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Sound and heat absorption by a two-dimensional electron gas
in an odd-integer quantized Hall regime

S. Dickmanii
Max Planck Institute for Physics of Complex Systemshihtzer Strasse 38, D-01187 Dresden, Germany
and Institute for Solid State Physics of Russian Academy of Sciences, 142432 Chernogolovka, Moscow District, Russia
(Received 19 August 1998; revised manuscript received 23 February 1999

The absorption of bulk acoustic phonons in a two-dimensi¢2B) GaAs/ALGa, _,As heterostructure is
studied(in the clean limii where the 2D electron-gd@DEG), being in an odd-integer quantum-Hall state, is
in fact a spin dielectric. Of the two channels of phonon absorption associated with excitation of spin waves,
one, which is due to the spin-orgBO) coupling of electrons, involves a change of the spin state of the system
and the other does not. We show that the phonon-absorption rate corresponding to the former(chémel
paper designated as the second absorption cheisrfelite at zero temperatur@’§, whereas that correspond-
ing to the latter(designated as the first channghnishes forT—0. The long-wavelength limit, being the
special case of the first absorption channel, corresponds to $bulkdand surfacgattenuation by the 2DEG.
At the same time, the ballistic phonon propagation and heat absorption are determined by both channels. The
2DEG overheat and the attendant spin-state change are found under the conditions of permanent nonequilib-
rium phonon pumping.

I. INTRODUCTION one-particle approximation is evidently justified in a qualita-
tive sense as long as the number of charged quasiparticles is
In recent years, considerable amount of interest has beeather large, which does not hold in the inte¢ar “almost”

focused on the problem of the acoustic wave and heat abrtege) QHR. In this latter case, one should take into ac-
sorption by a two-dimensional electron g#&2DEG) in count a stronge-e interaction with the typical energy equal
GaAs/ALGa, _,As heterostructures in the quantum Hall re- to the Coulomb energ-~e?/¢lg ¢ is the dielectric con-
gime (QHR).1 2 This is connected with the search for a new stant,| g= (#c/eB)*2is the magnetic lengihwhich exceeds
way to study the fundamental properties of a 2DEG in al00 K forB>8 T. Since we hav&/A =10 and because of
strong magnetic fiel@which is considered to be perpendicu- the absence of charged quasiparticles in the ground state, it is
lar to the layer, i.e., BH}) employing nonequilibrium  exactlyE¢ that determines the real LL width in the integer

phonon$é? or surface acoustic wavés as an experimental QHR. Charge excitations are separated from the ground
tool. The basic idea is associated with the fact that the enestate, not only by the gap, which is equal to the Zeeman
gies of phonons generated by heated metal fifidor the ~ energy for oddv or the cyclotron energf o for evenv, but
energy of coherent phonons in semiconductor superlatficesalso by an additional energy of ordEg.. This applies also
may be of the order of the characteristic gaps in the 2DEG0 the so-called Skyrmion charge excitatidfis}® which
spectrum. At the same time, it is well known that in the QHRSeem to have been observé® at v=1. However, ifv de-
a change of the Landau levelL) filling factor v may dras-  viates from unity then even the ground state has to be real-
tically renormalize the 2DEG excitation spectrum. Thereforeized as a complex spin and charge texture in the form of a
parameters such as the phonon lifetiRLT) 7, the at-  Skyrme crystal with a characteristic period proportional to
tenuation, and the velocity of sound waves exhibit strondv—1| 2 (see Refs. 16, 21 and R2so that ignoring the
oscillations as functions of the applied magnetic fiefd®  Skyrmions is only permissible for close enough to unity.
These spectrum alterations prevent development of an unExperiment§®?° indicate that this can indeed be dond iif
versal approach to the theoretical problem of sound and heat 1|<0.01.
absorption by 2DEG. Therefore in integer QHR the phonon absorption by
Most of the relevant treatmenfs'?*®use the one-particle chargeless excitations has to be more efficient. The spectrum
approximation, i.e., the Coulomb electron—electrere] in-  calculation for low-energy excitations from the filled LL is
teraction is neglected or considered as a secondary phenoffortunately an exactly solvable problem to first order in
enon renormalizing the phonon displacement fisktteening  Ec/fw., which is considered to be sméflee Refs. 23-25
in Ref. 12 or one-electron state densitCoulomb gap in  We will study the oddv only, since at even the cyclotron
Ref. 15. In these studies the LL width is determined by thegap for excitations substantially exceeds the possible acous-
amplitudeA of the smooth random potentié€BRP, and the tic phonon energy. For=2n+1 when then th LL in the
phonon absorption occurs through the transition of an elecground state has a fully occupied lower spin sublevel and an
tron from one semiclassical trajectory to another in the SRRmpty upper one the lowest states in the spectrum are spin
field near the percolation threshétd? (whenv is close to a  excitons, which are in fact spin wave excitations. We will
half integej or by the electron variable-range hopping for call these simply spin wave§SW'’s). For them the gap is
strongly localized electron3 (v is close to an integerThe  |gu,B|~0.38 K/T, becauseg=—0.44 for GaAs. At tem-
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peraturesT=0.1 an appreciable amount of “thermal” SW’s ground state in the clean limit with strictly odd being built
forms a rarefied 2D Bose gas, since SW density is still faof one-electron states of the fully occupied lower spin sub-
less than the density of electrons in théh LL (i.e., than level (see Refs. 23, 24, 26, and)27Ts actually the same as
1/2713). As a result, the electron-phonoe-ph) interaction ~ for the 2DEG without Coulomb interaction. Accordingly, the
can be represented as the SW-phonon interaction. Suchgiound state in the presence of SRP is of the same nature.
representation for the-ph interaction Hamiltonian has al- Note that the SRP would give rise to free charged quasipar-
ready been found earl@r(see also Sec. Il of the present ticles, were it not that the loss in energy due to interaction
papel, and as discussed it includes, in addition to spin-(which is on the order dfgu,B|+Ec), was vastly in excess
independent terms, the small terms arising from the electroaf the gainA in energy due to fluctuations in the random
SO coupling. Precisely the latter ones determine the phonopotential?® We have no free quasiparticles at temperatures
absorption aff =0. T<Ec, and such a 2DEG is a spin dielectric. Furthermore,

We consider two channels of inelastic phonon scatteringthe neutral spin exciton with 2D momentutm,, has a di-
The first one(Sec. Il of the present papedoes not change pole momentunel3ge.x z (see Refs. 23—2%nd in SRP the
the 2DEG spin state. The rate of phonon absorption is progxciton may gain an energy on ordége,A/A in the dipole

portional to the conserved number of equilibrium SW’s a”dapproximation, where\ is SRP correlation length. The as-
vanishes whef goes to zero. Therefore, as the 2DEG tem-ggciated loss is the “kinetic” energy gt g)2/2M (M

perature due to phonon absorption increases the SW’QEgl is the excitonic mass 3. Therefore, forge,=<d,
chemical potential has to decrease in this case. After averag- y “1, ~A/ECA one has to take into account the SRP

ing with a certain phonon distribution over the momenta Wesffect on the SW energy. Our approach to the phonon ab-
find the mean effecnvg inverse PLTd4, and he”C‘? the sorption by the equilibrium SW's ignores the presence of
rate of the 2DEG heating as well as the corresponding CONSRP in the system, so it is only correct for temperatFes
tribution to the inverse thermal conductivity. The transition>(q0| 5)2/2M~10 mK (this estimate has been done fBr

to the limit klg<1 [k=(q,k,) is the phonon wave vectpr _ _ _

allows one to find the “2D” contribution to the bulk and 10T, A=1 meV, andA =50 nm).
surface acoustic wave attenuation. In this last case the piezo-
electric electron-lattice interaction plays the main role.

The second phonon absorption chant@®c. I1V) arises
from the SO coupling. It describes the SW generation from
the 2DEG ground state. Absorption of a single phonon re- |n this section, we introduce the so-called “excitonic rep-
duces by 1 both the spin compon&jtand the total electron-  resentation” of the Hamiltonian, and its eigenstates, describ-
spin numbeiS. As a consequence, the absorption rate is proing the 2DEG under consideration. L&g andb,, be annihi-
portional to the rate of spin momentum decrease. Thisation operators for an electron in the Landau gauge state
channel of scattering, which is pinched off for energies Iesspp(xyy): L‘l’zeipywn(p|§+x) at the lower and upper spin
than the Zeeman energy gap, is only accessible for a selecte@ip|evels, respectively. Heré,x L is the size of the 2D
group of “resonant” phonons with a certain kinematic rela- gystem, andy, is thenth harmonic oscillator function. In the
tionship betweenq and k, wave vector components. Of «gne_exciton”approximation, the absorption of one phonon
course, the long-range wave limit is meaningless in this casgynich is not accompanied by a change in the spin state of the
While the phonons of the resonant group occupy a Compar&peG amounts to a transition between the one-spin-wave

tively small phase volume iik space, their contribution t0  gtates of the 2DEG. The one-spin-wave state with 2D mo-
the effective inverse PLT is rather significant and, being i”'mentumhq is defined as

dependent of temperature, can exceed the corresponding con-

tribution from the first absorption channel evenTat 1 K. lo)=Qq [0). (2.2
In Sec. V, we consider both absorption channels in the ,

problem of dynamic quasiequilibrium in a 2DEG under theHere, the creation operator for SW,

condition of ballistic phonon pumping. We find the depen-

dence of the final temperature as well as the spin momentum QJZN’”ZE e*ilf;qprg+ /28— a2 (2.2

of the 2DEG on the initial temperature of the 2DEG and the p y y

density of the nonequilibrium phonons. We note in passin — 2.
that the 2DEG adds a small correction to the bulk phonoﬂ)perates on the 2DEG ground st¢, andA'=L*/2l is

scattering, connected mainly with the lattice defects andhe number of magf.‘e“c flux quanta, or gquwalently, the
sample boundaries. One can also get only a sfaithough humber of electrons in theth LL. The equations

peculia) 2DEG correction to the thermal conductaric8. a:|0)=b,|0)=0

The 2DEG contribution to the phonon absorption always P P

contains the factor 1, (L, is the sample thickness in tize  may be regarded as the definition f6). The main aspect of
direction in the expression for the value of7}. We as- the excitonic representation is that the si&éd) is an eigen-
sume that the distribution of the nonequilibrium phononk in state of the full electron Hamiltoniaf{ involving the e-e
space and the amplitude of the sound wave in the 2D charinteraction: H|Ge, =[Eo+ €(0e) 1|0dex) [Eo is the 2DEG
nel, which are determined by the acoustic-phonon scatteringground-state energy arqd,) is the SW energly Of course,
to be known. this is valid to first order irE;/# w; and in the 2D limit(we
In closing this section we should like to mention the SRPassume thati<lg<r,, wherery is the Bohr radius in the
role specifically in the case of the studied problem. Thematerial andd is the effective 2DEG thicknegsin the limit

Il. ONE-EXCITON STATES AND THE ELECTRON-
PHONON INTERACTION HAMILTONIAN IN
THE EXCITONIC REPRESENTATION

for any p, (2.3
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Jed g<<1 appropriate to our problem one may use the qua-

dratic approximation for the excitonic energy,

| 2
(G =0+ 28" 24
where
and

—1_42 ~p’dp —p22/2 212 o\ 72
MI=13 | S Vipe PEL(pAg2 ) (2.6

(L, is thenth order Laguerre polynomiglwhich is defined
in terms of the Fourier component4 q) of the Coulomb
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y(kz)=f f*(z)e#f(z)dz (2.12

is determined by the wave functidi{z) of the correspond-
ing size-quantized levéivhich we have assumed to be iden-
tical for all A/ electrons. For the three-dimensiondBD)
vertex one needs only the expressions for the squares,

U= mhwsk/pgras(K), (213
where wg,=ck are the phonon frequenciesp,
=2.52¢10° cm ! is the material parameter of GaARef.
32), andc; andc, are the sound velocities. The longitudinal
7a,1(K) and transversey (k) times are 3D acoustic phonon
lifetimes (see Appendix)l These quantities are expressed in

potential in the heterostructure averaged over the 2DEGerms of nominal timesp=0.8 ps andrp=35 ps character-
thickness®?” Note that 1M~ E. holds, besides our results izing, respectively DA and PA phonon scattering in three-
depend on the LL number only because the excitonic mass dimensional GaAs crysta{See Ref. 26 and cf. Ref. 32.

(2.6) depends om.

Initially, of course, the originally spin-independent

The excitonic representation for the interacting Hamil-Hamiltonian of thee-ph interaction(2.11) is used. However

tonian involves the displacement operators:

" +

Aq Agl 1 2 A qylzapf ay/2
L= ZNE e pWP n .

Bq B*q p p+ qy,sz, q,/2

(2.7

The identities in Eq(2.3) can be rewritten in the excitonic

representation as

AIl0)=5040), B{l0)=Q0)=0. (28

The operator in Eq(2.2) (as well as its Hermitian conju-

it does not commute with the SO coupling part of the elec-
tron Hamiltonian. Therefore, the operatdy, ,,including the
relevant off-diagonal corrections in the excitonic representa-
tion has the following forrff (we write it for qlg<<1):

Hepd @ ={MA; +B;)+N"g[(vg_—iug,)Q_g4
—(iug-+vq,)Qq 1}, (2.14

whereq. = ¥i2-Y%(q,*iq,). Here,u andv are dimension-
less parameter§ust as in Ref. 2 characterizing the SO
coupling. The terms containing the coefficiantoriginate

gate seems to have been first introduced in Ref. 29. Latefo the absence of inversion in the direction perpendicular

some of its combinations together with the operat@s)
were in fact used as the “valley wav&”*! or “iso-spin”?!
operators. In Ref. 26 the operatd&s?2) and(2.7) have been

considered exactly in the present form. In what follows, wey

shall take advantage of the commutation relations

—ie + 9 Ai® + 1 A1~
e 12[Aq17Qq2]_ € lZ[Bql,qu]_ N Qq1+QZ’

and

(2.10

+1_ A0 _ A0
[qu’QQ2]_e 1qui*qz e qul*qz’

where® ,=13(q; X @) /2.
The e-ph interaction Hamiltonian is presented ésee,
e.g., Refs. 10 and 26

% 1/2
Zl

1

e,ph:E Ué(k) Pk,sHe,pk(q)+H-C-:

q.k;.s
(2.1)

where Py ¢ is the phonon annihilation operat@ndex s de-
notes the polarization state, wi¥1| denoting the longitu-
dinal ands=t the transversal polarization statd’he H g,
operates on the electron states, andk) is the renormal-
ized vertex which includes the fields of deformati@A)

to the 2D layer and henaeis proportional to the strength of
the normal electric field in the heterostructdfeThe terms
including u are related to the lifting of spin degeneracy for
he S band in AsBs crystals® In deriving Eq.(2.14), we
have assumed that the nornmis parallel to the principal
[001] axis of the crystal. The final results depend only on the
combinationu?+v?, which is of order 10° for B=10 T
with d=5 nm and is proportional t8 ~* and also tad~* in

the asymptotic limitd—0.

Further in our estimations we proceed from the fiels
=5+20T, and sos (2.5 has the same order of magnitude
asficg/lg (preciselylg=6+11 nm, §=1.5+6 K, ﬁc,lgl
=3+7 K, hctlglzz+4 K). The magnitude of the exciton
mass depends on the layer thickness according ta(ZE6).
because/(q) depends on the size-quantized functitz);
for real heterostructurelsl ~1=40+80 K.

Note also that everywhere below, the specific magnetic-
field dependence of our results is given at constante., the
surface electron density is always considered to be propor-
tional to B.

[Il. PHONON ABSORPTION WITHOUT
A CHANGE OF THE SPIN STATE
(THE FIRST ABSORPTION CHANNEL )

and piezoelectri¢PA) interactions. The integration with re-
spect toz has been already performed, and reduces to the Considering for the present the first absorption channel,
renormalizationJ (k) = y(k,)Us(k), where the formfactor  we find the PLT from the well known formula
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1 w=exg (u— 8)/T—(hcMK/lgq—qls/2)2/2MT],

m:; Wit (K)[br(e) —br(er)], (3.1)

where the scattering probability

w'=w exp(—hcKk/T), (3.8

and ¢gp(w)=wd(w,3/2,1), where & is the Lerch
o function®i.e.,

Wir(k) = — M 286~ erthiog) (3.2 .

= “I K" 3.9

contains the matrix element of the Hamiltoniéh11) (Ref. $u(W) ;1 WK 39
35). The value ofM ¥ is determined by the annihilation of ) ] ) )
one phonon having momentufrk and by the transition of ~_ Generally speaking, the inverse tir®&?7) is a rather com-
the 2DEG between the statéid =g, and (f|= (Gt 0, plicated function of the direction df relative to the crystal
whereq is the component ok in the 2DEG plandfor the ~ @xes. Let us seg=(ksinfcosgksindsing) and consider
analogous formulas for phonon absorption by free electrondh® important special cases.
see, e.g., Refs. 10, 12, and)3Here €;=¢€(qe) and e; o _
= e(0ext g) and the functiorb(e€) in Eq. (3.1) corresponds A. The long-wavelength limit and sound attenuation

to the Bose distribution for SW's, To find the 2D absorption of a macroscopic sound wave
we consider the case

b(e)= where u<4. (3.3

exg(e—u)/T]—1 klg<(8MT)¥?2 and T~1 K. (3.10

According to Egs(2.11) and(2.14 the square of the modu- Then, excluding a narrow region of %iﬂs(ﬁcslgl)zMIZT, w

lus is does not depend dn Besides, in case of a completely equi-
librium 2DEG when we neglect the heating, we can get
7| (Ko | *h 2 ws =0. Therefore,
M 2= 55— Gex+ A He (D) e -
PoL“L27a s(K) 242
' 3.4 w(6)=exp — é— s where 7 :h oM
T sirte *2TIR

Naturally, we suppose that the internal equilibrium in the (3.1
2DEG among SW's is established faster than the equilibrium ’
between the phonons and the 2DHE&ke the comment in  Substituting Eqs(A.1) and (A.2) (see Appendix)linto Eq.

Appendix II). (3.7 we find the acoustic wave attenuation coefficiéht
Equating the argument of thé-function in Eq.(3.2) to =1/cs7s. Using the conditior{3.10 and taking into account
2€r0, Oed g) 2/2M +7iC K= |Gyt q|2I§/2M, one can find the thatin our case/~1 holds, we obtain the result for different
kinematic relationship foge,, which reduces to polarizations
=R, =#AcCdz? — 1079
leCOSB RS,k hcslB Mk/q q/2, (35) FSN kB*3/4Tl/2 eXF(_|g,U«B|/T)

wheref is the angle betweeq,, andqg. We have used here z

the quadratic approximatiori2.4), since only the low- X[P4(0)ps( @)+ Ds(0)Jcm K~ Y3(Teslg >,
temperature cas@<E,. is relevant to our problem. As it (3.12
follows from Eq.(3.5), the corresponding 2D component of '
phonon momentum for smati,, must also be small, i.e., For a longitudinal wave the PA interaction leads to the func-
qlg<1. Exploiting the commutation relation§2.9) and tions

(2.10 as well as the properti€2.8) of the ground state, one ) .

can easily find the matrix elemefit . .) in Eq. (3.4 forthe ~ P1=2 sirfg cosge” Ty fw(0)] and pi(¢)=sir2e,
operator(2.14): (3.13

I and the DA interaction gives
< v '>:MO|Qle+q(Aq +Bq )Qqex|o>

1.2x10 2
1, , Di=——pg ——sin 0e” T, Jw(6)] cn? T.
=2i sin(EIquexsinB) ~il§0QesSinB. (3.6 (3.14
Finally, substituting qullgza(qexcos,s—Rsyk) for (e It is seen that the indicated long-wave conditit8110
— €f) into Eq.(3.2), and replacing summation by integration, enables us to take into account the DA interaction only for
we find with Eqgs.(3.3), (3.4), and(3.6) that special directions ok, namely, when the terr®,(0)p,(¢)
vanishes.
1 \/;ﬁcs| y|2M 52732 , For transverse polarization we hai=0. If the wave is
7K V2 p3olra (k) KOl bard W)~ bardW')]- polarized in the direction perpendicular zoandk [i.e., t,

(3.7 =0,t,=1 in Eq.(A.2)], then we haveP,=P, , where

Here, P, =4sir0cog0e” ¢, Jw(6)], p,(¢)=coS2¢.
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. . FIG. 2. The inverse timé3.7) may be represented in the form
FIG. 1. Angular dependence of the acoustic-wave attenuation -1 _ €.7 may P

71 _ 3 . . .
coefficients for various polarizations. These results are obtained fo%r Bi_zloe'i'(qT(/i 16)K/T] F_(g-:”s(?z In this figure, F is calculated
T=1K, B=10T, IM=60 K; consequentlys=3.0 K, 7,=0.2, ’ e :

7=0.07. the LL, yields a result of the same order as in Ref(fb2 the

LL centep even fork~10° cm™ %, provided thafT~1 K.
The hopping transport and absorption of a surface acous-
tic wave near the integer QHR was studied by Aleiner and

For a transverse wave polarized in the plane of the ve&ors
andk (t,=0 t,=1) we getP,=P, where

o e 2,.81T Shklovskii (Ref. 15. These authors take into consideration
Py=sim6(2 cos f—sir6) e by w(0)], the Coulombe-e interaction within the framework of the
and ac-hopping conductivity theory? Then they use a simple
equation connecting the conductivity,,(w,k) due to the
p|(¢@)=Ssif 2¢. piezoelectric coupling with the attenuatidhfor the surface

. _ - wave. In the long-wave regioklg<<0.2, provided the rela-
The dependencBg( 6) is illustrated graphically in Fig. 1 for tionship o, =& £w/6 holds ¢ is the localization radius¢

the caseT=1 K. ~|g for v close to an integérone can see from the results

Thus, our result is that the bulk sound-wave-attenuation s rat 15 thaf" ~ 10~ %2 cm forB=10 T and for tempera-
coefficient, being determined by the PA interaction, is Pro- res 'Il'<hw This is in agreement with our result T
s-

portional tok and, naturally, inversely proportional to the ~1 K. At the same time our theory gives the dependence
dimensionL, . The latter dependence arises from the normaI-B73/4 exp(~|guB|/T) for T, in contrast toB~ Y2 in Ref. 15
ization of the wave displacement field to the whole sampleand : '
volumeL 2L, (cf. also Ref. 10. Further, it is easy to estimate
how our results are modified in the case of a surface acoust
wave. The essential difference is that the displacement fiel
for a surface wave has to be normalized_fd|k,|, wherek,
takes an imaginary value characterizing the spatial surface

wave attenuation in the direction. Actually we havek,| S N
=bk, whereb~1 is a numerical factofsee Refs. 12 and In order to gain insight into such quantities as the rate of
37). As a result the attenuation coefficient is obtained bybalhstlc phonon absorption or the contribution of the 2DEG

multiplying Eq. (3.12) by a factor of ordekL,. The corre- t0 the thermal conduction, we need to consider the short-
sponding estimate faB=10 T yields wavelength limit. Fork?l3>—8MT In(8MT) one can see

with the help of Eqs(3.7)—(3.9) and (Al) that the PA ab-
172 K sorption for the longitudinal phonon even at its maximum
ex;{ —T) cm. (3.19 becomes less than the DA absorption. Hence, in the case
which will be considered now,

The surface acoustic wave attenuation in the half-integer 1
QHR has been considered in Ref. 12, and the attenuation klg=1  (k=10F cm), (3.18

coefficient was found to be of order 18 (correspondingly,  so that we may neglect the piezoelectric part of the inverse

the k-independent attenuation has been obtained in thi®| T for the LA phonons. Also in this case the parameter
model for the bulk sound wave'). The Fermi energy was (3.8) has a narrow maximum at= 6, where

assumed there to be close to the center of the LL. According

to estimated? this zero-temperature result should be valid up Sinf6,= zﬁCSM/k|é< 1. (3.17

to T~1 K. At the same time, the calculated valueldbe-

comes very small when the Fermi energy deviates substarfnus, only the longitudinal phonons wikhalmost parallel to
tially from the center to the LL edges. One can actually see (q=<0.1k,) effectively interact with the 2DEG. As an ex-
that our case, which is only applicable to the upper edge ohmple, in Fig. 2 the angular dependence of the evolution of

besides our attenuation vanishesT4% T as T de-

creasegof course, as long as the inequali®.10 is valid],
hereas the corresponding result in Ref. 15 is temperature
dependent.

B. The short-wave limit and the heat absorption

-
~10" 02|
r~10 °|<<1K
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the PLT (3.7) is shown for a range ok (the cases=1I is R¢| BL2N,(MAc,)*T?
consideredl Obviously, for the phonon momentum strictly (Q ) = ! 2 ! 5
parallel toz (i.e., whenq=0) Eq.(3.7) also yields zero. The t 8ampolg7pT’
width of this absorption region is obtained agsir? 6) o _ .
~(heT) VM K322 > 9)"‘["(“—25)/” f d6d(0)
Now let us find the ratéor flux) of phonon absorptiofR «=1 K 0
and the heat dissipation ra; in a 2DEG: sing
X (9 co§6—cosZB)( 25 -1 é)
Ol kol , | od Lt el i
QS — s ph Q! z ﬁwsyk Ts (277)3 (322

(318  wherea=c?/c?, which is ~0.36 for GaAs. We have sub-
stituted into Eq(3.18 the formula(3.7) for 7, * employing
Eq. (A.3) from Appendix .

Dividing the valueR¢ by NgL2L,, one finds for the ap-
propriate effective inverse PLT,

Here Ny is the spatial density of thetype nonequilibrium
phonons in the sample, a h) is their normalized distribu-
tion function[fnf)i)d3k/(27r) =1]. We assume the phonon

distribution to be a broad smooth function in they) plane;

therefore due to the conditiori8.16) and(3.17) we may set Tgf)f—l M4(fc;)2T2
n{a(a.k) ~n{(0k,) in the integrals(3.18. Note that the O-1|~ 71—
condition(3.16) partly determines the apparent choice of the Teff L2Polg

distribution ngg: this distribution has to be mainly concen- (N po)2rgt
trated in the range df satisfying Eq.(3.16). Substituting Eq. Xexg(u—8)IT] ° 2 D,l , (3.23
(3.7) into Eq. (3.18 and taking into account that~k, we (hc /D 1p

find for the longitudinal polarization:
g P and the ratio 7)/70~ (hcipo/NT)2rp/7p, where \

- s =|y(Ig7Zl%c;)|. This means that the absorption of longitudi-
(RI) _ NIL"M%(Ac) T f“’ ( 1 nal phonons is larger by a factor of order 100 than that of
hcl|kz|

o) WTDDS'é e Z transverse phonons for the same distributiar20—(3.21).
(It is also assumed thaft~10K and\~1). Analogous re-
2. exfd k(u—98)/T] sults are obtained for the rati@;/Q, .
X |kz (ko) “npa(0k,) 21 — Finally, in order to find the absolute magnitudes of the
- K relevant absorption characteristics we should determine the
X Q(khic)|k,|/2T), (3.19 SW chemical potentiale. This is found from the conserva-
tion of the total 2DEG spirs or, what is the same, the equa-
whereQ (&) = (1+ &) (1—e 2§ /2¢. tion for the conservation of the total number of SW's:
In contrast, for transverse phonons, when only the PA
interaction determines the absorption, smkllof order Nsw=N—S=—-MTN In{1—exd (u—8)/T]}.
(MT)¥%14 still play the main role. When the distribution (3.2

(t) . — .
npa(K) is sufficiently long-range and provides the same prob-ryi is simply the number of free 2D Bose particles at tem-

ability for both transverse polarizations, we may ass“meperatureT and chemical potential. (see, e.g., Ref. 26

t _ A(t H .
(K =ng(0) in Eq. (3.18 [of course, settingy(k,) Equating this value to the same one at the initial temperature

~y(0)=1] and then use EqA.3). Nevertheless, real distri- T "and at zero chemical potentiglescribing the 2DEG be-
butions arising from the metal film heaters are really thefore the heating was startedre get

Planck ones for small phonon momeft4’andn(§)(0) goes
to infinity. For this reason we assume that the following con- exg(u—38)/T]=1—[1—exp(—8/Ty)]™'T. (3.25
ditions take place for the functionf,??(k) characterized by
the effective temperatur@ and by some angle distribution Thus,u is determined by temperaturésandT,, and to first
®(6) isotropic in the (“()“,) plane: order in AT/T, we may substitute exp(d/Ty) for exd(u
—06)/T] into Egs.(3.19, (3.22, and(3.23.

Specifically for the timeg3.23 in the case of a fiel®

(s) ~ 2 <
Npn (K)=(Acs/T)*@(0)/k - when  fick<T, =10 T one can estimate

(3.20
NIk <(fics/D®  when fhcksT. 1 T2 p( 3K) cm

—~f,—exg ——| —
T((;f) SI-z To K2s

: (3.26
Then assuming thab(#)<1, and
where f,~1+10? for LA phonons, andf,~10 1+10 2
T, (3.2)  for TA modes.
The quantitie$3.23 and(3.26) determine the 2DEG con-
we obtain forTA phonons from Eq(3.18 in the lowest- tribution to the inverse total thermal conductance, which may
order approximation: be estimated by means of the kinetic formula
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A(EY c1< 4 ) (3.27) ! wrde 1
2 )~Cpl 5t 55 . =5 = 5=
Pletrt i ak,) Jo 277k
whereCpy, is the 3D lattice hegt capacity. One can see that [y12(u2+v?)g?K(q)
even under favorable experimental conditions we have ~ 3 [k, k(@) Sk, k(@)
EA(E 1)=10* Therefore, a small value of Eq3.27) 4PoTos(d:kz)
does not permit us to consider our mechanism relevant to (4.5

heat absorption under the experimental conditions of Ref. 1,
where the sensitivity allowed only the variatioBs\ (2 1)

where
>5X10"3 to be measured.
IV. PHONON ABSORPTION AT ZERO 5p30?
TEMPERATURE AND SPIN STATE CHANGE Urg~1lrp, llrg~ e (4.6
aTp

(THE SECOND ABSORPTION CHANNEL )

If the 2DEG temperature goes to zero then the above rerpg expression for %, follows from Eq.(A.3) of Appendix
sults of the first absorption channel vanish. On the other hand. numerical calculation givesy~40k*/g? ps nnt.

the SO terms in Eq2.14) can give a substantial contribution In spite of the small factom?+v? for such resonant

to the inverse PLT even at zefb These terms allow the ,,hons, the inverse time in E@.5) is comparatively large
absorbed phonon to create a spin wave, thereby changing ther rqer 16 s for g~0.1 nni 1) and does not depend on
spin state. Evidently this is the transition between the 2DEGyg temperature. The reason for this lies in the fact that the
states|i)=|0) and(f|=(q|, provided the absorbed phonon 4¢e of S\ creation and of phonon absorption is proportional
has the wave vectdt=(g,k,). Only phonons with energies i, the |arge degeneracy factdv of the LL, whereas the
higher than the threshold can be absorbed. The quantity corresponding value of the inverse PI3.7) calculated in

the previous section is proportional only to the SW density

Ws(qewk):Zfi_W|Ms(q)|25[5(Qex)_hws k1Sq_ q which is exponentially low(at low T) due to Egs(3.1) and
e (3.3.
(4. The effective inverse PLT’s are more important for the
is the probability of this process, and the kinematic relationapplications. These quantities, which characterize the rate of
holds:hcs\/k22+ q°=6+(qlg)%/2M. Therefore SW creationR¢ (equivalent to the phonon absorption pate

2 and of heat absorptio@ are determined as follows:
k,=*K(q)~=(5+q°lg/2M)/fiCs. (4.2

One can see that only a selected resonant group of phonons 1 n(q.k,) ok
takes part in this process. The possible magnitude, 64.2) - j ~Ph—z '
always satisfies the conditidi,|>q as well ask,lg=1 for 78 ) 79(q,k,) (2m)3
our QHR parameter region. In addition, just as in the short-

wave limit of the first absorption chann&dee the previous

section, we again find that only the phonons with momenta 1 ﬁcSJ' nfg?])(q,kz) kd3k @7
gll;nEOCS;t parallel to the normal interact effectively with the ;8) s 79(q,k,) (2m)3 '
The calculation of the matrix elemenits of the Hamil- Accordinaly. f Eq(3.1 h
tonian(2.11) reduces to the calculation ¢§/H, ,0) and is ~ ~CCOr@INGY, from q.(3.18 we have
substantially simplified by the commutation relatiG10
gg?ailrz]qs.(z.S). Eventually, Eqs.(2.8—(2.14) enable us to Roo= NstLzﬁ'gf) and O,= NSLZLZ(?/?'S)- 4.9
IM |2_ﬁ203k|y(kz)|2[(u2+vz)q2—2ququ] As a result, using Eqg4.5 and(4.6) we obtain
) 4L,p37as(k) ' 3
(4.3 174] (Ww2+o?)(heM)?
From this the inverse lifetime of a nonequilibrium phonon 170 - 47Tp8|éLzTD
with the mechanism of SW creation, Q
~ Q) 2 _
L o Lk x| okl (k] ko
= =2, W K =—77T"[§ + 6 _ , Ikzl>kol
7(K) qu:X s(Tex,K) h2ck, [ k, K(a) T Ok,, K(q)] o
(4.4 z
X .
hek2l s dic, “.9

is readily obtained. After averaging over thelirections and
also over the directions for TA phonongsee Appendix)l
we have and
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1779 s(u?+v?)(hieM)? The fluxesRs, QS,~andQS have been found in the previous
70 " 2mapdtlos sections. The fluxR(") is the rate of spin relaxation to its
Q Polsl-z7p equilibrium magnitude &f . In other words, it is the rate of
® 5 ) SW annihilation(which is the process inverse to that corre-
XJkl>k N0k [¥(k) [*([ko| — kop) sponding to the second channelue to acoustic phonon
e emission. The heat fluxe@? and Q") (correspondingly of
|k =2 the first and the second channate the back flows carrying
X ﬁct/kgé dk, the heat from the overheated 2DEG to the lattice held at a

fixed temperaturd . (The overheatingAT=T—T,, which
whereko = d/hc) and ko = d/fic,. Here wgzhave. assumed occurs due to the presence of nonequilibrium phonons,
that for smallq [that is forgq~(M#cg)¥?13%, which give  causes these fluxes from the SW gas to the equilibrium pho-
tk}(se) main cg)ntrlbutlon to the integrals in Ed4.7]  non bath affy). The SW numbeNgy is determined by the
Npn (0, Kz) ~Npr (0k). formula(3.24), and the quantitEsy(T, x) is the spin-wave-

We now compare the values found here with the analogycitation part of the 2DEG energy, which is determined by
gous ones of the first absorption chanii@l23. One can

estimate for the distribution functio3.20 the ratio of Esw=N swd+NT2M ¢,(0)
PLT’s for LA phonons
x{where o=exd(u—95)I/T]}, (5.2
(u?+v?)exd |gusBl/To]

AR R A : , (410 for 2D Bose particles with the quadratic spectr(@). By
8m(MTo) definition, the flux=,Q (%) describes for the first absorption
and for the TA mode channel the energy exchange with equilibrium phonons with-

out a change in the SW number; we have
~ (u?+v?)h’ct ex|gunBl/To]
(781 M~

MT3IZgrsBl ' Q=12 > ws i Wir(K){br(€)[1+Dbr(er)]
(4_1]) k i#f
Here we have assumeB>T,, and|T—T,|<T,. Substitu- X[1+n{9(k)]—br(e)[1+b1(&)In{V(K)}.
tion of the characteristic numerical magnitudes for the quan- 0 0
tities entering in Eqs(4.10 and (4.11) results in the obser- (5.3

vation that: in spite of the small spin-orbit parameter
+v?, the inverse PLT for the second channelTats1 K
may be comparable or even larger than that corresponding

Here,W;; is determined again by E¢.2) with the argument
f the s-function replaced by — e;—fiwgy; br(e) is, as

the first channel efore, the function presented in E@.3), andn{® is the

Planck function for the equilibrium phononsp{?(k)

V. QUASIEQUILIBRIUM TEMPERATURE AND SPIN =1Nexpfiws/T)—1]. The right side in Eq(5.3) may be
MOMENTUM OF 2DEG IN THE PRESENCE easily transformed in such a way that we obtain an expres-

OF NONEQUILIBRIUM PHONONS sion similar to that in Eq(3.18 for Qg with PLT (3.1). In so

So far, we have calculated the absorption rdiasthe doing Nsnéj‘?(k) there should be replaced b§P)(k)-n(T%)(k);
form of the phonon-number and heat absorption fluxks  however, the following_rr_]anipulations are quite analogous to
termined exclusively by the nonequilibrium phonons. How-those done when deriving the formul&3.7), (3.19, and
ever, one should bear in mind that these calculations leave3.22). Fortunately, the rather cumbersome expression for
the 2DEG temperature undetermined. Below we study thehe sum=.Q?) may be simplified, provided that the tem-
growth of T due to the processes considered above, since iperature is reasonably low. Namely, if
a real experiment the observation time may be of the order of
or even much longer than,s and 7. found in the previous T=MY3(%c; /1) *(polg)*® (5.9
s_ectlgrns. ;jl’he;eforhe, g\':/ of |nt'erehst to find the ?uas'equ'l'b'(specifically T=<1 K), then the piezoelectric interaction
rium T andu for the SW gas in the presence of permanent o e “main contribution to the sum,Q@~0®
phonon pumping. Here, in addition to finding these, we W|IIWhere s=s P
estimate the amount of time required for the dynamic equi-
librium to be established. Recall that the SW distribution 20 92512
function in Eq.(3.3) is supposed to apply always, since the Q(F)O):A'S(hc'l‘) MEPToHT—To) exd (u—8)/T].
time required for establishing thermal equilibrium among the 471 2pol 3 7p
SW's is relatively shor{see Appendix ). (5.5

The dependence anof T(t) and w(t) is determined by
the following balance equations for the SW number and heat\:Ne assume further that

exd (u—8)/T]<1, (5.6

B _Pp0O)=
z [Rs=Rs71=dNsw/dt, which has already been used when obtaining expression

(5.5.

~ ~ ing2(0) 00); -
23: [Qu+ O QgO)_ ng)]szSW/dt. (5.1) Sio\r/1\lse determinéR¢”’ and Qg™ in Eq. (5.1) from the expres
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~ 1 terms Q). Q,, anddE gy/dt in Eq. (5.1) become of the
~(0)) => > Ws(qex,k)(ﬁ )[bT(qex)—n(T%)(k)]. same order. We equate the expresi®15) and the rate of
Qs K Gex @s,k heatingd Eg,,/dt~CyAT/At, whereCy is the heat capacity
(5.7 of the 2D Bose gas at constant SW numi&24) (the in-
The sum=.R in Eq. (5.1 has been calculated in Ref. 26 €duality (5.6) enables us to fin€y~Nsy). The result is
for the caseT =T, [cf. Eq. (6.27) herein and can be deter-

h . T - ' Pol %TP B B val T\ 32
mlned ina similar way in our case. Assuming that Ty and (At)~ ——————— ~ 7( J (_) s
taking into account the condition in E€5.6), we neglect the A5(hc))2M72T302 1 Tesl 1K
PA interaction and obtairE RO~RY), 3,00~R©)s, (5.11
where Note that this value does not depend on the level of phonon

pumpingN;. The time At)t is found to be shorter than the
(U Hv?)(LMT)?5 i laxation tim& th ion forf) in E
exd (n—8)IT]. (5.8) spin relaxation tim& [see the expression fo ¢)T in Eq.
27whe Pl e (5.18 below] down to temperature$,~10 mK, i.e., leav-
ing the principle of SW number conservation intact.

7(0)

With all terms on the left sides of E¢5.1) thus determined,
we can find the dependence bof T(t) andw(t). However,
this would be meaningful only for comparison with a certain
experiment. For the present we restrict ourselves to consid- Now let us study the opposite case as that considered
eration of two special cases. Assuming further that only LAabove, where the initial 2DEG temperature is assumed to be
phonons are pumped into the sample, E51) transform  very low, To<T, and find the 2DEG final temperatufeand

B. Negligible initial temperature

into the chemical potentigk. To this end we set the terms on the
right-hand sides of Eq(5.9) equal to zero, substitute Egs.
R—RO=dNgy/dt, (3.19, (4.8), (4.9, (5.5, and(5.9) for the fluxes in Eq(5.9),
and take To=0 and employ the conditiof8.20 of phonon dis-

tribution. Upon this and some algebraic manipulations, we

0+ - QO RO 5= dEqy/dt. (5.9 obtain the following results:
N|(fic))®
A. Appreciable initial temperature; exf(u—0)/T]= Tor7s
predominance of the first absorption channel
Here, we assume that the initial temperature satisfies the XJ n® 0k ) y(k,)|2
conditions AT=T—T,<Ty<48. We further assume that kg P z

Eqgs.(5.4) and(5.6) apply. We observe that under these con-
ditions, the terms corresponding to the second absorption X (|kg| —kon)[k|dk,, (5.12
channel are much smaller than the others in the first equatiogn

in Eq. (5.9. Supposing again that the features of the non-

equilibrium phonon distribution expressed by E&.20 T3’2=T§”2+7’3’2, (5.13
hold, we find from the equatio®,= Q") [see Eqs(3.19

and(5.5)] the temperature shift where

3/2_2N|ﬁcl(TF’/TD)J’Hc 0) 2(1 |2
AT~ 2N||BTT;2 _ (5.10 T s 2 kN0 [ (ko) Ik,
pO(MTO) D (514)
For Nj=10®cm™3, 7=10K, 1g=8 nm, and MTy)"?  ng

=0.1 we haveAT~100 mK. The resulting overhe&b.10

is determined only by the first absorption channel. Hence, ~ap (U2+02)(7pl ) g Tetd

one can ignore the SO channel of absorption only for not too = (5.19

e MS/Z(hC )3p2

low-initial temperature§,>0.1 K. IV Fo

Let us now also estimate the timat); needed to estab- with C=7"%675/(3)=0.0677. The quantitf. in the last
lish the quasiequilibrium temperature. Rer (At); the three  equation is

n ok K)|2(|k,| — kg )?|k,|dk
s gy ORI ko ok

4 .
okl k- kol
|kz‘>k0|

(5.1

eff
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If the distribution (3.20 is the Planck distribution withl” AS/Sy~ 10‘168‘3’2N, cm’(Teslg®? (5.20
>nhc,/lg, it follows that 7o4=7.

Thus, the final quasiequilibrium temperature is deter-(recall thatAS,=AS). If one were able to create a distribu-
mined by two terms corresponding to different types of pho+jon with a sufficiently large number of the resonant phonons
non dissipation. The first one in the formul& 13 occurs  (>5x 10! cm~3), then the observable deviation of the spin

due to the first absorption channel and is proportional to theyumber from the ground state valGg could be obtained.
level of the phonon excitation)N,. One can see that the

condition(5.6) together with Eq(5.12) restricts this value to
N,;=<10' cm™2, which is appropriate for a real experimental VL. SUMMARY
situation(see, e.g., Refs. 2, 3, and)1Bor 7= 10 K one has

: The main results of the present work are as follows:
the following result:

First, there are two different absorption channels in the
2 problem of acoustic phonon absorption by 2D spin dielectric.
a) K ~ 20~ 200 mK. The basic result is the PLT calculation

(5.17

The basic mechanism of such 2DEG heating, starting from a

very low temperature'|(0<7), is related to the second ab- [see Eqs(3.7) and(4.4)]. It is a building block in the study
sorption channel. In this way the final temperature turns ouof the effects of sound attenuation and heat absorption,
to be independent of the nonequilibrium phonon denkiity though the valug6.1) itself cannot be measured directly in
and depends only on the effective nonequilibrium phonorthe experiments. The specific averaged time characteristics
temperature5.15). for the first absorption channel are presented by E323

Let us now obtain an estimate for the timgt); required and(3.26. _ .
for the dynamic equilibrium to establish. Analogously to the ~Second, in spite of the small spin-orbit parameters the
calculation of @t)r, the relationships 9~R©s temperature-independent valug§) (4.7) in case of the sec-

. ~ . ond absorption channel may be comparable or even higher
~dEgy/dt hold, provided that~(At);. Here, according . .
to Eqg. (5.2 and the condition in Eg.(5.6), Egw tg;: (Tiqcf(zefjg?ndmg first channel valueTat1 K [see
~8-MTN GEF[(’“_@/T]' Therefore, making use of Eq. Third, according to our calculation, the acoustic bulk and
(5.8) for T~T we obtain surface wave absorption by a 2D spin dielecffgs.(3.12
and(3.15] may be of the same order or even stronger than

T,<T~(0.01+ 0.05)( T Tesl

Urp(K) = Lrg(K) + Lirg(K) (6.1)

(AT)o= fcl3psTo ~105( 1 Teslj 12 ﬁ 1B the corresponding value in a 2D conducterg., if filling is
T (W2 +0A)MTS B T L v=n+102).
(5.18 Fourth, even though the 3D sample temperature is negli-
gible (T(<0.02 K), the 2DEG temperature due to the pho-
This is the spin relaxation tim&for temperaturél (5.17). non heating turns out to be substantially higher tign

The details of how the final temperature is established irbeing independent of the nonequilibrium phonon density

the caseT<T are as follows. The generation of the SW is Over a wide range: #0cm *<N;<10®°cm™* [see Egs.
determined by the second channel of the phonon absorptiof®-159 and(5.16 and Appendix II.
The resulting SW’s which have energies on the orde7gf Fifth, phonon absorption could lead to an observable
lose it rapidly[during the time interval &t) in Eq. (5.11),  change of the total spin momentu(s.19—(5.20, if one
where one has to substituE for T], and thus become Creates a sufficiently large number of nonequilibrium
“cool” through phonon emission process associated with the?honons in a sample. At the same time, the evident experi-
first channel. Provided the “cooling” during a short lifetime mental difficulty is that one should be able to pump a sig-
is weak, it follows that the shorter the lifetime, the greaterE'f'Ca_m iwogrggéqonequ'"tbr'um f[)rTonlonS into the sample,
= e AT eeping the emperature rather low.
gr;\?ew?r? rIIEqS \(/\5/ fgezsz;é; )isbti((:aosmp?r? 'r:erlra]:f alt'iffrt]'?ﬁ%tiﬁé _ Ano_l finally, the method of _excitonic representation used
_ NS 5. 2 ~ T is straightforward and very suitable to calculate the relevant
inversely proportional ta“+v“, and thusT increases with

. : o transition matrix elements between the 2DEG states.
the growth of the SO coupling. Besides, the additional

“warming” of the available SW’s occurs due to the first
absorption channel, which determines the valu& pfNatu- ACKNOWLEDGMENTS
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The derivation of the expressions fof,|, and 7, is

analogous to that of similar formulas in Ref. 26. The only
difference is that now we consider a more realistic case

SOUND AND HEAT ABSORTION BY A TWO . ..
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have exactly the same magnitudes as they had in Ref. 26.
(The notation not explained in the main text is the deforma-
tion potentialy, the piezoelectric constaet,, and the crys-

tal densitypg.)

If the transverse phonon distribution satisfies the condi-

where ¢;#c,. Nevertheless, as in the previous work we ton that their polarizations are equiprobable, then averaging

again use the isotropic model neglecting the dependences
the sound velocities on the orientation with respect to th

of Eq. (A.2) over allt directions and subsequent multiplica-
&ion by 2 to account for the existence of two transverse po-

crystal axis. This enables us to take into account the deforarizations yield

mation and piezoelectric fields independerifiyso that the
squared valugU (k)|? can be transformed to the sum of the

appropriate squares of each type of interaction. In addition,

the transverse phonons in a cubic crystal do not induce
deformation field.

If we takeX,y,z to be the directions of the principal crys-
tal axes, then for a longitudinal phonon we have

11 4505 ,,
——=—+——0q5q’k?, Al
al(k) 7 k87'pqx v (AD
and for a transverse phonon

1 5(c¢po)?

Ta(K) - Ctzqzkgrp

[te(ay — Kk, +t,(2k2— g%) 0,1
(A2)
Here,t, andt, are the components of the polarization unit

vector in the planeX’,y’), which is perpendicular t& and
has thex’ axis along the line of intersection of thg,{) and

2.21,2

QQXkaz

k2

—1_ 5(cipo)?

2.2 21,2
TAt™ " 2.6 qqu+q kz—
Ctk Tp

(A3)
a

APPENDIX B: ESTIMATE OF THE TIME
OF ADIABATIC EQUILIBRIUM ESTABLISHMENT

We should check that the time of establishment of adia-
batic equilibrium in 2DEG is shorter than the typical times
(5.11) and(5.18 (since we have used the Bose distribution
(3.3 everywherg The estimation of this timeXt) ., may be
obtained from the kinetic relationship A();dl
~(Nsw/LA)vswl, whereNg,/L? is the SW densityp gy
=%"19€(0ey)! I9ex Which is the mean SW velocity, ard
~qEXI§, which is the characteristic cross-section for 2D ex-
citon. Now using Egs(3.24 and (2.4), and taking into ac-
count thatg2|2/2M~T, we find (At) i~MT?o/#, where
o =exfd(u—9)/T] is determined in the limiting cases by Eq.
(3.25 or by Eq.(5.12 (according to the magnitude of the
temperatureTy). One can see that the double inequality

(x',y’) planes. We keep the previous notation so the nomi(At)ad<(At)T<(A~t)T holds. Only in the case of very low

nal times7y and 7p in Egs.(Al) and (A2),

|

2 87Tp0
5hpoCi

3
—1_ X*Po
P 2mhpc?’

€€y

€

7';1=

temperaturel, (To<T) with simultaneously low nonegilib-
rium phonon density Ng<10' cm™3) do we find (At),q

= (A1), and the presented theory fails. This special region
of Ty andNg is beyond the scope of our study.

*Electronic address: dickmann@issp.ac.ru
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