
Low-field diffusion magnetothermopower of a high-mobility two-dimensional electron gas

S. Maximov, M. Gbordzoe, H. Buhmann, and L. W. Molenkamp
Physikalisches Institut (EP3), Universität Würzburg, Am Hubland, 97074 Würzburg, Germany

D. Reuter
Lehrstuhl für Festkörperphysik, Ruhr-Universität Bochum, Universitätstrasse 150, 44801 Bochum, Germany

(Received 25 March 2004; revised manuscript received 4 August 2004; published 27 September 2004)

The low-magnetic field-diffusion thermopower of a high-mobility GaAs heterostructure has been measured
directly on an electrostatically defined micron-scale Hall-bar structures4 mm38 mmd at low temperature
sT=1.6 Kd in the field regimesBø1.2 Td where the formation of edge states does not influence the measure-
ments. The sample design allowed the determination of the field dependence of the thermopower both parallel
and perpendicular to the temperature gradient, denoted respectively bySxx (longitudinal thermopower) andSyx

(the Nernst-Ettinghausen coefficient). The experimental data show clear oscillations inSxx andSyx due to the
formation of Landau levels and reveal thatSyx<120Sxx at a magnetic field of 1 T, which agrees well with the
theoretical prediction that the ratio of these tensor components is dependent on the carrier mobility:
Syx/Sxx=2vct.
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Thermopower experiments have been used extensively to
obtain information on electron transport and scattering in
two-dimensional electron gases(2DEGs) in compound semi-
conductors(for reviews, see Refs. 1 and 2). Because of the
strong electron-phonon coupling in these systems, the ex-
perimental signal is usually dominated by phonon drag.
Hence, apart from the desired electronic transport contribu-
tions, the signal also contains a very significant contribution
due to details of the electron-phonon interaction. In order to
extract the diffusion thermopower, usually drastic approxi-
mations have to be made.1,2 It would thus be very desirable
to have an experimental approach that is not influenced by
phonon-drag effects and directly yields the diffusion ther-
mopower. In this paper we describe the realization of such an
experiment.

We present direct measurements of the magnetic field
dependence of the diffusion thermopower using current
heating techniques in specially designed micro-Hall
bar structures. The samples were fabricated from high mo-
bility GaAs-AlGaAs heterostructuresfm<100 m2/ sV sdg
using split-gate techniques. A current passing through
an electron channel adjoining the Hall structure is
used to exclusively heat the electron gas, leaving the
lattice temperature unchanged. This current-heating
technique has previously been successfully used to determine
the diffusion thermopower of mesoscopic systems such
as quantum point contacts3 and quantum dots.4–6 The present
sample design allows the direct measurement of the tensor
components of the thermopower both parallelsSxxd and
perpendicular sSyxd to the temperature gradient in the
x direction. The results are discussed in the framework of
theoretical models developed for the magnetic field regime
where the formation of Landau levels leads to a modulation
of the density of states,7 but does not yet induce the forma-
tion of edge states. Therefore, the magnetic field in the
present study is restricted to the low field regime
sBø1.2 Td where the influence of the quantum Hall effect
can be neglected.

Figure 1 shows a scanning electron microscopy
(SEM) photograph of the sample structure, including a
schematic diagram of the measurement. The micro-Hall
bar and the electron heating channel are defined by Schottky
gates, thus forming the quantum point contacts
(QPCs), which are used as voltage probes. GatesA, D, E,
and F form the micro-Hall bar and gatesA, B, C, and D
the heating channel. Utilizing the fact that the thermopower
of a QPC is quantized,3 QPC4 and QPC5 are used to
determine the electron temperature in the channelTch as a
function of the heating current by measuring the voltage
drop V25;V5−V2 across the electron channel, while gates
E and F are not defined. This thermovoltage is given
by V25=sSQPC5

−SQPC4
dDTch, where DTch equals the

temperature difference between the electrons in the channel
sTchd and in the surrounding 2DEGsTl <1.6 Kd, which
is in thermal equilibrium with the crystal lattice:

FIG. 1. SEM photograph of the split-gates structure and the
scheme of the measurements.

PHYSICAL REVIEW B 70, 121308(R) (2004)

RAPID COMMUNICATIONS

1098-0121/2004/70(12)/121308(4)/$22.50 ©2004 The American Physical Society70 121308-1



DTch=Tch−Tl.
8 Note that the temperature difference

DTch enters here rather than a gradient, since the thermovolt-
age across a QPC can only be measured globally. The
essential ideas of the current heating technique have
been documented in Refs. 8 and 9. By considering an
equilibrium state between the heat flux into the electron-
heating channel and the channel electrons it was shown
that DTch~ I2. Thus it follows that for a thermopower mea-
surement of a QPC the thermovoltage is proportional to
the square of the heating current,Vth~ I2, if the conductance
is set to a constant value in the vicinity of a conductance
step, i.e., SQPCsTd=SQPC=constÞ0. Figure 2 shows the
experimentally determined thermovoltage as a function of
the channel heating current. It can be seen that the parabolic
dependence is valid for currents up to 12mA. For the
temperature calibration, the thermopower of QPC4 was ad-
justed to SQPC4

=20 mV/K (Refs. 8 and 9) and the ther-
mopower of QPC5 was set at a minimal valuesSQPC5

<0d.
The resulting calibration of the electron temperature in the
channel as a function of heating current is given on the right
axis of Fig. 2.

For a thermopower experiment on the micro-Hall
bar, QPC4 was adjusted into the tunneling regimesGQPC4
<3310−5 V−1,e2/hd. QPC1, QPC2, and QPC3 were
set to higher conductance valuessGQPC<1032e2/hd
in order to keep their thermopower contribution as small
as possible sSQPC1,2,3

<0d. The channel current was
set to ,10 mA which yields an electron temperature in
the channel ofTch<6.6 K [cf. Fig. 2]; this current level
gave a good compromise between pronounced thermovolt-
age signals and the avoidance of lattice heating effects.
The inset of Fig. 2 shows the longitudinal magnetoresistance
of the channel at this current level of 10mA. Evidently,
the Shubnikov–de Haas oscillations are considerably sup-
pressed; this ensures an approximately constant heat dissipa-
tion over the field range studied.

The experiments were carried out at a temperature
of about 1.6 K in a4He cryostat equipped with a 10 T
superconducting magnet. The 2DEG carrier density

s2.831015 m−2d and mobility f<100 m2sV sd−1g were
obtained from Hall and Shubnikov–de Haas(SdH) measure-
ments. Standard lock-in amplifier measurement techniques
were used to measure the thermoelectric effects. As
mentioned above, the heating of the channel electrons is
proportional to I2. Thus using an ac heating current
fI = i0cossvtdg the second harmonic of the lock-in detector
signal is proportional solely to the thermoelectric properties
of the sample.

Figure 1 indicates how the two tensor components of
the thermopower can be obtained in the current heating
experiment. First, we note that the thermopower of a 2DEG
in a magnetic field is a local property, so that the thermovolt-
ages we measure are proportional to a temperature gradient.
We define the line 4-2 connecting QPC4 and QPC2 as
the x direction, the direction along which the temperature
gradient driving the thermopower is applied. An important
parameter for the experiment is the electron temperature at
the crossing of line 4-2 and the line connecting QPC1 and
QPC3 (line 1-3 defining they direction). If the electron
temperature outside the micro-Hall bar is assumed to be
equal to the lattice temperature, a temperature gradient is
expected to develop between the side which is in contact
with the heating channelsTe

max<Tchd and the surrounding
2DEG sTld. If electron-electron scattering is regarded
as the dominant mechanism for the electron energy relax-
ation, an exponential decay of the electron excess energy
determines the local electron temperature in the heated
micro-Hall bar. Thus taking the electron-electron scattering
length according to Ref. 10 an electron temperature of
,3.5 K is expected for the central area of the present micro-
Hall structure.

From Fig. 1, it is clear thatVyx
th, the thermovoltage perpen-

dicular to the temperature gradient, can be determined
directly by measuring the voltage difference between
the areas 1 and 3,Vyx

th ;V13;V3−V1, provided the intrinsic
thermopower of QPC1 and QPC3 can be neglected. ForVxx

th

however, the required voltage probe at the crossing point
of the lines 1-3 and 4-2 is not available. Instead, we
can obtain Vxx

th from measuring the signals present at
V12;V2−V1 and V32;V2−V3. Since V12 and V23 contain
contributions fromVxx

th as well asVyx
th, Vxx

th can be determined
by adding V12 and V23 and subtractingV13;Vyx

th. This
allows us to compareVxx

th and Vyx
th directly without an exact

knowledge of the temperature gradient in the micro-Hall
structure.

The measured thermovoltage componentsVxx
th andVyx

th are
shown in the insets of Figs. 3 and 4, respectively. The ther-
mopower values,Sxx andSyx, have been calculated from the
thermovoltage signal assuming an estimated average electron
temperature of 3.5 K as mentioned above. Apart from a
smooth variation of the thermopower, clear oscillations be-
come visible for magnetic fields larger than 0.3 T for both
components. In order to analyze these oscillations the
smooth background variation has been subtracted(Figs. 3
and 4). The observed background signal corresponds quali-
tatively to the expected behavior for the magnetother-
mopower in the intermediate regime between weak localiza-
tion and Landau quantizations0.04,B,0.3 Td (Ref. 11)

FIG. 2. Electron temperature as a function of the channel
heating current. The squares represent the experimental data;
the dashed line is a parabolic fit. Inset: The solid line shows
the suppression of the SdH oscillations in the channel at a heating
current of 10mA. The dotted line is an arbitrary line drawn parallel
to the magnetic field axis. The difference between the dotted line
and the minimum of the SdH oscillations is about 15%.
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where the quasiballistic motion of the electrons in the micro-
structure and the deflection induced by the magnetic
field account for additional contributions. This latter effect
will be discussed in detail elsewhere.12 However, the
thermopower values observed for zero magnetic field
[SxxsB=0d<0.4 mV/K and SyxsB=0d=0] correspond
well to the values which are expected from the solution
of the steady-state Boltzmann equations for the diffusion
thermopower of a 2DEG[cf. Eqs.(18) and(19) in Ref. 11].
The small thermopower fluctuations in the range of
B,0.3 T which are visible for theSxx component in
Fig. 3 can also be attributed to quasiballistic electron
motion.12 Similar fluctuations of the same order of magni-
tude are also present forSyx (Fig. 4) but are not visible on the
presented scale. In the following, we will present a detailed
quantitative discussion of the second magnetic field regime
s0.3,B,1.2 Td.

According to Ref. 7 the magnetic field behavior of
the thermopower oscillations can, in the regime of
Landau level formation, be described by the following
equations:

Sxx =
2

1 + vc
2t2SpkB

e
DD8sXdexpS−

2p2kBTD

"vc
DsinS2pf

B
− pD ,

s1d

Syx =
4vct

1 + vc
2t2SpkB

e
DD8sXdexpS−

2p2kBTD

"vc
DsinS2pf

B
− pD ,

s2d

where TD is the Dingle temperature,vc the cyclotron
frequency, t the transport relaxation time, andf
the frequency of the oscillations(f /B=EF /"vc, where
EF is the Fermi energy). The quantityD8sXd is the derivative
of the thermal damping factorDsXd, defined by
DsXd=X/sinh X where X=2p2kBT/"vc. These equations
were originally7 derived for conditions wherevct,1,
which would restrict the validity in our case to magnetic
fields up to B,20 mT. However, Coleridgeet al.14

have shown that Eqs.(1) and (2) are valid up to much
higher field values sB,1 Td when localization effects
can be neglected(as is the case for high mobility
2DEGs).

The dotted curves in Fig. 3 and Fig. 4 are fits
to the experimental data using Eqs.(1) and (2). For
the fits, the carrier densityn was taken from the transport
characterization. The best fit according to Eqs.(1) and (2)
was obtained for a slightly reduced mobilitym
=80 m2sV sd−1 compared with the measured value
f100 m2sV sd−1g for the macroscopic sample. This difference
can be readily explained by considering the local probe
character of the micro-Hall bar structure. The Dingle
temperature was obtained from the assumption that
the quantum mobility is approximately 10 times lower
than the electron mobility, i.e.,TD<10p /m<0.4 K.7,14

The thermal smearing was fitted by a free parameterT̄e,
which can be interpreted as the average electron temperature
in the micro-Hall bar. The best fits with an average electron

temperature of T̄e=4 K are in good agreement with
the estimates based on the energy relaxation due to electron-
electron scattering. BothSxx andSyx can be fitted satisfacto-
rily using the same set of parameters, even though
the amplitudes are very different. According to Eqs.(1) and
(2), the ratio of the thermopower perpendicular and
parallel to the temperature gradient is given bySyx/Sxx
=2vct. For the present sample, the measured ratio
at B=1 T is <120. This value agrees well with the expected
value of ,160 for m=80 m2sV sd−1 which follows from
the fitted thermopower curve.

This is a direct measurement of the diffusion
thermopower oscillation in a GaAs-based 2DEG system.
The use of electron heating techniques avoids lattice heating
and therefore phonon-drag effects become negligible.7,15,16

From the consistency of the average temperatures
and the temperature gradients, which were obtained from
the fitting and the channel temperature calibration, it can be
concluded that the chosen geometry and the measurement
configuration are suited for investigating the diffusion
thermopower especially in high-mobility GaAs-2DEG struc-

FIG. 3. ThermopowerSxx parallel to the temperature gradient
after subtracting a smooth background. The solid line corresponds
to the experimental data for an average electron temperature of
T=3.5 K and the dotted line represents a fit according to Eq.(1).
Inset: Measured thermovoltageVxx

th parallel to the temperature
gradient.

FIG. 4. ThermopowerSyx perpendicular to the temperature gra-
dient after subtracting a smooth background. The solid line corre-
sponds to the experimental data for an average electron temperature
of T=3.5 K and the dotted line represents a fit according to Eq.(2).
Inset: Measured thermovoltageVxx

th parallel to the temperature
gradient.
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tures. Note that for low-mobility samples, lattice heating oc-
curs at lower current levels and the applicability of the cur-
rent heating method has to be verified separately. This opens
up the way for studying the diffusion thermopower in the
integer and fractional quantum Hall effect regimes using the
electron heating technique which provides an alternative

method compared with the methods recently applied by other
authors(see Refs. 1 and 17–21).

This work was carried out with financial support from the
Deutsche Forschungsgemeinschaft(Contract No. DFG Mo
771/5-2).

1R. Fletcher, Semicond. Sci. Technol.14, R1 (1999).
2B. L. Gallagher and P. N. Butcher, inHandbook on Semiconduc-

tors, edited by P. T. Landsberg(Elsevier, Amsterdam, 1992),
Vol. 1, p. 817.

3L. W. Molenkamp, H. van Houten, C. W.J. Beenakker, R. Ep-
penga, and C. T. Foxon, Phys. Rev. Lett.65, 1052(1990).

4A. A.M. Staring, L. W. Molenkamp, B. W. Alphenaar, H. van
Houten, O. J.A. Buyk, M. A.A. Mabesoone, C. W.J. Beenakker,
and C. T. Foxon, Europhys. Lett.22, 57 (1993).

5S. Möller, H. Buhmann, S. F. Godijn, and L. W. Molenkamp,
Phys. Rev. Lett.81, 5197(1998).

6S. F. Godijn, S. Möller, H. Buhmann, L. W. Molenkamp, and S.
A. van Langen, Phys. Rev. Lett.82, 2927(1999).

7R. Fletcher, P. T. Coleridge, and Y. Feng, Phys. Rev. B52, 2823
(1995).

8L. W. Molenkamp, H. van Houten, C. W. Beenakker, R. Eppenga,
and C. T. Foxon,Condensed Systems of Low Dimensionality,
edited by J. L. Beebyet al. (Plenum Press, New York, 1991), p.
335.

9H. van Houten, L. W. Molenkamp, C. W.J. Beenakker, and C. T.
Foxon, Semicond. Sci. Technol.7, B215 (1992).

10G. F. Giuliani and J. J. Quinn, Phys. Rev. B26, 4421(1982).
11X. Zianni, P. N. Butcher, and M. J. Kearney, Phys. Rev. B49,

7520 (1994).

12For a qualitative and quantitative discussion of the low magnetic
field regimes0øB,0.3 Td a detailed theoretical modeling of
the ballistic thermopower of this special sample geometry is
needed, including a numerical calculation of the related trans-
mission probabilities(Ref. 13), which will be given in a future
publication.

13A. G. Pogosov, M. V. Budantsev, D. Uzur, A. Nogaret, A. E.
Plotnikov, A. K. Bakarov, and A. I. Toropov, Phys. Rev. B66,
201303(R) (2002).

14P. T. Coleridge, R. Stoner, and R. Fletcher, Phys. Rev. B39, 1120
(1989).

15R. Fletcher, V. M. Pudalov, Y. Feng, M. Tsaousidou, and P. N.
Butcher, Phys. Rev. B56, 12422(1997).

16R. Fletcher, V. M. Pudalov, and S. Cao, Phys. Rev. B57, 7174
(1998).

17B. Tieke, R. Fletcher, U. Zeitler, M. Henini, and J. C. Maan,
Phys. Rev. B58, 2017(1999).

18X. Ying, V. Bayot, M. B. Santos, and M. Shayegan, Phys. Rev. B
50, 4969(1994).

19D. V. Khveshchenko, Phys. Rev. B54, R14317(1996).
20T. M. Fromhold, P. N. Butcher, G. Qin, B. G. Mulimani, J. P.

Oxley, and B. L. Gallagher, Phys. Rev. B48, 5326(1993).
21M. Tsaousidou, P. N. Butcher, and S. S. Kubakaddi, Phys. Rev.

Lett. 83, 4820(1999).

MAXIMOV et al. PHYSICAL REVIEW B 70, 121308(R) (2004)

RAPID COMMUNICATIONS

121308-4


