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Anomalous enhancement of polariton luminescence has been observed in ultrapure epitaxial
GaAs layers. Studies of how the rate of increase in luminescence intensity depends on excitation
intensity, the purity of the samples, and temperature have revealed that the enhancement effect is
determined by the change in exciton kinetics in the magnetic field. An analysis of the polariton
luminescence and phonon echo spectra reveals that the effective polariton temperature
diminishes and the total number of polaritons rises in the magnetic field. It is demonstrated that
the energy relaxation rate of the electrons due to piezoelectric scattering by acoustical phonons
grows in a quantized magnetic field, while the electron temperature diminishes. Electron cooling
serves to increase the exciton production probability while exciton heating diminishes due to

exciton-electron scattering processes.

1.INTRODUCTION

Magnetooptic studies of excitons in GaAs to date have
largely focused on magnetoabsorption' and magnetoreflec-
tion.? The purpose of such studies has been to analyze the
effect of the magnetic field on the energy structure of the
excitons, i.e., the diamagnetic shift and Zeeman splitting of
the ground and excited states.

We have previously observed intense, clearly-expressed
resonance exciton luminescence in ultrapure epitaxial GaAs
layers; this luminescence has been described comprehensive-
ly within the framework of the polariton model.? The form of
the polariton luminescence (PL) spectrum is determined by
spatial polariton diffusion and polariton energy relaxation.*
It is possible to investigate exciton kinetics by analyzing the
change in the PL spectrum under different external actions.
We recently reported the discovery of a new effect, strong
PL enhancement of GaAs in a magnetic field.® The results of
a detailed analysis of this effect, which is directly related to

the magnetic field effect on exciton kinetics, are presented in

this paper.

The experimental manifestations of this effect are de-
scribed in Sec. 2. It is demonstrated in Sec. 3 based on the
analysis carried out here that PL enhancement in GaAs is
related to effective exciton cooling in the magnetic field to
nearly the lattice temperature. It is assumed that the reduc-
tion in the exciton effective temperature in the magnetic field
is due to the increase in the energy relaxation rate of the
electrons and their cooling. A theoretical calculation of the
energy relaxation rate of the electrons in the magnetic field is
carried out in Sec. 4. The proposed PL enhancement mecha-
nism is discussed in Sec. 5.

2.EXPERIMENTAL RESULTS

The primary experiments were carried out at a tempera-
ture 7= 1.7 K. The samples—pure epitaxial n*> = GaAs
layers obtained by gas-phase epitaxy in a chloride system—
were placed in a superconducting solenoid. The magnetic
field was as high as B=~7 T. The magnetic field was applied
perpendicularly to the sample surface (if not stipulated oth-
erwise). An Ar™* -laser (4 = 4880 10\) served as the pho-
toexcitation source; the laser radiation was focused on a spot
~0.5 mm in diameter. The luminescence spectra were re-
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corded by a DFS-12 double diffraction spectrometer with a
0.1 meV resolution.

Strong PL enhancement was discovered from analysis
of the luminescence of ultrapure GaAs samples (total con-
centration of shallow impurities substantially below 10"
cm ~?). The intensity of the lower polariton branch (LPB)
grows by a factor of 17 under specific conditions in fields of
B=6.7T.

The photoexcitation intensity has a strong effect on the
enhancement of exciton luminescence (Fig. 1a). The degree
of increase in luminescence intensity is nonmonotonically
dependent on the excitation intensity (/,,.) and is maxi-
mized at certain average /., . Anincrease in LPV emission is
observed up through fields of B=~3 T with small ., fol-
lowed by saturation.

In addition to the intensity, the PL spectral line shape
(Fig. 2) also changes: The spectral line diminishes, followed

FIG. 1. a—LPB line intensity versus magnetic field magnitude for various
excitation intensities I,,. (W/cm?): 1—0.2; 2—0.8; 3—2; 4—4.5. b—The
ratio Pofintegral line intensities (D * ,x) and (D °,x) plotted asa function
of the magnetic field for I, = 0.8 W/cm? (P=1, . /I p.,,.
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FIG. 2. The luminescence spectra of the GaAs sample at different magnet-
ic field values B(T): 1—0; 2—1.7; 3—3.6; 4—5.2; 1,,. = 0.8 W/cm?. Sol-
id lines: Experiment; dashed lines: Calculation.

by a vanishing of the trough between the LPB and UPB (up-
per polariton branch) lines; the relative intensity of the UPB
line diminishes.

An increase in the emission intensity of the bound exci-
tons is observed simultaneously with the increase in PL in-
tensity in the magnetic field. The redistribution of intensities
of the (D %x) line (the exciton bound to the neutral donor)
and the (D * ,x) line (the exciton bound to the ionized do-
nor) is immediately evident. As we see from Fig. 1b, the
intensity ratio J /I po,, diminishes with increasing
magnetic field.

The rate of increase in luminescence intensity is depen-
dent on the impurity concentration in GaAs. In a sample
with a shallow donor concentration Np ~10' cm~3 the
maximum increase in PL intensity was 3.7. In a sample with
Ny =10" cm~? this quantity was even smaller: 1.4. The
decrease in this effect with increasing shallow donor concen-
tration may explain why it was not observed in Ref. 6, which
apparently did not analyze ultrapure crystals.

The rate of increase in PL intensity in a magnetic field is
also dependent on the lattice temperature. The rate of in-
crease in LPV emission intensity in a field B = 4.5 T drops
by a factor of two as the temperature rises from 1.7 K to 4.2
K.

(D *,x)

We investigated circular polarization of exciton lumi-
nescence in a magnetic field under unpolarized excitation.
We found that to within measurement error the degree of PL
circular polarization was equal to zero through fields B~ 3.2
T. At the same time, a significant increase in luminescence
intensity and changes in its spectral lines were observed in
these same fields. In strong magnetic fields, the degree of PL
circular polarization becomes nonzero, reaching ~25% for
B = 6.7 T. Presumably such polarization results from Zee-
man splitting of the exciton band.?

In order to determine the effect of the magnetic field
orientation on the PL enhancement effect, we applied the
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FIG. 3. The LPB line intensity plotted as a function of a magnetic field
parallel to the sample surface for different 1, (W/cm?): 1—0.1;2—0.25;
3—0.8;4—4.5.

field parallel to the sample surface and perpendicular to the
direction of the laser light. A reduction in exciton lumines-
cence intensity in this geometry was discovered in Ref. 6 in
GaAs and was attributed to a reduction in the coefficient of
diffusion of the electrons from the sample surface in the mag-
netic field and an increase in the role of surface recombina-
tion. We also observed a reduction in exciton luminescence
intensity in the weak magnetic field range (B < 1 T) with low
I... However, with high I,  the opposite effect was ob-
served: the exciton luminescence intensity increases (Fig.
3). The PL spectral line shape also changes (Fig. 4, spectra
1-4): The trough between the LPB and UPB lines grows,
and the short-wavelength decay of UPB emission flattens
out. Note the reduction in PL intensity compared to the
bound exciton lines. These changes in the luminescence
spectra in fact contradict those noted above. The same effect
is observed in strong magnetic fields parallel to the sample
surface (B> 1 T) as in fields perpendicular to the sample
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FIG. 4. Luminescence spectra at different magnetic field values B(T),
parallel to the sample surface: 1—0; 2—0.45; 3—0.18; 4—0.42; 5—0.9;
6—1.8; 7—3.8; 8—5.8; I.,. = 0.8 W/cm?
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surface. The same changes in the PL spectral line shapes
occur, as is evident from Fig. 4 (spectra 5-8). The PL inten-
sity also rises for all I,,.. However, for small I, this in-
crease does not make it possible to achieve a zero field level.

3.ANALYSIS OF EXPERIMENTAL RESULTS

The oscillator strength of a free exciton rises in a strong
magnetic field due to the transverse compression of the wave
function relative to electron and hole motion. At first glance
it is natural to attribute the increase in exciton luminescence
intensity to this rise. The increase in exciton luminescence in
stressed Ge (which was significantly less clearly-expressed
than in our case) was attributed to specifically this mecha-
nism in Ref. 7. However this magnetic field test range for
GaAsisanintermediate range, i.e., 75 /ro~ 1, where rp is the
Bohr radius of the exciton, while r, = (#/eB)'/? is the mag-
netic length. Here r5 =~ 140 A for GaAs, while the minimum
value (forB=7T) isr,=100 A. The increase in the oscilla-
tor strength for B=7 T will only reach a value of 2 in the
intermediate range of magnetic fields, according to vari-
ational calculations,® which is significantly below the ob-
served changes. Moreover, within the framework of the po-
lariton representation, the increase in oscillation strength as
well as the longitudinal-transverse splitting energy only
gives rise to spectral broadening near exciton resonance in
lowest order.

In a magnetic field the exciton production probability
can grow in principle due to both an increase in the probabil-
ity of cascade coupling to the shallow hydrogen-like state®'°
and due to an increase in the probability of LO-phonon emis-
sion by spatially-correlated electrons and holes.!' The first
process becomes significant only in strong magnetic fields
(ro<€rg ). Moreover, neither of these processes explains the
observed changes in the PL spectra.

The dependence of the rate of magnetic field effect on
PL on the purity of the material, the excitation intensity, and
the temperature suggest that the effect is directly related to
the magnetic field effect on exciton kinetics.

Initially we can anticipate that the magnetic field will
have an effect on the spatial distribution of polaritons. Then
the most clearly exhibited effect would be observed in a field
parallel to the sample surface. However, PL enhancement in
the range B> 1 T is less in this geometry compared to the
case of a field perpendicular to the surface, while changes in
the spectral line shapes are analogous for the two experimen-
tal geometries. Therefore, PL enhancement in a magnetic
field can hardly be attributed to a change in the spatial distri-
bution of polaritons. At the same time, changes in intensity
and the spectral line shapes are observed only in a field paral-
lel to the sample surface in the range B < 1 T, which suggests
that the spatial distribution of polaritons plays a role. The
mechanisms observed in this range can be explained as fol-
lows. The reduction of the ambipolar diffusion coefficient
due to spiraling of electron trajectories in the magnetic field
has two consequences: A reduction in the total number of
electrons due to surface recombination and an increase in the
maximum of the electron concentration profile. The first cir-
cumstance serves to reduce the total number of excitons,
while the second causes an increase in their number due to
theincreased probability of electron and hole binding to pro-
duce excitons (in GaAs this bimolecular process is the fun-
damental exciton production channel'?).
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The increase in the role of surface recombination is re-
sponsible for the reduction in total PL intensijty with increas-
ing magnetic field with small I, . With increasing /,, the
rise in the bimolecular binding probability of electrons and
holes to produce excitons may cancel the effect of surface
recombination. Moreover, the surface recombination chan-
nels may be partially saturated with increasing I, . This is
apparently the cause of the rise in PL intensity in the low
magnetic field range with large I, .

The changes in the spectral line shapes can be attributed
to an increase in exciton-electron scattering probability due
to the elevation of the peak of the electron density profile.
The increase in the exciton-electron scattering probability is
responsible for the expansion of the trough between the LPB
and UPB lines as well as the increase in the effective polari-
ton temperature. The changes in the PL spectra in a weak
magnetic field parallel to the GaAs crystal surface represent
significant evidence in favor of the importance of accounting
for exciton-electron scattering in the formation of the PL
spectrum.

Note that the significant spectral changes as well as var-
iations in luminescence intensity are initiated at fields
B~0.045 T which is more than an order of magnitude lower
than observed in Ref. 6. The ambipolar diffusion coefficient
in the magnetic field is equal to®
2Dy

D=
1+ (4+pnB*) Dypo/ Do’

(D

where D,, D,, are the electron and hole diffusion coeffi-
cients in zero magnetic field, i, is electron mobility. In this
magnetic field range we would only anticipate changes in the
electron diffusion coefficient. A significant reduction in D
occurs for

(1+w.2B*) Do/ Dp>1. 2)

Substituting D, /D, =0.1 and B, =0.045 T we obtain
i, >7-10° cm?/V-s, which exceeds the corresponding mo-
bility value in samples from Ref. 6 by an order of magnitude
and confirms that the material is pure. The mobility estimate
corresponds to the value i, = 3-10°cm?/V -s obtained from
a classical cyclotron resonance experiment on the same sam-
ple.”> We were not able to carry out Hall measurements to
directly determine mobility due to the high resistivity of the
samples. The situation in photoexcitation is generally differ-
ent from an ordinary equilibrium case in which transport
mobility is measured, since the impurities are partially neu-
tralized. However, the mobility is still rather high for the
case of total impurity neutralization, which can naturally be
attributed to the low shallow impurity concentration and the
large impurity scattering time.

We compared experimental and calculated PL spectra
in order to determine the dynamics of the variation in the
kinetic parameters of the polaritons from the magnetic field.
The details of the calculation'and the GaAs parameters used
are reported in Ref. 14. In the calculation the energy of a
longitudinal exciton E; as a function of magnetic field (dia-
magnetic shift) was determined on the basis of the position
of the spike in the reflection spectrum. The increase in longi-
tudinal-transverse splitting energy E; - was accounted for in
accordance with the data of Ref. 8. As we see from Fig. 2, the
changes in the PL spectral lines in a magnetic field are de-
scribed satisfactorily by a change in a single parameter: A
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reduction in the effective polariton temperature 7" (the rea-
sons for the discrepancies in the vicinity of the LPB are dis-
cussed in Refs. 3, 14). A reduction of T* serves to increase
the population of the lower energy regions near exciton reso-
nance. This is responsible for the anomalous enhancement of
LPB luminescence and the decrease in the contribution of
UPB emission, which is determined by the population of
states above the longitudinal excitation energy.

Figure 5 shows how the fitting values of 7* depend on
the magnetic field level. The derived values of T* were used
to calculate the increase in the maximum LPB emission in-
tensity Y, ,, assuming the total polariton concentration re-
mains unchanged (Fig. 5). Itis clear that with small I, , the

calculated degree of increase in the luminescence intensity is
lower, as is observed in experiment. This is due to the fact
that the initial value of 7" for B = 0 and small I, is lower,
while the position of 7" is bounded by the finite lower limit
equal to the lattice temperature. We believe that the exciton
luminescence enhancement effect in a magnetic field de-
creases as the lattice temperature rises from 7= 1.7 K to
T = 4.2 K due specifically to the latter factor.
Thedependence of T* on B can also be determined from
an analysis of the emission spectra of excitons producing an
LO-phonon. Figure 6 shows the experimental and calculated
phonon echo spectra. Note that the values of 7" determined
from an analysis of the PL and phonon echo spectra are
virtually identical. With large I.,., the value of T in a mag-
netic field diminishes to a greater value than observed with
small I,,..
However, a single variation in the effective polariton
- temperature is insufficient to provide a quantitative explana-
tion for the exciton luminescence enhancement effect. In ad-
dition to the change in spectra, the integral phonon echo
intensity also rises. The integral luminescence intensity of
excitons emitting a phonon is proportional to the total num-
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FIG. 5. The effective polariton temperature 7" and the calculated in-
crease in the intensity of the PL maximum Y,,, plotted as a function of
magnetic field: 1—/I,,. = 0.2 W/cm?; 2—I,. = 0.8 W/cm”.
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FIG. 6. Experimental (solid lines) and calculated (dashed lines) emis-
sion spectra of excitons producing an LO-phonon (1, 3, 5—B =0; 2, 4,
6—B = 6.7T) for various I, (I.,. (W/cm?):1,2—0.2;3,4—0.8; 5, 6—

exe

45)and T° [T" (k): 1—5;2—2.7; 3—12; 4—3; 5—11; 6—4.3].

ber of excitons. We can therefore conclude that the total
number of excitons also grows with increasing magnetic
field (although the increase in the integral intensity of the
phonon echo is partially related to the increase in the exciton
oscillator strength in the magnetic field).

We now discuss possible causes of the reduction in the
effective temperature and the rise in polariton concentration
in the magnetic field. One possible cause is related to the
reduction in the nonradiative polariton destruction proba-
bility. This would immediately suggest an increase in polari-
ton concentration and an increase in the degree of polariton
thermalization during their lifetime. The decrease in the
probability of nonradiative trapping by an impurity in prin-
ciple may be related to compression of the wave function of
the impurity complex in the magnetic field.'> However, in
the case of shallow impurities responsible for cascade trap-
ping with acoustical phonon emission, the trapping proba-
bility in a magnetic field in fact behaves in the opposite man-
ner and grows.”'® The dimensions of the wave function of
the deep localized centers in this magnetic field range can
hardly undergo a significant change.

The second possible cause is related to acceleration of
polariton energy relaxation due to an increase in exciton-
phonon interaction probability in the magnetic field. The
mechanism of this increase is related to compression of the
exciton wave function and an increase in the probability of
interaction between excitons and the short-wavelength
acoustical phonons with a wavelength shorter than the Bohr
radius of the exciton. However in this case a significant
change would be anticipated only in the strong magnetic
field range and at rather high exciton energies.

Before addressing the third, most likely cause, we will
discuss the source of the effective polariton temperature in
zero magnetic field. In principle polaritons as particles of
relatively large mass are rapidly thermalized. A different
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situation occurs with nonequilibrium electrons that are
created from external excitation and exist in conjunction
with the polaritons in the crystal. Electrons in GaAs have a
small effective mass (m* = 0.0667 m,) and their energy re-
laxation rate is less than that of polaritons due to acoustical
phonon emission. Hence the effective temperature of the
nonequilibrium electrons is always higher than that of the
polaritons, and with our values of I, T° =~ 10-20 K (Ref.
16). The polaritons may be heated from exciton-electron
interaction. The rise of their effective temperature with in-
creasing I,,. may also be attributed to this interaction.

As we show in the next section, the energy relaxation
rate of electrons by acoustical phonons in a magnetic field
rises, while their effective temperature drops to nearly the
lattice temperature. This directly eliminates the polariton
heating channel from electron interaction, and will reduce
their effective temperature. With very large I,., the polari-
ton effective temperature can be related to both the interac-
tions with nonequilibrium acoustical phonons and exciton-
exciton collisions. Hence the value of 7" decreases in a
magnetic field to a certain large value, which serves to sup-
press the PL enhancement effect. The reduction in effective
electron temperature may also be responsible for the in-
crease in the total number of excitons due to the fact that the
probability of charge carrier binding to produce an exciton
grows with diminishing exciton kinetic energy.'?

4.ENERGY RELAXATION OF ELECTRONS BY PHONONS IN A
MAGNETICFIELD

In this section we show that the energy relaxation rate
of electrons by acoustical phonons rises in a magnetic field.
Physically this is related to the fact that localization of trans-
verse electron motion violates the law of conservation of
transverse quasimomentum and serves to increase the num-
ber of possible final states of the scattering process. The ef-
fect becomes significant for k7, < 1, where

kr= (kgT.m."[h?)"

is the average electron thermal momentum, while T, is the
electron effective temperature. This condition is equivalent
to the case where the distance between the Landau subbands
exceeds the electron temperature: #iw,>kp7T,, where
o, = eB /m, *isthecyclotron frequency. For T, = 15K the
characteristic magnetic field magnitude at which the effect is
manifested is B~0.75 T, which is entirely consistent with
experimental results.

Reference 17 reports expressions for the momentum
and energy relaxation times in the ultraquantum case when
only the lower Landau subband is taken into account. The
average energy relaxation rate Q is calculated in Ref. 18 for
this case (the power contributed to the lattice by the elec-
trons averaged over the quasi-equilibrium distribution func-
tion). We consider the case of random magnetic field values
and determine how the effective electron temperature de-
pends on B. The average electron energy relaxation rate is
given by

G=Zfi(Ei_E/)wi! /an (3)
if i

where E;, E, is the electron energy in the initial (i) and final
(f) states; w; is the scattering probability, f; is the distribu-
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tion function. The electron state in the magnetic field is de-
scribed by the longitudinal wave vector k, (the z axis runs
along B) and the number of the Landau subband /. We con-
sider piezoelectric scattering by acoustic phonons, since this
mechanism is predominant in GaAs at low temperatures.'’
Moreover, for simplicity we only account for phonon emis-
sion (the case where the lattice temperature 7, =0). We
can then obtain for the probability of scattering by a phonon
with the wave vector ¢ (Ref. 17)

2n
wis(q)= ) Vpez(Q)Jt,» Iy (q;ro)ﬁuz,.,;. 25+,
h 1
X 8 hoc (=t + 5o ey | )
2m,

L)) T ()]

l,=m1n(l,-, L), L=max(l, ;).

Iigr, (0=

Here L §(¢) is an associated Legendre polynomial, §,,, is the
Kronecker symbol, g, is the magnitude of the component of
q perpendicular to B, and ¥, is the matrix element of elec-
tron-phonon interaction:

Vp.”(q)=&, Cre = Eﬂ—fe;‘—a, (6)

q ®’pu

where e, is the piezoelectric tensor component of the crys-
tal, x is the permittivity, p is density, u is the acoustic veloc-
ity, and a is the geometrical factor associated with averaging
of anisotropic piezoelectric scattering. We neglect changes
in @ in the magnetic field for simplicity. Generally speaking,
transverse phonons make the primary contribution to piezo-
electric scattering in strong magnetic fields. In this case if the
field is applied along the [100] direction, we have a = 0.5
(Ref. 18). In zero magnetic field for scattering by transverse
phonons we have a = 0.46 (Ref. 20).

Substituting Eq. (4) into Eq.. (3), integrating with re-
spect to the initial and final electron states and the phonon
wave vectors, and summing over all Landau subbands, while
taking the Maxwellian distribution function with tempera-
ture T,, we obtain

Q= (7.,—-»[1 —exp(—7)] Z, Zexp( Hl’x)

L;=0 ;=0

Bt Bt 1~ l )
X }O'J,,,,(t)texp( )KO( —2——T~( dt. (7)
The dimensionless parameters y="tw./kyT,,

B =tu/ky T,r,are introduced here; K, is a modified Bessel
function. The quantity Q, represents the average energy re-
laxation rate of electrons by acoustical phonons due to pie-
zoelectric scattering in zero magnetic field:'’

\ %
0o=Cout( 222)" (ko (%)
nh

We note that in integrating the §-function from Eq. (4) the
quantity ¢ was replaced by ¢, . This is justified by the fact
that in weak fields, phonon scattering is nearly elastic
(u <V, where V is electron velocity), while we can assume
¢, > ¢, in strong magnetic fields.!”

Expression (7) can be simplified. For this purpose the
double sum must be divided into two parts. One part corre-
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sponds to scattering within the Landau subband (/; = /),
while the other sum corresponds to band-to-band scattering.
In this second part we pull the function ®(¢) evaluated for
t = 0 out from under the integral, where

oomon (|- tg) O

This is possible in the weak magnetic field range for S<1,
which corresponds to #iw, € (kz T, )2/m_*u>. In the strong
magnetic field range S > 1 at moderately low temperatures
T, (kg T, »m,*u?) the condition > 1 holds. In this case
the part of expression (7) corresponding to band-to-band
scattering is exponentially small. Then, subject to the fact
that

y J;,;,(t)tdt=1,
0

we obtain

0=0. ;{MZexp( l'Y)j.Ju(t)texP( 5;)

a3}

t
( P )dt + Z‘ exp(
It is quitﬁ clear from Eq. (10) that Q as expected, tends
towards Q, as B—0 (7, 8-0), since

e (__ll (_li —
2 %"’"p 2 )K‘f 2 )1->o
With very large B(y,B- x)

1 kaT
Oz =0y

3 m.u?
In this case Q will be independent of B in accordance with
Ref. 17. At moderately low temperatures (for GaAs param-
eters, T, > 0.2 K), as we see from Eq. (12), the maximum
average electron energy relaxation rate far exceeds its value
in zero magnetic field. At moderately large B (y> 1, <€1)
an expression corresponding to the result from Ref. 18 can
be obtained for Q:
a1 2 C )
=0 (n2-5),

where C is Euler’s constant.

If we account for the finite lattice temperature, then in
accordance with Ref. 19, it is necessary to introduce the ad-
ditional multiplier (T, — T, )/T, inEq. (8). For T, =T,
the electrons are in equilibrium with the phonons and their
energy relaxation rate is zero. Figure 7 shows the depend-
ence of the average electron energy relaxation rate calculat-
ed by Eq. (10) on electron temperature T, for different mag-
netic fields.

In order to determine T, (B) we assume that the energy
contribution to the electron system is independent of the
magnetic field magnitude. Then, establishing a specific value
of T, (0), it is possible to obtain the relation T, (B) by set-
ting the energy relaxation rate equal in zero field and in the
presence of a field: :

QIB, T.(B)]1=0Q.[T.(0)].

(10)

[ exp(—2) Ky (z)dz=1. (1)

(12)

(13)

(14)
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FIG. 7. The average rate of piezoelectric electron relaxation by acoustical
phonons in GaAs plotted as a function of electron temperature in different
magnetic fields B(T): 1—0; 2—1; 3—2; 4—3; 5—4; 6—S5.

Figure 8 demonstrates how the electron temperature in the
magnetic field diminishes for different values of T, in zero
field.

5.DISCUSSION

We have attributed polariton cooling in a magnetic field
to a reduction in the effective electron temperature due to a
rise in their rate of energy relaxation by acoustical phonons
in a magnetic field. The polariton temperature is dependent
on electron temperature due to effective exciton-electron
scattering. The corresponding scattering probability w,,. o is
determined by the expression:*!

hnrg

(15)

Wex-e1 = 20

me
where n is electron concentration. For n = 10'2 cm 3 for
GaAsw,,., =0.47-10°s~ !, which is close to the probabili-
ty of exciton scattering by acoustical phonons near exciton
resonance. If we take into account that exciton-electron

1 1 1 1 -J
0 I 2 J 4 BT

FIG. 8. Electron temperature versus magnetic field at different electron
temperatures in zero field T, (0) (K): 1—10; 2—15; 3—20.
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scattering, unlike exciton-phonon scattering, is essentially
inelastic, we find that exciton-electron scattering makes the
dominant contribution to the formation of the exciton ener-
gy distribution. The reduction in electron temperature will
also serve to increase the probability of electron trapping by
ionized donors.?? Hence the redistribution of line intensities
(D*, x) and (D° x) in a magnetic field (Fig. 1b) is an
independent confirmation of electron cooling.

Itisimmediately evident that 7, diminishes significant-
ly as early as B = 1-2 T in the calculated T, (B) (Fig. 8),
which is inconsistent with the experimental 7" (B) relations
(Fig. 5). This discrepancy may be related to calculation er-
rors. We assumed a Maxwellian electron distribution func-
tion with a temperature T,. Thermodynamic quasi-equilib-
rium is established from electron-electron collisions. In
GaAs the distribution function with T, ~ 15 K is established
for n>n,~10" cm~3 (Ref. 17). however, electron-elec-
tron collisions are suppressed in a magnetic field.'” Hence,
introduction of the electron temperature in a magnetic field
may not be justified. Moreover, we have assumed that ener-
gy contribution to the electron system is independent of the
magnetic field magnitude, and have neglected other scatter-
ing mechanisms. All these factors may retard the relation
T. (B).

It is important to emphasize that the electron cooling
mechanism in a magnetic field examined here operates when
scattering by acoustical phonons predominates. At low tem-
peratures (7, = 1.7 K) this, obviously, is possible only in
ultrapure crystals in which there is little inelastic scattering
by impurities. The probability of the latter will hardly in-
crease in the magnetic field range analyzed here. Violation of
the law of conservation of quasimomentum in the magnetic
field is not important in this case, since quasimomentum is
not conserved in scattering by impurities.

6. CONCLUSION

It has been established from these studies that excitons
are effectively cooled through the lattice temperature in - ure
epitaxial GaAs layers in magnetic fields up to 7 T, wuich is
the cause of the anomalous enhancement of polariton Iumi-
nescence. The polariton energy distribution function is
largely determined by exciton-electron scattering processes,
and therefore polariton temperature is dependent on elec-
tron temperature. The effective temperature of nonequilibri-
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um electrons in the magnetic field range examined here di-
minishes significantly due to the increase in their energy
relaxation by acoustical phonons.

The authors thank V. A. Kharchenko for useful discus-
sions in support of this study.
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