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Oscillations in the difFusion thermopower of a two-dimensional electron gas
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The phonon drag therniopower of a two-diniensional electron gas at a GaAs/Gai Al As het-
erojunction has been strongly attenuated by growing the sample on a heavily doped substrate and
by working in the liquid He temperature range. As a consequence the diffusion thermopower dom-
inates at T ( 0.5 K, at least at zero magnetic 6eld. The low-6eld oscillations in the resistivity and
thermopower have been investigated. The former behave essentially as predicted. The amplitude
of the oscillation~- in the Nernst-Ettingshausen coefBcient shows the 6eld and temperature depen-
dence expected for diffusion, although the absolute magnitude is about a factor of 2 too large. The
amplitude of the longitudinal thermopower oscillations does not behave as expected for difFusion,
although the oscillations exhibit the predicted change in phase as a function of magnetic 6eld.

I. INTRODUCTION

Oscillations in the thermopower of two-dimensional
electron gases (2DEG's) as a function of magnetic field
have been studied extensively both experimentally and
theoretically; a recent review gives many references.
Most of the work has been done at high magnetic fields,
the quantum Hall regime, where the Landau levels are
well separated, i.e. , 2I' & ~, where u is the cyclotron
&equency and I' is the half-width of the Landau levels. If
the temperature is not too high, i.e., if Lu & kIBT, then
typical data taken under these conditions shows a series
of peaks separated by zeros. The aim of this work is to
investigate the opposite limit of 2I' & Lu .

There are two components of the thermopower, diKu-
sion and phonon drag, but most of the previously ob-
served oscillations have been dominated by phonon drag,
especially in the case of heterojunctions. Indeed, there
has been no clear evidence that diffusion oscillations have
been observed at all in this case.

The present experiments were designed to suppress
phonon drag so that the diffusion component can be seen.
The simplest way of doing this is to move to lower tem-
peratures where phonon drag rapidly decreases as the
number of phonons decreases. With this in mind, the
present experiments have been carried out at liquid He
temperatures. However, in typical heterojunction sam-
ples at zero field, it is found that phonon drag remains
large down to rather low temperatures and is usually
similar in magnitude to the diffusion component at 0.5
K. One would need T ( 0.3 K to adequately suppress
phonon drag, and under these conditions the experimen-
tal signals are very small.

We have also used another technique to reduce phonon
drag, that of growing the 2DEG on a doped substrate.
The eKect has been seen experimentally ' and is im-
plicit in the theoretical expressions for phonon drag

thermopower. We have used much heavier doping than
in these previous experiments and at 4 K phonon drag
has been reduced by more than an order of magnitude,
although by 0.3 K the reduction is perhaps only a factor
of 3; these numbers refer to the zero-Geld values. Nev-
ertheless, the combination of reduced temperature and
substrate doping is very eAective and by 0.5 K the mag-
iiitude of the phonon drag component is only 10'%%uo of the
total. The ratio of the oscillation amplitudes of phonon
drag and diffusion does not have the same temperature
dependence as the zero-field ratio but qualitatively we
expect the ideas to remain valid.

This paper concentrates on the low-field oscillations
where we believe the separation of diH'usion and phonon
drag should be the clearest. In the next section it will
be shown that the low-Geld diffusion oscillations are pre-
dicted to be much larger in the Nernst-Ettingshausen co-
eKcient, i.e., the transverse thermopower, than in the
longitudinal thermopower. This is the opposite of what
is expected with the phonon drag part. As a result, and
with the help of the experimental techniques we have
used to reduce phonon drag, we believe that the diffusion
component of the oscillatory thermopower in the Nernst-
Ettingshausen coeKcient has been clearly observed.

II. THEORY

When subjected to an electric Beld E and temperature
gradient VT, the current density J in the 2DEG has two
components:

J=cr E —eV'T,

where o. and e are the conductivity and thermopower ten-
sors, respectively. The thermopower tensor S is defined
by E = S VT measured under the condition J = 0 and
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is thus given by S = o. e = pe, where p is the resistivity.
The theory of e and S to be presented primarily con-

cerns the difFusion component, although reference to
phonon drag will sometimes be made. There have been
many calculations of the thermoelectric coefficients in the
quantum Hall regime. In this limit, the diffusion oscilla-
tions in —S are in phase with, and resemble, those in
p with zeros when the Landau levels are full, and peak
values at half filing, assuming no spin splitting, given
by'

k~ ln2
e(n+ —,') ' (2)

In this equation, k~ is Boltzmann's constant, e is the
magnitude of the electronic charge, and n is the number
of completely full Landau levels.

In the case of S& we will not reproduce the details
since they are not too useful in the present experiment,
which focuses on the low-field behavior.

The low-field oscillations in p have been extensively
studied (see Coleridge et al. s and reference therein) in
the case of 2DEG's and are predicted to be given by

( 27r2k~T~ l (2vr f
p =4p D(X) exp~ —

~
cos~ —vr ~,) EB

(3a)

2 ( 2 k T
~c~~ c )

(27rfxcos
iEB (3b)

We have used p and p to represent the monotonic and
oscillatory parts of the resistivity, respectively: ~z is the
transport relaxation time, T~ is the Dingle temperature,
f is the &equency of the oscillations (f/B = sz/hu), ),
and B is the magnetic field. The quantity D(X) is the
thermal dainping factor defined by D(X) = X/sinhX
where X = 2vr2k~T/hcu, with T the temperature The.
Dingle temperature is related to the Landau level broad-
ening factor I' and to the quantum lifetime wq by I' =
mk~Tri = 5/2rq. The equations are expected to be valid
only for cu wq ( 1, or equivalently 2I' ) ~, although
Coleridge et al. gave a simple argument why p seems
to follow Eq. (3a) to higher fields than expected. Exper-
imentally the same authors show that Eq. (3a) is accu-
rately obeyed, but Eq. (3b) is valid only up to ~,rq 0.5;
for u, 7q ) 1, it is empirically observed that the phase of
p„ is shifted by m/4, the effective Dingle temperature
increases by a factor of 2, and the amplitude is greatly
increased.

The above equations were originally derived for the
case of short-range scattering, which does not distinguish
7q and Yq, and were later extended using nonrigorous
methods by Coleridge et al. to the case with diferent wz

and 7q. More recently, Laikhtman and Altshulere' have

given a self-consistent theory for p;~, which does distin-
guish ri and rq, and they confirm the form of Eq. (3a).
Bockelmann et al. have suggested difFerent equations
but these are very inconvenient for our purposes. The
experiinental results appear to be in favor of Eq. (3), so
we will use these in the following.

It is important to realize that at low temperatures, dif-
fusion thermopower and resistivity are both controlled by
impurity scattering, unlike phonon drag which is driven
by the electron-phonon interaction. Thus, it is not sur-
prising that one finds the low-Geld oscillations in the
di6'usion part of e are simply related to those in 0.; the
relation is

(hark~ ) D'(X)
e D(X)' (4)

S = (p+ p)(t + E) ~ pE+ pe+ pf, (5)

where we have dropped the term pi, which is assumed
small and in any event does not contribute to the funda-
mental oscillation frequency, and using Eq. (4) together
with the approximate relation po —po in Eq. (5),
gives

S = p(t —Po').

The first term pe is negligible compared to the second,
so only the latter need be considered, i.e., S = —PPo.
We can now evaluate the two independent components
of S, S, and S~, which are given by

S-* = P(p *~ -+ p-w—~w*) (7a)

Sw* = /3(p» ~w~ + pw~ ~ww). (7b)

Using Eqs. (3) and free electron values for o finally results
in

2 (~k~1, ( 2& k~T~IS D'X exp/—
i. +~2' ( e ) & ~. )

(2m fx sin
/

(8.))'

where D'(X) is the derivative of D(X)with 'respect to
X and represents the thermal damping factor for ther-
moelectric oscillations. We have used i to represent a
phase factor that shifts the phase of the oscillations by
&. Havlova and Smrcka use an expansion to find ~, the
first term of which is the one given above. They also re-
tain a further term, which has a thermal damping factor
involving D"(X) and a phase shift of zero or a relative
to the resistivity oscillations. Experimentally, the coeffi-
cient of this term is not known. However, it appears that
it should have a magnitude of order k~T/E~ smaller than
the leading term given above and so it is not included in
the following.

With these results, the expected low-field behavior of
the diffusion thermopower oscillations S can be evalu-
ated. Using
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4~,~g t'~k~ l, ( 27' k~T~IO' X exp

(2~fxsin/ —vr /. (8b)

In the second equation we have dropped the term arising
from pz, which is smaller by a factor 1/2(u, wq); in other
words, only the term with p in Eq. (7b) contributes to
S„.In contrast, the two terms in Eq. (7a) are similar in
magnitude.

An unambiguous signature of low-field difFusion ther-
mopower oscillations would seem to be the observation of
the phase shift by 2, which is not seen with phonon drag
oscillations, but there are other interesting features about
this result. Unlike the resistivity components in. Eq. (3),
the diffusion oscillation amplitude does not depend. on
the monotonic part of the thermopower, nor on the elec-
tron density. In addition, one typically finds 7g 10'
in heterojunction samples (in the present case the ratio
is 9) and, since the oscillations usually become visible
only when &&7q 1, then the factor 1 + u 7~ will cause
a large reduction in ainplitude. Finally, graphs of D'(X)
have been given by Young, and Havlova and Smrcka
where it is seen that the function has a maximum at
X = 1.62 and goes linearly to zero at small X, thus giv-
ing a distinctly different behavior to S;~ as compared to
pe~.

There is no general theory of the low-field oscilla-
tions in the phonon drag for comparison purposes, but
experiments ' on S ~ indicate that the amplitude
monotonically increases with B/T in a manner similar to
the case of p but with an effective Dingle temperature,
which is almost a factor of 2 higher than the actual value,
presumably reflecting the fact that an energy k~T is
involved at each phonon-electron scattering event. This
should help to accentuate and distinguish the diffusion
oscillations at low fields. It is also found that the os-
cillations in —S are accurately in phase with those in

p at all fields. The monotonic part of the phonon drag
decreases roughly as the inverse of the electron density,
and it seems reasonable to assume that the oscillation
amplitude increases with the magnitude of the monotonic
component, particularly at low fields. This implies that
high-density samples would probably be the most useful
for examining diffusion oscillations. However, the present
sample has a rather low density.

III. EXPERIMENTS

The experiments were carried. out in the temperature
range 0.3—6 K using a charcoal pumped He cryostat, al-
though most of the oscillatory data were taken only be-
low 1 K. The techniques were similar to those described
previously. The single GaAs/Gai Al As heterojunc-
tion with the 2DEG was grown on a conducting GaAs
substrate doped. with approximately 4x 10 cm of Zn.
The growth sequence is similar to that used by Das et
a/. The substrate can be used as a gate but we have
kept it shorted. to one point of the sample at all times.

The final substrate dimensions were 3 x 10 x 0.4 mm .
The 2DEG sample was about 2.8 x 0.2 mm in size, with
limbs that extend. ed the overall width to 1.0 mm. The
2DEG density was 1.9 x 10 m and the transport
mobility pz ——40 m /Vs, with variations of a few percent
between different cooldowns.

Field sweep data were obtained with both dc and ac
techniques, in the latter case using a detection frequency
of 4 Hz. Even at this low &equency, the low thermal
conductivity led to a loss of signal of about 10—20%% in
the range 0.3—0.8 K. The system was calibrated using the
zero-field thermopower measured at dc.

It was found that there exists a field-dependent dc out-
put signal &om any pair of voltage contacts even in the
absence of a heat current. This signal oscillates at the
de Haas —Shubnikov &equency and so becomes entangled
with the desired oscillations. With dc, the thermoelectric
signal is larger than the spurious signal at T & 0.7 K but
the opposite is the case by 0.3 K (although only at the
relatively low fields of interest here). The spurious signal
is noticeably temperature dependent becoming larger at
lower temperatures; this implies that ac techniques can-
not fully eliminate it since the sample temperature varies
during the ac cycle, though ac data are in8uenced far less
than dc data. Of course, traces taken with ac detection
but no heat input, e.g. , for p measurement, do not show
this signal.

Such signals have been noticed in our previous exper-
iments, as well as by others, ' and their origin is not
fully understood. In the present case they are repro-
ducible over time intervals of a few hours, but appear
to change in amplitude over longer time intervals, e.g. ,
a d.ay, though retaining the same basic field dependence.
Within experimental error they are even under reversal
of the magnetic field for both transverse and longitudi-
nal pairs of leads, which shows that they are not due
to an extraneous heat current through the sample. The
magnitude of the spurious signals on the various pairs
are similar and are much smaller than those described
by others; ' " in the present case the maximum ampli-
tude is about 200 nV at B = 1 T and T = 0.35 K. The
fact that they are not constant over long time period. s

might suggest that they are associated with noise input
&om outside the cryostat, perhaps radio &equency in-

terference, although all the leads are well shielded and
filtered over a very wide range of &equencies.

Because these signals are even in field, they can be
eliminated in the case of S&~ by subtracting data taken
at +B; this is so for both ac or dc data. However, for
S we can only rely on the ac technique to reduce the
spurious signal. Regardless of this problem, field sweeps
at +B were always taken for both S,z coeKcients and the
results suitably averaged to eliminate any admixture of
S& and S . This was not required for p;z. Resistivities
were measured with a current of about 60 nA, which was
found to give negligible self-heating.

Most of the data were recorded using sweeps for which
1/B was approximately linear with time: Points were
taken at equal increments of 1/B, typically with 10
points per oscillation. This enabled Fourier transform
filtering to be used to separate the oscillations &om the
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monotonic background. The amplitude of the oscillations
was determined by a prograxn that fits all the points in
a complete oscillation. The technique is insensitive to
any second harmonic components.

The phases were also determined automatically using
the field difFerences in the zero crossing points between
the oscillations in p~~ and S;z. Resistivity and ther-
moelectric oscillatory data were taken under the same
sweep conditions, including lock-in time constants, so
that phase comparisons remain valid as far as possible.

Unfortunately, when measuring S„ it was found that
difFerent pairs of transverse contacts gave somewhat dif-
ferent phases for the signal even though the amplitudes
were very similar; the difFerences are at the level of about
2, which is the same range as that expected for the phase
difFerences between p«and S&~. Given that Sz is mea-
sured over a transverse section of the sample whereas p
is for a longitudinal section, the phase difFerences proba-
bly result from inhomogeneities in the 2DEG at the level
of l%%uo. The problem was likely aggravated by the rela-
tively large sample size. Such difFerences should be less
significant for S, because it monitors essentially the
same region as p

IV. B.ESUITS AND DISCUSSION

Heavily doping the substrate led to a large reduction in
the thermal conductivity as shown in Fig. 1, where the
thermal conductivity of an undoped substrate of simi-
lar dimensions is also given for comparison. The doping
reduces the thermal conductivity by almost 2 orders of
magnitude at 4 K, although by 0.5 K the factor is only

about 6. It is possible that other dopants might be more
efFective at low temperatures.

In a typical sample, phonon drag completely dominates
the thermopower in the He temperature range but, in
the present case, doping the substrate results in a large
decrease in phonon drag thermopower so that difFusion
is always significant. The difFusion thermopower should
be linear in T and given by S = (n —k&T/esJ-)(1 +
p) where p = crine|/Bins~. Figure 2 shows the zero-
field thermopower of the present sample; the data are
divided by T so that the ratio of the difFusion and phonon
drag components is easily seen. The horizontal line in
Fig. 2 corresponds to the best estimate of the difFusion
term giving p = 1.20 + 0.15. Both theory and previous
experiments ' give similar values of p.

According to Eq. (3a), the amplitude of the resistiv-
ity oscillations relative to the zero-field resistivity should
be given by p /[D(X) p j = 4exp( —2~ k~T~/hcu, ).
Figure 3 shows p /D(X) p near 0.3 K plotted as a
function of 1/B. The line has an intercept of 3.3 on the
vertical axis, which is acceptably close to the expected
value of 4. The slope yields TD ——0.70 + 0.05 K giv-
ing a quantum mobility p~ = 7r/T~ = 4.5 m /Vs. Since
the transport mobility is about 40 m2/Vs, their ratio is 9,
which seems typical of reasonably high-mobility samples.
We would expect the theory to be valid for pqB ( 1& or
u~7q ( 1, which implies B & 0.22 T, but the oscillation
amplitude follows the theory reasonably well for fields of
at least twice this value.

Figure 4 shows the behavior of a selection of the data
on S& at various temperatures for fields up to about 1.5
T. These data have not been averaged for kB but the
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FIG. 1. The measured thermal conductivity A of the doped
substrate as a function of temperature T. The thermal con-
ductivity of a typical undoped substrate of similar dimensions
is given for comparison. The lines give the closest integer
power laws to the low-temperature limiting behavior of the
data.

FIG. 2. The zero-field thermopower of the sample divided
by T as a function of T. The horizontal line is the best exper-
imental estimate of the diffusion component, the remainder
being phonon drag. At 4 K, the thermopower is about 80
pV/K, of which about 40% is diffusion; for comparison, the
thermopower of a similar 2DEG sample grown on an undoped
substrate is roughly 1.0 mV/K and diffusion would be negli-
gible.



52 OSCILLATIONS IN THE DIFFUSION THERMOPOWER OF A. . . 2827

OC

C5
X

X

0. 1

1 2 3 4 5

B (T )

FIG. 3. The relative amplitude of the oscillatory resistivity
p, divided by the zero-Geld resistivity p and the thermal
damping factor D(X), as a function of 1/B at 0.29 K. The
slope of the line corresponds to a Dingle temperature TD of
0.7 K.

spurious signal is not too large in this particular case.
There is little information available in the literature on
the low-field behavior of the phonon drag component of
S„,although it seems to be significantly smaller than
that in S . Recalling that the diffusion component of
S» should be larger than that of S~» at least at low
fields, we expect to see this latter component more easily

in S„.The burst of oscillations below about 0.6 T (pri-
marily seen at temperatures of ( 0.55 K in this figure) is
believed to be due to diffusion. Notice that the oscilla-
tions at higher fields become smaller, as is expected for
diffusion but not for phonon drag.

Using Fourier transform techniques, S„~ was sepa-
rated from the monotonic background. Noting that
both Eqs. (3) and (8) contain the same term de-
scribing the effects of Landau level broadening, i.e.,
exp( —2m k~TD/Ku ), the amplitude data for S„were
scaled to give S„(1+ sr 2m~ )/u 7tD'(X) as a function of
1/B. Some of the scaled and unscaled data Rom one set
of contacts are shown in Fig. 5. Other sets of data taken
on different days or with different transverse pairs of con-
tacts are all consistent with these results. The scaled data
seem to conform to a straight line and the average slope,
as shown on the graph, gives T~ = 0.7 + 0.1 K, in agree-
ment with that &om p . If phonon drag was important
we would expect an effective TD much higher than this,
assuming S„~ behaves in a similar manner to S~~. 2'

The intercept on the vertical axis is 2.3+1.0 mV/K,
which is about a factor of 2 larger than the expected
value of 4mk~/e = 1.08 mV/K.

The intercept scales almost linearly with the value of
pq used in the analysis. A value of pq 20 m2/Vs, rather
than the measured value of 40 m2/Vs, would give good
agreement with theory. As with p, the data seem to
fit the straight line to higher fields than we would ex-
pect. As mentioned in Sec. III, the experimental phase
of S» proved to be different for different pairs of con-
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FIG. 4. The Nernst-Ettingshausen coefficient S„as a
function of magnetic Geld B at various temperatures. The
curves have been offset for clarity, and the true zeros are given
by the horizontal lines through the data.

FIG. 5. The amplitude of S„as a function of 1/H The.
upper set of data has been normalized by multiplying by
(1 + u, vP )/[u, 7tD'(X)j The line thro. ugh the data has a
slope corresponding to a Dingle temperature of 0.7 K, which
is the same as that in Fig. 3.
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tacts. Because of this the only result that can be quoted
with confidence is that for any particular pair of con-
tacts: The phase is the same for all data in the range
0.35 K( T ( 0.75 K with 1/B ( 6 T

Data for S as a function of 1/B are shown in Fig. 6.
At the lowest temperatures, the oscillations show a max-
imum amplitude near 0.3 T, which is similar to that seen
with S„.However, this feature has disappeared by 0.6
K and, unlike S», there are strong oscillations at higher
fields at all temperatures. The oscillations are not so
clearly identified with difFusion as was the case with Sy~.

The behavior of the phase of the low-temperature oscil-
lations is shown in Fig. 7. At high fields —S and p are
in phase as would be expected for both phonon drag and
difFusion. Near 0.25 T, where p&B I, there is a change
of phase. Phonon drag shows no phase changes whereas
the phase difFerence between the difFusion component of
—S and p should be —

2 at low fields. Thus, the re-
sults suggest that the oscillations are due to difFusion, a
least for T & 0.6 K and at the lowest fields. By 0.8 K, the
amplitude is too small to follow the phase at fields below
0.25 T, but at high fields there are no phase difFerences,
which is consistent with either mechanism.

The data have been analyzed in a similar manner
to that for Sy . Following Eq. (8a), we plot S (1+
u ~, )/D'(X)as a func'tion of 1/B in Fig. 8. In contrast
to Fig. 5, the data are not grouped around a single line.
All the points seem to follow a common curve at hig er
fields and temperatures, but show strong systematic de-
partures to a set of curves of lower slope at a field, which
depends on the temperature. In the light of the results
on S„,a line with the slope appropriate to T~ ——0.7 K
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FIG. 7. The phase of the low-temperature data on —S
relative to that of p as a function of 1/B The p. hase is
expected to be zero at high Beld and, if diffusion dominates,
shift to ——at low 6elds.
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FIG. 6. The longitudinal oscillatory thermopower S as
a function of inverse magnetic field 1/B at various tempera-
tures. The monotonic backgrounds have been removed and
the curves have been of&et for clarity.

FIG. g. The amplitude of 8 ss a function of 1/B. The
~ ~ 2 2upper set of curves has been multiplied by (1+u, ri jy

and the data are then expected to lie on a single curve with
the same slope as Figs. 3 and 5. This slope, equivalent to a
Dingle temperature of 0.7 K, is shown as the full line. The
high-field, high-temperature limit of the difFusion component,
according to Eq. (2) snd which is B, is shown as s dotted
line.
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has also been shown, but this is not consistent with any
of the data. The expected intercept on the vertical axis,
assuming Eq. (8a) to be valid, is 2n.k~/e = 0.54 mv/K,
which is also inconsistent with all the data.

Clearly the experimental amplitude is far larger than
predicted at all temperatures. Because of the factor
(1 + ~2&t2) in the denominator of Eq. (8a), a very small
amplitude is predicted for S at fields for which pqB =
u, wq ) 1, which applies at all fields here. According to
Eq. (8), we should find that S„2~,~tS at all fields,
and given that 2ur wt ——20 at 1/B = 4 T, then the
difFusion component should probably be too small to see
at all in this sample. We conclude that the observed am-
plitude cannot be described by Eq. (8a) in spite of the
the phase change expected for the diBusion component
being observed.

Some of the discrepancy may be connected with the be-
havior of p„~ when ~,7~ & 1 as mentioned in Sec. II. As
we noted there, the observed amplitude of p„ increases
very strongly in this region with an effective Dingle tem-
perature of twice the low-field value. If Eq. (7b) remains
approximately valid in this region, then S would also
exhibit a very large increase with a similar Dingle tem-
perature, essentially following p„. All of these expec-
tations are qualitatively in agreement with the observa-
tions. There would also be a phase change in keeping
with that actually observed, i.e., —S would move into
phase with p, but this is also the case with other expla-
nations. According to Eq. (7b), S„would be affected to
a much lesser extent because the second term is weighted
by a factor of order 1/2(~, rt)2 compared with the first.

On the unscaled data in the lower half of Fig. 8, we
have also shown a dotted line that corresponds to the
expected axnplitude of S given by Eq. (2). All the data
appear to be approaching this curve at high 6elds, which
is reasonable since this is where the equation should be-
come valid. However, the fact that the dotted line lies
close to the lowest temperature data at low fields is pre-
sumably coincidental since these data do not satisfy the
necessary conditions for Eq. (2) to be valid, nor would we
expect a minimum in amplitude as shown by the data.

V. CONCLUSIONS

A survey of the thermoelectric properties of a 2DEG
sample grown on a strongly doped substrate has been
made at zero and low magnetic Belds. The doping led to
a large decrease in the thermal conductivity of the sub-
strate and also the phonon drag thermopower, although
the resistive properties of the sample were not a6'ected in
any noticeable way.

The oscillations in the resistivity behave essentially as
was found in previous work, which indicates that there
are no fundamental problems with the sample. At low
temperatures, the low-field oscillations in the Nernst-
Ettingshausen coeKcient S„show the expected field and
temperature dependence for diffusion, although the am-
plitude is about a factor of 2 larger than predicted. How-
ever, even the amplitude of the simpler resistivity oscil-
lations do not agree perfectly with theory, so we take a
factor of 2 as being reasonable agreement. The fact that
thermopower oscillations yield the same Dingle tempera-
ture as the resistivity oscillations makes the identification
with diffusion especially convincing because phonon drag
oscillations have a much higher effective Dingle temper-
ature.

In contrast, the observed oscillations in the longitu-
dinal thermopower S are far larger than expected. As
mentioned in Sec. III, there was a spurious signal present
in all the low-field data, which may be responsible for
some of the discrepancy. At higher Gelds, it seems likely
that S follows the observed behavior of p„and has a
much larger amplitude than the present theory predicts.

The use of strongly doped substrates to reduce phonon
drag seems to be a technique that should be useful over
a wide temperature and field range. We hope to exam-
ine the high-temperature properties of this sample in the
near future.
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