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Abstract
We report thermopower measurements in zero and low magnetic fields for a p-type Si/SiGe het
erostructure. The diffusion components of both the longitudinal and transverse components are
well described 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 temperature 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 T 6 dependence at low temperatures appropriate
to screened, hole-phonon, deformation-potential scattering, an approximate T 4 dependence is ob
served. 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.

PACS numbers: 73.50.Lw, 73.40.Kp
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I.

IN T R O D U C T IO N
In general the therm opower of two-dimensional (2D) systems is now well understood.

W hen the system is degenerate, the diffusion component, S d, has a simple linear tem perature
dependence at low tem peratures. P a rt of this reflects the entropy of the 2D gas, and another
p art gives inform ation about the elastic scattering mechanisms of the electrons.1
At low tem peratures, the phonon-drag component, Sg, has a stronger tem perature de
pendence, the precise form of which depends on the mechanism of electron-phonon (e-p)
scattering. Systems w ith screened, piezoelectric e-p scattering of the carriers, e.g., GaAs
based structures, have been shown to give a T 4 dependence of drag,2,3 whereas those w ith
only screened deform ation-potential (DP) scattering show a T 6 dependence.4 In the former
case, Sg dom inates S d down to tem peratures of the order of 0.3 K. However, in the latter
case Sg becomes small as the tem perature is reduced below about 1 K and this allows one to
examine th e details of the diffusion component. In previous work the only system w ithout
piezoelectric scattering for which the therm opower has been studied in detail was an electron
inversion layer in a Si-M OSFET which did show the expected behaviour of b o th diffusion
and drag. 4
One might have anticipated th a t SiGe hole or electron systems would behave in a sim
ilar fashion to Si-M OSFETs because they are not expected to be piezoelectrically active.
However, there are no d a ta on electron systems, and previous therm opower work on a hole
system was inconclusive5 in th a t the d ata were at relatively high tem peratures (1.5-15 K)
where it is difficult to distinguish the various hole-phonon (h-p) scattering mechanisms.
The e-p (or h-p) interaction can also be probed by carrier energy loss.

The energy

loss rate depends on the carrier-phonon energy relaxation tim e, whereas phonon-drag th er
mopower reflects the carrier-phonon m o m e n tu m relaxation tim e.6,7 Thus the two types of
measurem ent provide different but com plem entary ways to investigate carrier-phonon scat
tering. Previous measurem ents on the energy loss rates in SiGe electron systems are in
accord w ith expectations. They agree w ith calculations assuming only screened D P e-p
coupling8 (but note th a t the the 2D gas was actually in a Si channel in th a t case). However,
similar work on SiGe hole systems (where the 2D hole gas resided in a Si1-xGex well) gave
loss rates inconsistent w ith this mechanism. Early m easurem ents9 were analyzed in term s of
a screened, piezoelectric h -p coupling, bu t more recent work10-12 leaned towards unscreened
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D P coupling (these two mechanisms are difficult to distinguish because b o th give the same
power law dependence on T at low tem peratures), w ith a small unscreened piezoelectric
term contributing at tem peratures < 0.5 K. The present therm opower measurem ents throw
new light on this problem. In the present work we find th a t Sg is indeed anomalous, in a
way consistent w ith th a t found from energy loss measurements.
At low magnetic fields the diffusion therm opower has a semi-classical magnetic-field de
pendence arising from the Lorentz force on the electrons,1 bu t phonon drag, like resistivity,
has essentially no field dependence.6 Landau quantization becomes significant when the
spacing of the Landau levels becomes com parable to the level broadening. B oth drag and
diffusion components show oscillatory behavior under these conditions. Previous experimen
ta l work13 on a system where drag was completely dom inant showed th a t drag oscillations
are in phase w ith oscillations in the electrical resistivity, bu t there is no quantitative theory
as yet. Because most previous work has been done on piezoelectrically active systems where
drag has been dom inant down to low tem peratures, diffusion has been difficult to probe.
However, it has been predicted1,14 th a t at relatively low fields diffusion oscillations should
be independent of the electron scattering mechanisms and should exhibit a n /2 phase shift
compared to drag or resistivity oscillations. This has only been clearly seen in a single 2D
system, th a t of the electron inversion15 layer in Si-M OSFETs which, it will be recalled has
only D P coupling. A lthough drag is found to be anomalous in the present hole system, it
turns out to be still small enough to enable us to investigate the behavior of diffusion in
detail and the predicted phase difference is clearly seen.
Finally, the Si-SiGe hole system is known to exhibit a m etal-insulator transition (MIT)
at a Landau filling factor v = 3/2. We have observed this transition in the present sample
in the diffusion therm opower but in an unexpected way.16 W hereas the resistivity tends to
infinity at v = 3/2 as T ^ 0, the therm opower tends to zero or a very small value. The
system is also known to undergo an apparent M IT at low densities in zero magnetic field.
A lthough this latter transition is not observable in the present work, our sample is relatively
close to the transition on the metallic side. It is of interest to determ ine if this system shows
any other unusual behavior of the therm opower at zero or low magnetic fields.
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II.

THEORY
A.

T h erm o p o w er a t zero m ag n etic field

The present system is a 2D hole gas (2DHG) so we will write the results down in a form
appropriate to this case. As far as therm opower is concerned, the m ain difference compared
to electron systems is th a t the carriers act as if they have positive charge. In the limit of
weak coupling between carriers and phonons, the contributions due to diffusion and drag
are additive and the to ta l therm opower S is given by S = S d + Sg.
The diffusion component S d of therm opower for degenerate 2DHGs is given by M o tt’s
expression
S d = L °e T

(

)Ef

(1)

where e is the m agnitude of the electron charge, a is th e conductivity, E is the hole energy
(with E f the Fermi energy) and L 0 is the Lorenz num ber n 2‘ k 2B /3 e 2. By invoking the
conventional assum ption1 th a t the energy dependence of the hole relaxation tim e is Tt « E p
we readily find
S d = LE eT ( 1 + p)
Ep

(2)

The first term in Eq.(2), L 0e T / E F , is the entropy per unit of charge of the 2DHG and the
second term reflects the scattering mechanisms.
The phonon-drag component Sg of therm opower is due to the quasi-elastic scattering of
2D holes w ith wave vector k = (kx , k y) by 3D acoustic phonons of wave vector Q = (q, qz) in
the substrate. Here we use the stand ard expression of Sg (e.g., see Ref. 4) modified suitably
for the case of a 2DHG
S»
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where m* is the in-plane effective mass of holes, pm is the mass density of Si, gv is the
valley degeneracy, p h is the hole sheet density, A is the phonon mean free p a th and the
subscript i refers to phonon polarization. S 2(Q) is the squared m atrix element of the h -p
interaction and e(q) is the static dielectric screening function. The expression for e(q) is4,17
1 + (Qs/q)C(q)Fs(q) where Q s is the screening wave vector,17 £ (q) is unity for q < 2 kF and
1 _ [1 _ (2kF/q )2]1/2 for q > 2kF (kF is the Fermi wave number) and Fs(q) is the screening
form factor th a t accounts for the finite thickness of the 2DHG.4,17 Details for the factor C (Q )
4

are given in Ref. 4. W hen the energy spectrum of carriers is isotropic S (Q ) = S DP, where
S DP is the deform ation potential constant. For m aterials w ith cubic 43m symmetry, such
as GaAs, S 2(Q) accounts for b oth deform ation potential and piezoelectric coupling. Then,
r ?DP + [(eh14)2A i /Q 2] for the longitudinal branch and S 2(Q) = [(eh14)2At/ Q 2] for
S 2(Q) = =

each of the transverse branches, where h 14 is the piezoelectric constant and A l and At are
the anisotropy factors given by Price.18
By allowing several low-T approxim ations in Eq. (3) (and assuming A is a independent
of T ) it can be shown th a t Sg « T 6 for screened D P coupling4 and Sg « T 4 for screened
piezoelectric coupling.2,3 At low tem peratures the screening dielectric function is approxi
m ated by the expression e(q) « Q s/q « Q s/ T . Consequently, when screening effects are
neglected (e.g., e(q) = 1) the tem perature dependence of Sg is T 4 for D P coupling and T 2
for piezoelectric coupling.

B.

T h erm o p o w er in a m ag n etic field

W ith a magnetic field, B z , perpendicular to the plane of the 2D system there are two
independent components of the diffusion thermopower. Assuming isotropy in the xy plane
and taking the tem perature gradient to be parallel to the x direction, the components are the
longitudinal thermopower, Sxx, and the transverse therm opower (or N ernst-Ettingshausen
coefficient), Syx. At low tem peratures the system is degenerate (kBT ^

E F ) and elastic

scattering by im purities is the dom inant contribution to the m om entum relaxation tim e Tt .
Taking into account the Lorentz force on the electrons, the diffusion components, S j , are
expected to have the following field dependences for a 2D H G ,1
-d
L oeT f , ,
p
S d = ——
1 +----- -—
Sxx
e f V
1 + ß 2,
Sd _ L °e T /
S yx =

Ef

pß

(4)
\

V1 +

(_)
(5)

where ß = wcr t = ^ tB w ith ß t the tran sp o rt mobility. We have used a b ar to denote th a t
these are the non-oscillatory components. Notice th a t the second term in Eq. (4), which is
related to the hole-impurity scattering mechanisms, disappears at high fields (ß ^

1) and

Sxx is a direct measure of the entropy per unit charge in this limit. Also notice th a t in the
present system the value of p is close to _ 2 at low T (details are given later) thus Sfx will
change sign at fields when ß ~ 1.
5

At low tem peratures, oscillations in p ^ and Sfj begin to appear at magnetic fields for
which the Landau level separation hujc exceeds the level broadening ~ h / r qi i.e. at cucrq ~ 1,
where coc is the cyclotron frequency and rq is the quantum lifetime. W hen the Landau levels
are not completely resolved and localized states play no role, the oscillations in Sfj, say Sfj,
can be evaluated using relations based on the M ott approach.1 In this model it turns out th a t
Pij and Sfj are intim ately related. The basic assum ptions are th a t the electron scattering is

elastic and th a t the energy dependent conductivity

contains term s which oscillate w ith

electron energy due to the Landau levels. Under these conditions one can show th a t1

st= ( pxx
¥ +? ¥ )J •
±

~d

_

yx~

ß

\

Otß

( Pxx

1 + ß 2 \pxx

Pyx

<6)

Pyx \

/»N

Py:

( J

1'

In the above equations, a = i( i r k B / e ) [ D '( r X ) / D ( r X ) ] where D ( X ) = X /s in h X is the
therm al dam ping factor for resistivity oscillations w ith X = 2ir 2 k ß T /h u )c, and D ' ( X ) =
d D ( X ) / d X is the therm al dam ping factor for diffusion therm opower oscillations. We use

the tilde to denote an oscillatory component and a b ar to denote the sm ooth background in
all quantities. These equations are to be applied to each harmonic, r, of the oscillatory parts.
The factor i =

indicates th a t the oscillations in Sfj and pij have a phase difference of

7t/2. Noting th a t D ' ( X ) is a negative quantity, if we w rite pxx oc cos[(27rr f / B ) +

(f>r \,

then

S f x oc sin[(27Tr f / B ) + (f>r \, where ƒ is the frequency of the fundam ental component and (f>r

a constant phase factor of the r th harmonic. Interestingly, th e phase shift is in the opposite
sense for electron systems, i.e. S f x oc —sin[(27rr f / B ) + (pr\ in th a t case.
W hen
(1 +

ß 2)

ß

= tJcrt > 1, the therm opower oscillations are reduced in am plitude by the factor

th a t appears in the denom inators of Eqs. (6) and (7). Because the oscillations only

begin to appear when ujcrq ~ 1, and given th a t rt > rq, then the approxim ate equivalence
of rt and

Tq

th a t is found in the present system 19 is the most favorable case for producing

the largest possible oscillations. This is in contrast to systems where low-angle electron
scattering dom inates and r*

Tq ,

e.g. most GaAs heterostructures.

In the quantum Hall region, the diffusion oscillations are again expected to reflect the
entropy of the electrons. We will not reproduce detailed theoretical results for this case
since we have dealt w ith this aspect previously.16 As we m entioned in Section I, the diffusion
therm opower oscillations are in phase w ith those in the resistivity in this limit. Interestingly
the same phase shift occurs in 3D system s20 showing th a t the quantum Hall effect is not
6

required for this to happen.
A complete theory of phonon drag in a magnetic field is not yet available. Semi-classical
theory6 predicts th a t Sgx is independent of B , and th a t Sgx = 0. The available evidence is
in agreement with these predictions, except for Sgx in 2D systems which does not seem to
be zero.15,20
There are no theoretical results for th e quantum oscillations in Sg in low fields, but
experiments where drag was dom inant13 showed th a t the oscillations in Sgx are in phase w ith
those in pxx. Thus, in principle it is possible to distinguish which mechanism is responsible
for the therm opower oscillations from any phase difference between them and th e resistivity
oscillations; a phase difference of n /2 implies diffusion thermopower, and no phase difference
means th a t phonon-drag oscillations are dom inant. However, at high fields b o th the diffusion
and drag oscillations are in phase w ith the resistivity oscillations so th a t an unambiguous
identification is not possible by this m ethod.

III.

E X P E R IM E N T A L T E C H N IQ U E S

The sample was a strained Si/Si0.8sGe0.12 heterostructure grown on a n-type substrate of
Si w ith a 40 nm Si0.8sGe0.12 quantum well. The growth sequence and further details have been
described elsewhere.19 By applying a substrate bias, measurem ents at two different densities
(ph = 1.9 x 1015m -2 and 2.7 x 1015 m -2 ) could be performed, bu t unless specifically noted
otherwise, we will present d a ta only for the higher density sample. At 1 K, the mobilities
were 1.3 m2/V s and 1.5 m 2/V s respectively and had a strong tem perature dependence.19
Using an effective m ass19 of 0.30me, the Fermi tem peratures are estim ated to be 18K and
25 K for the two samples. Under norm al conditions we would not have anticipated such a
strong mobility variation at such low tem peratures. This feature has also been observed
previously21 in Si-M OSFETs and in b o th cases has been ascribed to the effects of a M IT at
a somewhat lower density of about ~ 1.0 x 1015 m 2.
All measurem ents were made in high vacuum in a 3He cryostat which covered the range
0.26-4.2 K. Zero field d a ta were obtained using dc techniques. W ith therm opower it was
necessary to elim inate small tem perature-dependent offset voltages in the signal.22 This was
done by measuring the voltage across the sample w ith and w ithout establishing a tem per
ature gradient, keeping the average tem perature of the sample constant. The source and
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drain contacts, separated by 2.8 mm, were used for this purpose. For the measurements in
magnetic field, a standard ac lock-in technique was used2 w ith a detection frequency of 4Hz.
The ac signal sensitivity under these conditions was calibrated by using the dc therm opower
at zero field. Sweep d a ta were obtained for b o th ± B and the appropriate combinations of
d a ta were used to calculate the required coefficients. There was relatively little adm ixture
of the coefficients.

IV .

R ESU L TS A N D D IS C U S S IO N

In order to check the therm om etry, the therm al conductivity A of the n-type Si substrate
was m easured as a function of tem perature. It was found th a t A = 1.8T2.75±a02 W /m K
provided an excellent fit over the whole tem perature range, 0.27-4.2K. The deviation of the
exponent from the expected T 3 result for boundary scattering may be due to weak phonon
scattering from impurities. Using the low tem perature theoretical lim it2 of A, we estim ate
the mean free p ath of the phonons, A, in the substrate to be ~ 1.6 m m at 1 K, assuming
longitudinal and transverse sound velocities of vl = 8861 m /s and v t = 5331 m /s respectively.
In the next two sections we will present our results on the therm opower in a magnetic
field and at zero field. The results in a m agnetic field are best considered first as they reveal
inform ation th a t is needed in the interpretation of the zero field data.

A.

T h erm o p o w er in a m ag n etic field

B oth the longitudinal and Hall resistivities, pxx and pyx, are needed in the analysis of S j ,
and examples are shown in Fig. 1. If we examine only the oscillatory components at the
fundam ental frequency, also shown in Fig. 1, the oscillations in pyx are found to be accurately
n out of phase w ith those in pxx at low fields, as expected,23 bu t there is a gradual shift in
phase above about 1 T such th a t by 3 T the phase difference approaches n /2 . This behavior
has been observed previously in GaAs heterostructures and the phase shift has been ascribed
to the appearance of localized states between the Landau levels23,24 which prim arily affects
pyx.
Examples of the d a ta on Sxx and Syx are shown in Figs. 2 and 3. As anticipated in
Section II, the oscillations in S j at lower fields, which we identify w ith S j (see below), are
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superimposed on a varying non-oscillatory background due to S j , implying Tt ~ Tq. Notice
th a t Sxx changes sign from negative to positive as the field increases showing th a t p < _1
in Eq. (4). Close exam ination of the d ata also shows th a t the oscillations in Sxx and S yx
are in phase w ith each other, and th a t both are about n /2 out of phase w ith the oscillations
in pxx, these features being in agreement w ith Eqs. (6) and (7). The n /2 phase difference
between pxx and S j is particularly clear when one examines only the fundam ental oscillatory
components of the measured d a ta (not shown).
Classical results6 predict Syx = 0 and Sgx to be independent of field. Thus, in prin
ciple, one need only calculate S j ( B ) using Eqs. (4) and (5) to obtain the semi-classical
backgrounds. Previous experience w ith a similar calculation for Si-M OSFETs15 has shown
th a t the best value of ß t to describe S j is not necessarily the same as th a t taken from the
resistivity and so this was left as a free param eter. Thus each d a ta set on Sxx was fitted to
Eq. (4) but w ith an additive constant to take into account Sg (T ). The relevant equation
can be w ritten S = c + d/[1 + (ßtB )2] where ß t , c and d (with d = pL 0e T /E F) are free
param eters w ith c + d being ju st the zero field value of Sxx.
The results on p and ß t from this procedure are shown in Fig. 4 and Fig. 5 respectively,
and bo th are seen to be tem perature dependent.

Also shown in Fig. 5 are d a ta on ß t

taken from the zero field mobility and these are also tem perature dependent. This latter
dependence arises from the M IT in this system at a somewhat lower hole-density19 which is
known to have a significant effect on the tem perature dependence of resistance (and hence
mobility) on the metallic side of the transition to rath er high densities. W ithin experim ental
error it is possible th a t the two sets of d ata on ß t coincide as T ^ 0, though they seem to
become more divergent as T increases. The same general behaviour has also been seen in a
Si-M O SFET,15 though in th a t case the zero field mobility was essentially constant because
the sample was well away from the M IT. The reason why Sxx yields a system atically lower
value of ß at higher tem peratures in b o th samples is not known.
The strong dependence of p w ith T th a t we see here was not seen in the Si-M OSFET
data. At low tem peratures when im purity scattering dom inates, we would normally expect
p (and therefore S d/ T ) to be constant for a degenerate system, and this was the case for the
Si-M OSFET data; for the present case we estim ate the departure of S d/ T from a constant
due to non-degeneracy to be less th an 1% at 1 K, which is too small to be significant.
Further, phonon scattering of the electrons cannot be the cause since, as we show later, it is
9

completely negligible compared to im purity scattering in this sample. We presume th a t the
nearby M IT is the cause of the variations in p th a t we see here. The value of p depends on the
electron-im purity scattering mechanisms (e.g., im purity and interface roughness scattering)
and has been calculated for GaAs heterostructures and Si-M OSFETs,25 bu t not yet for
SiGe heterostructures.

However, the fact th a t p depends on T clearly shows th a t there

are underlying changes in the system w ith tem perature which m ust be understood before a
calculation along these lines is meaningful.
S j was calculated using Eqs. (6) and (7). There is no theory for Sxgx. However, Sg is small
at low tem peratures and Syx should always be zero, so th a t S j should be small. We ignore
it in the first instance and compare the measured oscillatory d a ta only w ith calculations of
çd
Sj .
The calculation of Sj- proceeded as follows.

D ata on p j were available at nominally

the same tem peratures as S j . A fter removing m ost of the non-oscillatory backgrounds,
pxx and pyx were Fourier transform ed and the frequency spectra separated into sections,
each containing a single harmonic component (retaining 3 harmonics at lower tem peratures
and 2 at higher tem peratures). Taking the inverse Fourier transform s of each section then
produced waveforms for the individual harmonics.

Using these waveforms and Eqs. (6)

and (7) the harmonic components of S j were calculated. The phase difference of n /2 was
introduced by shifting the value of B at each point by the appropriate amount; this m eant
th a t D (X ) and D '( X ) were calculated at somewhat different fields, and in fact usually at
somewhat different tem peratures because the experim ental p j and S j were usually not at
exactly the same tem perature. Finally the harmonics were summed and added to S j . The
results are shown in Fig. 2 and 3.
The overall agreement of experiment d a ta on Sxx and the calculations for S fx is very
good, but is somewhat less so for Syx and S ^ .

Recalling th a t fits to Sxx were used to

evaluate p and ß t , perhaps it is not surprisingly th a t the calculated Sxx accurately fit the
experim ental data. However, if we use the values taken from the zero field S d and resistivity,
the calculated S j are not noticeably different over the tem perature range investigated here.
The same features are also observed for the available d a ta on the low density sample (not
shown) where p and ß t were not available as a function of T . The calculations for Syx are
less convincing. W ith Si-M OSFETs a large, tem perature-dependent, anomalous component
was observed for Syx.15 This does not seem to be present here, though the m agnitude of
10

Syx is not well reproduced by the present calculations perhaps suggesting th a t unidentified
problems are present.
At low tem peratures the phases of the calculated oscillations in b o th components are in
excellent agreement w ith the experim ental oscillations. The phase difference of n /2 between
pxx and S j is m aintained reasonably accurately over the whole field range, and is particularly
clear when one plots only the fundam ental oscillatory components of the m easured d ata (not
shown). This implies th a t bo th S^, and S^, m ust be almost purely diffusion at these low
tem peratures, thus justifying the neglect of S j initially.
In bo th components, the calculations predict too much harmonic content at higher fields
and lower tem peratures. This might be due to localized states beginning to appear between
the Landau levels which would invalidate the model, and is consistent w ith the phase shift
noticed for the oscillations in pyx at higher fields th a t we noted above. The m agnitudes
of the calculated Sxx are in reasonable agreement w ith the observations. This remains so
up to about 3 T where the longitudinal resistivity oscillations have an am plitude close to
the background value. On the other hand, the calculated m agnitudes for Syx tend to be
too large, by about a factor of 2 at lower tem peratures and higher fields, probably again
reflecting the appearance of localized states.

B.

T h erm o p o w er a t zero field

Thermopower d a ta at zero field, S , are shown in Fig. 6 for the region below 1.4 K. S
is negative and approxim ately linear in T for tem peratures < 0.6 K; this is due to S d. At
higher tem peratures the deviations from linearity in the positive direction are mainly due to
Sg. The situation is complicated by the fact th a t p is tem perature dependent in Eq. (2) so
there are deviations from Sd « T , also in the positive direction. Clearly this m ust be taken
into account in the separation of S d and Sg, in particular at lower tem peratures where Sg is
small. However, the d ata in Fig. 4 do not provide a sufficiently accurate estim ate of p, and
therefore S d, at the lowest tem peratures, b u t they do suggest th a t p becomes independent
of T below about 0.6 K and so we can take S d « T in this limit.
Using this result the measured S was fitted using an expression of the form S = a T + bTn
at low tem peratures, w ith the param eters a, b and n to be determ ined. The value of n
was found to depend on the tem perature range of fit, b u t was always near 4 even w ith the
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upper tem perature limit as high as 1.5 K. In addition, in both samples a has a relatively
small spread of values, regardless of the upper tem perature limit used; the reason for this
seems to be related to the fact th a t Sg and the deviations from linearity of S d (see below)
have a similar tem perature dependence. The best estim ates of a for the higher and lower
density samples are a = _13.0 ß V /K 2 and —18.5 ß V /K 2 respectively. Using Eq. (2) and
the values of E F quoted in Section III, we find the scattering param eter p = —2.15 ± 0.10 in
both samples. The error estim ate ignores system atic uncertainties which could add another
10-15%. At about 2.2 K, p has increased to -1 and at this point S d passes through zero and
becomes positive.
Lacking a theory of p as a function of T , the d ata on p in Fig. 4 were fitted to the
phenomenological expression
p1
p = p0 + (1 + C T " )

(8)

using p 0 + p 1 = —2.15 (from above) w ith p 1, C and m being free param eters. This gave
C = 0.139 K -m , m = 3.75 and p 1 = _1.49, and this curve is shown in Fig. 4. Using this
expression, S d was calculated from Eq. (2) and the lower tem perature results are shown
in Fig. 6. This shows th a t most of th e deviation of S from linearity at T > 0.6 K is not
caused by S d but is in fact due to Sg. The calculated values of S d were subtracted from the
measured S to give Sg over the full tem perature range as shown in Fig. 7. The observed
dependence of Sg is approxim ately T 4.
We have perform ed detailed numerical calculations of the drag component of b o th sam 
ples, by using Eq. (3) and the standard m aterial param eters for Si.4 By assuming only
screened D P h -p coupling we find Sg « T 6'3 (this is the nominal T 6 dependence noted in
Sec.II) for 0.25 < T < 1.5 K. The results w ith

= 4.0 eV are shown in Fig. 6 and 7 as

dotted lines. The calculated Sg are approxim ately correct at 4.2 K, bu t below 0.5 K they are
at least two orders of m agnitude too low to explain the experim ental values. This behavior
is in contrast to th a t exhibited by a 2D electron gas in a Si-M OSFET where an approxim ate
T 6 dependence was seen for Sg and the calculated m agnitude was in good agreement w ith
experiment. 4
There are two mechanisms th a t would result in Sg « T 4 (approxim ately) b o th of which
have previously been invoked to explain the anomalous behavior of the energy-loss rate.
Early d ata by Xie et al .9 were analyzed in term s of a screened piezoelectric contribution,
perhaps arising from the p artial ordering of the SiGe alloy (see Ref. 10 for a discussion of
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this possibility). O thers have suggested th a t the screening of the D P is ineffective in this
system 11,12 which leads to a change in tem perature dependence from T 6 to T 4 for Sg, as
outlined in Section II. We examine b o th of these possibilities in detail.
Using an unscreened D P interaction, w ith coupling constant of S DP = 2.7 eV chosen
to give the best agreement w ith experiment, detailed calculations of Sg have been made
for the whole tem perature range. The results are shown in Figs. 6 and 7 as solid lines for
comparison w ith experiment. The agreement is excellent over the whole tem perature range.
A nsaripour et al . 11 have found good agreement w ith experim ental energy-loss rate d ata
using an unscreened D P interaction w ith a coupling constant of S DP = 3.0 eV. Leturcq
et al. 12 have reported th a t their energy-loss rate d ata are best represented by the same

mechanism w ith S DP = 2.8 eV, together w ith a small unscreened piezoelectric contribution,
this latter appearing only below about 0.5 K. In our case this would correspond to a small
term Sg « T 2 at low tem peratures. We do not see such an extra term in the present data,
though our precision is relatively low below 0.5 K because of the dominance of S d in this
region. Clearly the agreement between phonon-drag and energy-loss rate results is excellent.
We have also carried out detailed numerical calculations assuming a screened piezoelec
tric h -p coupling, the m agnitude of which was varied to give a reasonable fit to the low
tem perature data; the value chosen was h 14 = 0.6 x 109 V /m which is 50% the value of th a t
for GaAs. We have also included a screened D P h -p interaction (with S DP = 4.0 eV) so
th a t the high tem perature d ata could also be reproduced. Figs. 6 and 7 show the results as
dashed lines. In general this model also provides very good agreement w ith th e experiments,
though perhaps not quite as good as the unscreened D P at low tem peratures.
N either of the above theoretical models is easily understood from a physical point of view.
In the latter, the values used for the piezoelectric coupling constant, h 14 is uncomfortably
high.12 Still, the fact th a t phonon drag in Si-M OSFETs4 and energy loss rates in SiGe
electron systems show no piezoelectric coupling8 would arise naturally w ith this explanation,
since in b oth of these cases the 2D gas resides in a pure Si channel. In the former model, it
is not at all clear why screening should be so ineffective in the SiGe hole system.
It is interesting to compare the present results w ith th a t for Si-M OSFETs in more de
tail. Previous experim ental work on Si-M OSFETs at low tem peratures has been somewhat
contradictory. Phonon drag4 is consistent w ith screened D P scattering and no observable
piezoelectric component. Energy-relaxation measurem ents by Fletcher et al .4’26 were incon
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sistent w ith a screened D P below ~ 1 K, the observed loss rate being considerably larger
th a n predicted. More recent energy-loss rate d a ta 27 have been analyzed by the combina
tion of unscreened D P and unscreened piezoelectric scattering, b u t the coupling constants
were not given. Because phonon-drag and therm opower measure different relaxation rates,
m om entum in the former case and energy in the latter, the observed discrepancy between
the well-behaved drag and the anomalous energy-loss rate in Si-M OSFETs could imply th a t
they are caused by different physical mechanisms. For example, energy-loss rates involv
ing localized excitations would not necessarily be visible in phonon drag. W ith the SiGe
system the two relaxation rates are very consistent, indicating th a t the same mechanism is
responsible for b oth and is connected w ith scattering by delocalized excitations, presum ably
phonons, in bo th cases.
Regardless of the physical mechanism involved, because Sg involves the m om entum re
laxation tim e of the carriers, one can reliably estim ate the hole mobility due to phonon
scattering, ß hp, in our samples at low tem peratures using6,7
S? =

(9)

where v is the sound velocity and th e subscript i refers to phonon polarization. Assuming
all 3 modes contribute equally to h -p scattering and using an average sound velocity of
~ 5600 m /s, we estim ate ß t/ ß hp to be about 10-3 for our samples at 4.2 K, and the ratio
decreases rapidly w ith T so th a t by 1 K it is about 10-6 . Clearly, th e strong resistivity
variation w ith tem perature th a t is observed in these and similar samples is not related to
phonon scattering. Nevertheless, the fact th a t the fundam ental mechanism responsible for
the unexpected tem perature variation of resistivity is not known leaves open the possibility
th a t h -p scattering might also be affected in some way.

V.

C O N C L U S IO N S
The results show th a t the magnetic field dependence of b o th the longitudinal and tran s

verse therm opower are reasonably well understood. The low-field dependences of both the
oscillatory and non-oscillatory parts are well described by the M ott model, particularly in
the case of the longitudinal thermopower. The transverse therm opower shows some discrep
ancies, as seems to be typical of this coefficient in 2D systems. On the whole the d ata agree
14

w ith the expectation th a t drag plays no significant role in either com ponent below about
1 K.
On the other hand the zero field thermopower exhibits various features th a t are not
understood. The d ata in a magnetic field show th a t the diffusion component at zero field
does not follow the expected linear tem perature dependence. This is believed to be connected
w ith the nearby m etal-insulator transition, though the detailed mechanism is not known.
The tem perature dependence of the phonon-drag contribution at zero field does not corre
spond to th a t expected from screened, deform ation-potential scattering of holes by phonons.
We have investigated two possible models to explain the data, bu t are unable to decide
which, if either, is correct.

The first model used an unscreened, deform ation-potential,

hole-phonon interaction and yielded excellent agreement w ith experiment. However, it is
not clear why screening should be so ineffective in this system.

The second model us

ing screened piezoelectric and screened deform ation-potential contributions also provides a
reasonable representation of the data. The problem w ith this model is in justifying the mag
nitude of the large piezoelectric interaction required, and the deform ation-potential coupling
constant also seems somewhat larger th an we would have expected. B oth models are con
sistent w ith recent work on energy relaxation of holes in a similar system. It is also possible
th a t the m etal-insulator transition is playing a role here, though we have no direct evidence
to substantiate this.
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FIG. 1: Experimental data on pxx and pyx at 0.41 K. The bottom curve is pyx, obtained by
subtracting the part linear in B from the measured pyx. The next lowest curve is the measured
pxx, including the non-oscillatory background. The two superimposed curves at the top (both

offset vertically by 4.5 kfi) are the fundamental harmonic components of the two bottom curves,
the larger amplitude curve being pxx and the smaller amplitude curve being pyx. Note the these
two curves are in antiphase at low fields, but there is a 7r/2 difference at high fields.
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FIG. 2: Measured longitudinal thermopower, S xx, (upper panel) and calculated diffusion compo
nent, S xx, (lower panel) as a function of magnetic field at various temperatures. The dashed lines
in the lower panel are the semi-classical components, S xx. For clarity all but the lowest tempera
ture curves in both panels have been shifted by a vertical offset (as given in brackets in the upper
panel).
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FIG. 3: Measured Nernst-Ettingshausen coefficient, S yx, (upper panel) and calculated diffusion
component, S yx, (lower panel) as a function of magnetic field at various temperatures. The dashed
lines in the lower panel are the semi-classical components, SyX. For clarity all but the lowest
temperature curves in both panels have been shifted by a vertical offset (as given in brackets in
the upper panel).
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FIG. 4: The circles are the measured coefficient p = (9 1 n r/ d \n E ) E F obtained as a fit parameter of
the monotonie background of Sxx as a function of temperature. The solid line is a phenomenological
fit to the experimental data as discussed in the text.
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FIG. 5: The open circles are the transport mobility, ßt, obtained from the magnetic field dependence
of the classical background, S xx, as a function of temperature. The closed symbols are also ßt but
obtained from the resistivity at B = 0.
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FIG. 6: The circles are the measured therm opow er.----- gives S d assuming p is constant at -2.21;
—• — gives S d with p taken from the smooth curve in Fig. 2. The other curves are S d + S 9 with
S d calculated using the smooth curve in Fig. 4 and S a calculated as follows: — unscreened DP

coupling; • • • • screened DP coupling ;----- screened piezoelectric plus a screened DP coupling.
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FIG. 7: The circles symbols are the measured phonon-drag thermopower. The various curves are
calculations of S 9 using the same key as in Fig. 6.
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