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The energy relaxation rate for hot electrons in a gated GaAs/@&As J-doped quantum well has been
measured over the temperature range 0.3—3 K. At higher temperatures the loss rate va@rieandsthe
magnitude agrees well with that predicted by the standard theory for piezoelectric electron-phonon scattering.
At low temperatures the observed dependence changés tbe crossover occuring neat~0.35, whergy is
the average magnitude of the phonon wave vectorl dhe electron mean free path. This is in agreement with
recent theoretical predictions for piezoelectric scattering in the dirty limit. The theory also predicts that the
magnitude of the energy-loss rate should depend inversely on the conductivity of the sample. Good agreement
is found at higher conductivities, but the measured values show saturation when the conductivity becomes very
low.

[. INTRODUCTION Measurements of phonon drag on material from very high to
very low mobilities have been found to be completely con-
This paper is concerned with electron-phonesp) scat-  sistent with the same-p interaction®*
tering at low temperatures in a GaAs/{GaAl,As quantum Another method, and the one used in the present paper, is
well. Various types of transport measurements provide inforto examine the energy-loss rate for hot electrons. This is
mation one-p scattering and, to put the present work in related to the energy-loss relaxation time, which varie$as
perspective, these will be briefly outlined in the following at low temperature and, as with phonon drag, depends only
paragraphs. At very low temperatures the various phenonsn e-p and not one-i scattering. Shubnikov—de Haas oscil-
ena have simple power-law dependences on the temperatuedions in the magnetoresistivity have provided a useful ther-
and the measurements are most simply compared with theomometer to measure the electron temperatarg., see Ref.
in this region. An essential requirement for low-temperatureb) at higher mobilities. At low mobilities the correction to
behavior isq<kg wherekg is the magnitude of the Fermi the conductivity due to weak localizatidgi/L) and electron-
wave vector andj is the average magnitude of the phononelectron g-e) interactiofl has been extensively used in the
wave vector; this is referred to as the Bloch-Gruneisen limitcase of Si-based systems, but the only previously published
In this limit piezoelectric scattering dominates the interac-data for a GaAs system seem to be those of Wennéiead’
tion, and this is the range mainly covered in the presenand Chowet al® The method relies in the fact that the in-
work. elastic scattering time is expected to be dominatedetsy
Practically all previous work on piezoelectiéep scatter-  scattering at low temperatureg;p scattering playing a
ing has been in the clean limit which correspondgjte-1,  negligible role. Very recently, one-dimensional thermopower
wherel is the electron impurity mean free path. The phononhas been used as another probe of the electron-gas
contribution to the measured resistivity variesTasat low  temperaturé.
temperatures and has been observed on a high mobility GaAs The energy loss rate should vary &3 at low tempera-
based heterojunctiohThis gives the momentum relaxation tures(see Sec. I). The measurements of Wennbergal.’
time for e-p scattering, but the technique is useful only for yielded the correct dependence, but indicated tleap cou-
the highest mobility material. Very recently it was realizéd pling was two orders larger than expected. Those of Chow
that phonon-drag thermopower, which variesTdsat low et al® were mainly aimed at the behavior in the dirty limit
temperatures, also measures the same quantity. This is mucsee beloy, but they also obtained data in the clean limit. In
more convenient and sensitive over a wide mobility rangethis case their loss rates seem to be a factor of about 2—3 too
because it is not affected by electron-impurigri{ scatter- large. All of the other aforementioned results are consistent
ing, providing this is the dominant scattering mechanismwith the expectece-p scattering matrix elements and with
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TABLE |. Sample parameters. 300 T T T T T | —

n(10° m 2 w(cm¥Vs)® 1 (m?P qlT (K HC kel® -

1.86 1060 23 1.05 8.2 050

1.63 850 17 0.78 5.7

1.40 640 12 0.55 3.7 i ]
1.30 540 10 0.44 2.9

1.19 460 8 0.36 2.1 200 - .
111 290 5 0.22 13

8Jsing o measured at 4.2 K and 2.9 T.
bUsing o= (e?/h)kgl with o measured at 4.2 K and 2.9 T.
‘Using a velocity of sound=3000 m/s.

150 |- 163 aas .

6 (10° Q™)

static screening of the potential by the electrons.

Very recently, Chow and co-workéf€ and Khvesh-
chenko and Reiz&t*?predicted that whee-i scattering be-
comes strong enough that<1 then piezoelectrie-p scat-
tering should be enhanced. Even in very low mobility
systems this happens only at low temperatures. Céioat®
have identified this with a reduction in effective screening of
the electrons due to their very low diffusivity. The energy
loss rate is predicted to change fram dependence t&* in
the Bloch-Gruneisen limit. Chowt al. presented experimen-
tal data on a GaAs/Ga,Al,As heterojunction which sup-
port this prediction for electrons in zero fiéldand also for

electrons under quant_um Hall conlelolr’?s. FIG. 1. The measured conductivity of the sample as a func-
The present experiments deal with a GaAs/GAlLAS  ion of temperaturdon a logarithmic scaleat various fixed densi-
quantum well into which impurities have been deliberatelyties n (in units of 13° m~2). The open symbols are data at zero
introduced in the form of &-doped layer of Si atoms. This field, with the straight lines giving Iff fits at higher temperatures.
gives very low mobilities at high electron densitissThe  The solid symbols are an example of data taken in a perpendicular
latter enables the Bloch-Gruneisen region to be entered deld of 1.4 T to show the suppression of coherent backscattering
relatively high temperatures. By using a gateand| could  (WL) effects.
be reduced in a controlled fashion which enabled us to
change the temperature at whicfi~1. The experiments dc techniques because of the difficulties in analysis that ac
have clearly revealed the predicted crossover fiohio T+ techniques introduck¥ The conductivitiesr as a function of
in approximately the expected location. In the dirty limit, the temperaturd for these six densities are shown in Fig. 1. All
experiments are in good agreement with predictions for thexhibit a logT dependence at higher temperatures as ex-
absolute magnitude when the mobility is not too low. How-pected for WL and electron-electron interacti6ndhe
ever, at the lowest mobilities the measured rate is too smalklopes of these lines are similar, but not identical, at the

100

though theT* dependence is maintained. various densities.
In all cases the data show a tendency to a saturation in
Il. EXPERIMENTAL TECHNIQUE AND RESULTS conductivity at the lowest temperatures. The simplest expla-

nation of this is that extraneous heating of the 2D gas was

The quantum well has been well characterized and fullycausing the temperature of the 2D electron gas to be some-
described elsewher@.For the present purposes a Ti-Au top what higher than that of the bath at the lowest temperatures.
gate was addethbout 2700 A from the 2D gago vary the  This is an important point and, as the following indicates, we
electron densityn. We have examined two samples from the have devoted considerable effort to showing that this is very
same wafer. Both give essentially identical results, but onlyunlikely.
the more accurate data from the second sample will be re- The conductivity is independent of current in the range
produced here. The gate enables us to decredsem 2.1  used to determine these data, typically 0.1-1 nA, so that
X 10" m~2 to 1.1x10'® m~2. The lower limit was deter- self-heating was not a problem. All wiring to the cryostat
mined by the onset of gate leakage. At the highest densitywas fully shielded and filtered against rf interference. The
the sensitivity in measuring the electron temperature usingurrent supply and gate voltage supply were exceptionally
the WL correction was too low to be useful, so our measureguiet and were battery operated in heavily shielded enclo-
ments actually start ai=1.86x 10'® m~2. There is strong sures. Disconnecting all leads other than the current and volt-
variation ofl (obtained as described belpwith nas Table | age leads, e.qg., temperature controllers and various thermom-
shows. eters, had no effect, at the level 6f1%, on the measured

Measurements of the energy relaxation rate were carriedonductivity at the lowest temperature.
out at six values of using a®He cryostat capable of reach-  The only remaining possibility was that the voltage detec-
ing about 0.26 K. All data were measured by four terminaltor might be introducing noise into the sample. We used two
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commercial voltmeters, an EM N12 and a Keithley £8g&yr 108
comparison. The latter produces detectable short voltage
pulses at the 1-mV level, a few ms wide separated by abou

250 ms, at its input terminalgusually referred to as 10°
pumpouj which results from autozeroing circuitry in the in-

put amplifier. Although at first sight these pulses appear to be

a problem in heating the 2D electron gas, in fact they are not 10°
present during an actual voltage measurement and the 2D ge
will cool extremely rapidly after the end of a pulse. It is
possible to vary the magnitude of the voltage pulses but__
when this was done there was no visible effect on the resultsS
The EM N12 nanovoltmeter has an ac modulator in the early®
amplifier stages which has a similar function, but we could®
not detect any pumpout from this modulator at the input 10
terminals, with better than 1@V resolution. It is also worth
mentioning that this voltmeter was used in a battery operatec

mode and its output was isolated from subsequent data log 100
ging devices. In spite of these many differences, both volt-
meters gave identical values for the conductivities to an ac-
curacy of 1% under all conditions.

Finally we mention that the energy loss rates that we cal-
culate using the observed conductivities are completely self- 03
consistent and show no anomalous temperature dependenc
that would be expected if the conductivity effects were not
intrinsic. We conclude from all this that there is no evidence
of extraneous heat input and that the saturation appears to t 10°
an intrinsic effect in this sample. Similar effects have been
noted by many others, e.g., see Ref. 16. Recent theoretice
papers have suggested that microwave radiation is the 444
culprit.!” but experimentally this seems unlikely. Assuming
the effect is indeed real, a possible dephasing mechanism i
spin scattering. There are many possibilities though the only
one that has been clearly observed in GaAs structures seen
to be that due to the crystal-field induced splittiigt is
found that the inelastic scattering raterglAssociated with
this mechanism-In%2. The expected magnitude is approxi- @ 102
mately 80 ps for our highest density sample, which should@
lead to saturation o below about 0.5 K. However, for the o
lower density samples this moves down to about 25 mK and 10!
outside our range. Other spin-scattering possibilities alsc
exist® and have been suggested as the cause of conductivit
saturation ins-doped layers previoushy.We note that such
scattering typically gives an initial positive magnetoresis-
tance which we do not observe, at least down to 1.25 K.

The energy-loss measurements were made by holding th
substrate of the sample at a temperature of about 0.28 K 10°
Currents over a wide range of magnitude provided power
input via Joule heating and the temperature of the electror 0.3
gasT, was deduced from the conductivity. At high currents
the associated voltage drop affected the local gate voltage,
but this was reduced to a second-order effect by connecting
the gate midway between the potential contacts. The energy
relaxation rate is defined. as the energy lost per unit time per ¢,5 > goth panelga) and (b) show data on the energy-loss
electron, sayP, as a f_unc_tlon of the eIec'Fron temperatﬂ'ree rate P as a function of electron temperatufg at various fixed
Data are presented in Fig. 2 for the various fixed values of gensities(in units of 10° m~2). The measured values are repre-

Absolute uncertainties mainly arise from the dimensionssented by open symbols and the results at various densities are
of the sample and are at the level of a few percent. Theffset by the factors shown for clarity. The dashed lines are the
measurement accuracy of the current was typically a fewesults of the standard calculation, Eq$) and (2) with no un-
tenths of 1% which caused rather large uncertainties ifknowns, with F(T)=T®. The solid lines correspond t&4(T)
evaluating the electron temperature for the higher density=- 3T* where 8 has been adjusted for the best fits in the low-
samples where the relative magnitude of the WL correctiortemperature region.
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is small. The scatter of the data in Fig. 2 mainly results from=5093 m/s and/;=2971 m/s. There is also a correction
this cause. factor’® of about 0.77 that must be applied E(T) to ac-

To fully characterize the data we also require the impuritycount for phonon anisotropy. The final result i&(T)
mean free path of the electrons. One could use the conduc-= 1 50x 166T%/n3? J/s ( is in units of m?) and the
tivity as a crude measure of this but a more accurate detegtashed curves in Fig. 2 correspond to this result. In all cases
mination is obtained when WL effects are suppressed, whickhe data accurately tend to these curves at higher tempera-
can be done either by going to high temperatures or by usingres.

a magnetic field. Figure 1 shows an examplercds a func- We should point out that deformation potential scattering
tion of T measured at a fixed field of 1.4 T, and one sees thaghould become visible in the upper regions of our tempera-
most of the temperature dependence has disappeared as @xe range. One findghat the energy relaxation rate for this
pected for WL. Most of the remaining temperature depenmechanism i (T)=6.1x10°T"/n%2 J/s using a deforma-
dence is presumably due ése interaction which is insensi-  tijon potential of 10 eV, and assuming low-temperature con-
tive to relatively low magnetic fields. To minimize the ditions are still appropriate. Thus the contributions from de-
effects ofe-e interaction and WL we determined the conduc- formation potential and piezoelctric scattering should be the
tivity at 2.9 T and 4.2 K, and have used these data to calcusame at about 1.6 K. However, we do not see any upturn in
late|. The results are shown in Table | along with estimatesour data corresponding to B dependence. It is probable
of and kel and ql/T (using g=KkgT/Av with v the sound that this is just the range where the low-temperature approxi-
velocity taken as 3000 m/s since transverse phonons dominations are beginning to break down leading to weaker tem-
nate piezoelectric scatteripng perature dependences. Maal® have made numerical cal-

At low n we note thakgl ~1, which is equivalent to the culations ofF(T) over a wide range and indeed found that
WL correction becoming of the same order of magnitude agjeformation potential has a transition region where it mimics
the Boltzmann value of the conductivity, as is also clear fromihe low-temperature behavior of piezoelectric scattering both
Fig. 1. Under these conditions WL theory is no longer ex-in magnitude and temperature dependence, thus extending
pected to be valid in describing the behaviorcofNeverthe-  the TS result to higher temperatures than one would have
less, we observe the strong suppression of the temperatuggpected it to be valid. Appleyaret al® have suggested the
dependence ofr with a magnetic field at all densities and same explanation for a similar feature of their data.
this is consistent with coherent backscattering as being the At lower temperatures, the measured energy relaxation
major cause of the temperature variationoofThus the use  rates deviate from, and are larger than, those predicted by the

o(T) to measurel, should remain valid. standard theory above. From Table | and Fig. 2 we see that
the deviations always begin at a temperature witgrel.
IIl. DISCUSSION This is just the region where recent theotfds'2have pre-

dicted deviations to occur. In the dirty limit Khveshchenko
The theory of electron energy loss rate shows that th%nd Reize? find that Eq.(2) is replaced by
measured loss rate is the difference between two terms, '

which have.th(.a same functional fofa(T), corresponding to 72C4 [ ehy,\ 2 v(kgT)
phonon emission at the electron temperaffigeand phonon Fo(T)= 15 T 3 (3
absorption at the substrate temperaflge i.e., Qs /| nD#%pyvi
P=F(T.)—F(Ty 1) where v is the electronic density of stateB, the diffusion
e s/

coefficient%v%r (with v the Fermi velocity and- the mo-
In the clean limit the theory foF(T) [which we will label  mentum relaxation timeand C; is a constant, estimated as
F(T)] has been given in various references. The form of the1 .35, to take into account the two polarizations of the
results given by Maet al® is convenient for our purposes. phonons because the above result is given in terms of the
The contribution from piezoelectrie-p scattering at low velocity of longitudinal phonons.

temperatures can be written The above equation is more conveniently written as
{(5) [m*ehy,\2(keT)® « o Cy[m*e*hy,)\? (kgT)*

Fe(T)="5; S e DR N ) FaM= 15| —g . 4
T\ Qs | iTpgkd T v s | noh’pgv,

The sum is over the three phonon polarizations; is a  whereo=neu. This equation appears to give the same re-
numerical constant equal to 135 for longitudinal and 177/2sults as that quoted by Choet al® where it is given in a
for transverse modes; are the velocities of soungy is the ~ numerical form appropriate to GaAs only. Note that both
mass density of GaAd),, is a piezoelectric coupling con- Egs. (2) and (4) are actually independent ah*. For the
stant (1.X10° V/m), m* is the effective mass, an@s purposes of analysis, we have takeito be independent of
=m*e?/(2meyxh?) is the screening wave vector withthe ~ (see below, in which caseF 4(T)=T*. The solid lines on
relative dielectric constarff.3.2) of GaAs ande, the permit-  Fig. 2 are drawn takin@= 8(Ta— T2) but allowing the con-
tivity of free space. stantB to be adjusted to obtain the best fit at low tempera-

To evaluate Eq(2) and then Eq(1), we have used the tures. We see that tHE* power law is an excellent represen-
velocities averaged over crystal direction using the exprestation of all our data in this temperature range. Note that we
sions given by Jasiukiewicz and Karplisand the elastic do not have a full theory of how the energy loss varies be-
constants and mass density of Gapg€ 5335 kg/m %) as  tween the clean and dirty limits so we are unable to provide
given by Blakemor& for T—0. This procedure yields, a theoretical curve covering the whole range.
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FIG. 3. The solid line is the calculated variation of the coeffi-
cient of T* according to Eq(4) as a function of To. The closed
symbols show the measured values of the coefficieif'dfeferred

to asB in Fig. 2. The dashed line through the measured values is

drawn simply to guide the eye.
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theory predicts substantially higher loss rates than are ob-
served. If we use the measured which is always lower
than the Boltzmann value, as a functionTathis discrepancy

is aggravated. Being a perturbative result, we expect the
theory to be valid only in the regime whekel>1 and this

is why we tooko to be a constant in our analysis above.
[Other things being equal, the relative magnitude of the weak
localization correction tar (kel) ~1.] We expect the theory

to fail when kegl~1 as occurs in our lowest conductivity
samples. Even so thE* dependence remains an excellent fit
to our data. It is also particularly interesting that the value
kel ~1 is taken as one of the indicators of the point at which
weak localization is changing to strong localization. Very
little is known aboute-p scattering under these conditions
and the present work provides the first systematic study in
this region.

The value ofgl at the point of crossover frofi® to T*
varies from about 0.5 at highest mobility to 0.23 at lowest
mobility (again using 3000 m/s for the velocity of sountt
the theory had been obeyed for all samples in the dirty limit,
then the crossover would have beergét-0.5 in all cases.

Finally we note that Khveshchenko and RetZeaiso pre-
dict a correction to the conductivity due ®p scattering
InT in the dirty limit, but estimates for our sample show
that this is negligible compared to the observed lierm.
This is consistent with the expectation that the inelastic life-
time of the electrons is dominated leye scattering in these

<

The parameteis is plotted in Fig. 3 as a function of gystems at low temperatures, s scattering is negligible,
(no) 1. The error bars were deduced for each data set bgyen in the modified form investigated here.

simply varyingB until the fitted curve became an unreason-
able representation of the experimental points in the low-

IV. CONCLUSIONS

temperature range. In this sense we expect the probable er-

rors to be the maximum possible f8r We have takemr to
be the Boltzmann value=ne?s/m* and have estimated it

The experimental data clearly show the transition from
the standard low-temperatufi® dependence of the energy

from the measured conductivity at 4.2 K in a magnetic field'¢/axation rate in the clean limit, to the predictet| depen-

of 2.9 T (cf. the determination off described in Sec )l Had

we used the measured valuesoogs a function of tempera-
ture, as Chovet al® did in their work, then we would have
expected deviations from tHE* power law arising from the
InT contribution to o, particularly in the lowest density

samples. For comparison we have also plotted the theoretic
result from Eq(4) which, using the parameter values already

mentioned, is
X 10 6T%/no J/s.

a straight line given byFy3=3.0

dence in the dirty limit. The transition typically occurs near
gl~0.35 which is consistent with theoretical expectations.
The magnitude of the rate in the dirty limit is also in agree-
ment with calculation when the impurity scattering is not too
strong. However, when the electronic mean free path be-
pmes very small, so th&-I~1, the calculation overesti-
mates the loss rate.
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