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Response of a Fermi gas in a disordered system to a phonon flux
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Phonon-induced conductivityPIC) in a strongly elastically scattered two-dimensional electron gas in
5-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.

[. INTRODUCTION basic parameters of the electronic system that include effi-
ciency of phonon absorption, energy relaxation rate, and
Low-dimensional electronic systems have been under inphase-breaking time.
tensive investigations for many years. The properties of such Ideal objects for the study of weak localization effects are
systems crucially depend on the presence of disorder thatuasi-2D 5-doped structures, where the 2D electi®ole)
gives rise to some new fundamental phenomena. Dependirfifis is created by doping of one atomic plane by ddaor
on how strong the disorder is, the electronic system can be i€Pto) atoms. Such structures are characterized by strong
the weakly localizedWL) or the strongly localized transport Carrier scattering on impurities, which leads to a strongly
regimes! In the WL regime, carriers are strongly elastically Pronounced weak localization effett.
scattered and move diffusely. As a result of the constructive In this article we report the experimental evidence that the
interference of counterpropagating scattered electron wavesi¥sitive phonoconductivity in the typical disordered elec-
negative correction to conductivity appears. This effect exironic system,s-doped GaAs, is mainly due to the destruc-
ists only if <7, wherer is the elastic scattering ang, is ~ tion of weakly localized electronic states by incident phonon
the phase-breaking time, respectively. The latter is deterflux. This provides an experimental method for studying the
mined by nonelastic processes of carrier Scattering and Ceﬁ|ectron_—phonon interaction in low-dimensional disordered
also be governed by application of an external magneti€lectronic systems.
field. Y2 For the two-dimensional electron gé8DEG) this The article is organized as follows. The experimental
correction to conductivity logarithmically depends on tem-Setup is described in Sec. Il. Main experimental results of
perature. phonoconductivity and transport measurements are reported
Phonon-assisted processes under the presence of a strdAgSec. Ill. In Sec. IV we present a physical model for ex-
electron-electron interaction change the temperature of carrRerimentally observed positive phonoconductivity. Section V
ers and, hence, effect the value of the conductivity correcls dedicated to detailed description of the calculation of
tion. For this reason, if electron-electron collisions are mucHhonon-absorbed power in tidedoped structure. The results
faster than e|ectr0n-phon0n processes, then one can exp&ftcalculations and their Comparison with experiment are dis-
an increase of electron temperature and hence a conductivigpssed in Sec. VI. Conclusions are presented in Sec. VII.
change to be caused by absorption of phonons. Theoretical
studies for 1DEG performed by Blenccﬁ\mowed that d_is—. Il. EXPERIMENTAL DETAILS
order effects(electron-electron interaction in the dirty limit
and weak localizationplay an essential role in the phonon- ~ The two-dimensional electron gas was formed in molecu-
induced conductivity and may lead to positive sign of phono4ar beam epitaxiallfMBE) grown silicon é-layers embed-
conductivity (PO). Recently the experimental observation of ded into a GaAs matrix. The substrate wg1) semi-
positive phonoconductivity response to the phonon flux wasnsulating GaAs with thickness of 3.4 mm. The structure
realized in 1DEG by Kenet al? It was pointed out that the consisted(beginning from the substrateof 1 um buffer
destruction of weak localization by nonequillibrium phononslayer, seven é-layers with donor concentration 5
can be the most important factor in the formation of positivex 10'* cm™2 per layer, separated by 100 nm, 150-nm spacer
response. layer, and 150-nm cap layer withx110' cm™2 impurity
Nevertheless until now there has been no direct experiatoms. A 0.%0.34 mnt area of 2DEG was supplied by
mental evidence of the nature positive phonoconductivity reAu:Ge ohmic contacts alloyed at 430°C in, Nd, atmo-
sponse. Moreover, it is important to establish the relatiorsphere.
between observed phonoconductivity response and the set of On the side opposite to the 2DEG, &1 mn¥ Au heater
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FIG. 1. Scheme of experiment.

film was deposited center-to-center to the 2DEG structure. It
had an impedance of approximately 80for better match- !
ing with coaxial cable. Nonequilibrium phonons were gener- 05 10 15
ated by 7,se= 75 ns voltage pulses applied to the heater. Tirme (ps)
Phonons, injected into the crystal, propagated to 2DEG and

increased its conductivity. The sample geometry and mutual FIG. 2. The typical time-traced phonoconductivity signals for
positions of phonon source and studied 2DEG are shown iflifferent temperatures and electric field strengths.

Fig. 1.

The phonon-induced current change was measured assalved in time due to the large enough thickness of the sub-
voltage drop across a 5Q-resistor connected in series with strate. The arrival times of different phonon modes are de-
the structure when a constant bias voltage was applied to titermined by corresponding sound velocities. This figure also
sample. This voltage drop was detected by means of a higlshows the behavior of phonoconductivity with carrier heat-
speed digital oscilloscope. In order to exclude the effect oing caused either by electric fie[¢Fig. 2(a)] or by ambient
synchronous crosstalk from heater excitation pulse the sigemperaturg¢Fig. 2(b)]. It is clearly seen that phonoconduc-
nals were recorded as the difference between the signals fokity decreases with increasing carrier temperature. The
positive and negative polarity biases. Signals were accumuralue of phonon-induced change of conductivity appeared to
lated approximately f0times to get the appropriate signal/ be of the order of 1% of 2DEG dc conductivity at nonheating
noise ratio. The sample thickness was large enough to reelectric field[ (4.2 K)=0.2 mS/squarg
solve different phonon modes in time. The dependence of phonoconductivity on supplied elec-

The sample was immersed in liquid helium at temperatric power (measured at the lowest temperajuasmd tem-
tures 2—4.2 K and in helium vapor at higher temperaturesperature(measured at nonheating electric field shown in
All results presented in this paper were obtained for the highFig. 3(a). The dependence plotted in FigiaBis for the TA
est power dissipated in the heater of approximately 7phonon mode, the behavior for the LA mode is similar, but
X 10° W/cn?, except the dependence of phonoconductivitythe accuracy for this phonon mode was lower. The depen-
on heater temperaturgee Sec. lll, Fig. b The indicated
power corresponds to heater temperatevrﬂaS_ K if calcu- Power (mWienr)
lated from acoustic mismatch theory for ambient temperature
T=2K:

Th=4T*+ 0P, (1)

where P is the power dissipated in the heater amds a
constant defined in Ref. 7. We did not observe any drop in
the signal at the crossover between liquid/vapor (
=4.2 K) and normal/superfluidT(=2.17 K) helium, which
means that the power dissipated in the heater was large
enough to cause the boiling of helium around the heater film
(for highest power as given abgv&herefore we can assert
that in the whole range of ambient temperatures the heater
film was surrounded by helium vapor. This conclusion is
also in correspondence with results of Ref. 8. T®

. EXPERIMENTAL RESULTS FIG. 3. (a) The dependence of phonoconductivity response on
temperature @) and heating electric power)). Solid and dashed
Experimental time-resolved phonoconductivity spectrajines represent calculations according to E).and Eq.(32) with
are presented in Fig. 2. One can see that both longitudinal=2. (b) The temperature dependence of absorbed phonon power
(LA) and transversalTA) acoustical modes are fully re- deduced from experimen®) and calculatedsolid line).
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FIG. 4. Magnetic field dependence of phonon-induced conduc- Magnetic field ()
tivity for different temperatures. Solid lines represent calculations F|G. 6. Magnetoconductivity in a perpendicular magnetic field
according to Eq(10) for C'=1.4. at different temperatures. Circles correspond to experimental data,
solid lines are fits according to E(R).
dence on electric power can be divided into the region where
phonoconductivity is almost independent on input electric The measurements of magnetoconductivity in the tem-
power (nonheating regionand the region with decreasing Perature range 2—15 K proved the presence of weak local-
phonoconductivity. The latter corresponds to the case whef#ation in the system under investigation. Figure 6 shows the
the electrons are already significantly heated by applied ele@xperimental results of these measurements along with theo-
tric field. retical calculations according to the existing theory of weak
Figure 4 shows the dependence of phonoconductivity ofpcalization’ For 2DEG magnetoconductivity is described
external magnetic field applied perpendicular to the 2DEQY the following formula’
plane. Measurements were carried out at two different tem-
peratures and nonheating electric fields. This figure shows
that the value of phonoconductivity decreases with increas-
ing magnetic field. It is worth noting that while the absolute
value of the “magnetophonoconductivity” decreases withwhere o is a coefficient of the order of unityG,
increasing temperature, the relative changes are almost thee?/(27%#), D is the electron diffusion coefficient;, the
same at different temperatures—the phonoconductivity ighase-breaking timeB the magnetic field, F(x)=Inx
two times smaller aB=500 mT comparing to its value at +y(1/2+1/x), and (x) the digamma function. Using this
zero magnetic field. formula to fit experimental magnetoconductivity at different
The dependence of phonoconductivity on heater temperaemperatures one can obtain the temperature dependence of
ture for constant ambient temperatufe=2 K is shown in fitting parametersr and 7. We found thaix=0.8 and does
Fig. 5. These results were obtained for a nonheating biagot depend on temperature amgoc T~ ! (see Fig. 7. The
electric field applied to the 2DEG. The heater temperaturéatter indicates that the Nyquist phase relaxation mechanism
was calculated according to acoustic mismatch thg¢eee is dominant in our system, which is consistent with previous
Eqg. (1)]. One can see that the phonon signal grows togethenvestigations on(Si)-GaAs systems®
with growing heater temperature, which determines the total The carrier temperature can be varied not only by chang-
phonon flux incident to the 2DEG. This figure also shows theing the ambient temperature but also by increasing the heat-
result of calculatior{solid line) discussed in Sec. VI. ing electric field applied to the 2DEG. In the latter case the
Joule power, supplied to carriers, heats them up. When the
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FIG. 5. Phonoconductivity vs heater temperature at the constant

ambient temperatur€=2.05 K. Squares are the experimental data, FIG. 7. Phase-breaking time, vs ambient temperature. Straight
solid line, the calculation. line representd ~ 1 fit.
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among all electrons well before the system will lose this
energy via a phonon emission event. This condition is ful-
filled in the studied system since the characteristic time of
electron-electron interaction is found to be of the order of 1
ps (see Fig. 7, while the time of electron-phonon interaction
is greater at least by two to three orders of magnitude. Tem-
perature rise due to phonon absorption decreases the value of
1 ° quantum correction to conductiviticontributed from both
) WL and electron-electron interactionsvhich means that the
conductivity of the whole system increases. Therefore one
=3 should observe positive phonoconductivity responses that

0.0 o1 1 10 were really observed in the experiments discussed in this

Q (mWent) paper.
Along with a qualitative description of the observed

FIG. 8. Energy loss rate by hot carriers in different representaphonoconductivity it is possible to find a quantitative ap-

tions. Experimental data are shown by points. fer2, squares, proach to this phenomenon. The formula for the temperature

data obtained from the temperature dependence of conductivityjependence of quantum correction to conductivity in the
triangles, from magnetoconductivity. 2DEG id

-T,) (arb.units)
o

v
3

Joule power is supplied in a steady regirtwehich is our Ao (T)=C'GoIn(kT7/%), (4)
casg then the temperature of carri€Fs is different from the _ ) o

ambient temperatur€ (T,>T). In the range of electric field Wherer is the elastic scattering im&'=p+(1-p)B+A,
strengths reached in the experimdop to 20 V/cm the  andp the exponent of the temperature dependence of phase-
heating of the lattice was negligibly small, which was con-Preaking time ¢ TP, with p=1, see Fig. J, B is the
firmed by the fact thak-V curves measured in a steady-stateMaki-Thompson parameter, ant a parameter of electron-
regime and in ns-pulse regimer£30 ns) were identical. electron interaction. If the chqngg of electron temperature is
Experimental magnetoconductivity curves at different heatSmall compared to the equilibrium temperaturT(T)

ing electric fieldsE are well fitted according to Eq2). Then  then the induced conductivity can be written as a variation of
comparing the dependence of on temperature and Joule Ao with respect to temperature. Finding the derivative of
power one can determine the dependence of electron tenfd- (4) and multiplying bysT one obtains

peratureT, on supplied electric powe® = oE2. The alter-

native way is to compare the dependence of steady-state con- 60 (T) _ Crﬂ (5)
ductivity on temperaturdat low electric field and Joule Go T
power (at the lowest temperatur&' The dependence is plot-
ted then in the following form: In order to establish the temperature dependehe€rl)
one has to find the phonon-induced temperature &%e
T-T"=8Q, (3)  which in general depends on the ambient temperature. The

process of the absorption of phonon flux emitted from the
wherep is a coefficient andy a positive number determined heater into the crystal can be considered as a steady-state
both by the dimensionality of the electron gas and thecase. It is a valid approach because the duration of phonon
mechanism of electron-phonon coupling. This dependencgy|se (rpuise= 75 NS) is much greater than the time of
for various values ofy is plotted in Fig. 8. One can see that g|ectron-phonon interactionr{,~1 ns). This means that
the best value iy=2. The value of coefficiens for y=2is  during the timer,,s, which phonon pulse goes through the
B=15x10° K?%cn?/W. The resulty=2 agrees with earlier electron system, electrons are heated very quicklythe
experiments performed for higher concentrations of electrongder of Tepn 10 the temperaturd + 5T and after that all
in the same structurésThis result corresponds to energy apsorbed energy is being emitted back into the lattice. This
losses via piezoacoustical phonon coupling in the 2DEG:ase is similar to the process of heating of electrons by direct
with several occupied subbands, which first were studied fog|ectric current: all electric power is emitted to the lattice and
a AlGaAs/GaAs heterojunction in Ref. 11. In this case en+he temperature of electrons is higher than the lattice tem-

ergy losses go mainly through higher subbands, where carrperature. Therefore we can employ the steady-state balance

ers are less confined than in lower subbafids. equation for the considered case
IV. GENERAL MODEL FOR PHONON-INDUCED 0Qapd T) = 6Qemi( T, 6T), (6)
CONDUCTIVITY

where 6Q.{T) is the absorbed phonon power and

We assume that positive phonoconductivity appears duéQ.mi(T,8T) the emitted phonon power. The absorbed pho-
to the increase of electron temperature under the absorptiaton power, or the rate of phonon flux absorption by 2D
of incident phonon flux. This assumption is valid only if the electrons, is determined mainly by electron-phonon matrix
time of electron-phonon interaction is much greater than thelements and energy distribution of phonons in the incident

time of electron-electron collisions, i.e7e ;> 7e.. This  phonon flux; it will be considered in detail in Sec. V. The
means that if one electron absorbs a phonon, then the addimitted phonon power, or the energy loss rate by 2D elec-
tional energy of this electron is distributed very quickly trons, is a characteristics of the 2DEG only. This quantity
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shows how fast electrons lose their energy when their tem- V. THEORY
perature is above the equilibrium temperature of lattice. The

energy loss rate has already been determined experimentally
in Sec. IIl, see Fig. 8 and E@3). In order to determine the ~ The calculation of phonon power absorbed by 2D elec-
value of 5Qmi T,8T), one should find the derivative of Eq. trons requires the calculation of electron wave functions and

A. Electron wave functions and energy levels

(3) with respect to the electron temperatilig, energy structure of the 2DEG for arbitrary temperature. All
the calculations related to the electronic structure of éhe
yT7" 1. 6T=B6Qurmid T, 5T), 7) layer were performed for nonzero temperature. However the

effect of the temperature on wave functions and energy lev-
els of the electron system had a negligible contribution to
calculated absorbed phonon power in the studied temperature
range(2—-20 K). Therefore we exclude its effect from wave

with y=2 for the studied system. Then, expressing the tem
perature changéT and using Eq(6) we obtain the expres-

sion for 6T, ; - .
functions and energy level positions, and use expressions for
T=2 K. It is supposed that donor atoms are uniformly dis-

ST— B 8QapdT) ® tributed strictly in thex-y plane, i.e., their distribution func-
Sy vl tion in the z direction (perpendicular to the planéas the
following form
Therefore substituting this formula into E) we obtain Ng(2)=Ng(2), (12)
the final expression for temperature-dependent phonocon- ] )
ductivity where N is the sheet concentration of donor atoms. The

concentration of background acceptors is small compared to

the corresponding bulk concentration of donors; therefore the

o0 (T) :A5Qabs(T) (9)  Presence of an acceptor background is neglected in the cal-
Gy T culations.

The electron wave functions are written in the form of
whereA=C' /. This formula includes the temperature de- plane waves in an-y plane and envelope function in ttze
pendent absorbed phonon powé®,..,{T), which will be direction:
considered in Sec. V. L

In order to establish the dependence of phonoconductivity e Lo
on the perpendicular magnetic fie([dhown in Fig. 4 the \If,,’kH(r,z)—\/—szy(z)exmkr), (12)
same variation procedure must be employed. The variation _
with respect to temperature should be applied to &). wherev is the subband indeX the electron wave vector in
where the phase-breaking timg depends on temperature an xy plane,r the electron radius vector in ary plane,
(7,<T"%). After simple transformations we obtain the fol- y (z) the electron envelope wave function in thdirection,
lowing expression: andA the sample area. The electron energy spectrum is para-

bolic and can be written as

- - 21,2
60(B,T)— 60(0,T) o Sa(0,T)x(T)g[x(T)], (10 E(K)—E + Z—k*, 13
m

wherex(T) =4Der,(T)B/%, andg(x) = —dF(x)/dx. This  whereE, is the energy position of theth subbandm* is
expression can be used directly to fit experimental data ofhe electron effective massnt =0.067n, for GaAs.

magnetic field dependence of phonoconductivity with one The way to determine the electronic structure of a
adjustable paramet@’. The result for two different tem- 5_doped System is to solve se|f-c0nsistent|y the one-
peratures is presented in Fig. 4 by solid lines. This fittingdimensional Shidinger equation for an envelope wave func-

procedure was applied only for the low magnetic field regiontion and Poisson equation for confinement potential.
(up to 100 m7, where the contribution from electron-  The Shiainger equation has the form

electron interaction in diffusion chanféf to magnetocon-
ductivity was small and magnetoconductivity results were 12 d%y(2)
adequately fitted according to WL theofgee Eq.(2) and e 2
Fig. 6]. The value of parameteZ’ is equal to 1.4 for both 2m*  dz
temperatures. Taking into account the expression for paranwhereV(z) =V,(z) + V,(z) is the effective confinement po-
eter C' [see EQq.(4)] for the particular cas@p=1 in the tential that includes the self-consistent potenWa{z) and
studied system, it is possible to estimate the constant ahe exchange-correlation potentia)(z). The self-consistent
electron-electron interaction. We haveC’=1+ A, there-  potential satisfies the Poisson equation
fore A=0.4.

Now we are able to estimate the change of electron tem- d?Vi(z) 4me?
peraturesT according to Eq(5), which gives the highest iz — [Ns8(2)—n(2)], (19
value (for the lowest temperaturé=2 K) §T=0.4 K. This
result confirms the validity of our approach since it is basedvhere k is the dielectric constant«{=12.8 for GaA$, and
on the assumptio@T<T, as was already indicated above. n(z) the electron density. The exchange-correlation potential

+[V(2)-El¥(2)=0, (14)
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V,(z) was taken in the form of a parametrized expression Lo]
given by Perdew and Zundér(see also Ref. 13 '
The electron density in theth energy subband is deter- = g8 11
mined by
0.6
nFJ D(E)f+(E)dE, (16) 50-4-
EV
% 0.2
where D(E)=m*/(m#%?) is the two-dimensional electron R “\
density of states, anth(E)={1+exd (E—u)/kgT]} L is the 001 , , .
Fermi-Dirac distribution. The total sheet density of 2D elec- 00 o1 02 03 04 05
trons is then q, @nt’)
FIG. 9. Electron-phonon form factors for first and second sub-
n=>n,, (17)  bands.
d the 3D electron density is calculated f I T L R
and the 3D electron density is calculated from M(w)',x(k'k/?Q):(z - V) Mx(q)lwr(qL)&L@@W
(21)
n(2)=2> |4,(2)n,. (18

wherep is the mass density/ the volumeg, andq are the
projections of the phonon wave vector to thexis and the

Results of numerical calculations showed that for theZDEG plane, respectively. The piezoacoustic electron-
studied concentration of donordN{=5x 10" cm 2) only phonon interaction has the foln

two energy subbands are filled with electrons. The first sub-

band contains 87% of electrons and lies &= .

—17.7 meV; the second subband contains 13% of carriers IM\(@)]?=(eh)?A,, (22
and its energy position iE,=—5.1 meV. The value of the

chemical potential ige=—2.9 meV. Here zero energy level Where the constant of the piezoacoustic interactigp=1.2
corresponds to the bottom of a 3D conduction band and alk 10’ V/cm andA, is defined by{for the (001) channe]
figures are folT=2 K.

_9craiq)
L) CL q6

B. Electron-phonon interaction and phonon-flux-absorbed for LA mode,

power

We now turn to the electron-phonon interaction in
6-doped GaAs layers and our final task here is to calculate QiQﬁ 1 Qﬁs
the phonon power absorbed by 2D electrons. Let us start A=a4—F 2 6
with the electron-phonon interaction first. According to the d g

WITtT1rmlI:) gc:ldt(ienn ru;e tfr:enpr:t\j;ﬁ:h\t:// 3f (\allectfcr)nn;ranslmron where cy=3.03x 10° m/s and ¢, =5.14X 10° m/s are, re- .
absorption of a phono ave vectgrand polar-  gpactively, the sound velocities for TA and LA acoustic

for TA mode,

ization \ is determined by modes. The electron-phonon form factor is given by
PVGTI=25 S e IM (KRB =
)\(qv )_ A V,k,l/’,k’| vv’,)\( ’ iq)l T( k) IVV’(qL):fiﬁ eiQszy(Z)l,[/,,/(Z)dZ (23)

X[1—-fr(Eg)]8(Ep — Eg—fiwyg), (19
R R and shown in Fig. 9 for intra- and intersubband transitions in
where [v,k) and [»',k") are the initial and final electron two subbands occupied by electrons. If we perform summa-
states, wg is the phonon frequencywe consider long- tion of Eq.(19) bearing in mind energy and momentum con-
wavelength phonons, i.eqg=c,q, wherec, is the sound servation laws, then the electron-phonon transition rate
velocity), and the screened matrix eleméwt,, (k,k’;q) is  T,(q,T) transforms to

given by
o L - m* ¢, DS
Moy a(KK':Q)= 2 &, p(aPMPA(KK'd). (20 FA(Q:T)—WWA(QN > Gan(a),T)
2
where a=(v,v"), B=(u,u'), sum B=(u,u’) runs over % e~ L(qp! ) (24)
all energy subbands of the considered systems(q)) % 5%

=& @) (upn)(Q)) is the matrix dielectric functioderived in
Appendix A) and the unscreened matrix element is given bywhere
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GVV’,)\(QH!T): (25)

Zm*fw fr(E+E,)[1-f+(E+E,+%cC\q)]dE

hi JEqin #2 (m*(E,—E,) q m*c,)’
E- +——
2m* q”ﬁz 2 h

whereE,, is determined from the condition when the de- be about 7°, which corresponds to the geometry of the ex-

nominator is equal to zero. periment.
Phonon energy absorption rate by an electron system is As it was already shown abousee Sec. V A the con-
determined from the following expression: sidered electronic system consists of two occupied subbands;
therefore, when calculating the absorbed phonon power we
- > must take int nt all ible intr nd and inter-
QM= hogn(q.TT(q,T), (26) ust take into account all possible intrasubband and inte

subband electron-phonon transitions. The relative contribu-
R tions from three strongest procesgésl, 2-2, and 1-Rare
where n,(q,T) is the distribution function of incident presented in Fig. 10; the contributions from other processes
phonons. In the frames of acoustic mismatch théamd  ith unoccupied subbandél-3, 2-3, etd. are negligibly
assuming Planckian distribution of phonons in the metakmall and not shown in this figure. Figure 10 shows that the
heater film the distribution function of phonons emitted from main processes responsib|e for phonon energy absorption are
the heater is determined by intrasubband processes in occupied subbghdsand 2-2 in
® _ ” _ our casg while intersubband processék-2 in our casgare
No(, T, Tp)oc[ (870" 8T —1) 72— (e"@aleT—1) 71, 5 not so important. Calculations show that in the case of un-
27 screened electron-phonon interaction contributions from 1-1
where T, and T are the heater and substrate temperaturesand 2-2 processes are equal, while the introduction of screen-
respectively, andkg is the Boltzmann constant. Here the ing reduces the relative contribution of the 1-1 process ap-
heater temperaturg, is determined from Eq1). In orderto  proximately by a factor of Zsee Fig. 10 This means that
establish the distribution function of incident phonons wethe higher subband absorbs more than 70% of the energy
have to take into account the processes of phonon scatteriregccumulated by the 2DEG from the phonon flux although
that occur during their propagation in the bulk of substratethis subband possesses only 13% of all electrons. This can be
We restrict ourselves to isotope scattering and phononexplained by the fact that electrons in the second subband are
phonon scattering processes. Their scattering rates can bess screenettue to lower electron densitypy their spatial

q

written as distribution; therefore the electron-phonon matrix element is
L 4 greater for the 2-2 process than for the 1-1 process.
Tisotopd @) =Aw”, (28) The total absorbed phonon power represented by the sum
. s over all possible absorption processes according to @24s.
Toh-p @, T) =B T, (29 and(31) as a function of ambient temperature is shown in

where A=4.75<10 % s and B=3.6x10 2 s/k® (see Fig. 3(b). This figure also shows the experimental depen-
Refs. 15,16 Then the distribution function of phonons inci- dence of absorbed phonon power deduced from phonocon-

dent to the 2DEG for small incidence angleghen cosg) ductivity data according to Eq.(9), i.e. 6QadT)

=1]is given b *30(T)T?. o
I's giv y The dependence of phonoconductivity on temperature can

_ — 7 Yawg. T)Lic be obtained according to E€Q); it is shown in Fig. 2a) by
M (AT, Th)=No(a, T, Tr)e ! " (30 a solid line and reveals rather good agreement with experi-
where L is the sample thickness andr‘l(wq,T) ment. This figure also shows the dependence of the phono-
= Ti;gtope(wq)-i- T;hl_ph(a)q ,T) the total phonon scattering rate. conductivity on electric power dissipated in the 2DEG that
The total absorbed phonon power is given by

QT T [ 40 [ “da Pn (@ T T ET), @1 o

1-1
where any phonon focusing effettare neglected. The in-
tegration over solid angl@ , is performed within the cone of
incident phonons, which is determined by the phonon source
size and its distance to the 2DEG.

Absorbed power (arb. units)

VI. RESULTS OF CALCULATIONS AND DISCUSSION 001 12

0 5 10 15 20
Temperature (K)

Let us now turn to the results of numerical calculations of
absorbed phonon power by the 2DEG irda&tructure. The
calculations were performed for TA phonon absorption only  FIG. 10. Relative contribution to absorbed phonon power from
and the maximum incidence angle of phonons was taken timtersubband and intrasubband electron transitions.
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this calculation forT=2 K is presented in Fig. 5 together

match theonfsee Eq.(1)]. The highest heater temperatures
correspond to the case when liquid helium around the heater
film boils and heat transfer to helium is small. This means
that almost all power goes to phonons that are emitted into
5 4 6 8 1012 14 16 13 20 22 the cr)ﬁttaﬁblf _ﬁhr(]e |I<_)ower diss(ijp?r;cedhin :hef_rreattir is tr;]otthigh
enough to boil helium around the heater film, then the trans-
Electron temperature (K) fer of energy to helium is much stronger and must be taken
FIG. 11. The dependence of phonon-absorbed power on electrdAto account in calculations of the heater temperature.
temperature. It is possible to estimate the energyV accumulated in
the 2DEG layer due to the absorption of nonequilibrium
can also be described by the model presented in this papgrhonons:dW=C 4T, whereC is the heat capacity of 2DEG.
The dependence of electron temperature on electric powdror the heat capacity we use the Sommerfeld expafision
T.(Q) is easy to get from the experimentally obtained en-C=m?k3D(Eg)T/3, whereD(Eg) is the density of states at
ergy loss rat¢see Eq(3)]. Therefore the dependence®F  Fermi levelEg. Having 6T~0.4 K for T=2 K one can eas-

T,=8K

7 144 with the relevant experimental data. One can see that the
g 2] T,=18K experimental data show constant increasing deviation from

g 10] the _ca_lculated curve with decreasing heater temperature. This
5 / T deviation means that the actual temperature of the heater was
g ye // T,=13K lower than the value, calculated according to acoustic mis-

=

o w s o @

on Q has the forn{from Eq.(9)] ily estimate SW~3x10 12 J/cn?, while the energy dissi-
pated in the heater M/,=5x 10 * J/cnf. This valuesW is
50(Q) 8Qupd Te(Q)] the difference between the energy absorbed from the phonon
G =A ” (32)  flux 6W,,sand emitted to the latticéW,,;;. The latter can
0 Te(Q) be expressed via emission powsD,;; as
This formula actually describes the dependence of phono- Wemit= TpuisedQemit

conductivity on electron temperatureT, but not ambient

with being the phonon pulse duratiqsee Sec. )
temperaturd as in Eq.(9). This means that the phonon flux Tpulse g P P a )

L g " Then using EQ.(3) with T,=T+ 4T one can estimate
incident on the 2DEG, is independentTaf( Q) because pho- SW,mi= 10~ 11 Jjcn?. Therefore the energy absorbed from

non .qux is determined only by heater temperatur;gand phonon flux is also of the order of 1& J/cn? because the
ambient temperatur@. In this case the value 0#QansiS  gnergy accumulated in the 2DE@hich is the cause of the
determined by the temp:erature dependence of the eleCtrofEmperature increaséT) is only few percent of the total
phonon transition rat€, (q,T.). The dependencéQ,{ Te) absorbed energy.
calculated for different heater temperatures and constant am-
bient temperaturd =2 K is shown in Fig. 11. VIl. CONCLUSIONS

The result of the calculation of the dependence of phono-

conductivity 5o vs input electric powe® with no adjustable We have observed a positive phonoconductivity response

parametersaccording to Eq(32) is shown in Fig. &) by a in 5-doped GaAs that decreased with increasing heating of

dashed line. This figure shows that the general behavior dtarriers and weak magnetic field. This effect _is attributed to
calculated dependence agrees with what was observed in 1 temperature-dependent quantum corrections to conduc-
periment but also a discrepancy at higher values of dissipated'ty that change their value upon absorption of phonon en-
electric poweiQ is seen. Qualitatively, this can be accounted€9y- The increase of electron temperature due to phonon
for by the fact that the higher energy subband is heated tgbsorptlon is calculated from the bal_ance between'the energy
higher temperatures than the lower subband by the sanfaPsorbed from phonon flux and emitted to the lattice by 2D
electric field'® For low values of heating electric power dif- €!€ctrons. The dependence of absorbed phonon energy on
ferences in temperature between different subbands are sm&JIECron temperature was calculated using the self-consistent
and calculation agrees well with the experiment. Howeve@PProach in determination of wave functions and including
with increasing electric power this temperature difference>creening of the electron-phonon interaction in the random-

begins to be more strongly pronounced and is observed asP{1aS€ approximation for the 2DEG with several subbands.

deviation of experimental data from the calculated curve! "€ Phonon emission rate was obtained experimentally from

(which was obtained under the assumption of equal subbarijagnetotransport measurements of the weak localization ef-
temperatures fect. . . .
All phonoconductivity experiments discussed above were Results of the model are in good agreement with experi-
performed for a constant value of electric power dissipated ifn€ntal data. We believe it may be suitable for treating the
the heater. We have also carried out the experiment witfphonon-assisted processes in other low-dimensional disor-
constant ambient temperature and varying heater powefl€réd electron structures.
which determines heater temperatiie(see Fig. 5. ACKNOWLEDGMENTS
Using our model we are also able to calculate the depen-
dence of phonoconductivity on the temperature of heater film We gratefully acknowledge Professor O. Sarbey for many
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APPENDIX A

RESPONSE OF A FERMI GAS IN A DISORDERED ...

10 949

Pt @= | a2 dzp0ut @)

><¢,j,(z')e—qlz—2". (A3)

We derive here the expression for the matrix dielectricWe consider only the contribution from the occupied sub-
functione, z(q)) used for calculation of the electron-phonon bands to the dielectric function because the contribution

matrix element[see Eq.(20)]. Here the notations fow
=(v,v') and B=(u,u’) are the same as in EQO0). The

from the subbands lying above the Fermi level is negligible
at low temperaturesT(<Eg, where v numerates occupied

general expression at arbitrary temperature in the randorsubbands only?! In the case of long-wavelength phonons

phase approximation is given By

2

2me
Sa,ﬁ(qu):Kﬁa,ﬁ_‘— TXa(qu)Fa,,B(q): (Al)

where the polarization operator has the form

fr[E,+E(K)]—f[E, +E(k+0q)]
’ ,T:_Z = > >
Xow (8T Ek E+E(K)—E, —E(K+q)
(A2)

and the Coulomb form factor is given by

(g<kg,tkg, , wherekg, is the Fermi wave vector ofth
subbangl and for low temperatures the expression for the
polarization operator reduces to

*

va’(qu): (A4)

wh?
Therefore the dielectric function of the system wiloccu-
pied subbands is approximated bijN&x N? matrix given by

* A2

€4p(0A) =Ky gt WFM(Q)- (A5)

1p. A. Lee and T. V. Ramakrishnan, Rev. Mod. Ph§g, 287
(1985.

2G. Bergmann, Phys. Refi01, 1 (1984.

3M. Blencowe, J. Phys.: Condens. Mat&r3121(1996.

4A. Kent et al, Phys. Rev. B55, 9775(1997.

5G. M. Gusevet al, Fiz. Tekh. Poluprovodn25, 601 (1991
[Sov. Phys. Semicon@5, 364 (1991)].

6M. Asche, K.-J. Friedland, P. Kleinert, and H. Kostial, Semicond.

Sci. Technol.7, 923(1992.

"W. A. Little, Can. J. Phys37, 334(1959.

8B. A. Danilchenko and V. M. Poroshin, Cryogeni@8, 546
(1983.

QB; Altshuler, A. Aronov, A. Larkin, and D. Khmelnitsky, Zh.
Eksp. Teor. Fiz.81, 768 (1981 [Sov. Phys. JETR4, 411
(1981)].

10p A, Lee and T. V. Ramakrishnan, Phys. Rex2@®4009(1982.

A, M. Kreschuket al, Solid State Commun65, 1189 (1988;
Fiz. Tekh. Poluprovodn22, 604 (1988 [Sov. Phys. Semicond.
22, 377(1988].

123, p. Perdew and A. Zunger, Phys. Rev2® 5048(1981).

13C. R. Proetto, irDelta-doping of Semiconductgradited by E. F.
Shubert(Cambridge University Press, Cambridge, 1996

14y, Karpus, Fiz. Tekh. Poluprovodr22, 43 (1988 [Sov. Phys.
Semicond22, 27 (1988)].

153, I. Tamura, Phys. Rev. B1, 2574(1985.

16 Mogilevskiy and A. ChudnovskiyThermal Conductivity of
SemiconductoréNauka, Moscow, 1972(in Russian.

173. P. Wolfe, Imaging Phonons(Cambridge University Press,
Cambridge, 1998

18y, Kubrak, P. Kleinert, and M. Asche, Semicond. Sci. Technol.
13, 277(1998.

19Q. Li, X. C. Xie, and S. Das Sarma, Phys. Rev.4B, 1381
(1989.

20E. D. Siggia and P. C. Kwok, Phys. Rev.231024(1970.

a6, Q. Hai, N. Studart, and F. M. Peeters, Phys. Re%2B8363
(1999; L. R. Gonzalez, J. Krupski, and T. Szwackad. 49, 11
111 (19949.



