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Observation of Quantum Interference in Thermoelectric Transport

M. J. Kearney and R. T. Syme '
Hirst Research Centre, GEC-Marconi Ltd. , East Lane, Wembley, Middlesex, HA9 7PP, United Kingdom

M. Pepper
Cavendish Laboratory, University of Cambridge, Madingley RoadC, ambridge, CB3 OHE, United Kingdom

(Received 15 June 1990)

We present evidence for the first observation of localization corrections to the thermoelectric
coefficient g relating current flow to applied temperature gradient, using the two-dimensional electron

gas of a silicon-on-sapphire inversion layer as a test system. We observe an increase in the magnitude of
g in a weak, perpendicular magnetic field, which we explain in terms of the suppression of quantum in-

terference eAects by the field. Good agreement is found between theory and experiment.

PACS numbers: 72.20.Pa, 72. 15.Rn, 73.40.Qv

Within the framework of linear-response theory, the
electric current density j which Aows under an applied
electric field E and temperature gradient VT may be
written as

j =o(E+ le I
'Vp) —rtVT,

where p is the chemical potential and le l the magnitude
of the electronic charge. The thermoelectric coefficient g
is a fundamental transport parameter like the electrical
conductivity o, but it is seldom discussed directly as usu-

ally it is the thermopower S =ri/o which is measured. It
is well known ' that tl (and hence S) provides additional
information about a system, beyond that obtained from

o, since g depends upon the derivatives of the scattering
lines with respect to energy, rather than just the scatter-
ing times themselves. For example, a positive thermo-

power, recently observed in an n-channel Si metal-
oxide-semiconductor field-eA'ect transistor (MOSFET)
at low temperatures, has been interpreted in terms of
surface roughness scattering, with a scattering time that
decreases as the energy increases. Measurements of
thermoelectric voltages in microstructures have also re-

cently been the focus of interest. The determination of
absolute thermopower values is, however, rather dificult,
and involves quite refined experimental techniques.
Moreover, comparison with theory is also dificult, due to
the sensitivity of g to microscopic details of the system.
This is unfortunate since a number of interesting theoret-
ical issues concerning tl (and therefore the thermopower)
remain to be fully resolved, especially in low-dimensional
structures. One such issue is the presence and eA'ec-

tiveness of "phonon drag, " by means of which a non-

equilibrium phonon distribution (due to the temperature
gradient) leads to an excess current. Another is the
precise role played by phonon renormalization. A third
area, with which we shall concern ourselves here, is the
exact form of the localization corrections to q as a func-
tion of, say, applied magnetic field B. We shall present
what we believe is the first direct evidence for the ex-
istence of such corrections.

As a starting point for the discussion, we shall explicit-
ly write g as the sum of two parts: g =qd+ gg, where qd
is the diffusive component and gg is the phonon-drag
component. The precise form of the localization correc-
tion to g at low temperatures has been the subject of
some controversy. In an early paper' it was suggested
that the correction to gd was such that the diffusive ther-
mopower remained unaffected by quantum interference,
i.e., 8Sd/Sd=8'qd/gd —Bo/o =0. This was later correct-
ed by a number of authors, " ' who showed that the
corrections Bgd to gd are in fact quite different in form
from the corrections Bo. to the conductivity o. and, as a
result, that there are corrections to the diffusive thermo-
power. One may show by diagrammatic perturbation
theory that provided the temperature is su%ciently low,

(2)

where kg is Boltzmann's constant. At this level of calcu-
lation, the electron-phonon interaction leads to a phonon
renormalization factor written as 1+X, and the function
F(8,T, s) (when evaluated at the Fermi energy e=sF) is

simply the weak-localization correction to the conduc-
tivity, Ger. There are, in fact, powerful arguments, based
upon an exact theorem originally due to Chester and
Thellung, that Eq. (2) may be valid to all orders in the
electron-impurity interaction, ' ' provided that the
scattering remains predominantly elastic and that the
contributions from electron-electron interactions remain
small. The explicit form of this correction to Tjd has not
been directly verified before. Localization corrections to
the thermopower, which have recently been observed, '

have only been interpreted in terms of changes in the
conductivity alone, i.e., SS/S = —So/cr This was ba. sed
upon the fact that 6'ri/ri is small, since in most two-
dimensional systems of interest, ris»rid (i.e., phonon
drag is dominant). The aim of the present work is to
verify the existence of these small (around 1%) correc-
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tions to tl as indicated by Eq. (2). (The possible role
which phonon drag has to play in inAuencing weak local-
ization is discussed later. )

The silicon-on-sapphire (SOS) MOSFET was the sys-
tem chosen for these measurements because the large de-
gree of disorder present in this system enhances the
eAect which we are trying to observe. The measure-
ments were performed on n-channel MOSFET's fabri-
cated on (100) Si on (1012) sapphire. The mean Si
thickness was 0.3 pm and the MOSFET's were of a stan-
dard Hall bar geometry, measuring 2000 pm by 300 pm,
with an oxide thickness of 2000 A. This allowed the car-
rier concentration n, of the two-dimensional electron gas
formed at the Si-Si02 interface to be continuously varied
from less than 2 x 10 ' ' cm up to about 8 x 10 ' cm
before the oxide started to break down.

To mount the sample, the ends of it were wrapped in
thin indium foil (to reduce the thermal resistance), and
it was clamped between two copper blocks, one of which
was in good thermal contact with the He in an 8-T cry-
ostat. Resistance and conductance were measured using
standard lock-in techniques. To measure the thermo-
power, a temperature gradient was established across the
sample by passing a current through a heater resistor ei-
ther on one of the copper blocks or on the chip itself.
The relative thermopower was measured in both perpen-
dicular and parallel magnetic fields (8& and Bi), by ap-
plying a low-frequency (2-3 Hz) alternating current to
the heater resistor and detecting the thermoelectric volt-

age using a lock-in technique. This ensures that there is
no voltage due to Faraday induction. The accuracy with
which the thermopower can be determined depends on
the precision with which the temperature difference hT
along the sample can be measured. Therefore hT was
found by using the conductance of the device itself as a
local probe of the temperature. This involves measuring
the conductance across the device at one end point and a
direct measurement of the difference between the con-
ductances across the device at the two end points.

Measurements of the zero-field thermopower S(8
=O, T) were made over the temperature range 1.2-4.7
K. The temperature dependence observed (close to T
rather than T) ' is consistent with the presence of a
large phonon-drag component, in agreement with other
published work. ' The zero-field conductivity o (8
=O, T) exhibited the logarithmic temperature depen-
dence characteristic of quantum interference in a two-
dimensional system. As a function of electron concen-
tration n„b th ocr and S showed some structure near
z, =4x10' cm . A study of the subband structure in
the presence of stress arising from the lattice mismatch
at the Si-sapphire interface suggests that this value of n,
is consistent with the second subband becoming occu-
pied. ' The lowest subband has been shown' to have a
density-of-states effective mass m* =0.42mo and a val-

ley degeneracy g,, =2.

With only one subband occupied we expect the quan-
tum interference correction to be represented by the con-
ventional expression, '

g,, aeSa(Bj,T)=, e —+
2m A 4eB~L~'

1—+
4e8~1

(3)

where L~ is the phase relaxation length, l is an elastic-
scattering length, and 4'(x) is the digamma function.
The phenomenological factor g,, a is still not well under-
stood but is expected to vary between g, , and unity as the
intervalley scattering rate 1/r, , increases and becomes
greater than the phase relaxation rate. ' Experimental
results for l)o (Bi)=—cr(B~ ) —0 (0) for two different
electron concentrations are shown in Fig. 1, along with
the best-fit solutions resulting from fitting Eq. (3) to the
data. The agreement is excellent. Note, however, that
the parameter g„,a varies appreciably with n, (suggesting
a variation of r, , with n, ). It is also less than unity (the
theoretically predicted minimum value' ) but values of
g,, a & 1 have been seen before in the SOS system; ' this
may be due to the breakdown of the condition under
which Eq. (3) is strictly valid, namely, kFI»1. There
may also be a small correction due to orbital interaction
processes, ' although calculations ' suggest that this
should be small for the electron concentrations used.
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FIG. 1. The conductivity correction plotted against applied
magnetic field for an SOS MOSFET. The circles are experi-
mental data for B~, a temperature of 1.85 K, and electron con-
centrations of, curve a, 2. 10x10' cm (k l 2.1) and, curve
b, 3.18x10'~ cm ' (kFl =3.3). The curves are least-squares
fits by Eq. (3) in the text, with the following values for the pa-
rameters in each case: curve a, L& =61.5 nm, 1=10.1 nm, and
g,.a =0.55; curve b, L& =69.0 nm, l =14.3 nm, and g,.a =0.74.
The squares are experimental data for Bii, a temperature of
1.40 K, and an electron concentration of 2.10x10' cm
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Note also from Fig. 1 that a(8~~) —a(0) is of order zero
at low fields, reflecting the 2D nature of the system.

Having determined the absolute change with magnetic
field of the thermopower and conductivity, we can ex-
tract Atl(8)—:rI(8) —rI(0) for both 8& and 8~~ and the
results are shown in Fig. 2. Theoretically, Aq(8~~) =0
for low fields, which follows from Eq. (2) and the obser-
vation that o(8~~) is field independent. The residual
variation ArI(8~~) gives us an estimate of the relative

change of h, T with 8, which, even allowing for the lower

temperature of the 8~~ data, turns out to be less than
0.1%T '. This change of h, T is mainly due to small
magnetothermal resistances in various parts of the cryo-
stat which depend only on the magnitude and not the
direction of 8. Our error bars for the 8& data allow for
this nonzero rl(d, T)/BB and there is still clear evidence
for a localization correction to g, a view which is rein-
forced by fitting Eq. (2) to the data. From Eqs. (2) and

(3) we see that Srj depends upon the parameters g, , a, L&,

and l and their derivatives with respect to energy. The
parameters themselves were taken from the fitting to the
conductivity data shown. The derivatives were estimated

by observing the variation of each parameter with n, (us-

ing extra conductivity data beyond that shown in Fig. 1)
and using the relationship n, =g,, m*sp/ark valid for a
single parabolic 2D subband. With no evidence to the
contrary, we have set k equal to zero. We know of no

detailed theoretical calculations of phonon renormaliza-
tion eAects in two-dimensional electron systems.

For the lower electron concentration, the agreement

between theory and experiment is excellent. We expect
the agreement to be good for this case because (i) only
one subband is occupied, (ii) interaction eA'ects are es-
timated to be small, and (iii) the magnitude of Srl is
large (which reduces the relative experimental uncertain-
ty). For the higher-electron-concentration data, the
agreement is less good but still qualitatively reasonable.
We show this curve in particular because its shape is in-

teresting, passing as it does through a maximum at about
0.4 T before decreasing in value again. We suspect that
this behavior may be linked to the proximity of the
second subband (referred to earlier). An accurate fit to
this curve using Eq. (2) can, however, only be achieved
by using an anomalously large value of dl/ds. This is
another indication that trying to use Eq. (3) for 8o is not
fully valid for the low values of kzl studied here.

In deriving the correction to g we have only allowed
for an equilibrium phonon distribution: It is natural to
ask how the results will be aA'ected if phonon drag is
present. This is an interesting theoretical issu. e and by
no means fully resolved. However, the phenomenon of
quantum interference has an underlying universal nature
(characterized, for example, in the presence of time-
reversal symmetry, by a diffusion pole). Therefore, al-
though phonon drag may alter details of the phase relax-
ation and phonon renormalization, it should not funda-
mentally alter the form of the localization correction.
This is consistent with our experimental results.

We have presented the first experimental evidence for
the presence of localization corrections to the ther-
moelectric coefficient g of a two-dimensional electron
system, and shown its magnitude and dependence on
magnetic field to be consistent with theoretical predic-
tions.

We would like to thank the University of Edinburgh
Microfabrication Facility for making the MOSFET's
used in this work, and B. Gallagher for several useful
dIscussIons.
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FIG. 2. The correction to the thermoelectric coefticient g
plotted against applied magnetic field with the same symbols
and parameters as in Fig. 1. The curves are obtained by using
the values of L~, l, and g,.a found by fitting the conductivity
correction, and the following values of their derivatives which
were estimated from the conductivity data: curve a, dLq/
de=38 nmmeV ', dl/de=2 OnmmeV ', and d(ga)/de
=0.11 meV ', curve b, dL~/de=3. 4 nmmeV ', dI/de=8. 6
nmmeV ', and d(g, .a)/de=0. 04 meV
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