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The thermopower of electrons at zero magnetic field and composite ferrtitffis) at high fields in
GaAs/Ga_,Al,As heterojunctions has been measured in the temperature range 0.1-1.2 K. In both cases the
data are completely consistent with phonon drag being the only visible contribution. The results have been
used to evaluate the phonon-limited mobility of electrons and CF’s as a function of temperature. The electron
mobility is in good agreement with calculation and with previous results deduced directly from the resistivity,
but the CF mobility is not. We have previously reported that the thermopowers at filling faet(gsand% are
identical. New data at fields up to 30 T show that this is also truezfe& and % The effect of the substrate
crystallographic orientation on phonon drag thermopower is repdréd.63-182608)00828-5

I. INTRODUCTION this flow carries a momentum current- AV T, whereA is
the phonon mean free path. A tiny fraction of this momen-

This paper is based on an extensive experimental study ¢ém current is transferred to the electrons at a rate propor-
the thermopower of two-dimensional electron gasedional to 1f,,, whererg, is the e-p momentum relaxation
(2DEG’s) in GaAs/Ga_,Al,As heterojunctions in the tem- time, giving rise to an electric currejy,. The magnitude of
perature range 04T<1.2 K and magnetic fields €B itn is also proportional to the time for which the electrons
<30 T. In general there are two contributions to ther-retain the acquired momentum, i.e., to teé momentum
mopower, diffusionS! and phonon dra@?, but our experi- relaxation timer,;. (Here we are assuming that > 7e;.)
mental results are completely dominatedSy This latter is ~ Thus we havg,x7,AVT/ 7, a positive quantity for elec-
important becausg? gives direct access to phonon coupling trons. The thermopower is measured with no external electric
to the 2DEG, and yet is independent of electron-impuritycurrent so an electric fielH is established to provide a com-
scattering and thus the mobility of the sample. To put this inpensating currerjt = cE, whereo is the conductivityx 7;.
perspective it is worth examining the relative importance ofWith j;,+jg=0 we haveEx—AVT/7,,. The thermopower
the various scattering mechanisms for the phonons and thg is defined byE=SVT so we see tha8%«—A/r,,. The
2DEG. Even in very high mobility samples, say 1000 essence of this argument is that the rates of momentum trans-
m?/V s, the scattering of electrons by phonons contributeser to the 2DEG byE and phonon coupling are equal and
only about 1% to the total resistivity at 1 K, and as theopposite in equilibrium, and neither depends an. The
temperature is decreased this fraction decrease$’aim argument is also valid in a magnetic field, at least semiclas-
GaAs/Ga_,Al,As heterojunctions. The phonons in the sub-sically. A relation embodying these key elements was first
strate are equally unaffected by the 2DEG, being overderived by Herringfor 3D semiconductors, and this is usu-
whelmingly scattered by the sample boundaries at these tenadly written
peratures. Nevertheless, electron-phonep) scattering is
completely responsible fog?, and electron-impurity €-i) g_ Av
scattering is not relevant. The decouplingesp scattering So=- m @
from e-i scattering is quite remarkable and ma&8s subtle
but valuable probe. We will use these ideas in the rest of thisvhere we useSg to indicate the zero-field value of phonon
paper, both at zero field and at high magnetic fields. drag,v is the sound velocity, angk,, the phonon limited

This separation oé-p from e-i scattering is the key to the mobility of the electron®r,,/m*, e being the magnitude of
present results so we give a physical picture of how it comeshe electronic charge armd* the effective mass of the elec-
about. An applied temperature gradiéit in the substrate trons. The applicability of Eq.1) to the present work will be
leads to a flow of phonons from hotter to cooler regions, angxamined in more detail later in the paper.
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We briefly outline our understanding of the behavior of
2DEG's at high magnetic fields, particularly with respect to
S. When the Landau-level filling factor takes certain values

Silver Sinter

given by rational fractions with even-integer denominators, levligrzgm Sealing
the 2DEG is best described as a collection of quasiparticles _— Plug
called composite fermion&CF’s), each corresponding to an
electron(or hole associated with an even number, equal to
the integer denominator, of flux quantg.? We are prima-
rily interested in the thermopower of CF'sat 2, 2, 1 and
#, with most of the experimental emphasis being nAt _ . Thermometers
these precise values ofthe CF’s behave as if the external Silver Foil /
field is zero and we are able to interpret our data using theo-
ries of 2DEG'’s in zero field, particularly in the case of the 45 mm H(_eater
thermopower. ‘ ,/(Straln Gauge)

We have previously shovinthat the low-temperature
thermopowerS,,(v) at the fractionsy=2, 2, and3 all have ‘ N
the same temperature dependendé® > which within HBra§$ k/ g Sample
experimental error is the same as that for the 2DEG at zero eat Sin ;ﬁ\

— LED

field (T#%=99 . We also found tha8,,(3) andS,,(3) were
accurately the same at low temperatures. The present work
extends the experimental data $,(3), which is found to 15 mm

equaISXx(g) at low temperatures. FIG. 1. Sample holder for thermopower measurements. Except

for the brass heat sink and the silver foils and sinter, the construc-
The observed temperature dependence of the the[-

. . ; . ion is entirely of plastic.
mopower at zero field is that expectddr S%; in this paper yore

we will also show that the absolute magnitude is close t0 th@ o end to the brass piece, the other ends being fed into the
theoretical estimate. In view of the similar temperature de'mixing chamber via a plastic vacuum feedthrough. In the
pendence, we ,have previously concluded that the thefiying chamber, good thermal contact to the bath was made
mopower of CF’s was also due to phonon drag. As furthel,, honding the foils to sinters of silver powder. In this way
proof of the drag origin for both electrons and CF's, we havey,, sample wasn vacug but had one end thermally an-
extended the experiments to substrates of different crystallqspored to the mixture.

graphic orientation. It is well known that phonon focusing A small strain gauge acted as a heater and was bonded to
influences the thermal conductivity of insulating crystals ant other end of the substrate with epdxywo ruthenium
that these effects depend on _the c_rystal_or_ientation. We eZExide chip resistor¢Philips 2.21 K€), which were found to
pept_ phonon drag to be modified in a similar manner, ang, ¢ negligible magnetoresistance, were used to measure
this is indeed observed. , , temperature and temperature gradient and were bonded with
Having demonstrated that phonon drag is responsible fof,e same epoxy to the rear surface of the substrate. These
all our results, we will then use a modified form of E#) 10 \yere calibrated at zero field by a Speer resistor located in the
estimatey p, for both electrons and CF's. __mixing chamber, which in turn was calibrated by a commer-
The paper will also explain our experimental techniques;js| Ge sensor. The arrangement was usable over the range
in detail. In view of the many resufts that we have obtained 0.1-1.2 K. At the highest temperature the refrigerator be-

in these experiments, it is important to show that our meagame ynstable and at the lowest the thermoelectric signals
surements are reliable and accurate. become too small to measure.

Twisted pairs of 10Qzm-diameter manganin were used
for wiring. Manganin gives a very high thermal resistance,
but has a negligible thermopower compared to the 2DEG'’s.

Suitable techniques for measuring the thermopower offhe wires were thermally anchored using epbaythe 1-K
2DEG'’s were described by Fletcher al® for the *He tem-  pot and also along the silver foils. Plastic disks attached to
perature range and above, and further developed by Zeitlehe bottom of the sample holder provided support for the
et al” for the *He range. The present measurements weraviring and also for an infrared diode. Local flexible connec-
made with a*He/*He dilution refrigerator at fields up to 30 tions to the ruthenium oxide thermometers were made with
T provided by a hybrid superconducting/Bitter magnet at theb0-um manganin wires, and to the sample by 28 gold
University of Nijmegen. The combination of high field and wires. In the latter case the gold wires were always in series
very low temperature requires particular care to reduce eddwith manganin wires to provide the necessary thermal isola-
current heating and we have solved this problem by using &on of the sample.
refrigerator and sample holder that were both made of Measurements were made with both dc and ac techniques.
plastic® With dc (mainly used for zero or fixed fieldan EM model

Figure 1 shows the experimental arrangement. The GaAN11 nanovoltmetéf gave a resolution of about 1 nV for
substrate was indium soldered at one end to a small braseermoelectric voltages. With ac we used a standard low-
piece, which, in turn, was thermally bonded to plastic sup{frequency(5—10 H2 lock-in voltmeter. A particularly note-
ports. Strips of pure, annealed, silver foil were soldered aworthy feature is the wave form of the excitation of the

Il. EXPERIMENTAL TECHNIQUES
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the ratio was about 2.7 at 7 Hz due to the finite thermal
i response time of the system. Finally, the heaters were pow-
ered by a voltage generator with an output resistdimgud-
7 ing the wiring matched to the heater resistances. As a result
the small changes of heater resistance due to magnetic field
caused no significant change in the dissipated power.
For a typical measurement near 500 mK, the temperature
could be determined to 1%giving a possible error it$ of
4% becauseSxT%), and the temperature difference of 40
or . mK to 5%. The error in the thermoelectric voltagebout
2 400 nV at zero fielfwas negligible at about 1 nV so that the
statistical error inS was ~6—7 %. At the lowest tempera-
L 4 tures, the voltage signals became very small and typically
limited the thermopower measurementsTiz= 150 mK (at
oF T v=1 the thermopower is much larger, but the noise was
Lt | larger by a similar factor To compare different samples or
determine the absolute uncertainty for a particular sample,
the possible systematic error in the thermometer spacing and
sample contacts must also be included. The former was small
Period (T/T,) at ~2.5% but the latter could be as high as 20%. As a check
FIG. 2. The voltage®/ and powersP to the two heaters as a on the accuracy of the thermometry in a magnetic field we
function of timet (in units of the periodT, of the voltage wave monitored the substrate thermal conductivity but could detect
form). The bottom wave form labele¥, is the voltage to the no difference at any field.
sample heater, with the top wave form labeledgiving the result-
ing power. The middle wave form label&g, is the voltage to the lIl. SAMPLES
extra heater located on the brass heat sink shown in Fig. 1.

Power

Heater Voltages
T
l

S RS SR S RS
0 1 2 3

The heterojunctions were grown on semi-insulating GaAs
sample heater, which is shown in the lowest cuffadeled substrates at the University of Nottingham. The data pre-
V,) of Fig. 2. The power dissipated in the heater is shown irsented here were all taken with samples from the same wafer
the top curve(labeledP;) and, in the ideal case of very fast with the 2DEG parallel to th€010) plane. The electron den-
thermal response, the thermoelectric voltage would followsity n and mobility . could be varied in the range=1.0—
this wave form; the fundamental of this curve is the thermo-1.9x 10'° m~2 and u=60-100 nd/V s by illumination from
electric component actually measured. Notice that the heatéhe infrared diode. The data in this paper were all taken at
wave form has no frequency component at this frequency. Im=1.75x 10*> m~2,
addition, a second heater located on the brass heat sink was Three samples will be discussed. Details of the substrate
supplied with the same wave form as that to the heater, budimensions and crystallographic orientations are shown in
phase shifted byr/2 (middle curve labeled/, of Fig. 2.  Table I. Samples A and 1B were both oriented with their
Thus the total heat input to the sample holder was indeperieng axis(andVT) parallel to[100], and differed only in the
dent of time and the average sample temperature did not coalidth of the central part of the Hall bgalso given in the
too much when the sample heater was switched off. In thisable. Sample 2 was oriented alohgj10], but was otherwise
way rapid thermal equilibrium was achieved and the technominally the same as sampleA1Most of the data were
nique also minimized the effect of any spurious voltagestaken with 1A and 2. At zero field and for CF's at zero
which are commonly found to occur between any pair ofeffective field, B gave results completely consistent with
leads in these systems and which are known to be very tentA; more generally there were differences in the thermopow-
perature dependent. Because of this latter advantage, the se¢s of these samples at Landau-level peaks, but this is pe-
ond heater was also used when measuring at dc to keep thi@heral to the present work and no details will be presented.
heat into the system constant both with and without a tem- The Hall bars were specifically designed for thermopower
perature gradient. An analysis shows that the ratio of dc taneasurements. Usually the thermopower was measured be-
rms ac voltages is expected to ké\2=2.22. In practice tween the source and draithe “current contacts) which

TABLE I. Geometric details of the three samples. Column 2 gives the dimenkjotw,,, of the central
part of the Hall bar and column 3 gives the dimensibrsvXt of the GaAs substrate. The last columns give
the crystallographic orientation of the substrate, the temperature gradiebeing parallel to the long axes

I andl,.
Sample Hall bar mesa Substrate Orientati®m{(I || ,,)

[ X Wy, (M) I XwXt (mm?) I W, W, t
1A 4.0x0.300 9.5¢4.0x 0.40 [100] [010] [001]
1B 4.0x0.036 9.5¢ 4.0x 0.40 [100] [010] [001]

2 4.0<0.300 9.5¢4.5x0.40 [110] [110] [001]
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0.1 FIG. 4. The thermal conductivity for heat flow along different

TK crystallographic directions. The lines show fits to a cubic tempera-
(K) ture dependence.
FIG. 3. The open symbols give the thermopov&y of the

2DEG’s at zero field for the two substrate orientations with the linesance in absolute magnitudes for differently oriented sub-

being=T#*. The closed symbols are the thermopower of CF's at strates withA (100)/\ (110)=1.9,+0.3,. The ratios forS,

=2, Sa(3), with the straight lines being-T** No distinction is  and ) both contain an uncertainty due to thermometer spac-

made between samplesiland 1B, which give indistinguishable jng put in comparing ratios this error cancels. Not including

curves. In both cases circles correspond to sample@i1B along  yis  error gives Sy(100)/Sy(110)=1.54+0.20 and

[100] and triangles to sample 2 alofig10]. A (100)/\ (110)=1.93+0.20. Differences are not unexpected
becauses, and\ are determined by different averages over

were spaced by 4 mm. Voltage measurements between othgfs phonon spectrum.

pairs of contacts were found to scale accurately with their 5, experimental estimate ok can be obtained as fol-

separation.. This was gnsurgd by making contact areas to thig,s \We can write\ as a sum over the three phonon polar-
sample with small dimensions compared to the sample,,iiqnsi as

length.
13 272KET3 3 A,
IV. RESULTS AND DISCUSSION N3 Cividi= 4553 .21 v2’ @
I
Zero-field data whereC; andv; are the specific heat and acoustic velocity

Before introducing the results on CF’s, we first show thatand the last part of the equation assumes the temperature is
the thermopower at zero field is understood in some detallow enough that phonon dispersion can be ignor@te
and is fully consistent with phonon drag. Figure 3 shows thejuantities in the sums are actually suitable averages over
zero-field thermopowes, of sample & (VT|[100]) and  solid angle for each branohAssuming phonon scattering at
sample 2 FT|[110]). In each cas&, is strongly tempera- the surfaces is diffuse and that the phonon spectrum is iso-
ture dependent and varies B%-%5 at low temperatures, as tropic, thenA; would be constant and the same for each
shown by the lines through the data. This temperature depesay A.. To calculate thev; we take the low-temperature
dence is expected for phonon drag as will be shown belowelastic constant$ as c;,=112.6, ¢;,=57.1, andc,,=60.0,
The absolute magnitude &, is not the same for the two all in units of 16 N/m? and the mass densitg =5360
samples and we fin8y(100)/Sy(110)=1.5,*0.3;. This dif- kg/m?. Then, averaging1/v?) over the three principal sym-
ference is attributed to the fact that phonon drag depends ometry directions[100], [110], and [111], we calculatex
the phonon mean free path, which is different for the two  =3.89A.T3 W/mK. Using the experimental data yields,
crystallographic orientations because of phonon focusing ef=2.42 mm for sample A and A ;=1.26 mm for Sample 2.
fects. To our knowledge, this is the first observation of this A, can also be independently calculdtedrom the
effect in the thermopower of a 2DEG. sample dimensions. This predictsA .= 1.06 mm for sample
The thermal conductivities of the substratealso depend 1A and 1.09 mm for sample 2. However, the elastic anisot-
on A as demonstrated in Fig. 4. We notice that the data fromopy gives phonon focusing, which affects each branch dif-
samples A and 1B are indistinguishable in absolute magni- ferently. In GaAs an enhanced average is found for
tude perhaps suggesting that our absolute uncertainties mayT|[100], and a reduced for VT|[110]. The corrections
be overestimated. The data have the expected lowhave been calculated by McCurdyand using them we ob-
temperature behavior« T2 that arises when is a constant  tain averaged valued =1.39 mm for sample A and A
determined by boundary scattering. Again we see a differ=0.83 mm for sample 2. The experimental values quoted
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above are significantly higher than these estimates, presum- To summarize the discussion so far, the foregoing analy-
ably due to partial specular reflection, which is always foundsis is completely consistent with phonon drag being the ori-

in samples such as these. The calculated

ratio ofin of the observe®, at low temperatures. The temperature

M (100)/\(110)=1.67, which is in reasonable agreementdependence and the absolute magnitudes are accurately pre-

with the experimental ratio of 158 0.20.

The phonon drag thermopow&§ at zero field has been
calculated by Cantrell and ButchHérand Smith and
Butcher!® Electrons near the Fermi wave vecigr are scat-
tered by phonons of wave vect®=(q,q,) and energy
fiwg, whereq andq, are the magnitudes & parallel and
perpendicular to the plane. The result can be written

Am*
—Z Ajv;
2(2m)3kgT?nep

TS

where y=%wq/KgT, @ is the mass density of GaAs, akd
is the deformation potential. The other factors avéq,)

=|f ¢* (2)€'9%¢(2)dZ?, which takes into account the finite
thickness of the 2DEG(q) is the static dielectric screening
function given by X (Q</q)F(q) (for q<2kg) where Qg
=2m*e?/k#? is the screening wave vectat, is the dielec-
tric constant of GaAs and (q) a form factor® G(Q)
=2[(h%kea/m* )2 = {hwo— (£%g%2m*)}?]Y2 The limits
of integration are discussed in the references. For GaAs
low temperaturese-p coupling is dominated by the piezo-
electric interactiol? and E? is replaced by (eh;,)?A,/Q?

S

e?

o 1)zolq, 3

and (eh;,)2A,/Q? for longitudinal and transverse modes,

whereeh,, is a piezoelectric constant, ad=9q q2/2Q
andA,=(8q%q:+ q°)/4Q° are dimensionless anisotropy fac-

tors and each transverse mode is to be counted separately.

Equation(3) considerably simplifies at very low tempera-
tures whenQ<2kg and in this limit G(Q) reduces to
2m*/4%keqg. In the same limit we take\(qg,)—1, F(Q)
—1, ande(q)— (Qs/q)?. Finally, usingu=7%qu; /kgTq and
w=hqu;/kgT, Eq. (3) can be written in the low-
temperature limit as

dWJ’ —du,
(e”— 1)2
4

where a,=9u*w?/2(u?+w?)3 and a,= (8u?w*+u®)/4(u?
+w?)? are the anisotropy factors ang= Ju?+w?. Given
that A has already showr to be independent of, then
ST in excellent agreement with the experimental data.
To evaluate Eq(4) we takeA; to be independent afand
use the average experimental value frenJsing averaging

*2(eh 2)2k5-|-4 3

AmleQih'kio 1= 1 v}

o=

dicted by theory, and the substrate orientation dependence is
in qualitative accord with expectations. In principle another
component ofS, arises from diffusion, given by

k2T

Sg——

wheree is the Fermi energy anpl a constant determined by
the energy dependence of the scattering. We see no clear
evidence of this contribution in these samples. Fof
=0.07m, and n=1.75x 10*> m~2, then S= —4.1T(1+ p)
uVIK, which would roughly double the observed ther-
mopower at 0.3 K ifp=0, and so be visible. Previous mea-
surements on GaAs heterojunctions have giperi, but the
absence oBg in our data suggests that must be negative
and~—1.

As mentioned in the Introductiorgg and Mpn (OF 1i7gp)
are closely related. In its present form, Efj) is somewhat
ambiguous about the appropriate averages fand A, and,
in fact, it has usually been treated as a qualitative or semi-
quantitative relatio:1"8 In the following we show that
there is a precise version of this equation, at least at low
temperatures
at stormeret al® have given explicit results for 1/, in the
low-temperature limifwith assumptions equivalent to those
with Eq. (4)]. For piezoelectric scattering by longitudinal
(Urpp,) and transverse (14, ) phonons they find the fol-
lowing:

(1+p), ®)

3e£|:

1635105 mr(ema’ kD
Tph,l 21 2n k2 ov?
3+ 23| 51405
1 B )M ey 2(keT)®
- LA (6b)
Tpht 297 shkovs

The equations have been written in termd@fso that they
are more easily compared with Bg). On evaluating Eq4)
numerically and comparing with Eq) we find that, to an
accuracy of better than 0.1%,

viAi
:Uvep,iT’

)

Sg_
where upp = €erep; /m* andS? are the phonon limited mo-
bility and phonon drag contribution resulting froep scat-

tering by phonons of polarizatian (The relevant velocity in

of 1} over the same three principal directions as before wgpe present case is actualt/v’)/(1/v?), where the aver-

find effectlve velocities o, =5020 m/s and);=2752 m/s,
and withh;,=1.2x10° V/m and k=12.2 (Ref. 16 we cal-
culate S3=—-0.29T* mV/K for sample A and S3=

ages are over solid angle, but for our purposes this is suffi-
ciently close tav; to ignore the differencg We assume that
it is possible to prove Eq7) analytically since the numerical

—0.15T* mV/K for sample 2, which are to be compared with agreement between Eqd) and(6) is so exact. This relation

the experimental results &J=—0.20+0.04T* mV/K and
S§=—0.13+0.031* mV/K, respectively. Given that the cal-

can also be inferred from an outline of the calculation of
Uupn at low temperatures given by Pri€¢ The relevant

culated values are particularly sensitive to the averaging ohtegral[his Eq.(5)] has the same averaging over the phonon

the velocities and are subject to errors-e20% from this
source alone, the agreement is very satisfactory.

spectrum as Eq(3) when the latter is approximated to the
low-temperature limit. This enables us to deduce that the
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result is true regardless of theep scattering mechanism, 10° T T T T T T 7T
with or without screening. For our purposes the numerica
result is sufficiently convincing that we conclude, within the
framework of Boltzmann theory, that Eq7) is precisely
obeyed for the scattering of the 2DEG by each phonon po
larization in the low-temperature limit. 107
In view of the physical argument f&9 given in the In-

troduction, it seems likely that the relation is more general

than the low-temperature limit, but we leave this problem to 108 |-

108 - =

others for a more thorough investigation. )

Thus we find Nz
. . £ 10°

1 m 1 ST s

=2 = ® =
Mph  €i=1Tepi =10 108

to be the generalized form of E(l) that we need, at least at

low temperatures. Of course our measurements give onl -

S§=2S§; , not the individualS3; . Similarly we have only
an averaged\ from \. To proceed we initially ignore pho-
non focusing so that\; is the same for each Evaluating 102 - 4
each of the contributionsg,i of Eq. (4) for GaAs shows that
the sum of the two transverse mode3jdv,~40S{,/v,. We
see that the contribution from longitudinal mode scattering is
very small for the case of GaAs and it is an excellent ap-
proximation to write T (K)

FIG. 5. The open symbols show,,, for 2DEG'’s at zero field
viA evaluated fron8g for samples with different crystallographic direc-
%’ ©) tions. The closed symbols are similar data pg, for CF's atv
_ o ) ) N =1 obtained fromS,(3). In both cases samplesAland 1B are
i.e., the original Eq(1) but with v identified as the trans- epresented by circles, and sample 2 by triangles. The broken line

verse acoustic velocity. _ ) through the zero field data is the calculated curve appropriafe to
We now takeA to be that determined from, i.e., Ac. 0 andn=1.75<10' m2. The solid lines(with crosshatched

Phonon focusing will not have identical effects brand S regions giving an estimate of the scatter on the Xatre obtained

so this is an approximation, but we believe it will not lead to usingp and are taken from the literature. The upper lingjs, for
serious error. Using these results for both substrate orient@lectrons taken from Kangt al. (Ref. 21 (n=1.5x10® m~?); the
tions we plotupy, in Fig. 5. The result forup, should be  jower line is for u,n(3) and is also taken from the same reference.
independent of substrate orientation and our data are reason-

ably consistent with this expectation. The dashed line is the

low-temperature limitu,,=2.3x 10°T~5 m?V's calculated ~slopes are parallel at low temperatures. In each &gg)
using Eq.(6) with our electron densitp=1.75<10"> m~2  «T3%05 The consistency of the exponent between the two
and averaging ilz/i6 over the three principal symmetry direc- samples suggests that there is a slight but definite difference
tions. Our data follow the predicted variatiqwbhocT*E’ and from the value of 4.8 0.5, which was consistently found at
also agree well in magnitude. We also show data from Kangero field. The observed ratio of the magnitudes for the two
etal? (n=1.5x10" m~2) which were obtained directly crystallographic directions av=3 is S, (100)/S,,(110)
from measurements of the resistivity To make compari- =1.60+0.21, which is to be compared with 1.54.20 for
sons at different densities, note that E) predicts u,,  the zero-field ratidboth ignore the systematic uncertainties
«n®2, Thus thep data should be about 25% lower than thatin the thermometer spacingdgain we can estimate the con-
from S§, but the actual difference is about a factor of 2. Wetribution from diffusion using Eq(5). Taking the effective
note thate-p scattering contributes only a tiny fraction to the mass for CF’s at about a factor of 10 larger than the band
total p at these temperatures and in view of this the observefhass and recalling that only a single spin direction is rel-
differences are not unreasonable. Stormeal!® have also evant, then we estima@;’x(%)z —20(1+p)T puVIK. As-
published data on a higher mobility sample with=2.2  sumingp=<1, this is small compared to the observed magni-
X 10" m~2, but the error bars are significantly larger below tude down to 0.2 K and it is not surprising that we do not see

101 ! 1 TR TR SN T W
0.1 0.2 0.4 0.7 1 2

Mph= —

1 K and so we do not reproduce those data here. such a contribution.
The generally similar behavior shown 18§ and S,,(3)
V. HIGH MAGNETIC FIELD DATA strongly supports the view that phonon drag is also respon-

o ] i L sible for the observed thermopower of CF's. The good agree-
The majority of our high-field work focused @,(2) 8 ment for the ratios of the thermopowers for the two crystal-
a function of temperature. Figure 3 shows results on the efipgraphic orientations also suggests that CF’s have the same
fect of substrate orientation @,(3). Just as witl5, we see  sensitivity to A as electrons. As we discussed earlier, the
a clear difference in magnitude for the two cases but theneasured temperature dependenceTdffor S§ is due to
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screened piezoelectrgep coupling, and so the implication is v

that CF’s interact with phonons in much the same way, 1 12 13 1/4
though we should point out that unscreened deformation po- ' L '
tential coupling has the same low-temperatufE
dependenc?.

The strong experimental support for phonon drag and the
similarity shown by CF’s to electrons leads us to expect that
Eq. (9) will also be valid for CF’s and so we use it to calcu-
late their phonon limited mobility,,. This gives,uph(%)
«T~45at T<0.5 K, very similar to the result at zero field
MphocT‘5, and all the data are shown in Fig. 5. Again, the
results for both crystallographic orientations of the substrate
are consistent with a single curve. At 0.4 K this curve lies
about a factor 60 below that for electrons.

Our mobility curve strongly disagrees with that of Kang
et al?* obtained directly from resistivity data, and also 2+ .

shown in Fig. 5. This study foun/dph(%)ocT*3 with a much L 350 mK (x10) 1

smaller magnitude. However, according to their data,pCF- ol i

scattering contributes only0.1% to the total resistivity at —_ L

400 mK, and so the behavior of all other resistivity compo- 0 5 10 15 20 25 80

nents must be known very accurately to extract the phonon B (T)

limited part. In particular, the temperature dependence of the FIG. 6. Examples of the magnetic field dependencesgfat

resistivities due to impurities and electron interactions musvarious temperatures. The curves between 975 mK and 700 mK are

be precisely accounted for. Clearly the data of Kangl?*  offset by 5 mV/K, and that at 504 mK by 2.5 mV/K. Note the

1 1 . . . scaling factors for the data at the lowest two temperatures.

on upn(3) and our data or%},(3) are inconsistent with Eq.

9). . . —

( )An alternative interpretation of the data may be possibleably .r.ather suddenlyin the region ofql~8, so that the

according to the calculation of Khveshchenko and ReiZer, transition occurs at- 12 K for the thermqpower data, and

which deals with phonon scattering by CF’s. This calculation™9-24 K for the mqblllty d?‘ta’ thus making sure that both
tay in the appropriate regimes over the range of measure-

also assumes piezoelectric scattering to be dominant and pr@ X ) : N
, . 1 1 ments. This alternative explanation of the results implies that
dicts that the behavior of bot&) (3) and Mpn(2) depends

_ the generally similar temperature dependence showSgy
on the value ofjl, whereq is the magnitude of the average

. andS,,(3) is somewhat coincidental. Higher mobility ther-
phonon wave vector andis the CF mean frfee path. In the mopower samples would be required to test this interpreta-
clean limit,ql>1, they findS%,(3) = T2 anduyy (3)=T3. N ion.
this region EQ(Q) should be valid, and the calculated tem- We have previ0u5|y pub”shéaﬂata onS,, as a function
perature variations are indeed in accord with this. Althoughof magnetic field to 20 T. These covered the range of filling
the experimental,u;hl(%) does show the expected  factor» down to~%. Figure 6 shows a selection of data that

dependencé’ SY,(}) clearly does not. We can estimaté extends the range to 30 T amd< ;. We note that, although
the resistivity shows a large increase around and beyond

using g=kgT/Av, wherev is the average sound velocity _ 1 as the system begins to enter the insulating phase at

~4000 m/s, and the conductivityr(3)=eke ol/47h, =1 the thermopower shows no sign of unusual behavior at
wherekg . is the magnitude of the CF Fermi wave vector, this point.

with k& .;=4mn in the present case. For our sample this |5 the previous pap&rwe found that S, (2)/S.(2)
yie|dS the tempel’atur@zycf at Wh|Ch qlzl as 0.15 K, and =0.99+0.03 andsxx(%)/sxx(%)zzj_& 0.03 atT<0.5 K,

for the sample of Kangt al,?! which has a CF mobility of " -
. - even though all these quantities have the same rapid tem-
about a factor of 5 highefl,,.s=0.03 K. Thus both samples perature dependen&, () T35-95 (but this dependence is

f:r?;éd be in the clean limit over the whole temperatureonly seen atv corresponding to CF)s The quasiparticles

_ = . ) correspond to electrons attached i,Zor the first two fill-
However, in the dirty limitgql <1, the calculation predicts ing factors, and to é, for the last. Our data at higher field

that §¢,(3)=T° and #Ehl(_%)IOC'”(Tz,c.f/T)_- [The calculations  ajlow us to determing,,($)/S(+) and complete the series.
imply that Eq.(9) is invalid in the dirty limit] The predicted These are shown in Fig. 7, along wiB,(2)/S.(2) for

behavior ofS},(3) is now similar to that observed, but that comparison purposes. Although we have much fewer data at
for ,u,jhl(%) is not. To obtain consistency with thedepen-  v=%, within experimental accuracy, these two ratios have
dences of both measured quantities we must assume that thgactly the same temperature dependence and both are unity
thermopower sample was in the dirty limit, and the mobility at low temperatures. We conclude that quasiparticle families
sample was in the clean limit. We must also assume that theith the same denominatofe., same number o, at-
crossover between clean and dirty limits takes plgmeb- tached to each electron or hpleave identical thermopow-

- S, (MV/K)

504 mK (x4) |

- .

2N}
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1.2 T | | T T T T states atv=3 and 2 would follow a similar argument. The
1 latter state is rl:‘éest thought of in terms of holes and their
I P S density is agairg that of the former state.
= ' | " .‘_"".. ] The present analysis assumes that it is actually screened
% \ piezoelectric scattering that is responsible for the observa-
» 08 !. 7 tions for electrons. In this case E@) predicts that at low
= s 7 1 temperatures phonon drag becomes independent of the effec-
2 m  S_(32)/S_(1/2) . %2
& OB o s (3)/S (1/4) 3 = tive mass c_)f the elegtrpns because of the faQprm*? in
= - ﬁ’ ] the denominator. This is also true for,, through Eq.(6) or
04 L . o Eq. (9). If we assume that the same interaction is still appro-
| | Loy priate for CF's and attempt to apply E@), then we would
' ' L L introduce an extra factor d@2=m?# into the denominator,
25 . and we lose the observed equality &, for CF’s with the
o~ R same denominators. There is certainly doubt in our minds
= 20 ::—‘A—o—:—tt't"‘ﬁ.— ——————— about how screening is accomplished for CF’'s and what is
o 4o i the appropriate formalism, but we are only able to reproduce
=~ 4 the equivalence of the thermopowersiat 3 and 3, and v
% 15k a 4 =1 and2 by assuming that the effective mass appearing in
& e Sample 1A Qs is the band mass. Thus we are also unable to understand
A  Sample 2 2 why S% and 1f,, are both so much larger for CF’s than for
1.0 . electrons. In principle the theory of Khveshchenko and
| | Ly Reizef? can give a value for the thermopower at different
0.2 0.4 0.6 08 10 12 filling fractions but the details are not yet available.

T (K)

FIG. 7. The upper panel shows the temperature dependence of
the ratiosS,(3)/S(3) and S (3)/S,(3). At T<0.48 K all the
data are consistent with a ratio of unity shown by the dashed line. The experimental results reported in this paper have al-
The lower panel shows the ratio 8f,(2)/S(3) for the samples lowed us to compare the thermopower of 2DEG's in
1A and 2, which have different substrate orientations. The dasheffaAs/Ga_,Al,As heterojunctions at zero field with that of
line is drawn at a ratio of 2.17. CF'’s at high magnetic fields. The former have been consis-
tently and convincingly analyzed in terms of phonon drag
ers. In view of Eq(9), this implies thafu,, is also the same effects. The theory Is based on sta.t|cally screened,
for each of these families. The lower S)anel of Fig. 7 show lezoelectric-modulated e-p  scattering in the  low-

’ ’ emperature limit Q<2kg) and gives good agreement with
the ratio ofS,,(7)/S«(z) for comparison purposes. At low experiment in both absolute magnitude and temperature de-
temperatures this ratio has a value of 2.17, and the tempergendence. We have also confirmed that the orientation of the
ture dependence is similar to, but not the same as, the ratigibstrate is important in determining the magnitude of the
in the upper panel. thermopower through phonon focusing effects.

In the earlier publicatichwe have discussed the possible  The main features of the thermopower observed for elec-
reasons for the precise equality 8f,(3) andS,(3). In that  trons at zero field are reproduced with CF’s, i.e., temperature
discussion we assumed that the observed temperature depéi@pendence and substrate orientation, though the absolute
dence of phonon drag, i_eT’4, was due to deformation po_ magnitudes are mUCh h|gher These I’esu|tS SuggeSt that the
tential scattering without screenifige., e(q) =1 in Eq.(3)]  same fundamental processes are responsible in each case, but
for both electrons and CF's. Briefly, the CF statessat: ~ We are unable to present a framework for understanding the
and? are expected to have the same wave functions, but th@bsolute magnitudes in the CF case without making raitier
latter also has a full Landau level. Thus their electron densihoC assumptions. The microscopic calculation of the (CF-
tiesn are the same but the CF densities differ by a factor  interaction by Khveshchenko and RefZeis, in principle,
of 3. Theory shows that the conductivity of CF’s is en-  capable of consistently reproducing these results, but it is
hanced by the facton/n;. Our physical model in Sec. | Necessary to assume that the thermopower is measured in the
implies that both the current due to GFscatteringj,, and  dirty limit and the mobility in the clean limit; this requires a
the compensating currejit contain this same factor, which rather fortuitous value of the crossover point at which one
thus cancels iS¢, . The properties of the CF’s still appear in moves from the clean to the dirty limit to be consistent with
the integral of Eq«(3) throughG(Q). We showed that for all the data.

G(Q) the changes in the factors that depend on CF density,

ke andmy;, cancel, so that the. ovgra}l result is independent ACKNOWLEDGMENTS

of n.s and depends only am, which is fixed. The one feature

that was perhaps unexpected was that one must assume thatThis work has been supported by the European Commis-
the effective mass that appears outside the integral ifdq. sion under Contract No. CHGE-CT93-0081arge Installa-

is the electron mass, whereas naively we would have extion Plan and, in part, by the Natural Sciences and Engineer-
pected the CF mass to appear here. The extension to tlireg Research Council of Canada.

VI. CONCLUSIONS
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