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Response of a Fermi gas in a disordered system to a phonon flux
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Phonon-induced conductivity~PIC! in a strongly elastically scattered two-dimensional electron gas in
d-doped GaAs was studied using the heat-pulse technique. The results of phonoconductivity behavior with
carrier temperature as well as magnetic field are presented. It was established that PIC is due to the influence
of phonon flux on the temperature-dependent quantum corrections to conductivity through carrier heating. It
was shown that the value of PIC is determined both by the absorbed nonequilibrium phonon power and the
energy losses to lattice. The value of phonon flux energy absorbed by carriers was estimated from experiment.
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I. INTRODUCTION

Low-dimensional electronic systems have been under
tensive investigations for many years. The properties of s
systems crucially depend on the presence of disorder
gives rise to some new fundamental phenomena. Depen
on how strong the disorder is, the electronic system can b
the weakly localized~WL! or the strongly localized transpo
regimes.1 In the WL regime, carriers are strongly elastica
scattered and move diffusely. As a result of the construc
interference of counterpropagating scattered electron wav
negative correction to conductivity appears. This effect
ists only if t!tw , wheret is the elastic scattering andtw is
the phase-breaking time, respectively. The latter is de
mined by nonelastic processes of carrier scattering and
also be governed by application of an external magn
field.1,2 For the two-dimensional electron gas~2DEG! this
correction to conductivity logarithmically depends on te
perature.

Phonon-assisted processes under the presence of a s
electron-electron interaction change the temperature of c
ers and, hence, effect the value of the conductivity corr
tion. For this reason, if electron-electron collisions are mu
faster than electron-phonon processes, then one can e
an increase of electron temperature and hence a conduc
change to be caused by absorption of phonons. Theore
studies for 1DEG performed by Blencowe3 showed that dis-
order effects~electron-electron interaction in the dirty lim
and weak localization! play an essential role in the phono
induced conductivity and may lead to positive sign of phon
conductivity ~PC!. Recently the experimental observation
positive phonoconductivity response to the phonon flux w
realized in 1DEG by Kentet al.4 It was pointed out that the
destruction of weak localization by nonequillibrium phono
can be the most important factor in the formation of posit
response.

Nevertheless until now there has been no direct exp
mental evidence of the nature positive phonoconductivity
sponse. Moreover, it is important to establish the relat
between observed phonoconductivity response and the s
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basic parameters of the electronic system that include
ciency of phonon absorption, energy relaxation rate, a
phase-breaking time.

Ideal objects for the study of weak localization effects a
quasi-2Dd-doped structures, where the 2D electron~hole!
gas is created by doping of one atomic plane by donor~ac-
ceptor! atoms. Such structures are characterized by str
carrier scattering on impurities, which leads to a stron
pronounced weak localization effect.5,6

In this article we report the experimental evidence that
positive phonoconductivity in the typical disordered ele
tronic system,d-doped GaAs, is mainly due to the destru
tion of weakly localized electronic states by incident phon
flux. This provides an experimental method for studying t
electron-phonon interaction in low-dimensional disorder
electronic systems.

The article is organized as follows. The experimen
setup is described in Sec. II. Main experimental results
phonoconductivity and transport measurements are repo
in Sec. III. In Sec. IV we present a physical model for e
perimentally observed positive phonoconductivity. Section
is dedicated to detailed description of the calculation
phonon-absorbed power in thed-doped structure. The result
of calculations and their comparison with experiment are d
cussed in Sec. VI. Conclusions are presented in Sec. VI

II. EXPERIMENTAL DETAILS

The two-dimensional electron gas was formed in mole
lar beam epitaxially~MBE! grown silicond-layers embed-
ded into a GaAs matrix. The substrate was~001! semi-
insulating GaAs with thickness of 3.4 mm. The structu
consisted~beginning from the substrate! of 1 mm buffer
layer, seven d-layers with donor concentration 5
31011 cm22 per layer, separated by 100 nm, 150-nm spa
layer, and 150-nm cap layer with 131017 cm23 impurity
atoms. A 0.330.34 mm2 area of 2DEG was supplied b
Au:Ge ohmic contacts alloyed at 430 °C in N2 /H2 atmo-
sphere.

On the side opposite to the 2DEG, a 131 mm2 Au heater
10 941 ©2000 The American Physical Society
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10 942 PRB 61D. POPLAVSKY, B. DANILCHENKO, AND H. KOSTIAL
film was deposited center-to-center to the 2DEG structure
had an impedance of approximately 50V for better match-
ing with coaxial cable. Nonequilibrium phonons were gen
ated bytpulse575 ns voltage pulses applied to the heat
Phonons, injected into the crystal, propagated to 2DEG
increased its conductivity. The sample geometry and mu
positions of phonon source and studied 2DEG are show
Fig. 1.

The phonon-induced current change was measured
voltage drop across a 50-V resistor connected in series wit
the structure when a constant bias voltage was applied to
sample. This voltage drop was detected by means of a h
speed digital oscilloscope. In order to exclude the effec
synchronous crosstalk from heater excitation pulse the
nals were recorded as the difference between the signal
positive and negative polarity biases. Signals were accu
lated approximately 103 times to get the appropriate signa
noise ratio. The sample thickness was large enough to
solve different phonon modes in time.

The sample was immersed in liquid helium at tempe
tures 2–4.2 K and in helium vapor at higher temperatu
All results presented in this paper were obtained for the hi
est power dissipated in the heater of approximately
3103 W/cm2, except the dependence of phonoconductiv
on heater temperature~see Sec. III, Fig. 5!. The indicated
power corresponds to heater temperature.18 K if calcu-
lated from acoustic mismatch theory for ambient tempera
T52 K:

Th5A4 T41sP, ~1!

where P is the power dissipated in the heater ands is a
constant defined in Ref. 7. We did not observe any drop
the signal at the crossover between liquid/vaporT
54.2 K) and normal/superfluid (T52.17 K) helium, which
means that the power dissipated in the heater was l
enough to cause the boiling of helium around the heater
~for highest power as given above!. Therefore we can asse
that in the whole range of ambient temperatures the he
film was surrounded by helium vapor. This conclusion
also in correspondence with results of Ref. 8.

III. EXPERIMENTAL RESULTS

Experimental time-resolved phonoconductivity spec
are presented in Fig. 2. One can see that both longitud
~LA ! and transversal~TA! acoustical modes are fully re

FIG. 1. Scheme of experiment.
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solved in time due to the large enough thickness of the s
strate. The arrival times of different phonon modes are
termined by corresponding sound velocities. This figure a
shows the behavior of phonoconductivity with carrier he
ing caused either by electric field@Fig. 2~a!# or by ambient
temperature@Fig. 2~b!#. It is clearly seen that phonoconduc
tivity decreases with increasing carrier temperature. T
value of phonon-induced change of conductivity appeare
be of the order of 1% of 2DEG dc conductivity at nonheati
electric field@s(4.2 K)50.2 mS/square#.

The dependence of phonoconductivity on supplied el
tric power ~measured at the lowest temperature! and tem-
perature~measured at nonheating electric field! is shown in
Fig. 3~a!. The dependence plotted in Fig. 3~a! is for the TA
phonon mode, the behavior for the LA mode is similar, b
the accuracy for this phonon mode was lower. The dep

FIG. 2. The typical time-traced phonoconductivity signals f
different temperatures and electric field strengths.

FIG. 3. ~a! The dependence of phonoconductivity response
temperature (d) and heating electric power (s). Solid and dashed
lines represent calculations according to Eq.~9! and Eq.~32! with
g52. ~b! The temperature dependence of absorbed phonon po
deduced from experiment (d) and calculated~solid line!.
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PRB 61 10 943RESPONSE OF A FERMI GAS IN A DISORDERED . . .
dence on electric power can be divided into the region wh
phonoconductivity is almost independent on input elec
power ~nonheating region! and the region with decreasin
phonoconductivity. The latter corresponds to the case w
the electrons are already significantly heated by applied e
tric field.

Figure 4 shows the dependence of phonoconductivity
external magnetic field applied perpendicular to the 2D
plane. Measurements were carried out at two different te
peratures and nonheating electric fields. This figure sh
that the value of phonoconductivity decreases with incre
ing magnetic field. It is worth noting that while the absolu
value of the ‘‘magnetophonoconductivity’’ decreases w
increasing temperature, the relative changes are almos
same at different temperatures—the phonoconductivity
two times smaller atB5500 mT comparing to its value a
zero magnetic field.

The dependence of phonoconductivity on heater temp
ture for constant ambient temperatureT52 K is shown in
Fig. 5. These results were obtained for a nonheating
electric field applied to the 2DEG. The heater temperat
was calculated according to acoustic mismatch theory@see
Eq. ~1!#. One can see that the phonon signal grows toge
with growing heater temperature, which determines the t
phonon flux incident to the 2DEG. This figure also shows
result of calculation~solid line! discussed in Sec. VI.

FIG. 4. Magnetic field dependence of phonon-induced cond
tivity for different temperatures. Solid lines represent calculatio
according to Eq.~10! for C851.4.

FIG. 5. Phonoconductivity vs heater temperature at the cons
ambient temperatureT52.05 K. Squares are the experimental da
solid line, the calculation.
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The measurements of magnetoconductivity in the te
perature range 2–15 K proved the presence of weak lo
ization in the system under investigation. Figure 6 shows
experimental results of these measurements along with t
retical calculations according to the existing theory of we
localization.9 For 2DEG magnetoconductivity is describe
by the following formula:9

s~B!2s~0!5aG0FS 4Detw

\
BD , ~2!

where a is a coefficient of the order of unity,G0
5e2/(2p2\), D is the electron diffusion coefficient,tw the
phase-breaking time,B the magnetic field,F(x)5 ln x
1c(1/211/x), and c(x) the digamma function. Using this
formula to fit experimental magnetoconductivity at differe
temperatures one can obtain the temperature dependen
fitting parametersa andtw . We found thata.0.8 and does
not depend on temperature, andtw}T21 ~see Fig. 7!. The
latter indicates that the Nyquist phase relaxation mechan
is dominant in our system, which is consistent with previo
investigations ond^Si&-GaAs systems.5,6

The carrier temperature can be varied not only by cha
ing the ambient temperature but also by increasing the h
ing electric field applied to the 2DEG. In the latter case t
Joule power, supplied to carriers, heats them up. When

c-
s

nt
,

FIG. 6. Magnetoconductivity in a perpendicular magnetic fie
at different temperatures. Circles correspond to experimental d
solid lines are fits according to Eq.~2!.

FIG. 7. Phase-breaking timetw vs ambient temperature. Straigh
line representsT21 fit.
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10 944 PRB 61D. POPLAVSKY, B. DANILCHENKO, AND H. KOSTIAL
Joule power is supplied in a steady regime~which is our
case! then the temperature of carriersTe is different from the
ambient temperatureT (Te.T). In the range of electric field
strengths reached in the experiment~up to 20 V/cm! the
heating of the lattice was negligibly small, which was co
firmed by the fact thatI -V curves measured in a steady-sta
regime and in ns-pulse regime (t530 ns) were identical.
Experimental magnetoconductivity curves at different he
ing electric fieldsE are well fitted according to Eq.~2!. Then
comparing the dependence oftw on temperature and Joul
power one can determine the dependence of electron
peratureTe on supplied electric powerQ5sE2. The alter-
native way is to compare the dependence of steady-state
ductivity on temperature~at low electric field! and Joule
power~at the lowest temperature!.11 The dependence is plot
ted then in the following form:

Te
g2Tg5bQ, ~3!

whereb is a coefficient andg a positive number determine
both by the dimensionality of the electron gas and
mechanism of electron-phonon coupling. This depende
for various values ofg is plotted in Fig. 8. One can see th
the best value isg52. The value of coefficientb for g52 is
b5153103 K2cm2/W. The resultg52 agrees with earlier
experiments performed for higher concentrations of electr
in the same structures.5 This result corresponds to energ
losses via piezoacoustical phonon coupling in the 2D
with several occupied subbands, which first were studied
a AlGaAs/GaAs heterojunction in Ref. 11. In this case e
ergy losses go mainly through higher subbands, where c
ers are less confined than in lower subbands.11

IV. GENERAL MODEL FOR PHONON-INDUCED
CONDUCTIVITY

We assume that positive phonoconductivity appears
to the increase of electron temperature under the absorp
of incident phonon flux. This assumption is valid only if th
time of electron-phonon interaction is much greater than
time of electron-electron collisions, i.e.,te-ph@te-e . This
means that if one electron absorbs a phonon, then the a
tional energy of this electron is distributed very quick

FIG. 8. Energy loss rate by hot carriers in different represen
tions. Experimental data are shown by points. Forg52, squares,
data obtained from the temperature dependence of conducti
triangles, from magnetoconductivity.
-
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among all electrons well before the system will lose th
energy via a phonon emission event. This condition is f
filled in the studied system since the characteristic time
electron-electron interaction is found to be of the order o
ps ~see Fig. 7!, while the time of electron-phonon interactio
is greater at least by two to three orders of magnitude. Te
perature rise due to phonon absorption decreases the val
quantum correction to conductivity~contributed from both
WL and electron-electron interactions!, which means that the
conductivity of the whole system increases. Therefore o
should observe positive phonoconductivity responses
were really observed in the experiments discussed in
paper.

Along with a qualitative description of the observe
phonoconductivity it is possible to find a quantitative a
proach to this phenomenon. The formula for the tempera
dependence of quantum correction to conductivity in
2DEG is1

Ds~T!5C8G0ln~kTt/\!, ~4!

wheret is the elastic scattering time,C85p1(12p)b1L,
andp the exponent of the temperature dependence of ph
breaking time (tw}T2p, with p51, see Fig. 7!, b is the
Maki-Thompson parameter, andL a parameter of electron
electron interaction. If the change of electron temperatur
small compared to the equilibrium temperature (dT!T)
then the induced conductivity can be written as a variation
Ds with respect to temperature. Finding the derivative
Eq. ~4! and multiplying bydT one obtains

ds~T!

G0
5C8

dT

T
. ~5!

In order to establish the temperature dependenceds(T)
one has to find the phonon-induced temperature risedT,
which in general depends on the ambient temperature.
process of the absorption of phonon flux emitted from
heater into the crystal can be considered as a steady-
case. It is a valid approach because the duration of pho
pulse (tpulse575 ns) is much greater than the time
electron-phonon interaction (te-ph;1 ns). This means tha
during the timetpulse which phonon pulse goes through th
electron system, electrons are heated very quickly~of the
order of te-ph) to the temperatureT1dT and after that all
absorbed energy is being emitted back into the lattice. T
case is similar to the process of heating of electrons by di
electric current: all electric power is emitted to the lattice a
the temperature of electrons is higher than the lattice te
perature. Therefore we can employ the steady-state bal
equation for the considered case

dQabs~T!5dQemit~T,dT!, ~6!

where dQabs(T) is the absorbed phonon power an
dQemit(T,dT) the emitted phonon power. The absorbed ph
non power, or the rate of phonon flux absorption by 2
electrons, is determined mainly by electron-phonon ma
elements and energy distribution of phonons in the incid
phonon flux; it will be considered in detail in Sec. V. Th
emitted phonon power, or the energy loss rate by 2D e
trons, is a characteristics of the 2DEG only. This quan

-
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shows how fast electrons lose their energy when their t
perature is above the equilibrium temperature of lattice. T
energy loss rate has already been determined experimen
in Sec. III, see Fig. 8 and Eq.~3!. In order to determine the
value ofdQemit(T,dT), one should find the derivative of Eq
~3! with respect to the electron temperatureTe ,

gTg21
•dT5bdQemit~T,dT!, ~7!

with g52 for the studied system. Then, expressing the te
perature changedT and using Eq.~6! we obtain the expres
sion for dT,

dT5
b

g

dQabs~T!

Tg21
. ~8!

Therefore substituting this formula into Eq.~5! we obtain
the final expression for temperature-dependent phono
ductivity

ds~T!

G0
5A

dQabs~T!

Tg
, ~9!

whereA5C8b/g. This formula includes the temperature d
pendent absorbed phonon powerdQabs(T), which will be
considered in Sec. V.

In order to establish the dependence of phonoconducti
on the perpendicular magnetic field~shown in Fig. 4! the
same variation procedure must be employed. The varia
with respect to temperature should be applied to Eq.~2!
where the phase-breaking timetw depends on temperatur
(tw}T21). After simple transformations we obtain the fo
lowing expression:

ds~B,T!2ds~0,T!5
a

C8
ds~0,T!x~T!g@x~T!#, ~10!

wherex(T)54Detw(T)B/\, and g(x)52dF(x)/dx. This
expression can be used directly to fit experimental data
magnetic field dependence of phonoconductivity with o
adjustable parameterC8. The result for two different tem-
peratures is presented in Fig. 4 by solid lines. This fitt
procedure was applied only for the low magnetic field reg
~up to 100 mT!, where the contribution from electron
electron interaction in diffusion channel9,10 to magnetocon-
ductivity was small and magnetoconductivity results we
adequately fitted according to WL theory@see Eq.~2! and
Fig. 6#. The value of parameterC8 is equal to 1.4 for both
temperatures. Taking into account the expression for par
eter C8 @see Eq.~4!# for the particular casep51 in the
studied system, it is possible to estimate the constan
electron-electron interactionL. We haveC8511L, there-
fore L50.4.

Now we are able to estimate the change of electron t
peraturedT according to Eq.~5!, which gives the highes
value~for the lowest temperatureT52 K) dT.0.4 K. This
result confirms the validity of our approach since it is bas
on the assumptiondT!T, as was already indicated above
-
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V. THEORY

A. Electron wave functions and energy levels

The calculation of phonon power absorbed by 2D el
trons requires the calculation of electron wave functions a
energy structure of the 2DEG for arbitrary temperature.
the calculations related to the electronic structure of thed
layer were performed for nonzero temperature. However
effect of the temperature on wave functions and energy
els of the electron system had a negligible contribution
calculated absorbed phonon power in the studied tempera
range~2–20 K!. Therefore we exclude its effect from wav
functions and energy level positions, and use expressions
T52 K. It is supposed that donor atoms are uniformly d
tributed strictly in thex-y plane, i.e., their distribution func
tion in the z direction ~perpendicular to the plane! has the
following form

Nd~z!5Nsd~z!, ~11!

where Ns is the sheet concentration of donor atoms. T
concentration of background acceptors is small compare
the corresponding bulk concentration of donors; therefore
presence of an acceptor background is neglected in the
culations.

The electron wave functions are written in the form
plane waves in anx-y plane and envelope function in thez
direction:

Cn,kW uu
~rW,z!5

1

AA
cn~z!exp~ ikW rW !, ~12!

wheren is the subband index,kW the electron wave vector in
an xy plane, rW the electron radius vector in anx-y plane,
cn(z) the electron envelope wave function in thez direction,
andA the sample area. The electron energy spectrum is p
bolic and can be written as

En~kW !5En1
\2k2

2m*
, ~13!

whereEn is the energy position of thenth subband,m* is
the electron effective mass (m* 50.067m0 for GaAs!.

The way to determine the electronic structure of
d-doped system is to solve self-consistently the o
dimensional Shro¨dinger equation for an envelope wave fun
tion and Poisson equation for confinement potential.

The Shro¨dinger equation has the form

2
\2

2m*

d2c~z!

dz2
1@V~z!2E#c~z!50, ~14!

whereV(z)5V1(z)1V2(z) is the effective confinement po
tential that includes the self-consistent potentialV1(z) and
the exchange-correlation potentialV2(z). The self-consistent
potential satisfies the Poisson equation

d2V1~z!

dz2
5

4pe2

k
@Nsd~z!2n~z!#, ~15!

wherek is the dielectric constant (k512.8 for GaAs!, and
n(z) the electron density. The exchange-correlation poten
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V2(z) was taken in the form of a parametrized express
given by Perdew and Zunger12 ~see also Ref. 13!.

The electron density in thenth energy subband is dete
mined by

nn5E
En

`

D~E! f T~E!dE, ~16!

where D(E)5m* /(p\2) is the two-dimensional electro
density of states, andf T(E)5$11exp@(E2m)/kBT#%21 is the
Fermi-Dirac distribution. The total sheet density of 2D ele
trons is then

n5(
n

nn , ~17!

and the 3D electron density is calculated from

n~z!5(
n

ucn~z!u2nn . ~18!

Results of numerical calculations showed that for
studied concentration of donors (Ns5531011 cm22) only
two energy subbands are filled with electrons. The first s
band contains 87% of electrons and lies atE15
217.7 meV; the second subband contains 13% of carr
and its energy position isE2525.1 meV. The value of the
chemical potential ism522.9 meV. Here zero energy leve
corresponds to the bottom of a 3D conduction band and
figures are forT52 K.

B. Electron-phonon interaction and phonon-flux-absorbed
power

We now turn to the electron-phonon interaction
d-doped GaAs layers and our final task here is to calcu
the phonon power absorbed by 2D electrons. Let us s
with the electron-phonon interaction first. According to t
‘‘Fermi golden rule’’ the probability of electron transitio
with absorption of a phonon with wave vectorqW and polar-
ization l is determined by

Gl~qW ,T!52
2p

\ ( n,kW ,n8,kW8uM nn8,l~kW ,kW8;qW !u2f T~EkW !

3@12 f T~EkW8!#d~EkW82EkW2\vqW !, ~19!

where un,kW & and un8,kW8& are the initial and final electron
states, vqW is the phonon frequency~we consider long-
wavelength phonons, i.e.,vqW5clq, wherecl is the sound
velocity!, and the screened matrix elementM nn8(k

W ,kW8;qW ) is
given by

M nn8,l~kW ,kW8;qW !5(
b

«a,b
21 ~qi!Mb,l

(0) ~kW ,kW8;qW !, ~20!

where a5(n,n8), b5(m,m8), sum b5(m,m8) runs over
all energy subbands of the considered system,«a,b(qi)
5« (nn8)(mm8)(qi) is the matrix dielectric function~derived in
Appendix A! and the unscreened matrix element is given
n

-

e

-

rs

ll

te
rt

y

M nn8,l
(0)

~kW ,kW8;qW !5S \

2rvqVD 1/2

Ml~qW !I nn8~q'!dkW2kW8,qW i
,

~21!

wherer is the mass density,V the volume,q' andqi are the
projections of the phonon wave vector to thez axis and the
2DEG plane, respectively. The piezoacoustic electr
phonon interaction has the form14

uMl~qW !u25~eh14!
2Al , ~22!

where the constant of the piezoacoustic interactionh1451.2
3107 V/cm andAl is defined by@for the ~001! channel#

Al5
9

2

cT

cL

q'
2 qi

4

q6
for LA mode,

Al54
q'

4 qi
2

q6
1

1

2

qi
6

q6
for TA mode,

where cT53.033103 m/s and cL55.143103 m/s are, re-
spectively, the sound velocities for TA and LA acous
modes. The electron-phonon form factor is given by

I nn8~q'!5E
2`

`

eiq'zcn~z!cn8~z!dz ~23!

and shown in Fig. 9 for intra- and intersubband transitions
two subbands occupied by electrons. If we perform summ
tion of Eq.~19! bearing in mind energy and momentum co
servation laws, then the electron-phonon transition r
Gl(qW ,T) transforms to

Gl~qW ,T!5
Am* cl

2p\2rVvq
2

uMl~qW !u2(
a

Ga,l~qi ,T!

3U(
b

«a,b
21 ~qi!I b~q'!U2

, ~24!

where

FIG. 9. Electron-phonon form factors for first and second s
bands.
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Gnn8,l~qi ,T!5
A2m*
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E

Emin

` f T~E1En!@12 f T~E1En1\clqi!#dE

AE2
\2

2m*
S m* ~En82En!

qi\
2

1
qi

2
2

m* cl

\ D 2
, ~25!
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whereEmin is determined from the condition when the d
nominator is equal to zero.

Phonon energy absorption rate by an electron system
determined from the following expression:

Ql~T!5(
qW

\vqWnl~qW ,T!Gl~qW ,T!, ~26!

where nl(qW ,T) is the distribution function of inciden
phonons. In the frames of acoustic mismatch theory7 and
assuming Planckian distribution of phonons in the me
heater film the distribution function of phonons emitted fro
the heater is determined by

n0~q,T,Th!}@~e\vq /kBTh21!212~e\vq /kBT21!21#,
~27!

where Th and T are the heater and substrate temperatu
respectively, andkB is the Boltzmann constant. Here th
heater temperatureTh is determined from Eq.~1!. In order to
establish the distribution function of incident phonons
have to take into account the processes of phonon scatte
that occur during their propagation in the bulk of substra
We restrict ourselves to isotope scattering and phon
phonon scattering processes. Their scattering rates ca
written as

t isotope
21 ~v!5Av4, ~28!

tph-ph
21 ~v,T!5Bv2T3, ~29!

where A54.75310245 s3 and B53.6310223 s/K3 ~see
Refs. 15,16!. Then the distribution function of phonons inc
dent to the 2DEG for small incidence angles@when cos(u)
.1] is given by

nl~q,T,Th!5n0~q,T,Th!e2t21(vq ,T)L/cl, ~30!

where L is the sample thickness andt21(vq ,T)
5t isotope

21 (vq)1tph-ph
21 (vq ,T) the total phonon scattering rate

The total absorbed phonon power is given by

Ql~T,Th!}E dVqE
0

`

dq q3nl~q,T,Th!Gl~qW ,T!, ~31!

where any phonon focusing effects17 are neglected. The in
tegration over solid angleVq is performed within the cone o
incident phonons, which is determined by the phonon sou
size and its distance to the 2DEG.

VI. RESULTS OF CALCULATIONS AND DISCUSSION

Let us now turn to the results of numerical calculations
absorbed phonon power by the 2DEG in ad structure. The
calculations were performed for TA phonon absorption o
and the maximum incidence angle of phonons was take
-

is

al

s,

e
ing
e.
n-
be

ce

f

ly
to

be about 7°, which corresponds to the geometry of the
periment.

As it was already shown above~see Sec. V A!, the con-
sidered electronic system consists of two occupied subba
therefore, when calculating the absorbed phonon powe
must take into account all possible intrasubband and in
subband electron-phonon transitions. The relative contr
tions from three strongest processes~1-1, 2-2, and 1-2! are
presented in Fig. 10; the contributions from other proces
with unoccupied subbands~1-3, 2-3, etc.! are negligibly
small and not shown in this figure. Figure 10 shows that
main processes responsible for phonon energy absorptio
intrasubband processes in occupied subbands~1-1 and 2-2 in
our case! while intersubband processes~1-2 in our case! are
not so important. Calculations show that in the case of
screened electron-phonon interaction contributions from
and 2-2 processes are equal, while the introduction of scr
ing reduces the relative contribution of the 1-1 process
proximately by a factor of 2~see Fig. 10!. This means tha
the higher subband absorbs more than 70% of the en
accumulated by the 2DEG from the phonon flux althou
this subband possesses only 13% of all electrons. This ca
explained by the fact that electrons in the second subban
less screened~due to lower electron density! by their spatial
distribution; therefore the electron-phonon matrix elemen
greater for the 2-2 process than for the 1-1 process.

The total absorbed phonon power represented by the
over all possible absorption processes according to Eqs.~24!
and ~31! as a function of ambient temperature is shown
Fig. 3~b!. This figure also shows the experimental dep
dence of absorbed phonon power deduced from phono
ductivity data according to Eq.~9!, i.e., dQabs(T)
}ds(T)Tg.

The dependence of phonoconductivity on temperature
be obtained according to Eq.~9!; it is shown in Fig. 2~a! by
a solid line and reveals rather good agreement with exp
ment. This figure also shows the dependence of the ph
conductivity on electric power dissipated in the 2DEG t

FIG. 10. Relative contribution to absorbed phonon power fr
intersubband and intrasubband electron transitions.
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can also be described by the model presented in this pa
The dependence of electron temperature on electric po
Te(Q) is easy to get from the experimentally obtained e
ergy loss rate@see Eq.~3!#. Therefore the dependence ofds
on Q has the form@from Eq. ~9!#

ds~Q!

G0
5A

dQabs@Te~Q!#

Te~Q!g
. ~32!

This formula actually describes the dependence of pho
conductivity on electron temperatureTe but not ambient
temperatureT as in Eq.~9!. This means that the phonon flu
incident on the 2DEG, is independent ofTe(Q) because pho-
non flux is determined only by heater temperatureTh and
ambient temperatureT. In this case the value ofdQabs is
determined by the temperature dependence of the elec
phonon transition rateGl(qW ,Te). The dependencedQabs(Te)
calculated for different heater temperatures and constant
bient temperatureT52 K is shown in Fig. 11.

The result of the calculation of the dependence of pho
conductivityds vs input electric powerQ with no adjustable
parametersaccording to Eq.~32! is shown in Fig. 3~a! by a
dashed line. This figure shows that the general behavio
calculated dependence agrees with what was observed i
periment but also a discrepancy at higher values of dissip
electric powerQ is seen. Qualitatively, this can be account
for by the fact that the higher energy subband is heate
higher temperatures than the lower subband by the s
electric field.18 For low values of heating electric power di
ferences in temperature between different subbands are s
and calculation agrees well with the experiment. Howe
with increasing electric power this temperature differen
begins to be more strongly pronounced and is observed
deviation of experimental data from the calculated cu
~which was obtained under the assumption of equal subb
temperatures!.

All phonoconductivity experiments discussed above w
performed for a constant value of electric power dissipate
the heater. We have also carried out the experiment w
constant ambient temperature and varying heater po
which determines heater temperatureTh ~see Fig. 5!.

Using our model we are also able to calculate the dep
dence of phonoconductivity on the temperature of heater
@see Eq.~31!# at constant ambient temperature. The resul

FIG. 11. The dependence of phonon-absorbed power on elec
temperature.
er.
er
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th
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f

this calculation forT52 K is presented in Fig. 5 togethe
with the relevant experimental data. One can see that
experimental data show constant increasing deviation fr
the calculated curve with decreasing heater temperature.
deviation means that the actual temperature of the heater
lower than the value, calculated according to acoustic m
match theory@see Eq.~1!#. The highest heater temperatur
correspond to the case when liquid helium around the he
film boils and heat transfer to helium is small. This mea
that almost all power goes to phonons that are emitted
the crystal.8 If the power dissipated in the heater is not hig
enough to boil helium around the heater film, then the tra
fer of energy to helium is much stronger and must be ta
into account in calculations of the heater temperature.

It is possible to estimate the energydW accumulated in
the 2DEG layer due to the absorption of nonequilibriu
phonons:dW5CdT, whereC is the heat capacity of 2DEG
For the heat capacity we use the Sommerfeld expansi19

C5p2kB
2D(EF)T/3, whereD(EF) is the density of states a

Fermi levelEF . HavingdT'0.4 K for T52 K one can eas-
ily estimatedW'3310213 J/cm2, while the energy dissi-
pated in the heater isWh5531024 J/cm2. This valuedW is
the difference between the energy absorbed from the pho
flux dWabs and emitted to the latticedWemit. The latter can
be expressed via emission powerdQemit as

dWemit5tpulsedQemit

with tpulse being the phonon pulse duration~see Sec. II!.
Then using Eq.~3! with Te5T1dT one can estimate
dWemit'10211 J/cm2. Therefore the energy absorbed fro
phonon flux is also of the order of 10211 J/cm2 because the
energy accumulated in the 2DEG~which is the cause of the
temperature increasedT) is only few percent of the tota
absorbed energy.

VII. CONCLUSIONS

We have observed a positive phonoconductivity respo
in d-doped GaAs that decreased with increasing heating
carriers and weak magnetic field. This effect is attributed
the temperature-dependent quantum corrections to con
tivity that change their value upon absorption of phonon
ergy. The increase of electron temperature due to pho
absorption is calculated from the balance between the en
absorbed from phonon flux and emitted to the lattice by
electrons. The dependence of absorbed phonon energ
electron temperature was calculated using the self-consis
approach in determination of wave functions and includ
screening of the electron-phonon interaction in the rando
phase approximation for the 2DEG with several subban
The phonon emission rate was obtained experimentally fr
magnetotransport measurements of the weak localization
fect.

Results of the model are in good agreement with exp
mental data. We believe it may be suitable for treating
phonon-assisted processes in other low-dimensional di
dered electron structures.

ACKNOWLEDGMENTS

We gratefully acknowledge Professor O. Sarbey for ma
useful discussions and assistance in calculations. This w

on



s

tri
n

o

b-
ion
ble

s

he

PRB 61 10 949RESPONSE OF A FERMI GAS IN A DISORDERED . . .
was supported by the Ukrainian State Foundation for Ba
Research~Grant No. 2.4/93!.

APPENDIX A

We derive here the expression for the matrix dielec
function«a,b(qi) used for calculation of the electron-phono
matrix element@see Eq.~20!#. Here the notations fora
5(n,n8) and b5(m,m8) are the same as in Eq.~20!. The
general expression at arbitrary temperature in the rand
phase approximation is given by20

«a,b~q,T!5kda,b1
2pe2

q
xa~q,T!Fa,b~q!, ~A1!

where the polarization operator has the form

xnn8~q,T!522(
kW

f T@En1E~kW !#2 f T@En81E~kW1qW !#

En1E~kW !2En82E~kW1qW !
~A2!

and the Coulomb form factor is given by
d

.

.

ic

c

m

F (nn8)(mm8)~q!5E
2`

`

dzE
2`

`

dz8cn~z!cn8
* ~z!cm~z8!

3cm8
* ~z8!e2quz2z8u. ~A3!

We consider only the contribution from the occupied su
bands to the dielectric function because the contribut
from the subbands lying above the Fermi level is negligi
at low temperatures (T!EFn wheren numerates occupied
subbands only!.21 In the case of long-wavelength phonon
(q,kFn1kFn8 , wherekFn is the Fermi wave vector ofnth
subband! and for low temperatures the expression for t
polarization operator reduces to

xnn8~q,T!5
m*

p\2
. ~A4!

Therefore the dielectric function of the system withN occu-
pied subbands is approximated by aN23N2 matrix given by

«a,b~q!5kda,b1
2m* e2

q\2
Fa,b~q!. ~A5!
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Éksp. Teor. Fiz.81, 768 ~1981! @Sov. Phys. JETP54, 411
~1981!#.

10P. A. Lee and T. V. Ramakrishnan, Phys. Rev. B26, 4009~1982!.
11A. M. Kreschuk et al., Solid State Commun.65, 1189 ~1988!;

Fiz. Tekh. Poluprovodn.22, 604 ~1988! @Sov. Phys. Semicond
22, 377 ~1988!#.
.

12J. P. Perdew and A. Zunger, Phys. Rev. B23, 5048~1981!.
13C. R. Proetto, inDelta-doping of Semiconductors, edited by E. F.

Shubert~Cambridge University Press, Cambridge, 1996!.
14V. Karpus, Fiz. Tekh. Poluprovodn.22, 43 ~1988! @Sov. Phys.

Semicond.22, 27 ~1988!#.
15S. I. Tamura, Phys. Rev. B31, 2574~1985!.
16B. Mogilevskiy and A. Chudnovskiy,Thermal Conductivity of

Semiconductors~Nauka, Moscow, 1972! ~in Russian!.
17J. P. Wolfe, Imaging Phonons~Cambridge University Press

Cambridge, 1998!.
18V. Kubrak, P. Kleinert, and M. Asche, Semicond. Sci. Techn

13, 277 ~1998!.
19Q. Li, X. C. Xie, and S. Das Sarma, Phys. Rev. B40, 1381

~1989!.
20E. D. Siggia and P. C. Kwok, Phys. Rev. B2, 1024~1970!.
21G. Q. Hai, N. Studart, and F. M. Peeters, Phys. Rev. B52, 8363

~1995!; L. R. Gonzalez, J. Krupski, and T. Szwacka,ibid. 49, 11
111 ~1994!.


