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Thermoelectric and hot-electron properties of a silicon inversion layer
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Electron-phonon coupling of a two-dimensional electron gas in a Si metal-oxide-semiconductor field-effect
transistor in the temperature range 0.8 K<4 K has been investigated using phonon-drag thermop&Wer
and electron energy loss rafgT). At low temperaturesthe Bloch limit we find S%=T®, as expected for
electron-phonon scattering mediated by a screened deformation potential, and the magnitude is in excellent
agreement with a calculation using no adjustable parameters; the calculation continues to give good agreement
at higher temperatureB(T) has been calculated using the same input parameters 8%. fReasonably good
agreement is found with the observed valuesTor1.5 K, but at lower temperatures the measurgd) is
much larger than predicted and also exhibits a much weaker temperature dependence. Possible reasons are
suggested.S0163-182807)05143-9

I. INTRODUCTION average phonon wave vect@r becomes much smaller than
the diameter of the Fermi circlek2. The Bloch limit has

The present work investigates the low-temperature coupreviously been observed in GaAs heterostructtirest
pling of electrons in a Si inversion layer to bulk phonons inthere the interaction is dominated by piezoelectric coupling,
the substrate using phonon-drag thermopo®trlnd elec- Wwhereas in Si inversion layers it occurs via a deformation
tron energy loss ratE(T). Both of these quantities are sen- potential. The temperature dependencesbhould be dif-
sitive measures of electron-phonos-§) coupling but in  ferent in the two cases.
different ways.S? is determined by the momentum relax-  There has been extensive previous work on energy loss
ation time fore-p scattering, whereaf(T) measures the rates in Si inversion layerée.g., see Refs. 659but none
e-p relaxation time for energy loss. below 1 K. Serious disagreements between calculation and

Thermopower has two contributions: phonon drdy  experiment were found. In retrospect it is clear that a signifi-
which has a complex temperature dependence, and diffusigi@nt problem in the comparisons was that none of these early
sY, which is linear in temperature for degenerate electrons¢alculations included screening of the scattering potential so
We are not primarily interested i8% except insofar as we that the resulting calculated values were too high and had the
need to separate it fro®f in the experimental result§® has ~ Wrong temperature dependence. This was especially so in the
been calculated for different electron scatteringBloch limit where screening gives an extra factor
mechanisms,the main ones for metal-oxide-semiconductor ~ The present experiments provide an example of simulta-
field-effect transistor{MOSFET'S being interface rough- Neous measurements on a pair of quantities, each of which
ness, background impurities, and remote impurities. For theéhould independently determirep coupling. We shall see
present purposes, the most interesting point is that the madpat S° behaves as predicted, as dde@T) at higher tem-
nitude and sign oB° can be varied by adjusting the carrier peratures. However, the latter is found to be unexpectedly
density and can even be made zero; we have done this in tharge at low temperatures.
present experiments.

Theoretical work® on S? has led to a good understanding Il. THEORY
of the thermoelectric properties of a number of two-
dimensional electron gasé2DEG’s). In particular, experi- We first examineSY. Electrons in the 2DEG with wave

mental data on MOSFET’s by Gallaghet al* were well  vector k=(ky.k,) are quasielastically scattered by three-
reproduced by the theory. At low temperatu®®sbecomes dimensional3D) phonons in the substrate of wave vedfr
very small, but we have taken advantage of the fact 8lat and polarizatiori; the phonon wave vector is expressed as
can be adjusted to zero to accurately meaSdrever awide Q=(q,q,), whereq is the component in the plane of the
temperature range. This has enabled us to p&be the 2DEG and q, the perpendicular component. Following
Bloch limit of e-p scattering, i.e., when the magnitude of the Smith1° the result forS?, which includes a correction for
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nondegeneracy of the 2DEG, can be written €?(q)—(Qs/q)%.  Finally, using u=#%qu;/kgT and
w=7q,v;/kgT, Eg. (1) can be approximated by
I (2m*)32g, A
~ 16(27)%kgT?neg _ mrPAKGTOE]
_ - 16m2k3%° 2
XE”'FF EAQIQPA(@IGQ) | mkERTee Qs
= Vi ]y ] @ (@sinf(hwgi2kgT) ©0 4% 5 2 F ; fwd 22Ut (U2 w?) "
X — w u ,
1) T vl Je  Jo o sintR(VuZ+wRl2)

whereg is the mass density of Si is the carrier densitye  wherea, =D +w?/(u?+w?) anda,=uw/(u?+w?) for lon-

is the magnitude of the electronic charge,is the phonon  gijtudinal and transverse modes, respectively. There are no
mean free pathg, is the valley degeneracy, ai(Q) de-  unknown quantities in this expression and, provideds
notes the effective acoustic scattering potential. Foes),  independent oflT, S9%«cTS. In this limit sgocn*3/2 via the
coupling is complicated by the anisotropy of the electronictactor k-2, but the result is independent ofi* (because
energy spectrum and we follow Smith and Butchend Q.xm*) and the details of the electronic wave function.
Ridley'* in using E,(Q)=E,(D+0q3/Q% and E(Q)  with piezoelectric coupling, which is appropriate in GaAs
=E,9,0/Q? for the deformation potentials appropriate to structures, the limiting low-temperature dependencd’s
longitudinal and transverse phonons, respectively, wBgfe and the magnitude remains much larger to lower
and £, are the deformation potential constants for pure di-temperatures.

lation and pure shear strain am==4/=,. We note that For completeness, we briefly examine the diffusion con-

E(Q) includes the coupling to both transverse branchestribution S° to the thermopower of a degenerate 2DEG. This
The form factorA(q,) allows for the finite thickness of the is given by
2DEG and is given by[ ¢* (2)€'92¢(z)dz|?. For ¢(z) we
use the Fang-Howard variational functfnfor which 2K2ET
—h6/(h21 12\3 ; - d_ _ B
A(q,) =b%(b*+q3)°, whereb is a variational parameter. S'= (1+p), ()

The static dielectric screening functiafq) is given by*3 Seer

1+(Qs/a)é(a)Fs(q). Here Qs=g,m*e’/2meofi? is the  wherep is a constant whose value depends on the type of
screening wave vectok is the average permittivity of Si and  scattering. In a calculation for a particular MOSFET, Kara-
SiO,, ande is the permittivity of free spaceg(q) is unity  yolas and Butchérfound thatp passes through-1 in the

for q=2kg and 1-[1—(2kg/q)?]¥ for q>2ke; F(d) IS region ofn=9x 1015 m~2, and this was experimentally con-
the screening form factor, which for the Fang-Howard func-firmed by Karavolagt al* In these circumstances the scat-

tion is given by tering term(i.e., that part dependent qn and the entropy
1 3 ) term (the remainder cancel, leavings®~0; thus Sy will
_ = Kox q q, .9 dominate in this region.
Fo(@= 16(1Jr Ksc (1+ b (8+9b +3b2) The theoretical result for the energy loss rate is taken

e from Ma et al® [see their Eq(A2)], but we have modified

1— @) ( 1+ ﬂ) ) this to allow for nondegeneracy as wig?. When the sub-
b/ strate is at zero temperature and the electron temperatUre is
the energy loss raté(T) can be written as

+ p—
2 Ksc

where «,, and kg. are the permittivities of Si@and Si,

respectively. FinallyG(Q) is the energy integral (2m*)37?
FD= Ter3ing
5(0)= 1—exp —fiwg/kgT) mhne
hoq <S o ff EX(QQ%A(0,)G(Q) dq da
= Ui 2 _ -
= fole)[1—fo(e+hwg)] . 0 J-w e(q)[exphwg/kgT)—1]
X | de , 3 6
Y E—Y ( )
where e =#2k?/2m* is the electronic energyfy(e) is the When the lattice temperature TS- and the electron tem-
Fermi-Dirac function, andy is given by ¢iwq—Ey)%/4E,,  Perature isT, the loss rate is=(T,) —F(T,). In the Bloch
with Eq=h2q2/2m*. limit we make the same approximations and substitutions as

At a low enough temperature whed<2ke the system bPefore and find that
enters the Bloch limit and there are many simplifications that >
can be made. Takinwq as a small quantity, the product of B m*2(kgT)"E]
the electron occupation factors in E() can be approxi- (M= 2772k'3:’ﬁ99Q§
mated bthQ[l—exp(—th/kBT)]’lé(s—aF+th/2),
whereeg is the Fermi energy. Then, ir11/2the limit @0 (for XE 1 (= d md ai2u2(u2+w2)3/2
which Q—0), G(Q) reduces to (&*)*9#%kg. In the same ~ 76 J WJ u —— .
limit, assuming that the 2DEG is thin enough fgy/b and bt 0 expyutrw) -1
g/b to be much less than 1, we can writdq,)—1 and (7)
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The expressions fd8® andF(T) are derived with equiva- the same value both with and without the temperature gradi-
lent basic assumptions and their common key elemesigs  ent so that the differences accurately gave the thermoelectric
coupling. The averages over the phonon spectrum are diffesignal.
ent in the two cases @Y andF(T), but the low-temperature The absolute accuracy of the thermopower is expected to
equations have many common factors and we can write  be about 20%, the error mainly resulting from the measure-

ment of the distance between the thermometers. However,
veT the self-consistency between the valuespomeasured by
F(T)=-¢8—, (8 different method¥ (and the thermal conductivity of the two
substrates discussed be)osuggests that the total error is
wherev is a suitable average velocity anda numerical ~Probably no more than 5%. The relative accuracy should be
constant of order unity. Becausg appears to a high power at the level of 1-2%. Measurements of the thermopower
in Egs.(4) and(7), the dominant contribution in each case is Using different contacts on the MOSFET yielded the same
made by transverse modes, particularly at low temperature¥yalues within 2—3%, suggesting that the distance between
andv is essentially an average only over these modes. In th€ contacts did not contribute a significant error and that the
same limit, using the value af, appropriate to MOSFET'’s, thermoelectric properties were uniform over the sample.
{=0.46. If a; is replaced by unity/=0.38. Even when the Energy loss rates were de.termined by measyring the elec-
scattering potential is unscreened so that the integrands in tHEon temperature as a function of Joule heating. Tempera-
above equations no longer contain the factpi@.)2 we find ~ tures were deduced using the amplitude of Shubnikov—de
that ¢ only changes to 0.80. In other words, at low temperaHaas oscillations in the resistivity at low magnetic fie{dp
tures the value of is not very sensitive to the precise form t© 2-3 7. The amplitude was calibrated at low excitation
of the deformation potential used and it is essentially indecurrent(down to 50 nA where no change in amplitude with
pendent of the magnitude providing coupling to one of thecurrent was visible, particularly at the lowest temperatures.
phonon polarizations is dominant, as is the case here. EquaNe sample was then held at 0.3 K and various currents up to

tion (8) provides a useful semiquantitative way of predicting ~ 15 #A provided electron heating. Above aliog K the
either one ofS? or F(T) given the other for any 2DEG and OScillations became too few and too small to be useful. The
clearly reveals the common link @ p scattering in both of ~€lectron temperature was determined by analyzing the ampli-
these quantities. tude at many different values of magnetic field. Typically
3-10 values of the temperature were obtained at each exci-
tation current with differences among the various determina-
l. EXPERIMENTS tions usually being<1%. At the highest values of Joule

The MOSFET was grown on a crystallographic plane ofh€ating the temperature of the substrate increased to about
Si oriented nominally perpendicular f001]; the Si was B 0-36 K, but in this casé&(T)>F(T,) and this has no sig-
doped and had a nominal resistivity of ZDcm. The sub- Nificant effect on the interpretation in the next section.
strate of the sample used here had dimensions
4x8x0.5mnt and the gated region was XB.25 mnt IV. RESULTS AND DISCUSSION
with the long axis parallel t100] and the direction of the
temperature gradient. Electron densities in the range
n=(0—10)x 10'®> m 2 were available. A4 K the mobility In order to compare experiment with calculation, we need
was ~1.4 PV ts! in the density range of interest the phonon mean free path. This is obtained from the
[~(4-10)x10® m 2] and rose to~1.75nfV 1s! at thermal conductivityx of the substrate shown by circles in

A. Thermopower

low temperatures. Fig. 1. The 2DEG plays no significant part in the magnitude
Temperatures in the range 0.3—4.2 K were obtained witof X, which is completely dominated by phonons. T@end
a 3He cryostat. A matched pair of 5.1k Dale surface- i dependences of are ignored and we write

mounted resistors, with good sensitivity over the whole tem-
perature rang&® was epoxied to the substrate to measure the
temperature and temperature gradient. Temperature calibra-
tions were made with a commercially calibrated germanium
resistor(which agreed with temperatures measured by vapowhereC; is the phonon specific heat for each phonon branch
pressure to<5mK in the *He superfluid region of about in the Debye approximation. With acoustic velocities of lon-
1.4-2.1 K. gitudinal and transverse modes of, =8834 ms! and

All measurements used dc techniques. Potential differv;=5269 ms?, respectively(which are(1/v?) averages of
ences were determined by an EM type N11 nanovoltmetethe longitudinal and transverse sound velocities over the
manufactured by EM Electronics, England, with a resolutionthree  high-symmetry  directions using data from
of a few nV. At temperatures below1K each pair of Huntingtort®) we expect A=114AT3Wm 1K L If
sample contacts was found to have a temperature-dependdrmundary scattering were dominant, th&rwould be inde-
output voltage even at zero-temperature gradient. The origipendent of temperature. The data are given in the foff?
of this voltage is unknown, but its magnitude varied with to show that there are deviations from this behavior. Initially,
cooldown procedure and was different for each contact pairA weakly decreases witfi from 0.90 mm atT=4.5 K to
It was very important to allow for this voltage since it be- 0.78 mm atT=1.5 K and then begins to increase again,
came of the order of the thermopower signatd1.8 K. We  reaching 1.85 mm af=0.26 K. The dip inA is attributed to
did this by fixing the average temperature of the sample aphonon scattering by the boron acceptor impurities that have

)\=%AZ Cu;, (9)
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FIG. 1. Thermal conductivity of the substrates, plotted in the )
form A/T2, as a function of temperatufe The circles are for the ~ FIG. 2. ThermopowesS as a function of temperaturé. The
first substratgwith the MOSFET used in all other measuremgnts circles are experimental data and the solid line is the calcued
the squares are for the second substrate. The horizontal line dfe dashed line is the calculated entropy contribution to the diffu-
2.02 W mLK~*is the calculated value of/ T3 (see the text sion thermopowes"= — wzkéTISeaF: —5.4T puVIK. Above 1.5
K the temperature dependence ®ftends to~T3. The sample

a resonance behavibt A more highly B-doped substrat@0  densityn==8.5x 10" m 2 and is also the same value for the fol-

Q) cm) measured by Gallaghet al? showed a rather differ- lowing figures.

ent behavior. We also examined a second substrate with a

MOSFET from another, nominally identical wafer. The re- this does not play a significant role in determining the tem-

sults are also shown in the same figésguares The tWo  perature dependence. The measured slope of the best

sets of data are in good agreement. straight-line fit (dashed line in Fig. Bis 7=-0.23
Because the heat flow is parallel[tb00], both substrates g g2 uVK~7, where the probable error includes all

should show substantial phonon focusing effects. Assumingqrces except the systematic error in the thermometer spac-

only diffuse boundary scattering, the relsult? of McCafdy ing. The thermometer spacing is an important source of ex-

enable us to estimate=2.02I" Wm™“K™" for these perimental uncertainty, but in comparing experiment and

samples, which is close to the measured low-temperaturgeory it seems likely that this error would largely disappear
values. However, with GaAs samples specular reflection in-

creases\ by typically 50% and the factor is likely similar
here, so it is possible that these samples are still not bound- 12 — T T
ary limited even at 0.3 K.

The thermopowes§ of the 2DEG with a carrier density of
n=8.5X 10" m 2 is shown by circles in Fig. 2. The solid
line in the same figure is the theoreti&il obtained from Eq.

(1) and the temperature dependéntThe values of the pa-
rameters used dtg,=2, £,=9.0 eV, and=4=—6.0 eV,

m* =0.1903n, and the mass in the direction is 0.916,;
Kkox= 3.9 andk¢.=11.7. The sound velocities used here are
v,=8861 ms! and v,=5331 ms?, which are, respec-
tively, simple averages of the longitudinal and transverse
sound velocities over the three high-symmetry direct®ins.
Also given in Fig. 2 is the calculated entropy partS3ffrom

Eq. (5), i.e.,, whenp=0 (dashed ling and this shows that
1+ p must be very small for these data. Thus practically all
the measure® is due toS? and this is seen to agree well
with the calculation, especially at low temperatures.

The results obtained in Sec. Il imply that at low tempera-
turesS= BT+ 5T®, where the terms proportional @®and 7 T° (K°)
are, respectively, the diffusion and phonon-drag contribu-
tions to the thermopower. In Fig. 3 the circles show the F|G. 3. Thermopowes plotted in the form—S/T as a function
experimental data &/ T as a function offi® at T<1.35K; a  of T5 The symbols are the measured data and the dashed line is the
straight line is indeed obtained. Other integer power laws fobest fit given byS=0.06T—0.237® 1V K L. The solid line is the
SY gave poorer fits. Fortunately\ is fairly constant in the calculated phonon-drag paB® and is approximately given by
temperature range of interest f6f (~0.5-1.4K) so that S%=-0.22T® xV K™% The data cover the range0.5-1.4 K.

0.8

-S\T (uV/KY)

0.0
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because the calculation aftakesA from \, which involves 1000
the same thermometers 8%. The cancellation of this error

is not necessarily exact since different phonon averaging is

involved in\ and $°. 100 |-

The solid line in Fig. 3 was calculated using Ed) and
the material parameters given above. The average slope of
this line is »=—0.22uV K7, which is in excellent agree-
ment with the experimental value. To obtain an accurate the-
oretical value ofy it was necessary to use E(). The ap-
proximate formula (4) gives »=-—0.10uV K~ using
A =0.8 mm, which is a reasonable average for this tempera-
ture range. The reason for the difference is that the approxi-
mations made to obtain E¢4) are valid only at very lowl
for very thin 2DEG’s and constant. In the experimental
temperature range the approximation that introduces the larg- 0.01
est error in Eq(4) is that ofF4(q) = 1. Because the dominant 0.3
contribution to the phonon-drag integrals occurs for
q~5kgT/%v; > we see from Eq(2) thatF4(q) is a decreas-
ing function of T. For the 2DEG considered here the varia- FIG. 4. Energy loss rate per electron as a function of electron
tional factorb that describes the spatial extent of the electrorfemperaturd’ at a lattice temperature, = 0.3 K. The symbols are
wave function in thez direction is b=0.89 nml At the measurements from two independent runs. The solid line is the
T=1K, Fy(q)~0.7 and since'-g(q) appears in the denomi- calculation using Eq(@). The dashgd line uses E(B) with the
nator of Eq.(1) the calculated® using the above approxi- C@lculatedz as a function off and with the measureg.
mation is underestimated by a factor ef2. The ratio
A/F2(q) is a smooth function of and one can see a slight
curvature of the theoretical line in Fig. 3, but on aver&je
still follows a power law close td@®.

We should point out that the agreement of the experimen-
tal and calculatedy is perhaps better than we might have
expected. Equatioiid) shows that at low temperature® Figure 4 shows data on the energy loss rate of this sample
ocvi’7 and consequently the calculated valuespfs sensi-  with the substrate maintained at 0.3 K. As the temperature is
tively dependent on the average velocities used, especiallpwered fran 3 K the slope of measured data increases until
for the transverse modes. The acoustic velocities show relabout 1.5 K, where it decreases again. The solid line is the
tively strong anisotropy and one should include this in thecalculated functionF(T.)—F(T,) using Eg.(6) and the
calculation at a fundamental level. To acquire a rough idea o§ame material parameters as above. The agreement is good
how the anisotropy can affect the results we ugéth’) above about 1.5 K in both magnitude and trend, which shows
averages of the longitudinal and transverse sound velocitighat the same mechanism is responsible for o) and
and found a difference of-20% for 7. Nevertheless, the SY. We have also calculated(T.)—F(T,) using Eq.(8),
excellent agreement suggests that the theory is basicallyith the measure®&® and the calculated as a function off;
sound and that the deformation potentials are a good repréhis is shown by the dashed curve. Below abbiK we have
sentation of the real situation. usedS?= 5T® with the experimental value of to extrapo-

The intercept in Fig. 3 i$8=0.06+0.03uV K ~2, which, late this curve. Over the temperature range of the experimen-
using Eg.(5), gives 1+p=-0.01. As mentioned above, tal data(0.4—2.3 K ¢ only varies from about 0.46—0.58, but
calculatiort predicts thatp will pass through—1 in the it has increased to 1.05 by 4.5 K. Clearly E8) gives an
present region of carrier densitiyand in factn was adjusted excellent representation of the measufgd’) above 1.5 K
by the gate voltage to give this rather precise cancellation imsing the measure8? and the curve hardly changes if one
1+ p. However,p turned out to be surprisingly independent uses a simple constant value forWe should mention that
of n over the available range. Evenrat4.7X 10" m2we  the approximate Eq(7) underestimates the values B{T)
find p=—0.97+0.051" The calculation predicts a more by factor similar to that found witts? using Eq.(4).
rapid change with density, but it seems that the present re- Recently, Stger et al?> measured loss rates for 2DEG'’s
sults simply reflect a preponderance of interface roughness Si/Si; _,Ge, heterostructures above about 1.5 K. Their cal-
scattering in this sample, even at low carrier densities whereulations used screened deformation potential coupling, but,
remote impurities began to dominate in the calculation. Hadollowing Stern and Laux® assumed that only longitudinal
the value of H-p been of the order of unity, it is clear from acoustic phonons couple to the electrons with a deformation
Fig. 2 thatS? would have been very difficult to measure potential of E,=9 eV and this gave satisfactory results at
accurately in this low-temperature region. the temperatures of interest. The same coupling should also

We have also measured the thermopower at other carridre appropriate to Si MOSFET's, but using it in Ed) we
densities. Atn~4.7x10"® m 2 the Bloch region moves obtain »=—0.042uxV K7, which is about a factor of 5
down in temperature to below 1 K, where accuracy is low,smaller than the experimental value and our estimate, the
though the rapid falloff ofS? was still visible in the data. decrease mainly being caused by the use ofather than

—y
(=]
T

Energy loss rate (eV/s)

01

Higher densities would be an advantage i f remains
small, but a significant improvement, say a factor of 2, was
not available with the present sample.

B. Energy loss rate
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vy. We also find a correspondingly small energy loss rate irbus valueq~5kgT/%v; ,?! this corresponds t&~0.04 K in

the Bloch limit. This suggests that one must be very carefupyr sample. Thus, this effect occurs at too low a temperature

in assuming that the-p coupling is accurately known when anq s also too weak to explain our data.

good agreement is found between calculation and experi- |n 3D metals it has been known for many years that, even

ment. in the clean limit Q/.>1, interference effects between
Below 1.5 K the measured loss rate becomes larger th%Iectron—impurity ande-p scattering changes the effective

:Eat Ca|CU|atiC:, IW'thta contlrluousl¥hlncrga3|ng dsepa_ratt_lon emperature-dependent momentum scattering rate Troto
e curves. Al Jow temperatures the observed varialion k2 44 |6\ temperaturegfor recent calculations and experi-

F(T) is roughly T4 instead of the expecteB’. Even at 1 K ments see Refs. 25 and 26. res ; ; ;
. d . . , pectiveljhis change in
the difference is about a factor of 2, but Fig. 3 8tshows a1 aw is similar to that seen here. If this effect is also

no obvious anomalies in this region, which implies that they ocont in 2DEG's, one would expect to see it in low-

observed extra energy loss rate at low temperatures is n obility samples at low temperatures, but we are not aware

caused by bulk agousnc phonon;. . of any other relevant experiments.
As mentioned in the Introduction, previous work on the

loss rate in Si inversion lay€ts’ noted serious disagreement
between calculation and experiment. Some of this can be
traced to the absence of screening in the calculations. Thus it \we have obtained good agreement between the tempera-
was predicted thaF(T)=T° instead of the correcE(T)  ture dependence and magnitude of the phonon-drag ther-
«T" in the Bloch limit. Phonon-drag measurements, includ-mopower in a Si inversion layer in the Bloch limit. In the
ing those in this paper, conclusively show that screeningase of the energy relaxation rate the agreement is good at
must be included. Because of this it is not clear whether any“gh temperatures but poor at low temperatures_ Possible
of the previous experiments found discrepancies similar t&ources for the discrepancy are localized excitations in the
those discussed here. "hlein and Landwefir did find  sjo, or interference effects between electron-impurity and
anomalously high loss rates in high-density samples at l0w|ectron-phonon scattering. In princip®? would be insen-
temperatures. The extra loss rate was attributed to localizegltive to the former but sensitive to the latter. BecaG8e

excitations in the amorphous Sithsulating layer, though a shows no pronounced anomalies we expect that the effect of
detailed model was not developed. Such localized eXCltatlonﬁnpurities on the e|ectron_phonon Coup”ng is not very im-

would not contribute t&°. portant here.
Chowet al?* reported an anomalous energy loss rate for a

2DEG in a GaAs/Ga_,Al,As in the quantum Hall regime.

At zero fields they observe®(T)=T®, as expected for

screened piezoelectric scattering, but between the Hall pla- We wish to acknowledge the following sources of sup-

teaus this changed ®(T) = T*. The difference was ascribed port: the Natural Sciences and Engineering Research Council

to the effect of impurities oe-p coupling, which was shown of Canada for R.F., the United Kingdom Engineering and

to be much more important in the quantum Hall region thanPhysical Sciences Research Committee for P.N.B. and M.T.,

at zero field. With deformation coupling the authors pre-and the RFBR(Grant No. 97-02-17387and the programs

dictedF(T)«T® rather tharT’ as calculated here. The tran- “Physics of Nanostructures” and “Statistical Physics” for

sition from clean to dirty limits should occur whep’.~1, V.M.P. R.F. also wishes to thank Shaochun Cao for help

where/, is the electronic mean free path. Using our previ-with some of the energy-loss rate data.

V. CONCLUSION
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