAs/AlGaAs quantum wells ~ Structure. This information can be used for nanostructure
on GaAs layer thicknest. The inset shows exciton energy levels in zero diagnosticg.’?°
magnetic field. Development of methods of optically detected cyclotron
and magnetic resonance, level anticrossing spectroscopy,

. ] o o cross-relaxation spectroscopy, and multi-photon magnetic
luminescence permit determination of the polarization of th§esonance has provided a solid basis for initiating a new

lowest exciton radiative level, which turns out to be essentia}jjrection in research namely, radiospectroscopy of carriers
for interface identification in type-Il structures and for re- 5,4 excitations in low-dimensional structures.

vealing anisotropy of the localizing potential in type-I struc- Partial support of the Russian Fundamental Research

tures. o - _ ~ FoundationGrant 96-02-16927is gratefully acknowledged.
The investigation of the transition region and the first

observation of LAC in type-I structures were made on a spe-
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Structural studies of nanoporous carbon produced from silicon carbide
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X-ray diffraction and small-angle scattering study of nanoporous carbon samples prepared from
polycrystallinea SiC and single-crystall8 SiC is reported. The distribution function of

carbon nanoclusters in size was foundal®iC samples, the small siz20—12 A of nanoclusters

is combined with their high size uniformity. Graphite-like nanoclusters 30-60 A in size

were found in samples of both types. IREIC samples, such clusters make up a notable fraction
of the volume. The experimentally observed structural anisotropy of the samples is discussed.
© 1999 American Institute of Physid$51063-783#9)03505-4

Solid carbon exists in a variety of forms differing in X-ray measurements were performed on a two-crystal
structural organization on the short-, mediumanometers  diffractometer with a perfect Ge crystal serving as mono-
and long-range scales. The actual form a sample acquirehromator{(111) reflectior], which provided an angular di-
depends on the method of preparation. It is known, in parvergence of the incident beam of "20rhe dependence of
ticular, that by chemical removal of non-carbon atoms fromscattered intensity on scattering andl€2 8), was measured
carbide compounds one can obtain compact, highly porousm reflection from the sample surfacé€/26 scanning and in
carbon materials with a very uniform nanopore distributiontransmission (2 scan$. In the first case one measured the
in size (~1 nm).}~® These materials have been attractingintensity distribution in the scattering plane in the direction
recently considerable attention in connection with their ap-of the scattering vectas=k,; — kg, which was normal to the
plication potential. Besides, nanoporous carljppor-Q is  sample surfacek; and k, are the incident and scattered
of interest by belonging to a group of novel nanostructuresvave vectors, respectivélyin the second case one obtained
displaying manifestations of various carbon phases or morthe distribution of scattered intensity in a plane perpendicular
phology, including some not observed before. The very firsto vector k;. In small-angle x-ray scattering 2
x-ray small-angle scattering data on compact npor-C samples 10°,k, L s), this distribution corresponds to a directign
prepared of polycrystalline SiC, TiC, and MgC (Ref. 4 parallel to the sample surface. The resolution in the scatter-
revealed the nanocluster nature of the structure of the npor-{dg angle 2 was 0.16°.
framework including clusters 10-25 A in size, which de- Due to the low extinction coefficients of npor-C for
pends on the type of the initial carbide used. The correlatiolCuK o radiation (1.6—2.2 cm?), the effective scattering
between the npor-C structure and carbide type requires wlume in small-angle scattering was assumed to be practi-
comprehensive study. This work reports a comparative ineally constant throughout theddnterval covered, except the
vestigation of the structure of npor-C prepared from single-domain of very small angles @&<0.7°) in the reflection
crystal 8H-SiC and polycrystalline: SiC, which was carried mode, where the incident beam impinged partially onto the
out by x-ray diffraction and small-angle x-ray scattering. Theend face of the sample. Measurements performed in the
results obtained shed light on the extent to which the paramabove two modes yielded information on the structural an-
eters of nanoclusters in npor-C and their internal organizaisotropy of the samples.
tion depend on the initial structural anisotropy for a given
carbide-forming elemer(Si) and hexagonal symmetry of the

i . 2. RESULTS AND DISCUSSION
SiC lattice.
Figure 1 shows typical diffraction patterns for npor-C
(poly-SiC) and npor-&6H-SiC) samplegshown in the an-
1. SAMPLE PREPARATION AND MEASUREMENTS gular brackets is the type of the starting $iCThe broad
diffraction peaks observed with both samples neér26

The npor-C samples were prepared by treating carbidand 44° are close in position to the knoWd002 and(012)
materials with chlorine at temperatures of 700-100@s€:  graphite reflections or th@ 11) reflection of diamond. Hence
Refs. 2—4. The starting materials were compact compositeshe structure of npor-C obtained of both poly-SiC and
produced from polycrystallinex SiC powder and single- 6H-SIiC contains fairly large graphite-like fragmen(tdus-
crystal 8H-SiC plates cut along th@00]) planes. The reac- tery. The cluster thickness in the direction normal to the
tion rate in the case oft6-SiC was slower by more than two (0002 planes estimated from the peak halfwidth at 26° in
orders of magnitude than that with composites. both experiment geometries is 30—60 A. This means that this

1063-7834/99/41(5)/3/$15.00 808 © 1999 American Institute of Physics
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FIG. 1. X-ray diffraction patterns ofl) npor-Qpoly-SiC) and(2,2) npor-Q6H-SiC) samples obtained ifl,2) transmission an@2’) reflection geometry.

dimension does not depend on the orientation of the=4s+sin (6/\) for npor-SiC samples of both types measured
graphite-like nanoclusters in the bulk of the sample. in transmission and reflection. Within tiseinterval studied,

The peak at 26° observed on npof6Ei-SiC) samples there is no region where the scattering curves would obey the
in reflection is substantially stronger than the one seen iPorod lawl (s)xs™* for the asymptotic behavior dfs) for
transmission. This means that #9032 diffracting planesin  s>d~!, whered is the size of identical smooth-surface
npor-G6H-SiC) are predominantly parallel to the sample scatterers Therefore thd (s) curves were assigned to scat-
surface, i.e. they coincide in direction with th@001) basal  tering from an ensemble of particles of the same dimensions.
planes of the startingt8-SiC single crystal. Thus th®002  Because the shape of the particles was not known, their size
planes originate actually from th@00)) planes of 61-SiC  was characterized by the gyration radi(@uinier radiu$
and mostly retain their orientation when the Si—C bonds ar . For smalls (sR,<1)
ruptured and layers of Si atoms are removed. Because _ )
6H-SiC crystallites in poly-SiC are randomly oriented, the ! (S)=1(0)exd —(sRy)/3].
graphite-like nanoclusters in npor{ly-SiC) samples re- Considering the small-angle scattering curvgs) as a sum
tain their orientation, and the intensity of the 26° peak doef a finite number of partial contributioni (SRy) of par-
not depend on the experiment geometry. ticles with different Ry, one can readily expand these

Figure 2 presents small-angle scattering culM&}, s curves in components corresponding to giRyy (see Ref.

6). In this way one can determine the discrete valueBgf
and the corresponding massolume fractions of particles

10% m,. The curves drawn through the, (Ry) points are ap-
proximate distribution functions of the scatterers in size
m(Ry).

Figure 3 shows the points, (Ry) and functionsn(R,)
derived by us from small-angle scattering data for npor-C
(poly-SiC) and npor-G6H-SiC) samples. Then(R,) func-
tions fall off more or less rapidly with increasirigy,, so that
the smallest clusters that can still be observed by small-angle
scattering make up the largest mass fraction. For these clus-
ters, Rymn=>5 A, and the linear dimensiod~2R,=10 A.

The fraction of larger clusters and, hence, the average nano-
cluster gyration radiusRS" and dispersiomRy in npor-C
(6H-SiC) samples were found to be markedly larger than
FIG. 2. Small-angle x-ray scattering curves obtained (/') npor-C those for npor-Gpoly-SiG). The estimates ORgmin: Ry',
(poly-SiG) and (2,2") npor-G6H-SiC) samples in(1,2) transmission and and ARQ for both samples made, as in Ref. 4, from the
(1',2") reflection. m(Ry) distribution functions, are listed in Table I. It is seen
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100 scattering data indicate the presence in np8+&G SiC) of a
noticeable fraction of large clusters, whose dimension in the
8 80 direction parallel to the surface is 30-120 A. At the same
5 [ time x-ray diffraction data show that it is in this direction
3 60 that the(0002 planes in large graphite-like npo€H- SiC)
= i clusters formed of thé0001)6H-SIiC planes are predomi-
' 40 nantly oriented.
E i The weak anisotropy of npor{@oly-SiC), which is not
20 seen in x-ray diffraction but manifests itself in small-angle
0 scattering, originates most probably from an oriented motion

of the “averaged-out” frontline of the carbide chlorination
reaction along the normal to the sample surface. It may be
conjectured that the conditions of growth of carbon nano-
FIG. 3. Nanocluster distribution functions in size(lh1’) npor-Gpoly-SiC) CIUSte.rS along thej reaction frontline ar.]d perpendicular to it
and(2,2) npor-G6H-SIC) derived from small-angle scattering datapz) ~ are different. In this case the nonspherical clusters formed of
transmission andl’,2') reflection. randomly oriented starting crystallites of macroscopically
isotropic poly-SiC will not acquire any orientation in space
with equal probability.
that the nanoclusters forming in npot&H-SiC) are, onthe ~ T0 conclude, the high size uniformity of nanoclusters is
average, approximately twice larger than those in npor-énherent primarily in npor-Qpoly-SiC) samples. In this case
(poly-SiC), where small clusters are substantially more uni-the chlorine and reaction products penetrate during the
form in size. preparation of npor-C between crystallites, which favors de-
The cluster parameters estimated from small-angle scai€lopment of a locally nonflat reaction front and a growth of
tering data obtained in transmission and reflection differts rate. In these conditions, it is primarily small nanoclus-
somewhat. This transverse-longitudinal structural anisotrop§ers, 10-12 A in size, that form preferably. This result cor-
is associated most likely with a nonspherical shape and ndélates well with the high uniformity of nanopore sizen
fully random spatial orientation of the clusters. The relativeNPOr-Qpoly-SiC). The longer time it takes to produce
magnitude of the parameters suggests that oblate nanocludP0r-G6H-SIC) favors formation of graphite-like nanoclus-
ters in our samples are predominantly oriented parallel to thirs 30-120 A in size or larger. The structural anisotropy

surface. observed in npor-C is associated primarily with that of the
The anisotropy in npor<BH-SiC) is much more Starting material. . o
strongly pronounced than that in npo{f®ly-SiC) or other Support of the Ministry of Science Project “Fullerenes

samples prepared of polycryst4lThis effect is associated and Atomic Clusters’(Grant 98-059is gratefully acknowl-
with the strong intrinsic anisotropy oft6-SiC. Small-angle  €dged.
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The fine structure in the titanium x-rd&-edge absorption has been measured in JNb,O,

mixed dioxides x=0—0.1) with rutile structure in a laboratory-type spectrometer by

total electron quantum-yield measurement. The position of the XANES lines is shown to be in
good agreement with classical x-ray absorption spectra obtained in transmission. The

structure and main features of the XANES spectra, including the effects of impurities and many-
electron excitations, are discussed. It is suggested that the intensity Bf gbak

characteristic of the titaniurd edge depends on the Nb concentration and correlates with the
charge state of titanium ions. @999 American Institute of Physid$§1063-783%09)03605-9

X-ray absorption spectroscopyXAS) is a unique 1. EXPERIMENT

method to probe the composition, local atomic structure, and Crystals of pure and mixed Ti,Nb,O, titanium oxides
electronic properties of substances in solid and liquid sfateS(xzo_o, 0.03, 0.0ywere grown from a meltT~ 2100 K) of

The absorption cross section of a compound excited by ¥he corresponding OSCh-grad89.99% oxides by cold-
rays reaching a deep atomic level is a jump in ionization, orgrucible rf induction melting5.28 MHz, 60 kVJ. The ingots
which a number of resonant peaks characteristic of the resbtained by directed crystallization, which was controlled by
gion near the absorption edg¥ANES) and a series of ex- lowering the crucible from the inductor at a rate less than 15
tended fine-structur@9) oscillations(EXAFS) are superim- mm/h, were black, had a diameter of about 80 mm, and
posed. The latter are produced from interference between theeighed about 1.5 kG. After annealing, the ingots were
photoelectron wave excited at the absorbing atom and thground to powder, which was subsequently used to prepare
wave reflected partially from neighboring atoms. XAS stud-samples as usual for x-ray absorption measurenfehts.

ies of the local atomic structure and of the electronic prop-  The fine structure in the x-ray absorpti¢hedge was
erties of transition-metal oxides are presently attracting contecorded with a laboratory spectrometer of an original
siderable interest, both fundamental and applied, because B€sigr? providing measurement of the total electron quantum
a wide range of unusual electrical, magnetic, and opticayield (TEY). The spectrometer consists of two main parts, a
properties characteristic of these compounds, as well of thBlonochromator unit and a vacuum chamber, which housed a
considerable progress in synthesis of materials of variou§@Mple and an electron detect@hannel electron multi-

compositions and structures. Titanium oxides and relate@!i€")- The x radiation was generated by a sharp-fo@fs

materials are employed efficiently in various areas of industUPe With a silver anode. The x-ray tube was rotated together

try, including production of pigments, microelectronics and"ith the entrance slit0.03 mm) coaxially with the GeL11)

microwave technology, optoelectronics, catalysis electroSTYStal monochromator, which permitted one to scan the total
chemistry biochemistn,/ etc. The titanil;m dioxide7 7iG radiation spectrum while leaving the monochromatized beam
Known to’exist in three, modifications namely, rutile ana_fixed. With the entrance slit 0.02 mm wide, the resolution at

. . . the titaniumK edge was about 3 eV. A step motor providing
tase, and brookiteand at high pressures, as columbite, bad'e—za rotation permitted scanning with a step of 2.5 eV. The

dfeleyge, gnctir,] ptOSSIb.ls./’ fluor[[felThe_locgl ato(;nlc structulze fs.ample maintained in the vacuum chamber at a pressure not
ot oxides In the transition-metal region 1S made up usually Ol,yo 106 Torr was irradiated by a monochromatized x-ray

oxygen octahedra, both regular, as in perovskites, or disE)eam at an angle of 3° to the surface. The total electron

torted, as in rutile, which form numerous crystal structures ,4ntum yield was measured by a detector along the normal
depending on the composition and octahedron arrangemeny ihe surface with an extraction potential of 100 V.
This rich variety of structures, which is typical of oxides, is

accounted for by a fine balance between the forces associat@dDISCUSSION OF RESULTS

with ligand charge transfer and narrovd-band and many- The dependence of the total electron quantum yield on
electrond—d correlation effects. It is therefore believed that photon energy at the TK edge in mixed titanium dioxides
x-ray absorption spectroscopy may turn out to be an inforwith rutile structure, Tji_,Nb,O, (x=0—0.1), is displayed
mative tool for probing the local atomic structure and elec-graphically in Fig. 1, and the assignment and energies of the
tronic properties of these compounds. main peaks, as well as the most essential of the available

1063-7834/99/41(5)/3/$15.00 811 © 1999 American Institute of Physics
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oxygen atom positions are confined to a narrow interval:
Energy, eV

c¢/a~0.5-0.7 andu~0.30-0.31. The Ti—O bond lengths
between the nearest neighborm, (d,) and the Ti—O-Ti
angle @) are determined only by the parametars, andu.
Therefore in a tetragonal crystal the oxygen octahedron can
published data, are listed in Table I. Shown for comparisoriheoretically be ideal d;=d,, 20==/2) for c/a=2u=2

are absorption edge data obtaihetithe PLS synchrotron in  —/2~0.586. As seen from Fig. 2, the dependences/af
Pohang. Figure 1 presents also the results of a preliminargn concentratiorx behave differently for the Nb and Sn im-
fine-structure simulation made with inclusion of multiple purities, which is associated with different local-distortion
scattering of photoelectrons near titanium atofusing  patterns of the octahedra in the vicinity of titanium atoms,
FEFF-typ& program$. One observes here only a qualitative namely, unlike Tj_,Sn0O,, the oxygen tetrahedron in
agreement with experiment, which can be accounted for byi;_,Nb,O, mixed oxides approaches the ideal arrangement.
the insufficiently large size of the cluster used in the calcu-The relations presented in Fig. 3 are characteristic of rutile-
lation and the inadequacy of the model concepts chosen. Figype structures, where the oxygen position is determined by
ure 2 shows the dependence of the unit cell parameter ratitne independent parameter This permits one to use both

FIG. 1. TitaniumK edge structure in Ti ,Nb,O, mixed oxides.

c/a and cell volumeV=aZc on impurity concentration for
the Ti,_,M,O, mixed oxides, where MNb, Sn® As fol-

local XAFS (d,/d;) and diffraction €/a, u) experimental
data for a refinement of structural parameters, particularly in
lows from an analysis of known compounds, in rutile crys-the cases where one cannot prepare high-quality single crys-
tals the values o€/a and of parameteu characterizing the

tals required for diffraction measurements.

TABLE I. Position of levels at the titaniurk edge for T{_,Nb,O, rutile-structure mixed oxides.

Substance Ref. Level assignment and energy, eV
3d 4s/4p 4p 5p 1)
tzg €y 4t1u 5tIu @
3ayglaty, 3
Tis*
[9] Ay A, Az B C,/C, D
[12] Ay A; B C,/C, D,
TiO, (4 - 0.0 -9.0 15.0/22.5 35.0
[8] 0.0 3.0 8.8 13.3/15.5
[2] -2.7 0.0 3.2 9.0 15.0/20.6 32.3
[9] -3.1 0.0 3.0 8.6 15.6
[13] 0.0 21 8.4 15.8
0.07Nb (4) - 0.0 - 9.0 20.0 35.0
0.04Nb [10] -3.0 0.0 3.0 9.0 18.0/24.0 36.0

Note The energy of the near-edge pe&k(Ref. 9 was measured as 4971.0 eV, whereas Ref. 2 sets it at 4968

ev.

DAtomic orbital type;
(Z)Coinciding level notation in Refs. 2,8—-13;
®Discrepancy in notatiora,, in Refs. 9,13 and,,, in Ref. 8;
“Spectrum obtained in this work by the total quantum yigl&Y) method.
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discussed. Th& peak intensity near the titaniul edge in
mixed oxides is shown to depend on the concentration of
impurity atoms.

F Support of Samsung Electronic Co. L{8uwon, Korea
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Electronic and electron-phonon phenomena in low-dimensional BEDT-TTF-based
organic conductors and superconductors

R. M. Vlasova, O. O. Drozdova, and V. N. Semkin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

N. D. Kushch, E. I. Zhilyaeva, R. N. Lyubovskaya, and E. B. Yagubskil

Institute of Chemical Physics, Russian Academy of Sciences, 142232 Chernogolovka, Moscow District,
Russia

Fiz. Tverd. Tela(St. Petersbungdl, 897—-899(May 1999

Two related groups ofk-phase ion-radical safBEDT-TTF with different electrical properties,
namely, superconductors with different transition temperatures and conductors, which

transfer to insulating state with decreasing temperature, have been studied by micro-optic
spectroscopy. Polarized reflectance spectra of microcrystals have been measured for the three
principal crystallographic directions within the 700—40000 ¢megion, and the

corresponding spectra of the optical functions obtained. The anisotropy of the electronic system
in the crystals has been established as two-dimensional. The spectra obtained were
quantitatively analyzed, the key parameters of the electronic structure and the vibronic coupling
constants determined. It is concluded that the conductors have smaller vibronic coupling
constants, more narrow allowed electronic bands, and stronger electron-electron interaction
compared to those of the superconductors, and that vibronic coupling is the necessary
condition for the onset of superconductivity in the superconductors studied.9% American
Institute of Physicg.S1063-783%9)03705-3

A purposeful search for high-conductivity organic 1. EXPERIMENT

materials for use in molecular electronics gnd for organic Crystals of both groups belong to the rhombic or mono-
superconductors has recently led to synthesis of two relateginic symmetries and are thin black rhombic platelets with
groups of new ion-radical salts based on(@iBylenedithi>-  metallic luster measuring 0:80.5x 0.05 mm. The conduct-
tetrathiafulvalene(BEDT—TTP."* While the compounds ing layers of BEDT—TTF molecules in the crystals are ar-
of both groups have a similar crystal structureranged parallel to the largest fac€810 and (100, for the
consisting of layers of (BEDT-TTE) orthogonal first and second group, respectively. We measured room-
dimers k phas¢ separated by layers of the correspondingtemperature polarized reflectance sped(a) within the
polymer anions, they differ marked by in electrical proper-700—40000 cm' region under normal incidence of light on
ties. different crystal faces and in polarizations where the light-
Salts of the first group are superconductors differing inVave €lectric vectoE is parallel and perpendicular to the
their transition temperature to the superconducting state, BEDT-TTF layers. T_he correspondmg optical func;t|ons of
including a few with record-high ones for organic com- the crystal were obtained. The experimental technique used

pounds, namelyk(BEDT—TTE),CUN(CN),]X, with X = 322(:;8?;esls;’)eevt\:llglgpéeatures in the treatment of spectra are

Cl (T.=12.3 K), Br (T,=11.6 K), and C} Bry5 (T.=11.3 '

K).. Salts belong!ng to the sgcond group are conductori EXPERIMENTAL RESULTS

which become insulators with decreasing temperature:

k(BEDT-TTF), [Hg(SCN);_,X,] (X=Cl, Br; n=1,2). Figure 1 presents reflectance spe®f@) of the super-
This paper briefly reviews our recent microscopicconductor K(BEDT-TTF),CUN(CN),]X (X =ClosBros)

studied2° of the optical properties of single-crystal com- OPtained from the largest010), and the narrow(101), side

ounds belonging to the two above-mentioned groups. Thgrystal faces in the polarizat_ions for whighvector is par-
pou oelonging K : . groups. " N3jjel (Ella, E|c) and perpendicularg]|b) to the BEDT-TTF
main objective of this work was to investigate the electronic

conducting layers. Similar spectra were also obtained by us
energy structure of the crystals and the electron-phonon arﬁf

| | ) , heir sianifi it r the crystals with X= Br and CI® as well as presented
electron-electron interactions and their significance in formag;ief112 or the E|a andE|c cases. As seen from Fig. 1,

tion of the ground state in the crystals, and to establish thg,q crystals exhibit in th&|la andE|c polarizations intense

main differences in the key electronic-system parameters anglectronic reflectance with a strong vibrational structure in
vibronic coupling constants between superconductors witthe 700-1500 cm' region, a clearly pronounced plasma
different transition temperatures, as well as between conducedge near 4500 cnt, and the associated deep minimum at
ing and superconducting crystals. 5500 cm !; one sees also that the anisotropy in the BEDT—

1063-7834/99/41(5)/3/$15.00 814 © 1999 American Institute of Physics
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FIG. 1. Reflectance spectra of th¢éBEDT—TTF), CUN(CN),]Cl,sBrgs
superconductor fofl) E|a, (2) E|lc, and(3) E||b.

TTF conducting-layer plane is not large. By contrast, in the

E|lb polarization, whereE is perpendicular to the BEDT—
TTF layers, the IR reflectand@00-5500 cm?) is as low as
it would be in an insulator, and is practically frequency in-
dependent. The observed optical anisotropy indicates

guasi-two-dimensional nature of the conducting electronic

system in the crystals.

In the 9000—-40000 cit region, one observes broad
bands, which are most clearly seen ffb and relate to
electronic intramolecular transitions in the (BEDT-T3}F)

cations polarized along the long axis of the BEDT—TTF mol-

ecule.

Measurements showed the spectra of the conductors tween

be qualitatively similar to those of the superconducfots’

Vlasova et al. 815
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FIG. 2. Optical conductivity spectra of(1) the k(BEDT-TTF),

CUN(CN),]CloeBros  superconductor
[Hg(SCNCI,] conductor.

and (2) k(BEDT-TTF),

from Fig. 2, the optical conductivity of the superconductor,
viz. the amplitude of the maximum and the intensity of the
vibrational structure, is noticeably higher than that of the
conductor. A similar broad maximum in the(w) spectra
observed forE| c lies in both crystals at a higher frequency
213000 cmly.

3. DISCUSSION OF RESULTS

The nature of the broad maximum in th€w) spectra of
the superconductors apparently originates from interband
electronic transitions superposed on intraband carrier
transitions:>'*> We believe that the broad maximum in the
spectra of the conductors is due to electronic transitions be-
neighboring molecules in two adjacent
(BEDT-TTF); orthogonal dimerS.The strong vibrational

The difference is that the reflectance spectrum of the quasstructure at the low-frequency edge of the maxima derives
two-dimensional electronic system, including the vibrationalfrom the interaction of the above electronic transitions with
structure, is weaker than that of the superconductors, and thie fully symmetricay intramolecular vibrations in BEDT—

plasma minimum lies at a lower frequency.

The optical conductivity spectrac(w) of the
k(BEDT-TTF),CUN(CN),]ClysBrg 5 superconductor
(E|la) and of thek(BEDT-TTF), [Hg(SCNCI,] conductor
(E||b) are displayed in Fig. 2 for the 700-5500 chregion.

TTF. The assignment of this vibronic structure to tag
intramolecular mode is discussed by us in more detail in
Refs. 4 and 6-8.

Our quantitative analysis of the above spectra was based
on the theory of optical properties of low-dimensional or-

These spectra are qualitatively typical of other compounds ofianic conductors. Fitting the theoretical to experimental
both groups as well. As expected, the spectra deviate suler(w) spectra(Fig. 2) permitted determination of the key

stantially from the simple Drude relatian(w) characteristic

parameters characterizing the quasi-two-dimensional system

of metals, namely, one observes in them a broad maximurtw,, A, V/A, I'o)? and the vibronic coupling constanis-

near 2300 and 2600 cm, respectively, with a strong vibra-

dividual, A ,, and netA\=3\,). The values of the param-

tional structure lying at its low-frequency edge. As evidenteters thus obtained are given in Refs. 4 and 6-8.
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TABLE I. T, and of the organic superconductors studied. mation of molecular polarons, because the vibronic coupling
7 .
T (KB3K T. (K43 K chonstz;nt f]?un(rj] by us for th(;a condu_ctoxy, 0.1;3, is smdaller
Compound TLK A (exp) (calc) t an t.at or the superconductgrs=0.26 (Refs. 6 an 8.
This gives us grounds to suggest that the largeimplies a

(k%I-Er')If)Hgi?ﬁéss) 14(-)34 g-ig 215 217 substantial part played by electron-electron interactions in
2 2 . . . . ’

K(ET).CUNCN),IClo Bros 113 026 57 39 the conductors studied py us.

K(ET),CUN(CN),]Br 116 0.26 27 3.2 Support of the Russian Fundamental Research Founda-
K(ET),CUN(CN),]CI 12.8 0.26 2.7 3.2 tion (Grants 98-02-18303, 97-03-33686a, and 97-03-38581

is gratefully acknowledged.

l)a)p is the plasma frequencyy andV are the band gaps with and without

Table | presents the values wffor the studied organic inclusion of vibronic coupling, anfl, is the electronic damping parameter.

superconductors; in the order in which they are arranggd,

Increases .In the I.’atlo 1'2'5'2.'7.' We readlly See_that superco E-J. M. Williams, J. R. Ferraro, R. J. Thorn, K. D. Carlson, U. Geiser, H. H.
ductors with a highefT; exhibit a Iarggr vibronic coupling  \wang, A. M. Kini, and M.-H. WhangboOrganic Superconductors (In-
constant\. It was found that thel'; ratio calculated by us  cluding Fullerenes): Synthesis, Structure, Properties, and Theory
from the well-known BCS relationkgT.~1.1hwpexp (Prentice Hall, Englewood Cliffs, 1992

_ : : 2M. Z. Aldoshina, R. N. Lyubovskaya, S. V. Konovalikhin, O. A.
( 1/)\) using the values ok from Table | is close to the Dyachenko, G. V. Shilov, M. K. Makova, and R. B. Lyubovskii, Synth.

a_bove.experirr.\ental ratio. In our op_inion, th_is indicates that pet. 55-57, 1905(1993.
vibronic coupling plays a substantial role in the onset of *R. M. Viasova, R. N. Lyubovskaya, E. I. Zhilyaeva, S. Ya. Priev, and
Superconductivity in the Compounds studied. V. N. Semkin, Fiz. Tverd. TeIz&Leningrad 32, 3024(1990 [SOV. PhyS.

. _ . . Solid State32, 1755(1990].
As already mentioned, the conductors exhibit a con5|d-4R' M. Viasova, S. Ya. Priev, V. N. Semkin, R. N. Lyubovskaya, E. I.

erably lower optical conductivity originating from electronic  zhjlyaeva, E. B. Yagubskii, and V. M. Yartsev, Synth. Md8, 129
transitions in the quasi-two-dimensional electronic system (1992. _ .
and the related vibronic structure, than is the case with the R- M. Viasova, O. O. Drozdova, V. N. Semkin, N. D. Kushch, andE

o o Yagubski, Fiz. Tverd. Tela(St. Petersbupg35, 795 (1993 [Phys. Solid
superconductors. To assess quantitatively this difference, wesiﬂgsg 40é2(19g§5_ elalSt. Petersburg (1993 [Phys. Sol

determined the plasma frequennaﬁ= 8 [o(w)dw charac-  €0. 0. Drozdova, V. N. Semkin, R. M. Vlasova, N. D. Kushch, and E. B.
terizing the oscillator strength of this transitiqwith the ,Yagubskii, Synth. Met64, 17 (1994. .
integration performed from zero to 6000 (_:I]l). It was R. M. Vlasova, O. O. Drozdova, R. N. Lyubovskaya, and V. N. Semkin,

found that for the k(BEDT—TTF)2 [Hg(SCN)CIz] and (Fiégg\ﬁerd Tela(St. Petersbungd7, 703(1995 [Phys. Solid Stat87, 382

K(BEDT-TTF), [HY(SCN),Br] conductors, w,=3270 8R. M. Vlasova, O. O. Drozdova, V. N. Semkin, N. D. Kushch, andE
and 4240 cm! (E|b), respectively. For the ;aguggkaSFliZ(-lggggd- Tela(St. Petersbung38, 869 (1996 [Phys. Solid
P — -1 tate38, .
superconductors the minimum value)p—5600 cm %V. M. Yartsev, O. O. Drozdova, V. N. Semkin, and R. M. Vlasova, J.
[for  k(BEDT-TTFLCUN(CN)IClogBrog, and the  ppys | France, 1673(1996.
maximum value ,=6800 cm? [for 0R. M. Vlasova, N. V. Drichko, O. O. Drozdova, and R. N. Lyubovskaya,
k(BEDT_TTF)ZCL[N(CN)Z]Br] Evaluation of the effective E;.Z65T\189I’9d Tela(St. Petersbung39, 1313(1997 [Phys. Solid Stat&9,
electronic_ massm*_ using the relation wl23:47TNe_2/m* 13 E. (Eldrigél;.e, K. Kornelsen, H. H. Wang, J. M. Williams, A. V. Strieby
(whereN is the carrier concentration equal to the dimer con- crouch, and D. M. Watkins, Solid State Comm8, 583 (1991).
centration,N4=1.1x 10?* cm®) yielded m*/m)=8.4 for  ?K. Kornelsen, J. E. Eldridge, H. H. Wang, H. A. Charlier, and J. M.
k(BEDT—TTF)2 [Hg(SCN)C|2] and (m*/m) =26 for lS)William's, Solid State Commur81, 343(1992.
k(BEDT-TTF),CUN(CN),]Br. The large effective mass "7 Ric® Phys Rev. Lete7, 36 (1976.

obtained for the conductors is apparently not related to forTranslated by G. Skrebtsov
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Electronic excitations owing to plastic deformation of ionic crystals
V. A. Zakrevskii*) and A. V. Shul'diner

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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Electron emission and luminescence accompanying plastic deformation of alkali halide crystals
are studied. It is shown that the intersection of dislocations can cause electronic excitation.
Deformation electron emission and luminescence are produced by relaxation of these excitations.
© 1999 American Institute of PhysidsS1063-78349)03805-9

In studies of the effect of mechanical stresses on solidsspectively. Photon counting detection was used. Two photo-
primary attention is focussed on the reaction of the lattice tanulitpliers were used to measure the luminescence spectrum,
loading, i.e., to the change in the mutual position of theone to detect the integrated emission and the other, located at
atoms, structural defect formation, and disruptions of contithe output slit of a DMR-4 monochromator, to detect emis-
nuity (crack formation. Less attention has been paid to sion at a definite wavelength.
evaluating the response of the electronic subsystem, so that, Figure 1 shows typical measurements of the deformation
until recently, it was unclear whether electronic transitionselectron emission(DEE) and deformation luminescence
can be induced by mechanical loads. In the meantime, it i$DL) obtained from an LiF sample deformed at a rates of
obvious that lattice distortions can create conditions for the=2x 10 3s™* at room temperature. The figure shows plots
realization of electronic transitions that are unrealizable inof the deformation electron emissiolpgg) and deformation
unstressed materials. Since the properties of solids are detdwminosity (I, ) intensities, and of the load on the sample,
mined by both subsystems, the reaction of the electronic suts functions of the degree of deformatien,As a rule, the
system to loading must be taken into account in studies oPEE and DL appear simultaneously after completion of the
deformation and fracture processes. In fact, energy can bRasy slip stage, when the deformation has reached 1-2%.
stored in the electronic subsystem in the form of electronidJsually the intensities of DEE and DL remain roughly con-
excitations, as well as in the elastically deformed lattice. DeStant after a short rise time. Similar results were obtained for

formation and fracture processes can be accelerated by tiaF crystal samples. o _

release of electronic excitation energy. Plastic deformation of alkali halide crystals is, therefore,
Electronic relaxation is accompanied by the emission oftccompanied by electron emission and luminescence. It

photons and electrons. Before the present experiments, it waould be noted that we have used here crystals that were not

known that when large cracks develop, light and electrorsubjected to any exciting interactions prior to deformation.

emission are observed® However, these observations were
made in air or in a relatively low vacuum and some of the
data indicated a connection between the detected radiation
and electrical discharges initiated by polarization of crystals
under loadind. The contribution of plastic deformation,
which always accompanies fracture, was also undetermined.
Thus, we faced the problem of conducting experiments under
conditions which exclude discharge formation and make it
possible to evaluate the role of plastic deformation. These
conditions correspond to plastic deformation of crystals at a
constant rate in ultrahigh vacuum. The choice of alkali halide
crystals for this investigation allowed us to evaluate the in-
terrelation of deformation processes and emission phenom
ena in a well-founded manner, since the evolution of dislo- 20}

800

400

600

300

Ipy (counts/s) Ipgg (counts/s)
o

cation structures in these crystals is well known. Z [

We examined nominally pure single crystals of LiF and 10
NaF. The samples were heated in vacuum at 550 K for 6 h ol R e . 1
and then compressed at a constant rate alonf00H direc- 0 2 4 6
tion. The deformation rate could be varied from 10° to g, %

10 1s71, and the sample temperature from 200 to 700 K. o _ o S
The residual gas pressure was $®a. The electron emis- FIG. 1. The_ |ntenS|_ty of deformation electron emissibgge, the |nten_5|ty

. . of deformation luminosity| 5, , and the load at the samplg, as functions
S'On_and luminescence were deteCteq b_y a secondary electr@fyne rejative strair: for a LiF crystal. The dashed curves shéyge and
multiplier (VEU-6) and a photomultiplier(FEU-106), re- 1, for samples with a dislocation forest.

1063-7834/99/41(5)/3/$15.00 817 © 1999 American Institute of Physics
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4 recombination ofF centers with - (or Vg-) centers(a
center$ that are mobile at room temperature. The long wave-
length band is associated with the presence of impurities in
the crystal and, most likely, arises during recombination of
electronic centers containing an Mg ion with\Vcenters:

A selective photoeffect was observed in deformed NaF
crystals owing to the development Bfcenters during load-
ing of the samples. In addition, thermally stimulated electron
emission was observed in LiF and NaF as a result of the
thermal destruction of electronic color centers produced by
plastic deformation.

Y These experimental data show that, during plastic defor-

500 600 mation of alkali halide crystals, color centers develop which
are similar to those formed by bombardment with ionizing
radiation. On the other hand, these data show that DEE and

FIG. 2. Deformation luminescence spectrum of an LiF crystal. DL cannot develop because of microcracks which, according

to some author® are formed in these crystals even with
small deformations. In fact, DEE and DL set in at the end of

This suggests a radical difference between the observed phthe easy slip stage in LiF, when crack formation is improb-

nomena(DEE and DL and the luminescence of the de- able. As deformation and load increase during compression,

formed, coloredirradiated beforehandrystals studied by a the rate of crack formation should rise, but the intensity of
number of others.The luminescence of irradiated crystals is DEE and DL remain essentially unchanged. Lowering the
caused by the breakup of radiation-induced color centersemperature and increasing the deformation rate also cause
stimulated by deformatidhand for this reason, it is best to the probability of crack formation to rise, but here the num-
refer to it as deformation-stimulated luminescence, ratheber of photons emitted over a time corresponding to an in-
than DL. crease in the strain by 1% is lésFhe absence of a relation-
The data shown in Fig. 1 suggest that DEE and DL areship between crack formation and the emission phenomena
associated with the intersection of dislocations. In fact, inis also confirmed by an analysis of the pulse height distribu-

LiF the intersection of dislocations begins before completiortion at the photomultiplier output during detection of DEE.

of the easy slip stagecausing deformation hardening of the In order to establish the mechanism for this phenomenon

crystal, and DEE and DL appear at this time. A close inter4t was important to establish precisely what kind of intersec-

relation among intersection of dislocations and DEE and DLtions lead to the production of color centers. It is known that
was confirmed in experiments with LiF crystals that have acrystals with an NaCl-type lattice have six equivalent sys-
dislocation forest and an isolated system of slip planes pretems of slip planes which intersect at angles of @ithogo-

pared by a method proposed by SmirdoReformation of  nal) or 60° (oblique. It has been showvirthat DEE and DL

crystals with a single slip system, in which dislocations doresult only from the intersection of oblique dislocations.

not intersect, was not accompanied by emission phenomena. It is clear from general considerations that electronic

Deformation of crystals with an oblique deformation forest,transitions leading to the appearance of color centers can

on the other hand, leads to intense DEE and @ashed occur as the result of the strong local distortions of the lattice

curves in Fig. 1 They showed up right after the yield point accompanying the intersection of dislocations. The electronic
was passed, i.e., when the moving dislocations began to irexcitation energy in alkali halide crystalstisA = (ae€?/c)
tersect the forest dislocations. +EA,—E,;, where « is the Madelung coefficiente is the

It has been shown that the intensities of DEE and DL inelectronic charge, @ is the lattice constang, is the elec-

LiF crystals vary with temperature and strain rate. An analytron affinity of the haloid atom, and, is the ionization

sis of the temperature dependences of the emission intengnergy of the metal atom. For sufficiently strong distortions

ties showed that DEE and DL are thermally stimulated pro-of the lattice,« can decrease for an isolated anion-cation pair

cesses with activation energies of about 0.3%V. to a value that satisfies the condition for overlap of the

Observation of electron emission and luminescence indiground and excited states of the quasimole¢ake0). As a
cates that electronic excitatigelectron and hole color cen- result, nonadiabatic electronic transitions between these lev-
terg occurs in deformed crystals. Data on the nature of thesels, accompanied by the creation of electron-hole pairs, be-
centers were obtained by studying the DL spectrum, as weltome possiblé?

as photostimulated electron emission and thermally stimu-  Of all the types of intersections of dislocations, the ones

lated electron emission from deformed crystals. that cause the strongest distortion of NaCl-type lattices are

A DL spectrum was obtained for LiF at room tempera- thermally activated intersections of oblique dislocatithk.
ture. It is shown in Fig. 2 without correction for the spectral might be thought that DEE and DL are associated with in-
sensitivity of the photomultiplier. The spectrum is similar in tersections of this type. It is important, however, to note that
structure to the x-ray luminescence spectrum of®LiRd intersection of oblique dislocations in LiF occurs mainly
contains two bands With 5~ 280 Nm andh ,~400nm.  through the athermal Orowan mechanisihe fraction of

According to Ref. 8, the short wavelength band is caused byhermally activated intersections is small and increases expo-

Ipp, arb. units

Al

200 300 400
A, nm



Phys. Solid State 41 (5), May 1999 V. A. Zakrevskil and A. V. Shul'diner 819

nentially with temperature, like the intensity of DEE and DL. panied by local heating of the lattice. This may cause the
The activation energy for intersection of oblique dislocationsdeformation and fracture processes to be accelerated signifi-
in LiF has been estimated to be 0.3 é¥he same as the cantly, since an energy of several eV has been released in a
activation energy for DEE and DL. These data support ouvolume corresponding to a single unit cell.

hypothesis about an interrelation of DEE and DL precisely

with thermally activated intersections of oblique disloca-«g_pai. v zakrevsky@pop.ioffe.rssi.ru

tions. The dependence of the emission intensity on the strain

rate can be expla'”ed _'n thIS £ase by_ the faCt_that’.Whm_ IN. A. Krotova and V. V. Karasev, Dokl. Akad. Nauk SSSR, 607
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The data obtained here yield the following conclusions. 6A. v. Shuldiner and V. A. Zakrevskii, Radiat. Protection Dosime#y
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; . . . .
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. L. ._ sian| (Nauka, Leningrad, 1981
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Orthorhombic symmetry of valence-band states in CdTe/Cd 1-xMn, Te quantum wells
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A study is reported of the anisotropy in magnetic-field-induced linear polarizati¢boib
CdTe/Cd_,Mn,Te quantum wells. The observed limiting anisotropy is shown to be due to the low
C,, symmetry of the quantum well. The relations obtained for@g point group are in a

good agreement with experiment. Considered on the microscopic scale, the effect is associated
with the heavy-hola-factor anisotropy in the well plane. @999 American Institute of
Physics[S1063-78389)03905-2

The point symmetry of quantum wells and superlatticesand the manganese concentration in the barrier xwa8.1.
grown from zinc-blende compounds along ff#®1] direc- The structures were placed in a helium cryostat with a super-
tion is lowered fromT,4 to D,4. In these conditions, the conducting coil and, by pumping out the helium vapor, the
strong spin-orbit coupling in the valence band characteristitemperature could be lowered to 2 K. The luminescence was
of these compounds results in a strong anisotropy in thexcited with a He-Ne or Ar laser with a power about 1
hole-subband spin structure. This anisotropy manifests itseMV/cn?, and the radiation propagating alo1@01) (z axis)
in an experiment primarily in the appreciable difference be-was measured. The degree of linear polarization was mea-
tween the Zeeman splittings of excitorficole) states in a  sured by counting photons polarized in two orthogonal direc-
magnetic field directed parallel and perpendicular to the hettions in two channels. The polarization of the pump light in
erostructure growth axis? The heavy-holeg-factor anisot- Our experiments did not produce any effect on that of the
ropy caused by the symmetry lowering of tt@01)GaAs/ luminescence. The magnetic fieBl=(B,, By, 0) was par-
AlGaAs structure froniT, to D,y was studied also by spin- @llel to the well plane. To study the dependence of radiation
flip scattering spectroscopy, where the transverse poIarlzaFlon on magnenc_—fleld direction in the well p!ane, the
component of they factor was estimated ag, <10 2. In sample immersed in helium was rotated aboutztmls. .
semimagnetic semiconductors, the strong anisotropy of the WO parameters were measured to characterize the linear
hole spin structured, <g,,) produces interesting dynamic Pelarization in our experiments
effects?~’ which originate from magnetic-ion spin preces-

sion in the anisotropic exchange field of the hBle&t the po=(la=lp)/(Ia+1p), and

same time it is the smallness of the transverse component of

the holeg factor that makes it extremely sensitive to various pas=(lar =1l (1o F 1) @)
violations of theD,4 symmetry of an ideal quantum well

Herel, are the intensities polarized along theg directions
(i.e., perpendicular and parallel to the magnetic fieddd
a', B’ (rotated by 45° around the axis with respect tay
and B). This choice of parameters is not only convenient

(QW).

This communication reports on an experimental and the
oretical investigation of the lateral anisotropy in the proper-

ties of excitons in CdTe/Gd Mn,Te quantum wells, which from a practical viewpoinfonly the sample is rotated, while

becomes evident in the angular dependences of thg e magnetic field and the measurement system remain fixed
magnetic-field-induced linear polarization of exciton emis-y . physically reasonable as well. If the quantum wells had
sjon. Exper!meptal data on the angular dependences of the | symmetry C..), the p, and p,s parameters, as can be
linear polarization suggest that the symmetry of the QW%hown, would not depend on the anglebetween the mag-
under study is lowered from,q 10 Cy, . which makes the  petic field and thé110] axis with po=const, p4s=0, which
(110 and (1) axes inequivalent. It turns out that the trans-corresponds to purely isotropic polarization. In the other lim-
verseg factor, which has a sizable magnitude, is itself esseniting case, where the polarization plane is fixed relative to the
tially anisotropic in the well plane, i.egy,# dyy - crystallographic axegthe so-called built-in polarization,
We used CdTe/Cd (Mn,Te structures grown by MBE with a linear dipole rotating together with the samplg,
on (001)—GaAs substrates in our measurements. Structure + cos 2p, pys~sin 2p. In the case of a four-fold symmetry
contained four CdTe QWs with thicknesskes- 20, 40, 60, axis (D,q symmetry, the py andp,5 parameters should con-
and 100 A, separated by €dMn,Te barriers with a man- tain cos 4 and sin 4.
ganese concentration=0.3 and widthL =500 A. Structure Figure 1a and 1b displays spectra of the luminescence
Il had three QWs with thicknessds=40, 60, and 100 A, and linear polarization, parameter obtained from QWs

1063-7834/99/41(5)/4/$15.00 820 © 1999 American Institute of Physics
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FIG. 1. Spectra of intensitisolid lines and degree of linear polarizatigdotted line$ of the emission from a quantum well with thicknéss 60 A and(b)
20 A in structure 1. Excitation with a He—Ne lasgr.96 eV}, temperature 2 K, in-plane magnetic fiddd=2.6 T.

60 and 20 A thickstructure ). In zero field, one detects only field direction. This situation was observed to occur in QWs
a small linear polarization of the luminescence, which doeswith thicknessed =40 and 60 A in structure |.

not exceed 2% while, in a magnetic field of about 1 T, the  Studies of QWs with other parameters revealed a rich
polarization increases by an order of magnitude. By rotating,ariety of po (@) and pys(¢e) relations. Figure 3a and 3b
the crystal in a fixed field, one could make angular scans oéhows angular dependences of the linear polarization param-
po and pys for different QWs. Figure 2a and 2b shows the eters for QWs with thicknesseés=60 A in structure II(Fig.
dependences gfy and pss 0n ¢ for a 60-A thick QW mea- 3a andL=20 A in structure I(Fig. 3b. Besides the actual

sured atB=0 and 2.6 T, respectively. The dependences inappearance of such a strong angular dependence implying a

Fig. 2a are copvenUonaI crystal-rotation scans and are P%ubstantial anisotropy in in-plane properties, there is one
sented only to illustrate the measurement error. By contrast

the result demonstrated in Fig. 2b is totally unexpected anahore remarkable point. In all cases, application of a field
suggests a conclusion which might seem at first glance par&/ong[110] (¢=0°, 180°) and(110] (¢=90°, 270°) pro-
doxical, namely, that a magnetic field induces a linear po|arduces different results, whereas for an ideal structure with
ization of the luminescence, but neither the magnitude of thi§ymmetryD,4 these axes are equivalent. It should be noted
polarization nor its orientation in the crystal depend on thethat the inequivalence of tHa10] and[110] directions in

1 1 I T ¥ 7 i v T ~T
| a B=0 ) ] b o0 B=26T .
N - 410
IF Jo oo o . .
X y B -5
o b © . o)
g b
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FIG. 2. Dependence of the luminescence polarization from a quantun(streitture ) with thickness(a) L=20 A in zero magnetic field an¢th) L=60 A
in B=2.6 T on in-plane field orientation. Fitting parametérsunits of T~2) (b): aD=0.016,b=c=0. ¢=0 corresponds t&|[110].
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GaAs/AlAs superlattices, which is observed in the fine struc- ) .
ture of the excitonic spectrum, has recently been revealed in  p4s=DB?| asin2¢+

ODMR (Ref. 9 and exciton optical orientatidh experi-

b—c

. ®

sinde | .

ments. In our case, however, manifestation of the excitorin a general case, thé {-c) coefficient is nonzero, and the
fine structure is hardly possible, because the correspondirengular dependence of linear polarization may contain the

splittings are usually on the order of a few tens ¢V,
while the energy of localized-carrier interaction with mag-
netic fluctuations in semimagnetic semiconductors
estimated! to be a few meV.

fourth harmonic. Note that, in a cubic crystal or a system
with D,y symmetry, a=0 (becauseA;;=A,,, and A,;

is=A;,), and it is only the fourth harmonic that can exist. The

solid lines in Figs. 2 and 3 are plots of the degree of linear

The linear polarization of radiation is described by thepolarization as functions of angle constructed using Esjs.

symmetric part of the polarization tens( ,Ez). Restrict-
ing ourselves to the weak magnetic-field domain,

)

we readily see that the angular dependence,dbr an ideal
QW (D,4 symmetry can contain only the zeroth and fourth
harmonicsand that ofp,5, only the fourth harmonijc None

<EaEB>Symm: A(c)vB_I— Aaﬁy58785 ’

and(6). For QWSs with thicknessds=40 and 60 A in struc-
ture I, the p—c) and p+c) coefficients were found to be
practically zero, i.e.,b=0,c=0. This means thatp,
=aDB?=const ang,s=0 do not depend op [see Eqgs(3)
and (4)], in other words, the plane of polarization of the
emitted light is fixed with respect to the crystal axes.

For the thinner wellL =20 A (Fig. 3b), the contribution

of the quantum wells studied exhibits, however, dependence® the fourth harmonic, as well as of the constant component
of this kind. At the same time, if we assume that the sym-Of polarization, becomes substantial. At the same time for

metry of the system dropped for some reasons fidsy to
C,,, the minimum step required to make th&l0] and
[110] axes inequivalent, the results will be completely dif-
ferent. For the sake of conveniency we write it first in a
system of parameters based on the crystallographic axes

structure Il withL =40 and 60 A(Fig. 33, (b—c)=0, and
the isotropic part of polarization provides a contribution
comparable to that of the anisotropic one. Thus relati@hs
and(4) describe properly the totality of the experimental data
obtained on different structures and quantum wells of differ-
ent thickness.

po=DB2(a+bcos 2), 3 A rigorous quantum-mechanical calculation shows that
) . the anisotropy in the magnetic-field-induced linear polariza-
pss=DB7Csin2¢. (4)  tion can be explained in terms of a model considering the

Here the anglep is reckoned from th¢110Q] direction,
a=Ap—An—AxptAp, b=A;—Ay+Ax—Ap,, andc

=4A¢s. To make possible comparison of the calculations

effective spinj=1/2 of a heavy hole with an anisotropic
fgctorJﬁzga{;j « (@xx# Qyy) . We shall present here only the
final expressions for the parametegsand p z:

with experiment, we have to recast the above relations, in
accordance with the actual measurement conditions, to a
laboratory frame tied to the magnetic field
b—c

2

)

pa5=KB?(Uxx+dyy)Sin 20, )

where coefficienk accounts for the specific features of spin
polarization in a semimagnetic semiconductor. As seen from

P(,): kBZ((gxx_ gyy) +(gxxT gyy)COS 2p) ,

b+c

_NR2
po=DB7| —

+acos 2p+ cosdp |, 5)
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Model of spinodal decomposition of phases under hyperbolic diffusion
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A model is proposed for the kinetics of spinodal decomposition at high diffusion rates described
by a hyperbolic equation. The formation of new phases is described using a zero-radius
nonlinear potential model. It is shown that a regular distribution in space of the phases during
spinodal decomposition is initiated by suitable initial conditions for the concentration

gradient with constant initial concentrations of the components.1999 American Institute of
Physics[S1063-7839)04005-9

As a process which makes it possible to form materials  4C;
with spatial phase regions of extremely small size, spinodal
decomposition of phases is of considerable interest in the
synthesis of high-temperature superconductors, dispersion-
hardened materials, porous glasses;&the major features Without loss of generality, for simplicity we shall consider
of the phase-transformation process during spinodal decomhe spinodal decomposition of a two-component phase with
position of phases can be formulated as follows: the newariable-composition. Since the concentration of the second
phases are formed in a state far from equilibrium, and theomponent is given bg,=1-C,, the system of hyperbolic
spinodal deformation rate greatly exceeds the phase-transtquations in this case will consist of a single equation for the
tion rate in the region where the phases exist in a metastableriableC=C; . It is natural to assume that at the initial time
state. Spinodal liquefaction processes are characterized by #@me concentratiorC is constant(the condition of chemical
especially rapid raté.The classical theory of spinodal de- homogeneity of the phaseln addition, the spatial distribu-
composition, which is based on the Cahn-Hilliard motiél, tion of 4C;/dt|,_g is, in general, nonuniform, which corre-
sponds to the presence of several active centers in the de-
composing phaséthe seed formation centers for the new
phases These centers can, for example, be dislocations,
stacking faults in crystals, boundaries, and triple junctions of
(whereC; is the concentration of thigh component in the grains in polycrystals, or associates in melts.
decomposing phasejs the time K; is a positive coefficient, For describing the formation of new phases by spinodal
D; is the diffusion coefficient of theéh component, and is  decomposition we propose using a zero-radius nonlinear po-
the Laplacian operatrprovides a rather good description of tential model for the hyperbolic diffusion equation. It is
the spinodal decomposition process for relatively low massknown that specifying a zero-radius linear potential reduces
transport rates of the componeftsn addition, the custom-  to constructing a self-conjugated expansion of some symmet-
ary description of the transport of the components in terms ofic operatort®~2 Briefly speaking, the procedure for this
a parabolic model is not always correct, since it neglects theonstruction, usually referred to as a “contraction-expan-
diffusion relaxation time, which may be comparable to thesion” procedure, is as follows. We start with a self-
structural relaxation time for the phase formation process. Izonjugated operatoKA2—DA in a space of quadratically
these cases, a wave equation for the transport process mugsfmmable functions. We contract it onto a manifold of
be used.”® Given the above comments and assuming to &mooth functions which go to zero at some point. The clo-
first approximation that the coefficienk§ are constant, the sure of this operator will be a symmetric operator with defi-
spinodal decomposition of the phases can be described hyency indices(6,6). The deficiency element corresponding
the system of equations to the point\ is obtained from the fundamental solutign

of the equation

-
I
o

Flel
7: _A(KiACi)+DiACi

TG L P\ ac+DAC
Tdi 2 e i [ iabi, K
o A% AY—xou=5(r),
where 7 is the diffusion relaxation time of theh compo-
nent. Note that, for the hyperbolic equations used here, the

initial conditions must be supplemented by conditions for which is found in the explicit form

1063-7834/99/41(5)/3/$15.00 824 © 1999 American Institute of Physics



Phys. Solid State 41 (5), May 1999 Antonov et al. 825
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-1
—r‘l[.] 4k5’2(5k4—>\ )
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wherer=|r|, [J(f(k))](r) is the Bessel transform of the
function f (k) at the pointr,** \o=k2, andH{" andH{? are
Hankel functions of the first and second kinds, respectively.
The set of deficiency elements is

Uyt s Pyo s Unaxa s Wnaxa s Pxaxe - Y

It has self-conjugated expansions which also gives OUFIG. 1. Distribution of the concentratio@ of a component over the space

model. The domain determining the expansion includegoordinatesX andY during spinodal decomposition of a phase under hyper-
. . . . L bolic diffusion conditions.

functions from the region of conjugatiao the initia) op-

erator which satisfy some additional conditions. Specifically,

elements from the domain defining the conjugation operatophase. Here we are describing the initial stage of spinodal

have the form decomposition, when the sizes of the growing nuclei are neg-
2 2 ligible compared to their separation. When singularities-
ury= >, bijlﬂx.x.(fHE by (1) + boi(r) + £(r) cle) appear, the situation changes. New centers are not
ij=1 " i=1 ' formed, since further growth in the concentration wave

2 2 above the given level does not take place at other points,
% ao_izl aiXi+ijE=1 2 05, %X, +u@(r), Eggiuff)?;]r;z excess is absorbed by centers that have already
For simplicity let us consider the case where the nucle-

where ation centers of the two phases alternate spatially and form a
u©0)=u?0)=u® (0)=0, square two-dimensional lattice with sides of lengttFrom a
' o formal mathematical point of view, this corresponds to the
g;=1, i=j, @i=12; i,j=1.2, following initial conditions. The initial value of the concen-

tration is constant, while the initial rate of change of the

&(r) is a smooth cutoff function, witl(r)=1 forr<1 and concentration is a function which is close to

&(r)=0 forr>2.
Note that, in the neighborhood of the selected point, Upnm=cognmx/L)cogmmy/L),

these elements have the asymptote wheren and m are integers. At the boundary of the square

C=bor2Inr+byrInr cose+b,r Inr sing+byy(2Inr+1 (0=x=<L, O<y=L) we assume that the Neumann boundary
. _ conditionsdC/dv=0 are satisfied. In this situation, a single
+2¢og @) +Db1,8iN 20+ byy(2 Inr+ 1+ 2 sirf @) +ag mode (standing concentration wayavill dominate in the
+a,r cose+a,r sing+a;r2cos ¢+ar2sin2¢ solution,
+agr?sir o+o(r?), r—0. exp( — anmt) Sin( Bymt)cog mnx/L),
cogmary/L).

Carrying out the expansion actually reduces to specifying the
relationship among the coefficiertts,b;; andda;,a;.**"**  The amplitude increases in the initial time period. If at some
Note that the self-conjugated expansions naturally include amoment it reaches the threshold, then nuclei of the new
initial operator corresponding to the case when there is nphases appear, simultaneously, at the antinodes of the stand-
potential at all. In this problem we propose introducing aing waves. Figure 1 shows the spatial distribution of the
zero-radius nonlinear potential, i.e., a nonlinear expansion ofoncentration at a time when the threshold has not yet been
the diminished operator. We choose it in the following way.reached. In the calculations it was assumed that,, is a

If C<C, (i.e., the concentration at the given point is lesspiecewise linear function and

than some fixed valyethen the expanded operator is the

initial self-conjugated operator. If, on the other hafdex- f |U—Unm|2dv<0-1-

ceeds this threshold, then we choose an operator for the ex-

pansion corresponding to a ‘“sourcelmore precisely, Therefore, the periodic siting of the phases during spinodal
“sink” ) of strength proportional to the excess above thedecompositon is initiated by a “periodic” initial condition,
threshold. The physical significance of this model is that, orwhich is related to the corresponding arrangement of the
reaching a certain value of the concentration of a componentiucleation centers determined by the structure of the initial
the nucleation center transforms into a nucleus for the newhase.
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In the past decade, quantum transport in mesoscopic syfrom the domain defining the operatéty®, which go to
tems has been studied actively from both theoretical and eXero at the pointgp=0 and¢=m. We denote the orthogo-
perimental standpoints® For systems of mesoscopic rings nal sum toD® by D(®) and the collapse dfi*E onto this set
in magnetic fields, there is special interest in the study of thgyy S(U). we seek the Hamiltonian for the model among the
relationShip between the transmission coefficient and th§e|f_conjugated expansiorgl)_ For describing the expan-

magnitude of the field, more precisely the magnetic fluxsjons it is convenient to use the Crane formula for the resol-
®.14®n particular, Ref. 5 is devoted to a study of reso-yent

nance transport phenomena in a system of serially connected -
rings. It has been found that all states ndgy2 (®, is the G =G () —THO[QM()+A] T W*(y),
guantum of magnetic flyxare antiresonant. 1)

In our article we propose three explicitly soluble models . . . 2 ~(1
. i . whereA is a self-conjugated operator lig(Z) ® C?, Q) and
n rator expansion th The first model treat .
based on operator expansion thebryThe first mode treats '™ are the so-called Cran@ andI" functions of the opera-

a system of Aaronov—Bohm rings connected into an infinite (1) . Wy 7 :
chain. It is shown that forb=®d,(1/2+K), wherek is an  1°F S - In our case, the& function Q™({) is an analytic

integer, the spectrum consists only of localized states. In thgperator—functlon Wh'c.h acts in the Hilbert spatgZ)
: , " ®C?, while theT" function M(¢) acts froml,(Z)®C? to
second model a system of rings is coupled to an infinite ' 2

quantum wire. The localization condition includes a reIationHAB’ and_they are found explicitly. The operaiis repre-
between the radius of the rings and the length of the segmeﬁfer}ted. using the bIO.Ck m.atrj}cé\m’nH, eagh eleme.m'\m'n of .
of wire between two neighboring points of the combination.WhICh IS & 2<2 matrix. G!ven that the rlr?gs are joined seri-
In addition, there are also delocalized states in the spectrurﬁl”y’ we choose the matrices as followsy,,=0, for m#n

The third model describes a square lattice of rings joined at 1 and
their points of tangency. Here it is shown that there are lo- 0 r 0 0
calized states and properties of the spectrum are noted which Am,m_l( 0 O) , m,m+ 1( 0) ,
are analogous to the corresponding properties for a quantum
billiard. ) ] ] ) wherer#0 is a real parameter depending on the properties
~An Aaronov—Bohm ring of radiui with magnetic flux  of the contact between rings. As a result, we obtain the fol-
@ is described by the Hamiltonian lowing dispersion relation
1?2 P Db g (D 2) * [m*
AB . m 47 /m
- e + 2' - ., + + L i * - A i *
O oM R\ ag? By 09 |\ Dy thsmz(TrR\/Zm E/%) =\ 2E (sm(TrR\/Zm E/%)

wherem* is the effective charge carrier mass agds the i)
polar angle. It is known that the spectrumt§® consists of X co ™D, cog2mp)
the eigenvalues

+ 72

cog2m7R2m* E/ﬁ)—cos( 27-rg ) (2)

hZ o 2
S 1 o

2m* R? @, . . .

where O0<p<1 is the quasimomentum. Equati¢?) shows

which corresponds to the normalized eigenfunctigngg)  that for®=(1/2+n)®,, wherenis an integer, the spectrum
=exp(me)/\27R. of H® consists only of eigenvalues;, which are indepen-

The space of states for the ringish®=L,(Sg), where ~ dent of the quasimomentum These values are the roots of
Sk is a circle of radiusR. The space of state¥ A° for an  the equation
infinite system of isolated rings is an orthogonal sum of 2.2
spacesH 4®. The expansion-theory method is used in order tarR(wR\2m* E/f ) = 2h°TE

to “join” a ring. "°~!Let us consider a s@7"® of functions m*

1063-7834/99/41(5)/3/$15.00 827 © 1999 American Institute of Physics
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Let us consider a system of rings joined to an infinite @

wire. Specifically, we connect thah ring to the wire at the @ @ @
point x,=a,, where a>0 and n=0,+1,=2,.... The 2

space of the system of states?is=L,(R)®@H*E. We con-

struct the model by analogy to the previous case. Here we @ @ @ @
only add a one-dimensional Hamiltonian for the axis, ¢
1

e 9 O @O@

Without describing the construction, which is analogous toF!G. 1. Different types of quasiclassical trajectories in a massif of quantum

the previous case again. we simplv note the result. The disqntipoints:(l) closed trajectories which do not encompass quantum anti-
P gaun, ply ’ points, (2) open trajectories describing the propagation of an electron, and

Hfree= —

persion relation has the form (3) closed trajectories surrounding one or several antipoints.
1 [/m* sin(ay2m* ¢/#)
N 27 *7lh)— '
{ coda\2m*¢/#)—cod2mp) g B 1 ke Pag| 9
AB om* R2 aqsz om*c 7R2| do

d

cog2m7Ry2m*E/h)—cos 27—
2 2E @, ,
"N e

sin(2wR\2m*E/#) ' +
8m* c?

3 wherem* ande are the mass and charge, respectively, of the
Note that the left-hand side of E() is the same as the well- particle. Let® be the total magnetic flux through the ring,
known expression in the Kronig—Penney motiéhe disper- & =(7R2By+ ®55)/®P,, where®,=hcle is the quantum
sion relation shows that the spectrum 8f2) has a band of magnetic flux. Lety=4R?B,/®, be the flux of the uni-
structure;E=E¢(p), wherepe T ands=1,2, ... . We now form field component through a unit cell of the lattice.
find the condition for the appearance of localized states in  We specify the coupling among the rings using a scheme
the spectrum oH®). Let E,= 7?4%k?/(2m*a*), wherek  from operator expansion theory, proceeding in the spirit of
=1,2,... be thesigenvalues for an interval of leng#with Ref. 12. Here we note that the model Hamiltonian must be
Dirichlet conditions at the ends. Equati¢8) shows that the invariant with respect to the magnetic translation group. We
E, will be localized states in the spectrumtdf?), if the flux ~ end up with the following result.
& satisfies the condition Let » be a rational numbery=N/M. Then the spec-
trum of the model self-adjoint operatbt, consists of two
parts,o; ando,. The first,o;, consists ofinfinitely degen-
eratg eigenvalues oH,, which are simultaneously eigen-
valuese,, of the operatoH 55. The second pariy,, is the
for integraln. Note that, ifa=|#R for some integral, then  band structure oH,. This spectrum consists of bandg,
condition (4) is satisfied for alk. But even in the case &  Z;, Z,, ..., Z, ... lying within the intervalq[ —«,&3],
=R, the spectrum oH® contains delocalized states be- [eq,e4], [£1,€5], - .., [€n:€n14] - - . (the bandZ, can be
sidesk, . In this case the continuous bands of the spectrunempty) ); each ban&,, n=1, is divided intoM “magnetic”
are specified by the dispersion relation subbands. For a fixed value of the quasimomentum, each

point o, is degenerate with multiplicityv1.

2By@as  Pig

BOR?+

: ©)

7R
CD(i—kJrn
a

®q (4)

m* Next, if the total fluxd is not an even integer, then the
cog2mp)= 217 cog mRy2m*E/h) parto, for an arbitrary choice of model parameters is empty,
7 in general. If® is an even integer, thet; contains all the
+cog mTRVM*E/#). eigenvalues of 5.

There is yet another possibility for bound states to ap-

We now consider a square lattice of tangential Aaronov—-pear in the spectrum af(H,); it can show up as a “degen-
Bohm rings. Here we shall assume additionally that the fielcerate subband.” Specifically, # is integral,7=N, then for
B is the sumB=By+Bug. The first term is the uniform a certain choice of model parameters, the dispersion relation
magnetic fieldB,. The additional ternB,g describes the has a solution independent of the quasimomentum.
magnetic field created by a periodic system of infinitely thin ~ Therefore, if the flux of the uniform component of the
solenoids(Aaronov—Bohm solenoiddocated at the center magnetic fieldz is an integer and the total flu® through
of each ring. We shall assume that the magnetic flux in eacthe ring is an even integer, then the spectrum of the model
of the solenoids is the same and equafbtgg . In this situ-  HamiltonianH, for a square lattice of coupled Aaronov—
ation, the HamiltoniarH g of an electron in a ring is a Bohm rings consists of three par{d) levels of an isolated
self-adjoint operator in the spaé¢é, =L2(S,) (S, is a circle  ring, (2) a band spectruntbands split into “magnetic sub-
of radiusR) of the form bands”), and(3) coupled states which satisfy the dispersion
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A new method for finding solutions of the nonlinear Satinger equation is proposed. A

comutative multiplicative group of nonlinear transformations, which operate on stationary localized
solutions, enables a consideration of fractal subspaces in the solution space, stability, and
deterministic chaos. An increase of the transmission rate in the optic-fiber communications can
be based on new forms of localized stationary solutions, without significant change of

input power. The estimated transmission rate is 50 Gbit/s, for certain available soliton transmission
systems. ©1999 American Institute of PhysidsS1063-783#9)04205-7

The propagation of pulsed light in an optical fiber can bewhere c; are real coefficients. Doeld . y satisfy Eq.(4)?

described by the nonlinear Schiinger equation, When the casg =y, is considered, the answer is positRre.
dq(€,7)  1%(€,7) Subs-tltutlngH.Cly in Eg. (4), we find thatH, y is actualy a
i + +|q(&,7)|%q(&,7)=0, (1)  solution of this equation if
Z3 2 97
i . . CZ] = 0, (7)
whereq(¢&, 7) is a complex envelope function of the effective
electric field amplitude and while ¢, . ; satisfy the recursion relation
ok 1 .
Exx, T t-Xa . (2 C21+l:m J(21_1)C2j—1
The higher-order dispersion and the effect of fiber loss are 2j n—1
neglected heréWe take ~> Cojern 2 Cn—kck], ®)
2 n=2 k=1
Yo
q=0qo€Z¢y(7), (3)  where c; is an arbitrary coefficient. Using the relations

wherey(7) is a real function, and get (6)—~(8), with ¢, =1, we get

1 d?y Hiy=y. ©
- ——-2y3=0. (4) - - -
q% d 2y In the following, HCl will mean both the serie®) and the
i ] ] recursion(8) with (7). For a localizedy(7) and a finitecy,
The solution of this equatidn convergence of the seriéé) can be tested numerically. Our
calculations show thatl. y is localized also. Therefore, us-
Yo(7)= W () ing different values ofc,;, we are able to get uncountably

) ) ) . many new localized solutions of Ed4) from only one
describes an optical _sollton._ Its unchangeable shapg IS 18hown localized solutiorfFig. 1). In the following “the so-
property that makes .'t aFtratwe for _applynjg to ultra-high- lution” will mean “the localized solution of Eq(4).” The
speed optic com.mumcauoﬁﬁ. Equation(1) is completely  gqiytion's preciseness will be limited only by the number of
integrable. The inverse scattering transformation MEthod., o jated coefficients. A solution in a form different from
yields general solutions of such nonlinear partial-differential(6) does not exist. Each solution paifr) and y(r) must
equations. Our aim is to propose here an alternative approag}ja relationz=H for a specific value of.:

. " . . . i Y Cly! p 1-
to the nonlinear Schdinger equation and discuss applicabil

ity of the results obtained to optic-fiber communications. oz
Equation(4) describes a stationary pulse in an optic fi- ¢;= lim v(7) (10
ber. We take a localized solutiof(7) of this equation and T
define the nonlinear operatéf; Starting with a solutiory(7) we can construct the complete
w solution space. There is an analogy to the superposition prin-
H, VZE ey, (6) ciple from linear theory. According to relatiofi0), a solu-
O =T tion is determined by its asymptotics.

1063-7834/99/41(5)/5/$15.00 830 © 1999 American Institute of Physics
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1.1k Relations(6)—(8) yield
0.9k HalH b1: Halbl' (12)
Hence
a.71
. {Hcl; c,#0} (13
:10 5r
= is the comutative multiplicative group of the nonlinear trans-
03t formations (GNT). Group properties of the GNT originate
from group properties of real numbets+ 0. For example,
o1r He Hie,=Hi. (14)
-0.16 L L L L L Z; For definite coefficient; and solutiony(7), we can con-
struct a fractal subspace in the solution space. The fractal
10k subspace covers solutions of form
He He, - - Hey. (15
081
o In the phase plane, a fractal subspace is represented by a
™ 0.61 geometrical fracta(Fig. 2).
= For optic-fiber communications it is important to know
0.4F whether small disturbances will destroy the information car-
rying pulses. Solution parameters, amplitugieilse width
0.21 and velocity (frequency, are affected by various perturba-
tions: outside produced noise, incoherence of the light
or ‘ source, fiber inhomogenities, absorption, amplifier noise,
-6 5 soliton interactions, etc. It is an experimental fact that optical
solitons (Eq. (5)) are unlikely to be destroyed by perturba-
tions — they are very robust. We expect that at least a part of
new solutions we have expressed here is actually stable. We
3T are going to consider this problem theoretically, although it
will remain open until experimental verification. The GNT
method enables the following statement: the stability of a
o2f solutiony(7) is equivalent to the relation
=
= lim Hy.y=y. (16)
£—0
1 —
Relations(6)—(8) and(16) yield
ly(7)|<1. (17)
05 4 -5 2 1 0 1 2 35 & 56 A localized solution of Eq(4) is stable if and only if relation
T (17) holds(Figs. 1a and 1b As well as for thekdV soliton,

FIG. 1. SolutionsH, y,. a — Stable solutions wits,=0.2, 0.4, 0.6, 0.8, the classical argument about the counterbalance between
1 ! Ty ErE EeE . . . . . .. .
1.0; b — stable solutions wit;=1.4, 2.0, 2.39¢ — unstable solutions Nonlinearity and dispersion is not sufficient to explain the

with ¢,=2.41, 2.42. stability. Consideration of the Lyapunov exponent,
1 [dcy;
A(cy)=Ilim —In 21 , (18
jooo dc,

The nonlinear Schidinger equation has an infinite num- indicates that deterministic chaos will appear at close pack-
ber of symmetries corresponding to the conserved quantitiesng of solitons, wherc, is sufficiently large(Fig. 3a. We
total energy, momentum, Hamiltonian étdVe find that can expect deterministic chaos foy>2.4. Nearc,=1, sta-
there are actually infinite conserved quantities. Let us conbility is unusual(Fig. 3b.
sider the total energy onlgfor Hcly): New forms of localized stationary solutions of the non-

linear Schrdinger equation enable an increase in the trans-
" mission rate of optic-fiber communications, without signifi-
qz f (Cry+cgy3+csy®+ ... )dr. (11)  cantchange of input power. Information may be contained in
— the special form of solitor{Figs. 1a and 3b The known
optical soliton, described by5), is one of many possible
We can choose infinitely different values of and use rela- stationary pulses. Let us consider an available soliton trans-
tions (7) and (8). mission system. If the fiber core cross-sectional are§ is
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=60um?, the carrier wavelength is=1.55.m, the soliton The authors would like to thank H. J. S. Dorren for
pulse (Eq. (5)) width is 7,=25ps, the peak power iB,,  Useful discussion of the GNT method.
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becomes equal to 50 Gbit/s, at 40-photons energy resolution.
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We describe methods for designing and fabricating one-dimensional random surfaces that scatter
light uniformly within a specified range of scattering angles, and produce no scattering

outside this range. These methods are tested by means of computer simulations. Preliminary
experimental results are presented. 1899 American Institute of Physics.
[S1063-78389)04305-1

The first theoretical study of the scattering of light from over only a relatively narrow range of wavelengths.
a randomly rough surface was published by Mandel'shtam in  Despite the interest in the problem, there are no clear
1913, in the context of the scattering of light from a liquid procedures at present for designing and fabricating random,
surface! In the succeeding years, the overwhelming majorityband-limited, uniform diffusers, and it is unclear what kind
of the theoretical work in this field has continued to be de-of statistics are required for the production of such an optic
voted to the solution of such direct problems, namely, giverelement. In this paper, extending earlier work by the
the statistical properties of a random surface, to calculate theuthors>” we address these questions for the case of one-
angular and polarization dependence of the intensity of théimensional diffusers. We illustrate the ideas involved by
scattered light. In contrast, in this paper we study theoreticonsidering the scattering afpolarized light from a one-
cally and experimentally an inverse problem in rough surfacélimensional, randomly rough, perfectly conducting surface.
scattering, namely, the design and fabrication of a randor®y working within the Kirchhoff approximation, and justify
surface that scatters light in a prescribed way. this approach by taking the geometrical optics limit of this
For many practical applications, it is desirable to have@pproximation, we describe methods for designing and fab-
optical elements whose light-scattering properties can b#&cating achromatic, random, uniform diffusers of light, and
controlled. In particular, a non-absorbing diffuser that scatest these methods by computer simulations and experimen-
ters light uniformly within a specified range of scattering tally.
angles, and produces no scattering outside this range, would
have applications, for example, to projection systems, Whertla LIGHT SCATTERING IN THE GEOMETRICAL OPTICS
|F is |mporta_nt to produce even illumination vylthout wa_stmg LIMIT OF THE KIRCHHOFE APPROXIMATION
light. We will call such an element a band-limited uniform
diffuser. To justify the calculations that follow, we begin by con-
The design of uniform diffusers has been considered byidering the scattering o&-polarized light from a one-
several authors. The case of binary diffusers has been studigimensional, randomly rough, perfectly conducting surface
by Kurtz? and work on special cases of one-dimensionaldefined byxs= Z(x;). The regionxs>{(x,) is vacuum, the
diffusers has been reported by Kurtztal® and by regionxs<{(x,) is the perfect conductor. The plane of in-
Nakayama and KatbSome work on the more general two- cidence is thes;x5-plane. The surface-profile functiaffx,)
dimensional case has been carried out by KowalCzyfk. is assumed to be a differentiable, single-valued function of
addition, diffractive optical elements that scatter light uni-x,, and to constitute a random process, but not necessarily a
formly throughout specified angular regions have recentlystationary one.
become commercially available. These elements, however, The surface is illuminated from the vacuum region. The
are not truly random, and possess the desired characteristisgigle nonzero component of the total electric field in this

1063-7834/99/41(5)/7/$15.00 835 © 1999 American Institute of Physics
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region is the sum of an incident wave and of the scatteredVe focus on the integral in Eq1.6). With the change of
field variablex; =x;+u it becomes
Eo(X1,Xs| @) =explikxy — i ao(K)Xs]

I(glk)= f:dxl f:duexr{i(q—k)u]

+ —R(qlk)exdigx;+iag(q)Xxs], .
fozw (alkyexiiax +iag(@)xs] X (exd —ia(Z(x) — {(x,+u))]). 1.7
(1.1)  The geometrical optics limit of the Kirchhoff approximation
is obtained by expanding the differentéx,) — {(x;+u) in
Eqg. (1.7) in power ofu and retaining only the leading non-
zero term:

whereay(q) =[(w/c)?—q?]"2 Reay(q)>0, Imay(q)>0,
and w is the frequency of the incident light. A time depen-
dence of the form of exp{iwt) is assumed, but explicit ref-
erence to it is suppressed. °° °° .

In the Kirchhoff approximation, which we adopt here for ! (alk)= fﬁmdxl fﬁxduexp:l (q—kju]
simplicity, the scattering amplitud@(q|k) is given by

i B X(exgiaul'(x1)]). (1.8
R(qlk)= Fao(d) JixdxlF(Xl|w) Because we have not assumg;) to be a stationary ran-
0 dom process, we cannot assume thqix;) is a stationary
xXexd —igx;—iag(q)L(xq)], (1.2  random process. The averagexdiaul’ (xy)]), therefore, has

to be assumed to be a functionxf, and we cannot out the
integral overx, to yield a factor ofL;, as we could if{(x;)
were a stationary random process.

where the source functioRi(x;|w) is

F(x|w)=2

NI
) — + 2
§(1)axl %

2. DESIGN OF A BAND-LIMITED UNIFORM DIFFUSER
X Ea(X1,X3]0)inclxg=¢(xy) - (1.3

To evaluate the average in Ed..8) we begin by writing

Substitution of Eq(1.3) into Eq.(1.2), followed by an inte- the surface-profile functiogi(x) in the form

gration by parts, yields the result that

w?*+ ao(q) (k) ~ gk ()= 3 cs(x,—2lb), (2.3
ao(Q)[ ao(q) + ao(k)] ==
" where the{c;} are independent, positive, random deviates.
xJ dx; exd —i(g—Kk)x;—iaZ(x;)], (1.4  These properties of thfc)} are dictated by the fabrication
w process, described in Section 4. The funcéx,) is defined
where, to simplify the notation, we have definaer «(q) by
+ag(k). s(x;) =0, X,<—(m+1)b,
The mean differential reflection coefficieq@Rs/d6s),
which is defined such thgwRs/d6,)d 6 gives the fraction =-(m+1)bh—hx,, —(m+1)b<x;<—mb,

R(qlk)=

of the total, time-averaged, flux incident on the surface that =—bh, —mb<x;<mb,
?s scattered into the angular intervaly( 6s+d#é,), is given — —(m+1)bh+hx;, mb<x;<(m+1)b,
in terms ofR(q|k) by
=0, (m+1) b<xq, (2.2
<‘9_RS> - i L cos 0S(|R(q|k)|2>, (1.5 wherem s a positive integer and is a characteristic length.
dbs/ Ly 2mC cosy The derivative of the surface-profile functiof,(x,), is

where the angle brackets denote an average over the eien given by

semble of realizations of the surface profile function o

{(X1),6p and 65 are the angles of incidence and scattering  ;’(x,)= E cd(x;—2Ib), 2.3
respectively, which are related to the wave numteandq I=—e

by k= (w/c)sin g, andg=(w/c)sinbs, andL, is the length  \yhere

of the x;-axis covered by the random surface.

With the use of Eq(1.4) the averagé|R(q|k)|?) enter- d(x) =0,  X<—=(m+1)b,
ing Eq. (1.5 can be written as =—h, —(m+1)b<x;<—mb,
(a2 1+cog b+ 6 |2 =0, —mb<x;<mb,
(IR(all[%)= c0Sfs(COSHy+ Ccoshy) =h,  mb<xg<(m+1)b,

=0, (m+1)b<<x;. (2.9

The functions(x;) andd(x,) are shown in Fig. 1.
) _ ) In what follows the surface will be sampled at the set of
—xp)Kexg —ia(¢(x) = {(x1))]). (1.6 equally spaced points,} defined by

xf dxlf dx; exd —i(g—k)(xy
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the right hand side of Eq(2.7) is different from unity.
4 Indeed, we find form=2 that when 2b<x;<(2n+1)b
(n=0,x1,+2,...)

2 (expiau £'(x))) = (expliauhc, 1))
B
zf dvy f(y)exp(iauhy), (2.83
while when (2 —1)b<x;<2nb (n=0,x1,+2,...)
(exgau {'(x1))=(exp{—iauhc,. 1})
:f dy f(y)exp(—iauhy). (2.8b
When the results given by Eg.8) are substituted into Eq.
_ (1.9), the latter becomes
X0+ T
o

(2n+1)b ®
(k=2 Lnb dxlf_xduexp[i(q—k)u]

xfm dyf(y)exp(iayhu)

2nb

) +3 |

FIG. 1. The functions(x;) andd(x,).

fm duexdi(g—k)u]
2n-1)bJ -
Xfm dvy f(y)exp(—iayhu)

1
Pt

Xp= b/Np=0,£1,%2,..., (2.5

L o) o)
== f_mduexmm—k)u]J_mdyfm

whereN is a large positive integer. None of these values of

X[expiayhu)+exp(—iayhu
Xp equals an integer multiple df, at whichd(x,) is discon- Lexpiayhu) d hul

tinuous. *
When the probability-density functiofpdf) of ¢, , =aly f __dri(ylé(a—k+ahy)
fly)=(s(y—c)), (2.6) +8(qg—k—ahy)]
is known, a long sequence of the} can be generated, €. g. _ mly f k—q i q-k 2.9
by the rejection methofl,from which the surface profile ah ah ah /|’ ‘

function ¢(x;) can be obtained by the use of E¢2.1) and
(2.2). We note that, since thig,} are positive random devi-
ates,f(y) will be nonzero only for positive values of.

The averagéexpau{’(x;)) can now be written as

We note that although Eg$£2.8) were obtained for the case
thatm=2, the result given by Eq2.9) is valid for anym.

When the results given by Egdl.7), (1.8) and(2.9) are
substituted into Eq(2.6), we find that the mean differential
o ] > reflection coefficient is given by

Z_wc|d(x1—2|b) <&Rs> 1 [1+cog b+ )]

(expiau ' (xq))= < exp[ iauI

o 265~ 2h C0Sfy(CoShy+ cosb)®
:< |:1__[m expliau c|d(x1—2lb)}> x[f( sin B, — sin 6, )
. h(cosfy+ cosés)
=[] (expliau cd(x;—2Ib)}), sin 65— sin 6,
= (h(cosao+cosas)”' (210

(7 Thus, we find that, in the geometrical optics limit of the
where the independence of tfig} has been used in the last Kirchhoff approximation, the mean differential reflection co-
step. With the form ofd(x;) given by Eq.(2.4), for any efficient is determined by the pdf(y) of the coefficientc
value of x; chosen from the set of sampling poinfs,}  entering the expansior(.1) and(2.3). We also note that it
given by Eq.(2.5) only one factor in the infinite product on is independent of the wavelength of the incident light.
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FIG. 3. The mean differential-reflection coefficient for normal incidence
calculated fromN,=3000 realizations of the surface profile function. The
parameters employed ave=0.6328um, b=60um, m=1, y,=1, and
6,,=5°. The sampling interval on the surface wags=b/N=0.2um (N
=300), and the length of the surface was=2000xm.

f(y)=0(y) 0(ym— V) ¥Ym- (2.19

If the required maximum scattering angle is not small, one
has to use the result given by EQ.13 for f(y).

3. COMPUTER SIMULATIONS

FIG. 2. Numerical generation of a surface profile and its derivative. The

parameters employed abe=60um, m=1, y,=1 and6,=5°.

The result given by Eq.2.10 simplifies significantly in
the case of normal incidencéy=0°:

[7)
tan—| +f

f R
IR\ 0, ( h @17
<a—05>—(l+tar\2?) an

16
h @3

(2.11

The approach to the design of band-limited uniform dif-
fusers presented in the preceding sections was tested by
means of computer simulation calculations. One-dimensional
random surfaces were generated numerically on the basis of
Egs.(2.1) and(2.2) with the coefficient{c,} determined by
the rejection method with the use of the g@15. As an
example, we show in Fig. 2 a realization of a sample profile
and its derivative, generated in this way.

For a given surface profile the scattering amplitude
R(g|k) can be calculated in the Kirchhoff approximation,
but without passing to the geometrical optics limit, from Eq.

The mean differential reflection coefficient given by this re-(1.4). The mean differential-reflection coefficient can then be

sult is normalized to unity,

fﬁlzde R 1
— /2 s &05 -

From the result given by Eq2.11) we find that if we wish a
constant value fofdR/d6s) for — 6,<6s<6,,, we must
choose

(2.12

h 0(y)0(Ym—y)

f(y)= 2.1
) tan lyy,h 1+ y?h? 213
where y,,=[tan(d,,/2)]/h, because in this case
&Rs 0( em_lesh
T 244

It is worth noting that, if the maximum scattering angig
=2tan !(hy,) is small enough, e.g.f,,=20°, so that
ymh=0.1763, with little error we can neglegt’h?> com-

calculated from Eq(1.5 by generating a large numbhi, of
surface profiles and averaging over the resulting scattering
distributions. In Fig. 3 we show an example of a calculated
mean differential-reflection coefficient determined by aver-
aging results obtained for 3000 realizations of the surface
profile function. It is seen that the scattering distribution is
close to the desired result. There is almost no light outside
the range— 0,,< ;< 6,,, and, apart from a small peak in the
specular direction, the distribution is fairly uniform. This
peak is part of the diffuse component of the scattered light,
as the spercular component is negligible in this case. It is due
to the fact that our analysis is based on the geometrical optics
approximation, and it is worth discussing this point in more
detail.

We see from Eq92.11) and(2.15 that, in the geometri-
cal optics limit of the Kirchhoff approximation, the scatter-
ing distribution consists of two tectangular distributions, and
it is clear that diffraction effects will smooth these two con-

pared to unity in the denominator on the right-hand side otributions. The peak observed in the specular direction in the
Eq. (2.13 (y*h%< yfnh2=0.0311), and can replace scattering distribution plotted in Fig. 3 is due to the overlap

tan ty,,h by y,h as well (tan 1y,,h=0.1745), to obtain for

f(y) the simple form

of the tails of the two distributions predicted on the basis of
the geometrical optics approximation. To illustrate this point
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FIG. 4. The same as Fig. 3, but with random devidtgs drawn from the
distribution given by Eq(3.1) with £=0.05. 8 b
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~
we present, in Fig. 4, a mean differential-reflection coeffi—%“’ 4 -
cient for the case in which the random numbers are generate v »

from a drc of the form

0
f(y)=0(y—¢e)0(ym+e—v) Ym, 3.1 ' ‘ ! ' ‘
(V)=0(y—€)0(ymte—y) vm 3.9) 30 20 .10 0 10 20 3
wheree =0.05. In our approximation, the scattering distribu-
tion is then given by 10
IR 1 0 0,
—S)\= _ s _S 8 c
<aes> 4ymh[0< oh ©) 0| Ymtet oy N
g
A A S
+60| =~ — +e—— : > 4
0 n 8)6 Ymt+ & ZhH' (3.2 %v
2 -]
where the smallness @, has been used to obtain this result.
T T T T

It can be seen that this distribution agrees well with the resuli 0 '
shown in Fig. 4, the main difference being that, in the nu- -30 -20 -10 0 10 20 30
merical results, the two sections of the scattering distributior, Scattering Angle 05, deg

are not completely separated due to the overlap of their tailss, g 5 The same as Fig. 4, but with=0.01. 8 —\=0.6328um; b —
which give rise to a dip ifdRs/d6s). Thus, a value ok \=0.532um; c —\=0.442um.

intermediate between 0 and 0.5 should yield an approxi-

mately flat scattering curve. That this is the case is shown in

Fig. 5, where{dRs/d6s) is plotted for a surface the basis of sults confirm the expected independence of the scattering
the pdf (3.1) with £¢=0.01, and for the same values of pattern from the wavelength of the incident light over a sig-
0o,b,m, v, andé,, used in obtaining Figs. 3 and 4. Results nificant range of wavelengths.

are presented for three wavelengths of the incident light:

— A=0.6328um (He—Ne laser b — A=0.532um (the

second harmonic of the YAG laserc — A=0.442um 4. EXPERIMENTAL RESULTS

(He—Cd laser. These wavelengths cover the entire visible A schematic diagram of the optical system used in our
region of the optical spectrum. For each wavelengh the resutifforts to fabricate the kind of surface studied in this paper is
for {(dRs/36s) is seen to consist of a nearly constant scatshown in Fig. 6. The illumination is provided by a He—Cd
tered intensity forfs between—5° and +5°, and a zero laser (wavelengthA =442 nmj. An optical system concen-
scattered intensity outside this interval. Moreover, these retrates the light transmitted through a rotating ground glass on

' photoresist-coated
slit p|ate

| N !
1

|

cylindrical
He-Cd laser lens

ground microscope

glass objective
scan

-l — P

FIG. 6. Schematic diagram of the experimental arrangement employed for the fabrication of the diffusers.
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! ! FIG. 9. Experimental result for the anglular dependence of the intensity of
100 200 300 400 s-polarized light of wavelength =0.6328u.m transmitted through a photo-
resist film. The angle of incidence &=0°. The illuminated surface of the
film is a one-dimensional random surface through which light is transmitted
5°<#s<5°, and is not transmitted outside this range.

X, pm

FIG. 7. Measured profile that illustrates the experimental realization of the/ithin the angle—
functions(x,). The profile was measured by means of a DeRPatnechani-

cal profilometer.
of the surface is clearly visible in Fig. 8. In the example

, e o ) , , displayed, we chosm=0, which produces a functios(x,)
a Sl_'t' prowdmg illumination t_h‘?‘t is effectively mcohergnt. of triangular rather than trapezoidal form. The resulting sym-
An incoherent image of the slit is formed by afl (numeri-  eqic triangular indentations are clearly visible in the figure.
cal aperture 0.05microscope objective on a photoresist- 1,5 these preliminary results indicate that the proposed
coated glass plate. _ fabrication method is able to produce random uniform dif-

The width of the slit is approximately=180xm, and fusers.
its incoherent image has a nearly restangular shape |, grger to study experimentally the scattering properties
(smoothed by diffraction In order to fabricate grooves with ¢ \hege photoresist diffusers in reflection they would have
the desired trapezoidal shape on the photoresist, the plate 8,4 15 pe coated with a thin metallic layer. Instead, we stud-
exposed while executing a scan of Ienglh=I./(2m+]..). ied these properties in the simpler case of the transmission of
This procedurg generates, basically, a functsr,) W'th_ s-polarized light through them. Although the theoretical
the shape defined by E(2.2). The depth of the groove is ok motivating the method for fabricating the uniform dif-
determined by the time of exposure. An example of such §,qerg described in the preceding sections was based on re-
fabricated groove is shown in Fig. 7, which presents th&ection an analysis carried out within the framework of the
measured surface _profl_le of a section of a photoresist platﬁeometrical optics limit of the thin-phase screen mddel
that was exposed in this fashion. Althought the corners argy s that surfaces that act as band-limited uniform diffusers
not as sparp as the ones in Fig. 1a, the result approximates refiection also act as uniform band-limited diffusers in
the desired shape quite well. transmission, althought the maximum scattering arsgjen

) The photor_e3|st plate is exposed to grooves generatgd fansmission is different than it is in reflectidhHowever,

this fashion, with random depths and displaced sequentially,e {ransmission patterns obtained with the diffusers fabri-
in steps of d. Several hpndred uncorrelatgd random NUM-cated up to now, although band-limited, are not uniform
bers{c} are generated in the computer with the specifiedrig g ‘| arge intensity fluctuations are present in the angu-
f(y). At each positionx,=2bl, The exposure time of the |5 re4ion in which a constant intensity would be expected.
groove is proportional to the random numizgigenerated in - origin of these fluctuations is the small number of ran-
the computef. _ domly oriented facets that are etched in our surfaces. They

In Fig. 8 we present a profileometer trace of one of the,en asent, simply, statistical noise. For the lengths of the sur-
samples fabricated according to Ef.1). The faceted nature  ¢,coq that we have fabricated only about two hundred ran-
dom numbersc, are employed. Efforts are currently under
way to fabricate surfaces with a larger number of randomly

8 - oriented facets.
£ 47
ER. 5. SUMMARY AND CONCLUSIONS
£ 04
g 4 In this paper we have described approaches to designing
T -4+ and fabricating one-dimensional, random, band-limited, uni-
8 ] form diffusers. These approaches are well suited for the gen-
i 1 i eration of such surfaces on photoresist. The results of com-
o 1000 2000 3000 4000 puter s!mqlatlons, and_ some prgllr_nlnary_ experimental
results, indicate that uniform band-limited diffusers can be
Xor BT fabricated by the method proposed.

FIG. 8. Measured segment of a surface profile for a fabricated sample. The Th9 de$ign of band-limitgd Uni_form diﬁusc_ars is but one
parameters arb=60 xm, m=0. interesting inverse problem involving the design of random
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surfaces with specified scattering properties. The design of &C. N. Kurtz, H. O. Hoadley, and J. J. DePalma, J. Opt. Soc. 88n1080

Lamberitian diffuser, namely a random surface that produces4§(19;3l-< d M. Kaio, Appl. Ope1, 1410(1983
: : : : . Nakayama and M. Kato, Appl. Op21, .
a scattered intensity proportional to the cosine of the poIarsM. Kowalczyk, J. Opt. Soc. Am. AL 192 (1984

Sca_-ttering anglef: is a'T‘OthEr-FinaHYa the design .and fabr.ij ®E. R. Maxdez, G. Martez-Niconoff, A. A. Maradudin, and T. A.
cation of two-dimensional random surfaces with specified Leskova, SPIE3426(1998, in print.
light scattering properties pose interesting theoretical and ex:W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,

perimental challenges. Some first steps in this direction havem“;”ei'ggljgcfgf in Fortran, 2nd Editidgambridge University Press,
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