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Geometrical Magnetothermopower in Semiconductors
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The geometry of a semiconductor sample can be designed to create a very large change of the thermo-
electric power in a magnetic field, similar to the effects of the sample geometry on the magnetoresistance.
In semiconductors in which the minority carriers have a higher mobility than the majority carriers, this
geometrical magnetothermopower can freeze out the contribution of the former to the total thermopower.
This opens a new route toward high-efficiency thermoelectric materials. We also examine the thermo-
electric reciprocity relations for these macroscopic systems.
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Geometrical effects have been shown recently [1] to
result in great enhancements of the magnetoresistance in
narrow-gap semiconductors. It is the purpose of this Letter
to show that similarly large effects can be obtained in the
magnetic field dependence of the thermoelectric power,
conceptually opening a new way to optimize the efficiency
of materials used in thermoelectric converters.

It was observed 40 years ago [2] that the magnetother-
mopower of rectangular samples of Bi93Sb7 alloys depends
on the length-to-width aspect ratio of the sample. How-
ever, geometrical magnetoresistance effects are known to
be relatively small [3] compared to the intrinsic magneto-
resistivity in multiband semiconductors with nonspheri-
cal carrier Fermi surfaces such as Bi12xSbx . Harman
[4] reports the magnetothermopower in Corbino geome-
try (shown in Fig. 1) of n-type HgSe and derives the par-
tial electron magneto-Seebeck coefficient; this was done
on a semiconductor in which the majority carrier was
the high-mobility carrier. Kaila and Goldsmid [5] re-
port the thermomagnetic properties of InSb films that con-
tained several phases of InSb and filamentary inclusions
of metallic In. These films showed a geometrical magne-
toresistance and magnetothermopower, to which the effect
reported here may have contributed. It was shrouded, how-
ever, by the contributions of the many phases.

Geometrical effects can lead to a large magnetoresis-
tance [3] in samples in which the Hall voltage is shorted
out, such as samples shaped in the Corbino geometry.
These effects are proportional to a power of the product
of the carrier mobility and the magnetic field. In a rectan-
gular geometry, the geometrical magnetoresistance is mini-
mal [3] when the sample length �L� is much larger than its
width �W �, whereas it is maximal [3] when L ø W . The
limiting case where L�W ! 0 is equivalent to the Corbino
geometry.

In this Letter, we show that, in a lightly doped semi-
conductor in which the minority carrier has the highest
mobility, a geometry in which the Ettingshausen effect
is shorted out can be used to freeze out the contribu-
tion of the minority carrier to the total thermopower. The
result is a very large change of the thermopower with mag-
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netic field, which we call a geometrical magnetothermo-
power (GMT).

The second question we address is the issue of the
extension of the Onsager relations to macroscopic
geometry-dependent transport. In microscopic linear
transport, the electric and thermal current density vectors
J and U are related to the electric and thermal field vectors
E and =T by a generalized Ohm’s law, Eq. (12.4.2) in
Ref. [6], in terms of a matrix of microscopic conductivi-
ties L:

J � LEE�B� ? E 1 LET �B� ? =T ,

U � LTE�B� ? E 1 LTT �B� ? =T ,
(1)

where the resistivity tensor r is L21
EE and the thermopower

tensor is Q � 2L21
EELET , while the Peltier tensor is P �

1LTEL21
EE . The Onsager relations (12.4.5) [6] govern

their reciprocity. One of the Onsager relations, P�B� �
1TQT �2B�, mandates that the thermopower of a two-
dimensional sample in the �x, y� plane is an even
function of the field along the z direction, Qxx�Bz� �
Qxx�2Bz�, and also gives the Kelvin relation:

Q
xx�Bz� �

1TQxx�2Bz�. In a system with a defined geometry
and contacts, the electrical and thermal currents in the
contacts, Ii and Ui (i � 1 . . . n, n being the number of
contacts), are related to their voltages Vi and temperatures
Ti (referred to an arbitrary zero, say V1 � 0, T1 � 0) by a
generalized equation similar to Eq. (1) but describing the
macroscopic conductances rather than the conductivities.
For a two-contact system, such as shown in Fig. 1,

I2 � S�B�V2 1 LET �B�T2 ,

U2 � LTE�B�V2 1 LTT �B�T2 ,
(2)

where S�B� � 1�R�B� and R is the sample resistance,
K � 2LTT 1 RLTELET is the thermal conductance, the
two-wire thermopower is a�B� � 2RLET �B�, and the
Peltier coefficient is

Q
�B� � RLTE�B�. Butcher [7] stud-

ies the reciprocity of the conductance matrix elements for
a system with two point contacts, and derives theoretically
that the Kelvin relation

Q
� Ta holds, and that

Q
and a
© 2001 The American Physical Society
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FIG. 1. Schematic representation of the Corbino disk geome-
try, compared to the rectangular geometry. The semiconductor
area is hatched and the metal contacts are black. In a
Corbino resistance measurement, current is applied between
contacts 2 and 1, and the voltage is measured across them;
in thermopower measurements, the heat flows from 2 to 1
and a � �V2 2 V1���T2 2 T1�. The framed figure shows
photos of the two samples (a) and (b), with L: W � 18 (a)
and L: W � 0.1 (b). The magnetic field is applied normal to
the plane of sample (a) and along the arrow for sample (b).
The temperature dependence of the resistivity of both samples
at zero field �r�0�� and at B � 1.85 T �r�B�� is shown. The
magnitude of the intrinsic magnetoresistance is illustrated by
the difference between rintr�0� and rintr�B�. The geometrical
magnetoresistance above 150 K is illustrated by the difference
between rintr�B� and rgeom�B�. The increase of rgeom�0�
and rgeom�B� with decreasing temperature below 150 K is a
parasitic effect due to the contact resistance between the p-type
material and indium metal.

are even functions of the magnetic field. Here, we verify
this experimentally.

As far as practical applications are concerned, it is
well known [8] that the intrinsic magnetothermopower of
Bi12xSbx alloys, which is due to their complicated band
structure, greatly enhances their thermoelectric figure of
merit in a magnetic field. The GMT described here can
be used to achieve the same effect with any semiconduc-
tor, provided that the electrons and holes have different
mobilities, and are scattered by acoustic phonons. One
can view a thermomagnetic cooler based on a geometrical
magneto-Peltier effect as related to a Nernst-Ettingshausen
cooler, just as the Corbino magnetoresistance results from
the suppression of the Hall voltage.

The material used in the experiment was bulk p-type
Ge-doped InSb in the form of a 0.516 mm thick wafer.
The carrier densities and mobilities of the material
were first measured from 77 to 400 K. Below 140 K,
the majority holes dominate the transport properties,
with a density p � 1.0 3 1015 cm23 and a mobility
mh � 9 300 cm2�V ? s at 77 K. Above 190 K, the
high-mobility minority electrons dominate the transport,
their density being n � 4 3 1014 cm23 and their mobility
me � 100 000 cm2�V ? s at 200 K. Two rectangular
samples labeled (a) and (b), and shown in Fig. 1, were
fabricated from the wafer. Sample (a) was cleaved
from the wafer and lightly etched to minimize the sur-
face recombination rate. It is W � 2.2 mm wide, and
t � 0.516 mm thick. A heater and a current wire were
attached on one end, and a heat sink (glued to the cold
finger of the cryostat) and a second current wire were
attached to the other. Voltage probes were In-soldered
and a differential type-K thermocouple varnished on the
sample, a length of L � 40 mm apart. Since L�W ¿ 1,
data taken on a sample (a) reflect the intrinsic properties
of the material. Sample (b) consisted of a stack of seven
5 3 5 mm2 pieces of the wafer, soldered together with
indium. The indium shorts out the Ettingshausen and
Hall voltages. Sample (b) was equipped with heater and
heat sink, current wires, and voltage and temperature
probes as sample (a). Sample (b) is equivalent to a
set of seven samples with L � 0.516 mm, W � 5 mm,
and t � 5 mm. Since L�W � 0.1, the geometrical
magnetoresistance and magnetothermopower dominate
its transport properties. Current/voltage characteristics
were verified to be linear, except for sample (b) below
150 K, where a contact resistance appears, presumably
at the In contacts to p-type InSb. Figure 1 illustrates the
temperature dependence of the resistivity of both samples
at zero field and at 1.85 T. The magnitude of the intrinsic
and geometrical magnetoresistance is clearly illustrated.

Figure 2 shows the experimental temperature depen-
dence of the thermopower of both samples, while Fig. 3
shows the magnetic field dependence of sample (b). The
difference between the filled and the open triangles in
Fig. 2(a) is the intrinsic magnetothermopower of the ma-
terial, while the difference between the filled and open
circles in Fig. 2(b) includes the GMT on top of the in-
trinsic one. It is clearly visible that, at all temperatures
T . 200 K, the GMT effect is so large as to reverse the
sign of the thermopower, a situation that the intrinsic mag-
netothermopower achieves only at T , 200 K. We see
in Fig. 3 that the magnetic field dependence of the GMT
above 190 K is not saturated at the 1.85 T field available
to us; the data were extrapolated to infinite field, following
the procedure described by Aliev et al. [9]. The tempera-
ture dependence of this extrapolation is shown as a dash-
dotted line in Fig. 2(b). The thermopower of the InSb�In
composite sample (b) is defined as the ratio of the voltage
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FIG. 2. Temperature dependence of the experimental thermo-
power of sample (a), top frame, and sample (b), bottom frame, at
zero magnetic field (closed data points) and at 1.85 T (open data
points). The thick full lines are the calculated partial (ae and
ah) and total �a� thermopowers at zero magnetic field, the thick
dashed lines the same at the limit of mB ¿ 1. The dash-dotted
line in the bottom frame shows the thermopower of sample (b)
extrapolated to mB ¿ 1.

drop to the total temperature gradient between the probes.
Sample (a) had a thermal conductivity ka equal to a mul-
tiple b of the thermal conductivity, kb , of the composite
sample (b). When plotted as a function of temperature,
b � ka�kb varies between 1.7 (at 200 K) and 2.3 (at 100
and 300 K), so that we assume that b � 2. The tempera-
ture gradient across the composite is thus distributed half
across the InSb, and half across the In�InSb contacts. The
corrected thermopower due to the InSb with short L�W
ratio is thus about double the value shown in Figs. 2(b)
2100
FIG. 3. Magnetic field dependence of the thermopower of
sample (b). The temperatures decrease by 10 K from the
bottom curve (labeled 311 K) to the top one (151 K), then
decrease again in 10 K steps to 121 K.

and 3. The increase in thermopower below 100 K observed
in Fig. 2(a) is due to phonon drag [10], a phenomenon
not included in the following model.

The explanation for the GMT effect is as follows. At
zero magnetic field, the thermopower is dominated by the
majority holes at T , 140 K, but by the minority elec-
trons at T . 180 K, because the electron mobility is much
higher than the hole mobility. The magnetic field B im-
pedes carrier transport, leading to magnetoresistance, but
electrons are more affected than holes because they have
a higher mobility m, and the magnetoresistance effects are
proportional to a power of mB. The intrinsic magnetore-
sistance thus leads to a sign reversal of the thermopower at
140 K , T , 200 K, while the geometrical magnetore-
sistance does so even at room temperature, because it is a
much larger effect, as seen in Fig. 1.

Quantitatively, for the microscopic case represented by
sample (a), the thermoelectric power a of a semiconductor
is given by the average of the partial thermopowers (ae and
ah) of electrons and holes, weighted by their respective
partial electrical conductivities [11]:

a �
aese 1 ahsh

se 1 sh
. (3)

The partial electrical conductivities in the absence of a
magnetic field are se � neme and sh � pemh, where n
and p are the electron and hole densities, me and mh their
mobilities, and e is the electron charge. The partial ther-
mopowers, in the absence of a magnetic field, are known
[11] to be functions of the partial Fermi energies of the
carriers, the energy gap for the nonparabolic band, and the
scattering exponent l defining the energy dependence of
the scattering time t � t0El. For polar optical phonon
scattering, l �

1
2 ; for ionized impurity scattering, l �

3
2 ;

and l � 2
1
2 for acoustic phonon scattering. The magnetic

field affects the partial thermopowers, which are described
by Harman [11] for the limit mB ¿ 1. The partial con-
ductivities are also affected, but Eq. (3) holds.
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We model sample (b) as a Corbino disk, assuming the
Hall and Ettingshausen voltages shorted out. Harman [11]
summarizes the equations for the partial thermopowers,
defined as aCe and aCh in this geometry. At zero field,
they are the same as for the case L ¿ W , but not at high
field �mB ¿ 1�. However, the differences between the
partial thermopowers at B � 0 and at mB ¿ 1, for either
L�W ø 1 or L�W ¿ 1, are much smaller than the GMT
effect described here. In our model, the total thermopower
aC is now given by the average of the partial thermopow-
ers weighed by the partial conductances, Ge and Gh, of
electrons and holes in the particular geometry studied:

aC�B� �
aCeGe�B� 1 aChGh�B�

Ge�B� 1 Gh�B�
. (4)

For L�W � 0, Ref. [3],

Ge ~
neme

1 1 m2
eB2 , Gh ~

pemh

1 1 m
2
hB2

, (5)

so that, for me . mh,

limB!0�aC�B�� � aCh . (6)

As the carrier densities and mobilities are known from the
Hall measurements, the partial Fermi energies can be cal-
culated, and also the partial and total thermopowers. In
our model for InSb, both conduction and valence bands are
assumed isotropic, with the conduction band dispersion re-
lation nonparabolic. There are no adjustable parameters.
The calculations are not very sensitive to the assumptions
made about the scattering mechanism; we assumed acous-
tic phonon scattering. The details will be given elsewhere
[12]. The results are shown in Fig. 2. Clearly, the experi-
mental data are well reproduced, and the features of the
dashed line aC follow the experimental dash-dotted line
quite well, given the factor of b � 2.

We now consider the macroscopic equivalent of the
Kelvin relation. The experimental Peltier coefficient of
sample (b) is compared in Fig. 4 to the experimental val-
ues of bTa�B� on the same sample, where the factor
b � 2 takes into account the temperature gradient across
the In�InSb contacts. The agreement is consistent with the
existence of a Kelvin relation for two-wire macroscopic
samples. Note that a�B� � a�2B� in Fig. 3, but this is
also a consequence of the geometrical symmetry of sample
(b) with respect to B.

Can we use the GMT to increase the thermoelectric fig-
ure of merit Z? Calculations [12] of the power factor [11]
a2s as a function of doping level in the presence of the
GMT show that this quantity may be increased by as much
as 80%, if we assume scattering of carriers by acoustic
phonons. As the thermal conductivity is dominated by lat-
tice conduction, this improvement also holds for Z.

In summary, the GMT effect described here in samples
with a geometry in which the Hall and Ettingshausen volt-
ages are shorted can create a very large magnetic field
FIG. 4. Peltier coefficient of sample (b) as a function of tem-
perature. The closed dots are the experimental data points at
B � 0, the open dots at B � 1.85 T. The lines, full at B � 0,
dashed at B � 1.85 T, give the experimental values of bTa,
with b � 2.

dependence of the thermoelectric power of semiconduc-
tors in which the minority carriers have a higher mobility
than the majority carriers. A macroscopic relation exists
in this geometry between the Peltier coefficient and the
Seebeck coefficient, similar to the microscopic Kelvin re-
lation. By analogy with the effect of the intrinsic magne-
tothermopower on the figure of merit of Bi12xSbx alloys,
the GMT effect can generate an enhancement of the ther-
moelectric figure of merit of semiconductors with spherical
Fermi surfaces by as much as a factor of 1.8, when acous-
tic phonon scattering dominates.
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