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Thermopower of a p-type SiÕSi1ÀxGex heterostructure
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We report thermopower measurements in zero and low magnetic fields for ap-type Si/Si12xGex heterostruc-
ture. The diffusion components of both the longitudinal and transverse components are reasonably well de-
scribed by the Mott approach, including the quantum oscillations at low magnetic fields. The magnetic-field
dependence of thermopower shows that the diffusion contribution at zero field deviates from the linear tem-
perature dependence that would be expected for a degenerate system, probably as a result of the nearby
metal-insulator transition. Phonon drag also does not behave as expected. Instead of exhibiting an approximate
T6 dependence at low temperatures appropriate to screened, hole-phonon, deformation-potential scattering, an
approximateT4 dependence is observed. This is consistent with previous observations on the energy-loss rates
in SiGe hole systems. The experimental data on drag are in good agreement with numerical calculations by
assuming either hole-phonon scattering by an unscreened deformation-potential interaction or by assuming a
screened piezoelectric plus screened deformation-potential coupling.
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I. INTRODUCTION

In general, the thermopower of two-dimensional~2D! sys-
tems is now well understood. When the system is degene
the diffusion componentSd has a simple linear temperatu
dependence at low temperatures. Part of this reflects the
tropy of the 2D gas and another part gives information ab
the elastic-scattering mechanisms of the electrons.1

At low temperatures, the phonon-drag componentSg has
a stronger temperature dependence, the precise form
which depends on the mechanism of electron-phonon (e-p)
scattering. Systems with screened, piezoelectrice-p scatter-
ing of the carriers, e.g., GaAs based structures, have aT4

dependence of drag,2,3 whereas those with only screene
deformation-potential ~DP! scattering exhibit a T6

dependence.4 In the former caseSg dominatesSd down to
temperatures of the order of 0.3 K. However, in the lat
caseSg becomes small as the temperature is reduced be
about 1 K and this allows one to examine the details of t
diffusion component. In previous work the only system wit
out piezoelectric scattering for which the thermopower h
been studied in detail was an electron inversion layer i
Si-MOSFET~metal-oxide semiconductor field-effect trans
tor! which did show the expected behavior of both diffusi
and drag.4

One might have anticipated that SiGe hole or elect
systems would behave in a similar fashion to Si-MOSFE
because they are not expected to be piezoelectrically ac
However, there are no data on electron systems, and prev
thermopower work on a hole system was inconclusive,5 in
that the data were at relatively high temperatures~1.5–15 K!
where it is difficult to distinguish the various hole-phono
(h-p) scattering mechanisms.

Thee-p ~or h-p) interaction can also be probed by carri
energy loss. The energy-loss rate depends on the ca
0163-1829/2004/69~19!/195306~9!/$22.50 69 1953
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phononenergy relaxation time, whereas phonon-drag the
mopower reflects the carrier-phononmomentumrelaxation
time.6,7 Thus the two types of measurement provide differe
but complementary ways to investigate carrier-phonon s
tering. Previous measurements on the energy-loss rate
SiGe electron systems are in accord with expectations. T
agree with calculations assuming only screened DPe-p
coupling8 ~note that the 2D gas was actually in a pure
channel in that case!. However, similar work on SiGe hole
systems~where the 2D hole gas resided in a Si12xGex well!
gave loss rates inconsistent with this mechanism. Ea
measurements9 were analyzed in terms of a screened, piez
electric h-p coupling, but more recent work10–12 leaned to-
wards unscreened DP coupling~these two mechanisms ar
difficult to distinguish because both give the same power-
dependence onT at low temperatures!, with a small un-
screened piezoelectric term contributing at temperatu
,0.5 K. The present thermopower measurements th
light on this problem. In the present work we find thatSg is
indeed anomalous, in a way consistent with that found fr
energy-loss measurements.

At low magnetic fields the diffusion thermopower has
semiclassical magnetic-field dependence arising from
Lorentz force on the electrons,1 but phonon drag, such a
resistivity, has essentially no field dependence.6 Landau
quantization becomes significant when the spacing of
Landau levels becomes comparable to the level broaden
Both drag and diffusion components show oscillatory beh
ior under these conditions. Previous experimental work13 on
a system where drag was completely dominant showed
drag oscillations are in phase with oscillations in the elec
cal resistivity, but there is no quantitative theory as yet. B
cause most previous work has been done on piezoelectric
active systems where drag has been dominant down to
temperatures, diffusion has been difficult to probe. Howev
©2004 The American Physical Society06-1
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it has been predicted14,1 that at relatively low fields diffusion
oscillations should be independent of the electron-scatte
mechanisms and should exhibit ap/2 phase shift compare
to drag or resistivity oscillations. This has only been clea
seen in a single 2D system, that of the electron inversio15

layer in Si-MOSFET’s which, it will be recalled, has only D
coupling. Although drag is found to be anomalous in t
present hole system, it turns out to be still small enough
enable us to investigate the behavior of diffusion in de
and the predicted phase difference is clearly seen.

Finally, the SiGe hole system is known to exhibit a met
insulator transition~MIT ! at a Landau filling factorn53/2.
We have observed this transition in the present sample in
diffusion thermopower but in an unexpected way.16 Whereas
the resistivity tends to infinity atn53/2 asT→0, the ther-
mopower tends to zero or a very small value. The system
also known to undergo an apparent MIT at low densities
zero magnetic field. Although this latter transition was n
observable in the present work, our sample is relatively cl
to the transition on the metallic side. It is of interest to d
termine if this system shows any other unusual behavio
the thermopower at zero or low magnetic fields, and ind
we find that the diffusion thermopower is anomalous
showing a nonlinear dependence onT.

II. THEORY

A. Thermopower at zero magnetic field

The present system is a 2D hole gas~2DHG! so we will
write the results down in a form appropriate to this case.
far as thermopower is concerned, the main difference c
pared to electron systems is that the carriers act as if
have positive charge. In the limit of weak coupling betwe
carriers and phonons, the contributions due to diffusion
drag are additive and the total thermopowerS is given by
S5Sd1Sg.

For degenerate 2DHG’s, the diffusion componentSd of
thermopower is given by Mott’s expression

Sd5LoeTS ] ln s

]E D
EF

, ~1!

where e is the magnitude of the electron charge,s is the
conductivity, E is the hole energy~with EF the Fermi en-
ergy!, andLo is the Lorenz numberp2kB

2/3e2. By invoking
the conventional assumption1 that the energy dependence
the hole relaxation time ist t}Ep we readily find

Sd5
LoeT

EF
~11p!. ~2!

The first term in Eq.~2!, LoeT/EF , is the entropy per unit of
charge of the 2DHG and the second term reflects the sca
ing mechanisms.

The phonon-drag componentSg of thermopower is due to
the quasielastic scattering of 2D holes with wave vectok
5(kx ,ky) by 3D acoustic phonons of wave vectorQ
19530
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5(q,qz) in the substrate. Here we use the standard exp
sion forSg ~e.g., see Ref. 4! suitably modified for the case o
a 2DHG:

Sg5
~2m* !3/2gvL

16~2p!3kBT2pherm
(

i
E

0

`E
2`

` J i
2~Q!

e2~q!

3Ci~Q!dq dqz , ~3!

wherem* is the in-plane effective mass of holes,rm is the
mass density of Si,gv is the valley degeneracy,ph is the hole
sheet density,L is the phonon mean free path and the su
script i refers to phonon polarization.J2(Q) is the squared
matrix element of theh-p interaction ande(q) is the static
dielectric screening function. The expression fore(q) is4,17

11(Qs /q)j(q)Fs(q), where Qs is the screening wave
vector,17 j(q) is unity for q<2kF and 12@1
2(2kF /q)2#1/2 for q.2kF (kF is the Fermi wave number!,
andFs(q) is the screening form factor that accounts for t
finite thickness of the 2DHG.4,17 Details for the factorC(Q)
are given in Ref. 4. When the energy spectrum of carrier
isotropic J(Q)5JDP , where JDP is the deformation-
potential constant. For materials with cubic 43̄m symmetry,
such as GaAs,J2(Q) accounts for both deformation poten
tial and piezoelectric coupling. Then,J2(Q)5JDP

2

1@(eh14)
2Al /Q2# for the longitudinal branch andJ2(Q)

5@(eh14)
2At /Q2# for each of the transverse branches, whe

h14 is the piezoelectric constant andAl andAt are the anisot-
ropy factors given by Price.18

By allowing several low-T approximations in Eq.~3! and
assumingL is independent ofT, it can be shown thatSg

}T6 for screened DP coupling4 andSg}T4 for screened pi-
ezoelectric coupling.2,3 At low temperatures the screenin
dielectric function is approximated by the expressione(q)
'Qs /q}Qs /T. Consequently, when screening effects a
neglected@e.g.,e(q)51] the temperature dependence ofSg

is T4 for DP coupling andT2 for piezoelectric coupling.

B. Thermopower in a magnetic field

With a magnetic fieldBz perpendicular to the plane of th
2D system there are two independent components of the
fusion thermopower. Assuming isotropy in thexy plane and
taking the temperature gradient to be parallel to thex direc-
tion, the components are the longitudinal thermopowerSxx
and the transverse thermopower~or Nernst-Ettingshausen co
efficient! Syx . At low temperatures the system is degener
(kBT!EF) and elastic scattering by impurities is the dom
nant contribution to the momentum relaxation timet t . Tak-
ing into account the Lorentz force on the electrons, the d
fusion componentsSi j

d are expected to have the followin
field dependences for a 2DHG:1

S̄xx
d 5

LoeT

EF
S 11

p

11b2D , ~4!

S̄yx
d 5

LoeT

EF
S pb

11b2D , ~5!
6-2
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whereb5vct t5m tB with m t the transport mobility andvc
the cyclotron frequency. We have used a bar to denote
these are the nonoscillatory components. Notice that the
ond term in Eq.~4!, which is related to the hole-impurity
scattering mechanisms, disappears at high fields (b@1) and
S̄xx

d is a direct measure of the entropy per unit charge in
limit. Also notice that in the present system the value ofp is
close to22 at low T ~details are given later! thus S̄xx

d will
change sign at fields whenb;1.

At low temperatures, oscillations inr i j and Si j
d begin to

appear at magnetic fields for which the Landau level sep
tion \vc exceeds the level broadening;\/tq , i.e., at
vctq;1, wheretq is the quantum lifetime. When the Lan
dau levels are not completely resolved and localized st
play no role, the oscillations inSi j

d , sayS̃i j
d , can be evaluated

using relations based on the Mott approach.1 In this model it
turns out thatr̃ i j and S̃i j

d are intimately related. The basi
assumptions are that the electron scattering is elastic and
the energy-dependent conductivitys i j contains terms which
oscillate with electron energy due to the Landau levels. U
der these conditions one can show that1

S̃xx
d 5

a

11b2 S r̃xx

r̄xx

1b2
r̃yx

r̄yx
D , ~6!

S̃yx
d 5

ab

11b2 S r̃xx

r̄xx

1
r̃yx

r̄yx
D . ~7!

In the above equations,a5 i (pkB /e)@D8(rX)/D(rX)#,
where D(X)5X/sinhX is the thermal damping factor fo
resistivity oscillations withX52p2kB

2T/\vc and D8(X)
5dD(X)/dX is the thermal damping factor for diffusio
thermopower oscillations. We use the tilde to denote an
cillatory component and a bar to denote the smooth ba
ground in all quantities. These equations are to be applie
each harmonicr of the oscillatory parts. The factori
5A21 indicates that the oscillations inSi j

d and r i j have a
phase difference ofp/2. Noting thatD8(X) is a negative
quantity, if we write r̃xx}cos@(2prf /B)1fr#, then S̃xx

d

}sin@(2prf /B)1fr#, where f is the frequency of the funda
mental component andf r a constant phase factor of ther th
harmonic. Interestingly, the phase shift is in the oppos
sense for electron systems, i.e.,S̃xx

d }2sin@(2prf /B)1fr# in
that case.

When b5vct t*1, the thermopower oscillations are r
duced in amplitude by the factor (11b2) that appears in the
denominators of Eqs.~6! and ~7!. Because the oscillation
only begin to appear whenvctq;1, and given thatt t
>tq , then the approximate equivalence oft t andtq that is
found in the present system19 is the most favorable case fo
producing the largest possible oscillations. This is in contr
to systems where low-angle electron-scattering domin
andt t@tq , e.g., most GaAs heterostructures.

In the quantum Hall region, the diffusion oscillations a
again expected to reflect the entropy of the electrons and
diffusion thermopower oscillations are in phase with those
19530
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the resistivity in this limit, but we will not reproduce detaile
theoretical results for this case since we have dealt with
aspect previously.16 Interestingly the phase shift between r
sistivity and diffusion thermopower that occurs in goin
from low to high fields is also seen in 3D systems20 showing
that the quantum Hall effect is not required for this to ha
pen.

A complete theory of phonon drag in a magnetic field
not yet available. Semiclassical theory6 predicts thatS̄xx

g is

independent ofB, and thatS̄yx
g 50. The available evidence i

in agreement with these predictions, except forSyx
g in 2D

systems which does not seem to be zero.15,20

There are no theoretical results for the quantum osci
tions in Sg in low fields, but experiments where drag wa
dominant13 showed that the oscillations inSxx

g are in phase
with those inrxx . Thus, in principle, it is possible to distin
guish which mechanism is responsible for the thermopo
oscillations from any phase difference between them and
resistivity oscillations; a phase difference ofp/2 implies dif-
fusion thermopower, and no phase difference means
phonon-drag oscillations are dominant. However, at h
fields both the diffusion and drag oscillations are in pha
with the resistivity oscillations so that an unambiguous ide
tification is not possible by this method.

III. EXPERIMENTAL TECHNIQUES

The sample was a strained Si/Si0.88Ge0.12 heterostructure
grown on ann-type substrate of Si with a 40 nm Si0.88Ge0.12
quantum well. The growth sequence and further details h
been described elsewhere.19 By applying a substrate bias
measurements at two different densities (ph51.9
31015 m22 and 2.731015 m22) could be performed, but un
less specifically noted otherwise, we will present data o
for the higher-density sample. At 1 K, the mobilities we
1.3 m2/V s and 1.5 m2/V s, respectively, and had a stron
temperature dependence.19 Using an effective mass19 of
0.30me , the Fermi temperatures are estimated to be 18
and 25 K for the two samples. Under normal conditions
would not have anticipated such a strong mobility variati
at such low temperatures. This feature has also been
served previously21 in Si-MOSFET’s and in both cases ha
been ascribed to the effects of a MIT at a density of ab
;1.031015 m22.

All measurements were made in high vacuum in a3He
cryostat which covered the range 0.26–4.2 K. Zero-field d
were obtained using dc techniques. With thermopower it w
necessary to eliminate small temperature-dependent o
voltages in the signal.22 This was done by measuring th
voltage across the sample with and without a tempera
gradient, keeping the average temperature of the sample
stant. The source and drain contacts, separated by 2.8
were used for this purpose. The temperature differe
across the sample thermometers varied from about 15 m
0.3 K–150 mK at 4 K. More details about the general tec
niques are given in Ref. 1. For thermopower measurem
in a magnetic field, a standard ac lock-in technique was us2

with a detection frequency of 4 Hz. The ac signal sensitiv
6-3
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under these conditions was calibrated by using the dc t
mopower at zero field. In the resistivity measurements
typical value for the applied current was 5 nA, low enough
avoid any observable warming of the sample.

Sweep data were obtained for both6B and the appropri-
ate combinations of data were used to calculate the requ
coefficients. There was relatively little admixture of the c
efficients.

IV. RESULTS AND DISCUSSION

In order to check the thermometry~see Ref. 1! the thermal
conductivityl of the n-type Si substrate was measured a
function of temperature. It was found thatl
51.8T2.7560.02 W/mK provided an excellent fit over th
whole temperature range, 0.27–4.2 K. The deviation of
exponent from the expectedT3 result for boundary scatterin
may be due to weak phonon scattering from impurities. U
ing the low-temperature theoretical limit2 of l, we estimate
the mean free path of the phonons,L, in the substrate to be
;1.6 mm at 1 K, assuming longitudinal and transve
sound velocities ofv l58861 m/s andv t55331 m/s, respec
tively.

In the following two sections we will present our resu
on the thermopower in a magnetic field and at zero field. T
results in a magnetic field are best considered first as
reveal information that is needed in the interpretation of
zero-field data.

A. Thermopower in a magnetic field

Both the longitudinal and Hall resistivitiesrxx andryx are
needed in the analysis ofS̃i j

d , and examples are shown i
Fig. 1. If we examine only the oscillatory components at
fundamental frequency, also shown in Fig. 1, the oscillatio
in ryx are found to be accuratelyp out of phase with those in
rxx at low fields, as expected,23 but there is a gradual shift in
phase above about 1 T such that by 3 T the phase differe
approachesp/2. This behavior has been observed previou
in GaAs heterostructures and the phase shift has been
cribed to the appearance of localized states between the
dau levels23,24 which primarily affectsryx .

Examples of the data onSxx andSyx at T<1 K are shown
in Figs. 2 and 3. All the results are consistent withSd being
dominant in this temperature range. Close examination of
data also shows that the oscillations inSxx and Syx are in
phase with each other, and that both are aboutp/2 out of
phase with the oscillations inrxx , particularly at lower
fields, these features being in agreement with Eqs.~6! and
~7!. Thep/2 phase difference betweenr̃xx andS̃i j is particu-
larly clear when one examines only the fundamental osc
tory components of the measured data~not shown!. As an-
ticipated in Sec. II, the oscillations inSi j at lower fields are
superimposed on a varying nonoscillatory background du
S̄i j

d , implying t t;tq . Notice that S̄xx
d changes sign from

negative to positive as the field increases showing
p,21 in Eq. ~4!.

Classical results6 predict S̄xx
g to be independent of field

and S̄yx
g 50. Thus, in principle, one need only calcula
19530
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S̄i j
d (B) using Eqs.~4! and ~5! to obtain the field variation of

the semiclassical backgrounds. Previous experience wi
similar calculation for Si-MOSFET’s~Ref. 15! has shown
that the best value ofm t to describeS̄i j is not necessarily the
same as that taken from the resistivity and so this was lef
a free parameter. Thus each data set onS̄xx was fitted to Eq.
~4! but with an additive constant to take into accountSg(T).
The relevant equation can be writtenS5c1d/@1
1(m tB)2#, wherem t , c, andd ~with d5pL0eT/EF) are free
parameters withc1d being just the zero field value ofSxx .

The results over the full temperature range onp and m t
from this procedure are shown in Figs. 4 and 5, respectiv
and both are seen to be temperature dependent. We sh
clarify the meaning of the error bars before proceeding.
low temperatures the classical~smooth! background is diffi-
cult to distinguish accurately because of the large quan
oscillations and the relatively poor signal to noise. The p
cise values of the two quantities that one obtains depend
the high-field cutoff used when fitting the data. Differe
cutoffs give systematic variations that are similar for t
various data sets, and the error bars reflect this. In
midtemperature range where the oscillations are m
smaller the error bars just reflect the random errors in
fitted coefficients and the high-field cutoffs are no long
relevant to the results. At high temperatures the error b
again increase becauseSg becomes dominant and the chan
of Sd with field is only a small fraction of the total signa
The analysis assumesSg is strictly independent ofB, and at
the highest temperatures, say above 3 K, even rather s

FIG. 1. Experimental data onrxx andryx at 0.41 K. The bottom

curve isr̃yx , obtained by subtracting the part linear inB from the
measuredryx . The next lowest curve is the measuredrxx , includ-
ing the nonoscillatory background. The two superimposed curve
the top~both offset vertically by 4.5 kV) are the fundamental har
monic components of the two bottom curves, the larger amplit

curve beingr̃xx and the smaller amplitude curve beingr̃yx . Note
that these two curves are in antiphase at low fields, but there
p/2 difference at high fields.
6-4
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variations ofSg with B could lead to significant, systemat
errors on evaluatingp andm t .

Also shown in Fig. 5 are data onm t taken from the zero-
field mobility and these are also temperature dependent.
latter dependence arises from the MIT in this system a
somewhat lower hole density19 which is known to have a
significant effect on the temperature dependence of re
tance~and hence mobility! on the metallic side of the tran
sition to rather high densities. Within experimental error it
possible that the two sets of data onm t coincide asT→0
though, on a relative basis, they seem to become more d
gent asT increases. The same general behavior has also
seen in a Si-MOSFET,15 though in that case the zero-fie
mobility was essentially independent of temperature beca
the sample was well away from the MIT. The reason whySxx
yields a systematically lower value ofm at higher tempera-
tures in both samples is not known.

The strong dependence ofp with T that we see here wa
not seen in the Si-MOSFET data.15 At low temperatures
when impurity scattering dominates, we would normally e
pect p ~and thereforeSd/T) to be constant for a degenera
system, and this was the case for the Si-MOSFET data;
the present case we estimate the departure ofSd/T from a
constant due to nondegeneracy to be less than 1% at
which is too small to be significant. Further, phonon scat
ing of the electrons cannot be the cause since, as we s
later, it is completely negligible compared to impurity sca
tering in this sample. We presume that the nearby MIT is
cause of the variations inp that we see here. The value ofp

FIG. 2. Measured longitudinal thermopowerSxx ~upper panel!
and calculated diffusion componentSxx

d ~lower panel! as a function
of magnetic field at various temperatures. The dashed lines in

lower panel are the semiclassical componentsS̄xx
d . For clarity all

but the lowest-temperature curves in both panels have been sh
by a vertical offset~as given in brackets in the upper panel!.
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depends on the electron-impurity scattering mechanis
~e.g., impurity and interface roughness scattering! and has
been calculated for GaAs heterostructures a
Si-MOSFET’s,25 but not yet for SiGe heterostructures. How
ever, the fact thatp depends onT clearly shows that there ar
underlying changes in the system with temperature wh
must be understood before a calculation along these line
meaningful.

he

ted

FIG. 3. Measured Nernst-Ettingshausen coefficientSyx ~upper
panel! and calculated diffusion componentSyx

d ~lower panel! as a
function of magnetic field at various temperatures. The dashed l

in the lower panel are the semiclassical componentsS̄yx
d . For clarity

all but the lowest-temperature curves in both panels have b
shifted by a vertical offset~as given in brackets in the upper pane!.

FIG. 4. The circles are the measured coefficientp
5(] ln t/] ln E)EF

obtained as a fit parameter of the monotonic ba
ground of Sxx as a function of temperature. The solid line is
phenomenological fit to the experimental data as discussed in
text.
6-5
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S̃i j
d was calculated using Eqs.~6! and ~7!. There is no

theory forS̃xx
g . However,Sg is small at low temperatures an

Syx
g should always be zero, so thatS̃i j

g should be small. We
ignore it in the first instance and compare the measured
cillatory data only with calculations ofS̃i j

d . The calculation

of S̃i j
d proceeded as follows. Data onr i j were available at

nominally the same temperatures asSi j . After removing
most of the nonoscillatory backgrounds,rxx and ryx were
Fourier transformed and the frequency spectra separated
sections, each containing a single harmonic component~re-
taining three harmonics at lower temperatures and two
higher temperatures!. Taking the inverse Fourier transform
of each section then produced wave forms for the individ
harmonics. Using these waveforms and Eqs.~6! and ~7! the
harmonic components ofS̃i j

d were calculated. The phase di
ference ofp/2 was introduced by shifting the value ofB at
each point by the appropriate amount; this meant thatD(X)
andD8(X) were calculated at somewhat different fields, a
in fact usually at somewhat different temperatures beca
the experimentalr i j andSi j were usually not at exactly th
same temperature. Finally the harmonics were summed
added toS̄i j

d . The results are shown in Figs. 2 and 3.
The overall agreement of experiment data onSxx and the

calculations forSxx
d is very good, but is somewhat less so f

the measuredSyx and calculatedSyx
d . Recalling that fits to

S̄xx were used to evaluatep andm t , perhaps it is not surpris
ing that the calculatedS̄xx

d accurately fit the experimenta
data. However, if we use the values taken from the zero-fi
Sd and resistivity, the calculatedS̄i j

d are not noticeably dif-
ferent over the temperature range investigated hereT
&1 K). The same features are also observed for the av
able data on the low-density sample~not shown! wherep and
m t were not available as a function ofT. The calculations for
S̄yx

d are less convincing. With Si-MOSFET’s a larg

FIG. 5. The open circles are the transport mobilitym t obtained

from the magnetic-field dependence of the classical backgroundS̄xx

as a function of temperature. The line is a simple quadratic fi
these data and was used in the calculation ofSi j

d . The closed sym-
bols are alsom t but obtained from the resistivity atB50.
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temperature-dependent, anomalous component was obse
for S̄yx .15 This does not seem to be present here, though
magnitude ofS̄yx is not well reproduced by the present ca
culations, perhaps suggesting that unidentified problems
present.

In general, the phases of the calculated oscillations ar
excellent agreement with the observations. Recall that
calculations use measuredr̃ i j in Eqs.~6! and~7! with a shift
in phase byp/2. Thus the good agreement shows that
phase shift is indeed present and necessary. In both com
nentsS̃i j , the calculations predict too much harmonic co
tent at higher fields and lower temperatures. This might
due to localized states beginning to appear between the
dau levels which would invalidate the model, and is cons
tent with the phase shift noticed for the oscillations inryx at
higher fields that we noted above. The magnitudes of
calculatedS̃xx are in reasonable agreement with the obser
tions. This remains so up to about 3 T where the longitudi
resistivity oscillations have an amplitude close to the ba
ground value. On the other hand, the calculated magnitu
for S̃yx tend to be too large, by about a factor of 2 at low
temperatures and higher fields, probably again reflecting
appearance of localized states.

B. Thermopower at zero field

Thermopower data at zero field,S, are shown in Fig. 6 for
the region below 1.4 K.S is negative and approximatel
linear in T for temperatures&0.6 K; this is due toSd. At
higher temperatures the deviations from linearity in the po
tive direction are mainly due toSg. The situation is compli-
cated by the fact thatp is temperature dependent in Eq.~2! so
there are deviations fromSd}T, also in the positive direc-

o FIG. 6. The circles are the measured thermopower.2•2 gives
Sd assumingp is constant at22.15; 2••2 givesSd with p taken
from the smooth curve in Fig. 2. The other curves areSd1Sg with
Sd calculated using the smooth curve in Fig. 4 andSg calculated as
follows: —, unscreened DP coupling;••, screened DP coupling
– – –, screened piezoelectric plus a screened DP coupling.
6-6
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tion. Clearly this must be taken into account in the separa
of Sd andSg, in particular at lower temperatures whereSg is
small. However, the data in Fig. 4 do not provide a su
ciently accurate estimate ofp, and thereforeSd, at the lowest
temperatures, but they do not exclude thatp becomes inde-
pendent ofT below about 0.6 K and so we can takeSd}T in
this limit.

Using this result the measuredS was fitted using an ex
pression of the formS5aT1bTn at low temperatures, with
the parametersa, b, andn to be determined. The value ofn
was found to depend on the temperature range of fit, but
always near 4 even with the upper temperature limit as h
as 1.5 K. In addition, in both samplesa has a relatively smal
spread of values, regardless of the upper temperature
used; the reason for this seems to be related to the fact
Sg and the deviations from linearity ofSd have a similar
temperature dependence. The best estimates ofa for the
higher- and lower-density samples area5213.0mV/K2 and
218.5mV/K2, respectively. Using Eq.~2! and the values of
EF quoted in Sec. III, we find the scattering parameterp5
22.1560.10 in both samples. The error estimate igno
systematic uncertainties which could add another 10–15
At about 2.2 K,p has increased to21 and at this pointSd

passes through zero and becomes positive.
Lacking a theory ofp as a function ofT, the data onp in

Fig. 4 were fitted to the phenomenological expression

p5p01
p1

~11CTm!
~8!

using p01p1522.15 ~from the zero-field data above! with
p1 , C, and m being free parameters. This gaveC
50.139 K2m, m53.75, andp1521.49, and this curve is
shown in Fig. 4. Using this expression,Sd was calculated
from Eq. ~2! and the lower temperature results are shown
Fig. 6. This shows that most of the deviation ofS from lin-
earity atT*0.6 K is not caused bySd but is due toSg. The
calculated values ofSd were subtracted from the measuredS
to giveSg over the full temperature range as shown in Fig.
The observed dependence ofSg is approximatelyT4 at low
temperatures. At high temperatures the curve falls away f
this simple dependence; the underlying physical reasons
this are explained in Ref. 26.

We have performed detailed numerical calculations of
drag component of both samples, by using Eq.~3! and the
standard material parameters for Si.4 By assuming only
screened DPh-p coupling we findSg}T6.3 ~this is the nomi-
nal T6 dependence noted in Sec. II! for 0.25,T,1.5 K. The
results with JDP54.0 eV are shown in Figs. 6 and 7 a
dotted lines. The calculatedSg are approximately correct a
4.2 K, but below 0.5 K they are at least two orders of ma
nitude too low to explain the experimental values. This b
havior is in contrast to that exhibited by a 2D electron gas
a Si-MOSFET where an approximateT6 dependence wa
seen forSg and the calculated magnitude was in good agr
ment with experiment.4

There are two mechanisms that would result inSg}T4

~approximately! both of which have previously been invoke
to explain the anomalous behavior of the energy-loss r
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Early data by Xie et al.9 were analyzed in terms of a
screened piezoelectric contribution, perhaps arising from
partial ordering of the SiGe alloy~see Ref. 10 for a discus
sion of this possibility!. Others have suggested that th
screening of the DP is ineffective in this system11,12 which
leads to a change in temperature dependence fromT6 to T4

for Sg, as outlined in Sec. II. We examine both of the
possibilities in detail.

Using an unscreened DP interaction, with coupling co
stant ofJDP52.7 eV chosen to give the best agreement w
experiment, detailed calculations ofSg have been made fo
the whole temperature range. The results are shown in F
6 and 7 as solid lines for comparison with experiment. T
agreement is excellent over the whole temperature range

Ansaripouret al.11 have found good agreement with e
perimental energy-loss rate data using an unscreened D
teraction with a coupling constant ofJDP53.0 eV. Leturcq
et al.12 have reported that their energy-loss rate data are
represented by the same mechanism withJDP52.8 eV, to-
gether with a small unscreened piezoelectric contributi
the latter appearing only below about 0.5 K. In our case t
would correspond to a small termSg}T2 at low tempera-
tures. We do not see such an extra term in the present d
though our precision is relatively low below 0.5 K becau
of the dominance ofSd in this region. Clearly the agreemen
between phonon-drag and energy-loss rate results is ex
lent.

We have also carried out detailed numerical calculatio
assuming a screened piezoelectrich-p coupling, the magni-
tude of which was varied to give a reasonable fit to the lo
temperature data; the value chosen wash1450.63109 V/m
which is 50% of the value of that for GaAs. We have al
included a screened DPh-p interaction ~with JDP

FIG. 7. The circle symbols are the measured phonon-drag t
mopower. The various curves are calculations ofSg using the same
key as in Fig. 6.
6-7
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54.0 eV) so that the high-temperature data could also
reproduced. Figures 6 and 7 show the results as dashed
In general, this model also provides very good agreem
with the experiments, though perhaps not quite as good
the unscreened DP at low temperatures.

Neither of the above theoretical models is easily und
stood from a physical point of view. In the latter, the valu
used for the piezoelectric coupling constanth14 are uncom-
fortably high.12 Still, the fact that phonon drag in Si
MOSFET’s ~Ref. 4! and energy-loss rates in SiGe electr
systems show that no piezoelectric coupling8 would arise
naturally with this explanation, since in both of these ca
the 2D gas resides in a Si channel. In the former model,
not at all clear why screening should be so ineffective in
SiGe hole system.

It is interesting to compare the present results with that
Si-MOSFET’s in more detail. Previous experimental wo
on Si-MOSFET’s at low temperatures has been somew
contradictory. Phonon drag4 is consistent with screened D
scattering and no observable piezoelectric compon
Energy-relaxation measurements by Fletcheret al.4,27 were
inconsistent with a screened DP below;1 K, the observed
loss rate being considerably larger than predicted. More
cent energy-loss rate data28 have been analyzed by the com
bination of unscreened DP and unscreened piezoelectric
tering, but the coupling constants were not given. Beca
phonon-drag thermopower and energy-loss rate measure
ferent relaxation rates, momentum in the former case
energy in the latter, the observed discrepancy between
well-behaved drag and the anomalous energy-loss rate in
MOSFET’s could imply that they are caused by differe
physical mechanisms. For example, energy-loss rates inv
ing localized excitations would not necessarily be visible
phonon drag. With the SiGe system the two relaxation ra
are very consistent, indicating that the same mechanism
responsible for both and is connected with scattering by
localized excitations, presumably phonons, in both cases

Regardless of the physical mechanism involved, beca
Sg involves the momentum relaxation time of the carrie
one can reliably estimate the hole mobility due to phon
scattering,mhp , in our samples at low temperatures using6,7

Si
g5

v iL i

mhp,iT
, ~9!

wherev is the sound velocity and the subscripti refers to
phonon polarization. Assuming all three modes contrib
equally toh-p scattering and using an average sound vel
ity of ;5600 m/s, we estimatem t /mhp to be about 1023 for
our samples at 4.2 K, and the ratio decreases rapidly wiT
so that by 1 K it is about 1026. Clearly, the strong resistivity
ys

n
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variation with temperature that is observed in these and s
lar samples is not related to phonon scattering. Neverthe
the fact that the fundamental mechanism responsible for
unexpected temperature variation of resistivity is not kno
leaves open the possibility thath-p scattering might also be
affected in some way.

V. CONCLUSIONS

The results show that the magnetic-field dependence
both the longitudinal and transverse thermopower are rea
ably well understood. The low-field dependences of both
oscillatory and nonoscillatory parts are well described by
Mott model, particularly in the case of the longitudinal the
mopower. The transverse thermopower shows some disc
ancies, which seems to be typical of this coefficient in 2
systems. On the whole the data agree with the expecta
that drag plays no significant role in the field dependence
either component below about 1 K.

On the other hand, the zero-field thermopower exhib
various features that are not understood. The data in a m
netic field show that the diffusion component at zero fie
does not follow the expected linear temperature depende
This is believed to be connected with the nearby me
insulator transition, though the detailed mechanism is
known.

The temperature dependence of the phonon-drag contr
tion at zero field does not correspond to that expected fr
screened, deformation-potential scattering of holes
phonons. We have investigated two possible models to
plain the data, but are unable to decide which, if either
correct. The first model used an unscreened, deformat
potential, hole-phonon interaction and yielded excelle
agreement with experiment. However, it is not clear w
screening should be so ineffective in this system. The sec
model using screened piezoelectric and scree
deformation-potential contributions also provides a reas
able representation of the data. The problem with this mo
is in justifying the magnitude of the large piezoelectric inte
action required, and the deformation-potential coupling c
stant also seems somewhat larger than we would have
pected. Both models are consistent with recent work
energy relaxation of holes in a similar system. It is also p
sible that the metal-insulator transition is playing a role he
though we have no direct evidence to substantiate this.
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