SN. F. Mott and E, A, Davis, Electronic Processes in Non-
Crystalline Materials, Oxford U. Press, 1971,

V. M. Kuz’menko, B. G. Lazarev, V. I. Mel’nikov, and A, I.
Sudovtsov, Ukr. Fiz. Zh, 21, 883 (1976).

TA. M. Toxen, Phys. Rev. 123, 442 (1961).

8B. G. Lazarev, V. M. Kuz’menko, A. I. Sudovtsov, and V. I.
Mel’nikov, Dokl, Akad. Nauk SSSR 206, 327 (1972) [Sov. Phys.
Dokl. 17, 917 (1973)].

SW. Felsch, Proc. Low Temp. Conf, LT 13, Plenum Press,
New York, Vol. 3, 1974, p. 543.

G, Breitling, S. Mader, and H. Richter, Z. Naturforsch,
Teil A 28, 1120 (1973).

113, R. Bosnell, Thin Solid Films 3, 233 (1969).

12G. Busch and H. J. Glintherodt, Solid State Phys. 29, 235
(1974).

137, A. Teplov, M. N, Mikheeva, V. M. Golyanov, and A. N,
Gusev, Zh. Eksp. Teor. Fiz, 71, 1122 (1976) [Sov. Phys.
JETP 44, 587 (1976)].

14N, E. Alekseevskiy, V. M. Sakosarenko, K. Bliithner, and
H. J. Kohler, Phys. Status Solidi A 34, 541 (1976).

15M, Tinkham, Phys. Rev. 129, 2413 (1963).

18F, E. Harper and M. Tinkham, Phys. Rev. 172, 441 (1968).

1p, saint-James, G. Sarma, and E. J. Thomas, Type II Super-
conductivity, Pergamon Press, 1969.

18R, E. Glover III, Physica (Utrecht) 55, 3 (1971),

19R, Radebaugh and P. H. Keesom, Phys. Rev. 149, 209, 217
(1966).

20M, M. Collver and R. H. Hammond, Phys. Rev. Lett. 30, 92
(1973).

213, L, Crow, M. Strongin, R. S. Thompson, and O. F, Kamm-
erer, Phys. Lett, A 30, 161 (1969).

22G, Bergman, Phys. Rev. B 7, 4850 (1973).

81, P. Gor’kov, Zh, Eksp. Teor. Fiz, 37, 1407 (1959) [Sov.
Phys. JETP 10, 998 (1960)]. , .

%G, Eilenberger and V. Ambegaokar, Phys. Rev. 158, 33
(1967).

%D, Rainer and G, Bergmann, J. Low Temp. Phys. 14, 501
(1974).

%A, M. Clogston, Phys. Rev. Lett. 9, 266 (1962).

211, P. Gor’kov, Zh, Eksp. Teor. Fiz. 44, 767 (1963) [Sov.
Phys. JETP 17, 518 (1963)].

8B, G, Lazarev, L. S. Lazareva, E. E. Semenenko, V. I. Tu-
tov, and S. I. Goridov, Dokl. Akad. Nauk SSSR 196, 1063
(1971) [Sov. Phys. Dokl. 16, 147 (1971)].

2%, Jones, D. Fischer, and G, Bongi, Proc. Fourteenth Intern.
Conf. on Low Temp, Phys., Otaniemi, Finland, Vol. 2, 1975,
p. 20.

Translated by J. G. Adashko

Relaxation processes and characteristics of the luminescence
spectra of ZnTe and Zn,Cd,_,Te crystals

M. S. Brodin, D. B. Goer, and M. G. Matsko

Institute of Physics, Academy of Sciences of the Ukrainian SSR, Kiev

(Submitted 5 October 1977)
Zh. Eksp. Teor. Fiz. 74, 2088-2096 (June 1978)

An investigation was made of the features of the luminescence spectra ZnTe and Zn,Cd,_, Te crystals at
low rates of resonant pumping with sources of half-width AQ much smaller than the natural exciton-level
width 7. An analysis of the polarization and energy correlations between the structure of the observed
emission spectra and the excitation photons yielded information on the longitudinal and transverse
relaxation times. The problem of the relationship between resonance Raman scattering and luminescence
was considered from the point of view of the relaxation theory. It was found that for AQ <y there was a
possibility of a change from the resonance Raman scattering to the usual thermalized luminescence via

various stages of hot luminescence.

PACS numbers: 78.55.Hx, 78.30.Er, 78.60.Kn

1. INTRODUCTION

In studies of radiative recombination in crystals un-
der resonance excitation conditions much attention is
usually given to the question of the relationship between
resonance Raman scattering and hot and ordinary lum-
inescence.l*?] Recently, this relationship has become
particularly important because its studies may solve one
of the most difficult problems in the physics of inter-
acting excitons, which is the experimental realization
of the Bose-Einstein condensation.

If we follow the Heitler theory of resonance fluores-
cence,'®? we find that luminescence can be obtained on-
ly if we use a source whose excitation band is of half-
width AQ>vy, where ¥ is the natural width of an elec-
tron (exciton, biexciton) level. In the opposite case,
i.e., for AQ<7, the structure of the spectra should be
governed by the light scattering processes. Nagasawa
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et al.'" investigated only the correlation between the
luminescence spectra and the excitation photons from a
tunable laser, and they concluded that this behavior was
exhibited by their CuCl crystals in the case of two-pho-
ton resonance excitation of the biexciton energy band.

However, the validity of the Heitler results'®’ in the
case of an exciton system is not self-evident and these
results may be even incorrect because in solids there is
a possibility of going over from light scattering proces-
ses to luminescence for any nonzero value of AQ smal-
ler than ¥ and this can occur as follows. During a time
interval ¥ there exist scattering complexes for which
the absorption and luminescence processes are, in
principle, indistinguishable.!? The luminescence ap-
pearing before the completion of the relaxation pro-
cesses is known as the hot luminescence. The ordinary
luminescence is the radiation which appears after the
relaxation is complete. It thus follows from Toyozawa’s
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theory's? that recording of the luminescence spectra
with a time resolution of a fraction of a picosecond af-
ter various time intervals from the excitation should
show that the nature of the observed luminescence de-
pends on the stage reached by the relaxation proces-
ses. Direct measurements with this type of time reso-
lution are very difficult to perform. However, this dif-
ficulty may be bypassed if the following circumstance

is taken into account. Toyozawa!'! shows that informa-
tion on the stage of a relaxation process can be deduced
from an analysis of the polarization correlation between
the luminescence spectra and excitation photons. A
polarization correlation appears because radiative
transitions may occur before the completion of the
transverse and longitudinal relaxation processes, which
essentially represent the absorption of the excitation
energy. Therefore, the luminescence and absorption
processes are correlated in time and the properties

of the observed spectra depend on the properties of

the excitation photons. Consequently, if a polarized
excitation source is used, the luminescence photons
may be correlated with the absorbed excitation photons
both in respect of the energy and polarization. It should
be noted that in studies of luminescence it is implicitly
assumed that the absorption and luminescence proces -
ses are independent, i.e., that luminescence appears
after absorption.

Naturally, in an analysis of the polarization correla-
tion we have to select radiative transitions with times
much shorter than the relaxation times [for example,
processes accompanied by the emission of longitudinal
optical (LO) phonons for which the time 7,4 is ~1073
-10"2sec]. If we then use photons whose energy E, .
exceeds by various amounts the energy corresponding
to the bottom of the exciton band and if we analyze the
properties of the luminescence bands after the emission
of various numbers of the LO phonons, we can obtain
information on the progress of the relaxation processes
and observe a transition from Raman scattering to lum-
inescence.

We shall describe an investigation of the linear polar-
ization correlation of the luminescence spectra of cubic
ZnTe and Zn,CD,- Te crystals with the excitation
sources. We shall use the results to draw conclusions
on the relaxation times and the nature of the observed
luminescence.

2. EXPERIMENTAL METHOD AND RESULTS

We investigated the characteristics of the low-temp -
erature luminescence spectra of cubic ZnTe and
ZnCd,., Te crystals in the range of their exciton states.
The excitation was provided by various linearly polar-
ized argon (Ar') and helium-cadmium (He-Cd) lasers,
i.e., of the gas lasers for which AQ was known to be
smaller than y. The measurements were carried out
at a relatively low excitation flux density R, (10 pho-
tons-cm2sec™) but for various differences between the
energy of the excitation photons E,  and the exciton
ground state E, ., (these differences will be denoted by
AE,,.). The investigated spectra were recorded photo-
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graphically using a PGS-2 diffraction spectrograph and
they were also studied photoelectrically using the syn-
chronous detection method. The degree of linear pol-
arization of the luminescence was calculated from the
ratio (I, -1,)/(I,+1,), where I, and I, were the intensi-
ties of the luminescence bands in the geometry in which
the plane of polarization of the polarizer E, was par-
allel or perpendicular to the plane of polarization of
the excitation radiation E; provided by the lasers.

We shall first consider the main features of the
structure of the luminescence spectra of cubic ZnTe
crystals obtained for R, ~ 10'® photons-cm™.sec™ at
T=4.2K, observed for various values of AE, .. The
latter were varied from 0.4271 to 0.0293 eV, i.e.,
from 16.4E,, to 1.1E,,, where E;, is the energy of
the LO phonons. We obtained the microphotograms of
the appropriate luminescence spectra (Fig. 1). It was
found that for AE,, = 16.4E,, (He-Cd laser, A, _
=4416 A) and AE,, =12.3E , (Ar* laser,)  =4579 A)
the structure of the spectra was identical (points in
Fig. 1a). For both values of AE,  there were several
luminescence bands whose intensity maxima were lo-
cated at A=5202 & (M,), 5219 A (1,), 5229 A (I,), and
5249 A (I,). The first of them, denoted by M,, was in
the direct vicinity of the ground exciton state and was
due to the luminescence of the upper polariton
branch.t®’ The next two bands (I, and I,) were due to
the radiative recombination of exciton-impurity com-
plexes, i.e., of excitons localized at neutral acceptors
and donors, respectively. The nature of the third ex-
citon-impurity complex (corresponding to the line I,)
was not identified. In agreement with the cubic struc-
ture of the investigated crystals, there was no signifi-
cant polarization of any of the luminescence bands for
both values of AE .

For AE,, =6.1E., (Ar* laser,),, = 4880 A) there was
still no polarization of the luminescence bands. In gen-
eral, the spectrum was similar to those described a-
bove. The observed changes (represented by triangles
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FIG. 1. Microphotograms of the luminescence spectra of
ZnTe crystals obtained at excitation rates Rexc= 10
photons scm™2 s sec™! at T'=4.2 °K for different values of A Ege.:
a) 16.4E;0, 12.3E.0, 6.1E1p; b) 4.5E10; ¢) 1.1Epo.
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in Fig. 1a) were limited to a considerable rise of the
band M, and a considerable reduction in the asymmetry
of its shape.

A further reduction in AE, _ resulted in the appear-
ance of certain features in the luminescence spectra.
For example, for AE, =4.5E;, (Ar' laser,xm—4965
R), we observed two additional bands: F(r=5182 A)
and &'(A=5240 A) located on the long-wavelength side
of the excitation band and separated exactly by 4E;
and 5E., (Fig. 1b). The luminescence band & corres-
ponded to an energy higher and the band &' to an energy
lower than the bottom of the exciton band E,,_,. Both
% and &’ were polarized in the plane of polarization of
the laser providing the excitation (the degree of the
linear polarization was 0.32 and 0.20, respectively).

For AE, =1.1E, (Ar' laser,\,=5145 &) there
was luminescence also from the lower polariton branch
originating from its bottleneck region (denoted by M;
in Fig. 1c). The intensity of the M, band then increased
strongly again and its asymmetry became much less
compared with the excitation which was not in reson-
ance with E , (for example,),, 4579 A). In addition,
at an energy E;, on the long-wavelength side from M,,
there appeared a new band M}(A=5260 A), which was
located below E,,_,. Both the M, and M bands were
polarized in the plane of polarization of the laser ra-
diation. The degree of their linear polarization was
0.70 and 0.66, respectively.

Among the above results the most interesting were
the cases of AE,  amounting to 6.1E;, and 1.1E,,,
i.e., when an approximately integral number of the LO
phonons made it possible to reach directly the exciton
resonance region. Therefore, we studied the evolution
of the structure of the luminescence spectra in these
two cases during smooth departure from resonance as
a result of variation of E, ., with temperature. We ob-
tained microphotograms of the following spectra (Fig.
2): a) the reflection and 1uminescence spectra for the
same value of R,,,= 10" photons.cm™.sec™ at T=40 X,
for which AE,, was b) 6.6E,, (Ar' laser, A, = 4880 R)
and c) 1.6E, (Ar* laser,\,,.=5145 A). The results in-
dicated that at this temperature the intensity of the line
I, due to exciton—impurity complexes decreased con-
siderably compared with the intensity of this band at
T=4.2°K. The exciton—impurity bands I, and I, disa-
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ppeared completely. Within the exciton reflection band
we observed luminescence due to the lower and upper
polariton branches (bands M, and M, in Figs. 2b and
2¢). The region of the upper polariton branch displayed
the M, band itself with the characteristic asymmetry
profile and also the unpolarized band &, which was lo-
cated on the long-wavelength side of A, .=4880 A al-
ways by an amount equal to 6E,,, i.e., its spectral po-
sition remained unchanged when E,,,_, was varied. It
should be noted that the band & was found at energies
greater than E,,.,. Below E, ., there was no addition-
al structure which would be energy-correlated with
Xexe- A complex structure was also observed in the ex-
citon resonance region for A, =5145 A. However, in
this case the band @ was polarized in the plane of pol-
arization of the laser excitation radiation (the degree
of polarization was 0.70). It should be stressed that the
band & was located on the long-wavelength side of E,
and separated from the latter by an amount exactly
equal to 1E5, and that its spectral position remained
unchanged for a variation of E,, ., similar to that which
occurred in the case of the @ band.

It should be noted that for A, ,=5145 A at T=40°K
in addition to the @ band at energ1es below E,,_,, there
were also two polarized bands &7 (A =5260 A) and 37
(A=5319 A). The energy positions of all three bands
®, &, and ®” remained unchanged when the tempera-
ture increased and they obeyed exactly the relationship
E, . ~-nE,, withn=1,2, or 3. The half-widths of these
bands reflected the instrumental function of the spec-
trograph used. This was the reason for their common
behavior.

We determined the temperature dependences of the
intensities of the bands & for A,,,=4880 A, for A,
=5145 A and M, for ZnTe crystals sub]ected to a con-
stant excitation rate R, = 10" photons.cm™.sec™
(Fig. 3). All the intensities were normalized to the in-
tensities of the corresponding bands at T=4.2 K,
which were taken as unity.

The use of Zn,Cd,-, Te mixed crystals made it possi-
ble to vary the band gap E, and the energy of the exci~
ton ground state E,,_, by altering the composition x.
For this reason we carried out a similar investigation
on Zn, ,,Cd,, ,Te cubic crystals at T=4.2 K at the
same excitation rate of R, =10 photons.cm™.sec™.

FIG. 2. Microphotograms of the reflection and luminescence
spectra of ZnTe crystals at T=40°K for R, 10"

photons <cm™2 « sec™! for different values of AE,.: a) reflection
spectra; b) luminescence spectra for 6.6E;15; c¢) luminescence
spectra for 1.6E;,.
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T°K

FIG. 3. Temperature dependences of the intensities I, at the
band maxima: 1) $; 2) &; 3) M, (normalized to 7=4.21°K).

This made it possible to increase the range of values
of AE, . and to consider also the features of the lum-
inescence spectra at AE,  =2.2E;,,5.6E,,,7.2E,,
9.7E,,, and 17.5E,. The microphotograms of the
spectra of these crystals were basically similar to
those given above and they simply supplemented the
results obtained for the ZnTe crystals. In fact, at
AE, =2.2E;, and 5.6E,, the luminescence spectra of
Zn, 4,Cd,, osTe€ included not only lines due to exciton—
impurity complexes, lower polariton branch, and up-
per polariton branch, but also polarized & bands, and
for AE,  =1.2E,, the unpolarized band . For AE,
=9.7E,, and 17.5E, the observed spectra were iden-
tical in respect of the structure and all the lumines-
cence bands were unpolarized.

The features of the polarization correlation of the
luminescence spectra are presented in a systematic

manner in Table I for all values of AE, .

3. DISCUSSION OF RESULTS

It is clear from our results that at a constant excita-
tion rate of R,,,~ 10'® photons. cm™- sec™, created by
a source with AQ <y, variation of AE,  from 1.1E,,
to (9-10)E,, generates the intrinsic luminescence of
the ZnTe and Zn, ,,Cd,, ,sTe crystals independent of the
properties of the excitation photons (bands M,,I,,I,,
and I,), as well as other bands & (¥ and &) whose ener-
gy positions are always, and the polarizations some-
times (in a certain range of AE,,.), correlated with the
excitation radiation. The pure luminescence origin of
the first group of bands is self-evident but the nature of
the second group requires separate consideration. In

TABLE I. Characteristics of luminescence spectra of crys-
tals for all values of AE.

AE o4 o (in units of £1 o)

1.1-1.6,2.2,4.6 6.1-6.6,7.2, 8.6 9.7,12.3,16.4,17.5
Correlation of lumi with excitation ph Lumi independent of
properties of excitation photons
phase and energy energy alone

Trad < Tt Trad < Tig Tir < Trad < Tig

Trad ~ Tt Trad ~ Tig

scattering =~ strongly unthermal-

partly thermalized hot
ized hot luminescence

luminescence

ordinary totally thermalized
luminescence

P lly related independent absorption and
luminescence processes

absorption and 1
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this connection it must be stressed that the complete
explanation of the & bands meets with a number of dif-
ficulties if we adopt the model postulating luminescence
of “hot” excitons.!™ In fact, according to this model
there should be no luminescence band with n=1. How-
ever, this band appears clearly in the spectra of ZnTe
crystals for A, =5145 A. Itis particularly important
to note that in the case of ZnTe crystals at =40 K
for X, =5145 A there are simultaneously bands with
n=1,2, and 3 and the last of them, i.e., &, is located
considerably lower than E, ., (by about 60 meV). This
circumstance effectively excludes the possibility of its
interpretation as the “hot” exciton luminescence or any
other luminescence process because there are no exci-
ton states in the energy range E<<E,;,,.

It seems to us that the results obtained should be an-
alyzed on the basis of ideas put forward by Toyoza-
wa.l®! According to these ideas, the energy and polar-
ization correlations with the excitation photons are typ-
ical of secondary unthermalized radiation which ap-
pears during time intervals shorter than the longitudi-
nal ('rlg) and transverse (7,,) relaxation times repre-
senting in fact the absorption of the excitation energy.
Here, 7, represents the energy and 7, the phase (pol-
arization) times of the correlation between the pump
photons and the electron excitations created in a crys-
tal.

In this connection it should be noted that by reducing
AE,,, we have reduced primarily the transition times
of electron excitations to their lowest energy states,
from which radiative transitions mainly take place. If
we assume that the LO phonon emission time 7, is
less than 7,, and 7,,, the nature of the observed spectra
and the properties of the ® bands obtained for various
values of AE, . should reflect the features of the radia-
tive processes at various stages of the relaxation.
Consequently, an analysis of the polarization proper-
ties of the ® bands demonstrates the possibility of go-
ing over from the ordinary thermalized luminescence
to stimulated Raman scattering through various stages
of the hot luminescence. Such a transition occurs part-
ly under our conditions. In fact, it is clear from Table
I that the variation of AE,  from 17.5E, to (9-10)E,
does not affect the structure or energy positions of any
of the luminescence bands. Moreover, they are all un-
polarized, as expected for cubic ZnTe crystals. These
factors are direct evidence of their pure luminescence
origin. Under these conditions the absorption and sub-
sequent reemission processes are separated in time by
intervals 7>7,, T>T,,, i.e., by intervals during which
all the longitudinal and transverse relaxation processes
are readily completed. Therefore, the absorption and
emission are independent processes and it is natural to
expect the loss of the energy and phase (polarization)
coupling between the emitted radiation and the excita-
tion photons.

In the range 6E,, < AE, <9E_, the spectra have
bands & , whose energy positions are correlated with
the pump photons. They are always located above the
bottom of the exciton energy band and, like the pure
luminescence bands, are unpolarized. Their appear-
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ance is due to the excess populations of the interme-
diate states with electron excitations, for which the
transverse relaxation process is completed but not the
longitudinal one. This is why there is a correlation be-
tween the energy positions of the & and the pump pho-
tons. Therefore, the € bands may be classified as rep-
resenting partly thermalized hot luminescence, which
appears at the later stages of the relaxation processes.

The bands & observed in the range AE, <6E,, are
characterized by the energy and phase (polarization)
coupling with the pump photons. This circumstance
demonstrates that a reduction in AE,  reduces also the
transition times of the electron excitations to their
lowest energy states. Therefore, radiative transitions
accompanied by the emission of the LO phonons occur
before the completion of the longitudinal and transverse
relaxation processes. Consequently, the & bands re-
flect to a greater degree the properties of the pump
photons and not the pure intrinsic luminescence of the
ZnTe crystals. In principle, they can be regarded as
strongly nonthermalized hot luminescence. However,
under these conditions we also observe the bands &’
and &” located much below E,,_,, where there are no
exciton states. These bands can only be due to reson-
ance Raman scattering. Therefore, the appearance of
the polarization in the & bands should be interpreted by
assuming that the strongly unthermalized hot lumines-
cence acquires features typical of the resonance Raman
scattering, i.e., it should contain the luminescence
component and the component due to the Raman scatter-
ing. It is the second component that gives rise to the
&’ and " bands.

The increase in the degree of polarization of the &
bands on reduction of AE, . from 4.5E;, to 1.1E;,
shows that the relative contribution of the scattering
component increases. Therefore, the bands withn=1,
2, and 3, and also possibly the bands withn=4 or 5,
can be regarded as the resonance Raman scattering
bands.

If the loss of the polarization of the & bands for AE,,,
beyond 6E;, does indeed reflect a transition from res-
onance Raman scattering to luminescence, the lumines-
cence component should exhibit thermal quenching. We
can consider this point by analyzing the results shown
in Fig. 3, which demonstrate that an increase in tem-
perature from 4.2 K to 70 K reduces considerably the
intensity of the ® bands at both values of X, (lines 1
and 2). This may be due to two factors: 1) a reduction
in the detuning from resonance as a result of variation
of E,,., with temperature; 2) thermal quenching of the
luminescence. Since between 6LO and 1LO phonons
results in approach to E, ., with practically the same
accuracy (<1 f\) and since the energy positions of the
® and € bands at both Aoy do not vary with rising tem-
perature, the influence of the detuning on their intensi-
ties is the same. Consequently, the difference between
the slopes of lines 1 and 2 indicates more effective
thermal quenching of the intensity of the unpolarized
@ band even if we assume that it occurs also in the case
of the ® band. Therefore, the & band is closer to lu-
minescence than &. In fact, curve 3 reflects the tem-
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perature dependence of the intensity of the pure lumi-
escence band M,. It is clear from Fig. 3 that up to

30 °K the intensity of this band rises somewhat. This

is clearly due to the effective thermal dissociation of
electron-impurity complexes in this temperature
range. The concentration of free excitons should,
therefore, rise initially, compensating the thermal re-
duction in the intensity of the M, band. After the disso-
ciation of the electron—-impurity complexes, i.e., in the
temperature range 7> 30 °K, the rate of reduction of
the intensity of the M, band is considerably greater than
the rate of reduction of the intensities of the & and &
bands. This is easily explained by the fact that the pure
luminescence is completely thermalized and should be
sensitive to an increase in the efficiency of nonradia-
tive processes. The position of the ¢ bands is related
only to a reduction in the excess of the excitation ener-
gy by the emission of the LO phonons. It is very char-
acteristic that the slope of line 2 is greater than that of
line 1 but it is less than that of curve 3. This is to be
expected because line 2 represents the thermal reduc-
tion in the intensity of the partly thermalized hot lumi-
nescence whose properties are closer to those of the
pure luminescence than to the Raman scattering.
Therefore, the slope of the corresponding dependence
should be intermediate between the cases of the com-
pletely thermalized luminescence (curve 3) and the
Raman scattering, i.e., maximally unthermalized, ra-
diation (line 1).

If we consider the & bands representing the Raman
scattering, we can also explain other features of the
observed spectra. In particular, in the case of the
Raman scattering the one-phonon process, i.e., the
process accompanied by the emission of one LO phonon,
is—inprinciple —forbidden by the law of conservation of
momentum. However, this restriction can be lifted by
the size resonance effects!® and also by the contribu-
tion of impurities and acoustic phonons to the scattering
processes.t®! Therefore, the one-phonon scattering
band (with »=1) appears clearly in the luminescence
spectra of ZnTe crystals for A, =5145 A. Moreover,
we can now account for the presence of the 7 band
which is located well below E,,_, (by 60 meV). In fact,
in spite of the fact that the emission of two LO phonons
we reached the region where there are no exciton
states, further reduction in the energy occurs as a re-
sult of the scattering by the LO phonons exclusively be -
cause of the Raman component.

4. CONCLUSIONS

The results obtained demonstrate that the use of an
excitation source with AQ2 <y produces spectra whose
structure are governed by the relaxation processes.
In the case of ZnTe and Zn,Cd,-,Te crystals subjected
to excitation at a rate R,,,~ 10" photons- cm™- sec™
the transverse relaxation time 7, is ~67,, and the
longitudinal relaxation time 7j; is ~(9-10)7.,, i.e.,
T,+<Ti. If the radiative transitions occur during the
interval 7_,,<T,., strongly unthermalized hot lumines-
cence with the characteristics of resonance Raman
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scattering is observed. In the range 7,.<7,,,<7,, the
emitted radiation is the partly thermalized hot lumi-
nescence, whose properties approach that of the ordi-
nary luminescence. The completely thermalized lumi-
nescence appears in the AQ <« y case only after the re-
laxation processes are completed. Thus, the hot lumi-
nescence is an intermediate type of radiation on trans-
ition from resonance Raman scattering to lumines-
cence,

We shall conclude by noting that our polarization an-
alysis of the relaxation processes applies to relatively
low rates of excitation when the frequency of the exci-
ton-—exciton collisions v,_, (10® sec™) is less than the
frequency of the exciton-phonon collisions v,_,,, which
is (6—8) X 10*® sec™. Therefore, the main mechanism
of the excitation energy dissipation is the interaction
between excitons and phonons. At high rates of exci-
tation the exciton-exciton interaction processes may
alter considerably the relaxation and the nature of the

emitted radiation.
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States analogous to those with superfluid currents in an ordinary superfluid can exist in a Bose-condensed
electron-hole liquid as well as an easy-plane antiferromagnet. For easy-plane antiferromagnets these states
are metastable helicoidal structures with an antiferromagnetic vector that rotates inside the easy plane.
These structures are investigated with the aid of the usual phenomenological theory based on the Landau-
Lifshitz equations to which some dissipative terms are added. The metastable helicoidal structures can be
produced by injecting spins into the antiferromagnet. This gives rise to magnetization far from the point of
injection, a manifestation of a real spin transport in these states. For a band antiferromagnet, the
stationary phenomenological equations are the Ginzburg-Landau equations, which are derived by using an
excitonic-state model with extrema that do not coincide in k-space.

PACS numbers: 75.10.—b

INTRODUCTION

Bose condensation of electron-hole pairs in a solid
leads to the appearance of a complex order parameter
A=|Ale' B and for this reason the possible existence,
in analogy with ordinary superfluids, of nondissipative
currents proportional to V¢ (supercurrents) has been
under discussion for quite some time.[2-®} It has been
established that this analogy must not be drawn too far.
First, a current of electrons and holes transports
neither mass nor energy, thereby excluding a large
number of traditional methods of producing and observ-
ing supercurrents. Second, the electron and hole con-
servation law is satisfied at best only approximately,
since interband transitions take place. These, as
shown by Guseinov and Keldysh, lift the phase degen-
eracy of the order parameter and make the existence
of stationary spatially homogeneous supercurrents im-
possible. There can exist, however, stationary states
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with finite supercurrents, which are inhomogeneous
along the supercurrent direction. They were investi-
gated with the aid of the Ginzburg-Landau (GL) equa-
tions for a semimetal with band extrema that coincide
in k-space,!®! as well as for a system of spatially
separated electrons and holes.[”? It was shown in ¢
that such inhomogeneous states are metastable so long
as the processes that fix the phase are weak enough.

A generalization of the results of ®’ to the case when
the pair-forming electrons and holes pertain to extrema
that do not coincide in k-space and the wave function of
the electron-hole pairs is triplet in spin is briefly re-
ported in 8, In analogy with the A-phase of superfluid
He® '®) one can speak here of two Bose condensates of
pairs with spin projections +1 and —1 on the wave vec-
tor of the spin-density wave (SDW) that is produced in
this case.’®' If both condensates have equal superfluid
velocity, then a current of electron-hole pairs exists,
and if their velocities are equal but opposite, then a
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