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The low-magnetic field-diffusion thermopower of a high-mobility GaAs heterostructure has been measured
directly on an electrostatically defined micron-scale Hall-bar structdremx8 um) at low temperature
(T=1.6 K) in the field regimgB=<1.2 T) 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 respectivgly #igngitudinal thermopowgrandS,

(the Nernst-Ettinghausen coefficigrithe experimental data show clear oscillationsSjpand S, due to the
formation of Landau levels and reveal tt&j~ 120S,, 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:

Syl Six=2w¢T.
DOI: 10.1103/PhysRevB.70.121308 PACS nuni®er73.40.Kp, 72.20.Pa, 72.20.Fr

Thermopower experiments have been used extensively to Figure 1 shows a scanning electron microscopy
obtain information on electron transport and scattering in(SEM) photograph of the sample structure, including a
two-dimensional electron gas€2DEGS in compound semi- schematic diagram of the measurement. The micro-Hall
conductorg(for reviews, see Refs. 1 and.Because of the bar and the electron heating channel are defined by Schottky
strong electron-phonon coupling in these systems, the egates, thus forming the quantum point contacts
perimental signal is usually dominated by phonon drag(Qpcg, which are used as voltage probes. GateD, E,
Hence, apart from the desired electronic transport contribuang F form the micro-Hall bar and gates, B, C, and D
tions, the signal also contains a very significant contributionne neating channel. Utilizing the fact that the thermopower

due to details of the electron-phonon interaction. In order tq)¢ o QPC is quantized, QPG, and QPG are used to
extract the diffusion thermopower, usually drastic approXi-yatermine the electron temperature in the chafhglas a

,:gaﬁg\?: Qr?veexraoeﬁrigetlgé;égggght?huast ?se r\llgtr)i/ncfjlﬁzlrrw?:zlde bfunction of the heating current by measuring the voltage
phonon-drag effects and directly yields the diffusion ther- rop V5=Vs=V, across the electron channel, while gates
and F are not defined. This thermovoltage is given

renxc;)pec;}/r\féhlth this paper we describe the realization of such a V25=($Qpc_5—$Qpc4)ATch, where AT, eq_uals the
We present direct measurements of the magnetic fieldemperature difference between the electrons in the channel
dependence of the diffusion thermopower using currenfTen) @nd in the surrounding 2DEGT,~1.6 K), which
heating techniques in specially designed micro-Hallis in thermal equilibrium with the crystal lattice:
bar structures. The samples were fabricated from high mo-
bility GaAs-AlGaAs heterostructure§u=~100 n?/(V s)]
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 contaétand quantum dot$:® The present
sample design allows the direct measurement of the tensor
components of the thermopower both parali&, and
perpendicular (S,,) 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 V12 V,,
of the density of statesput does not yet induce the forma- L o —
tion of edge states. Therefore, the magnetic field in the V.=V,

present study is restricted to the low field regime
(B=<1.2 T) where the influence of the quantum Hall effect FIG. 1. SEM photograph of the split-gates structure and the
can be neglected. scheme of the measurements.
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200 70 10 (2.8x10"m™) and mobility [~100 m¥(V s)™!] were
/1 obtained from Hall and Shubnikov—de Ha&slH) 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 1. Thus using an ac heating current
[I=igcoqwt)] the second harmonic of the lock-in detector
signal is proportional solely to the thermoelectric properties
o of the sample.
145 10 5 0 5 10 15 Figure 1 indicates how the two tensor components of
the thermopower can be obtained in the current heating
I (A) experiment. First, we note that the thermopower of a 2DEG
_ in a magnetic field is a local property, so that the thermovolt-
FIG. 2. Electron temperature as a function of the channel, oo\ e measure are proportional to a temperature gradient.

the dashed line is a parabolic fit. Inset: The solid line showsreve define the line 4-2 connecting QP@nd QPG as

. - ) the x direction, the direction along which the temperature
the suppression of the SdH oscillations in the channel ataheatlna dient driving the th . lied. An i tant
current of 10xA. The dotted line is an arbitrary line drawn parallel racien r:{vmgh € er.mOpOYVerhls alpp Ied. An importan
to the magnetic field axis. The difference between the dotted Iinep"’lr""meu:"r or the experiment Is the electron temperature at

and the minimum of the SdH oscillations is about 15%. the crossing of line 4-2 and the line connecting QR@d
QPG (line 1-3 defining they direction). If the electron

AT =T,~T).2 Note that the temperature difference temperature outside the micro-Hall bar is assumed to be
AT, enters here rather than a gradient, since the thermovolequal to the lattice temperature, a temperature gradient is
age across a QPC can only be measured globally. Thexpected to develop between the side which is in contact
essential ideas of the current heating technique havgith the heating channglT"®~T,,) and the surrounding

been documented in Refs. 8 and 9. By considering anpeG (T)). If electron-electron scattering is regarded

equilibrium state between the heat flux into the electronq the dominant mechanism for the electron energy relax-

?heitr_? ‘;hlf’;”fT‘f]' af_‘tdf tITe Chtin??l ele;:r:rons It was ShOWHtion, an exponential decay of the electron excess energy
atAfepl”. Thus It follows that for a tNermOPOWer Mea- yatarmines the local electron temperature in the heated

surement of a QPC Fhe thermovolgage is_proportional Qhicro-Hall bar. Thus taking the electron-electron scattering
the square of the heating currelf, I, if the conductance length according to Ref. 10 an electron temperature of

is set to a constant value in the vicinity of a conductance 3¢ \ is expected for the central area of the present micro-

step, i.e., Sopc(T)=Sgpc=const# 0. Figure 2 shows the Hall structure

experimentally d_etermlned thermovoltage as a function of_ From Fig. 1, it is clear thavtyr;' the thermovoltage perpen-
the channel h_eatlng_ current. It can be seen that the parabola;cul‘,:lr to the temperature gradient, can be determined
dependence is valid for currents up to AB. For the  giecyy py measuring the voltage difference between
temperature calibration, the thermopower of QR@s ad- 14 areas 1 and 3/ =\/;3=V,-V,, provided the intrinsic
justed 10 Sopc, =20 uV/K (Refs. 8 and P and the ther- thermopower of Ql%pand QPG can be neglected. Far,
mopower of QPg was set at a minimal valu€Sopc,~0).  however, the required voltage probe at the crossing point
The resulting calibration of the electron temperature in thesf the lines 1-3 and 4-2 is not available. Instead, we
channel as a function of heating current is given on the rightan obtain V;f)\( from measuring the signals present at
axis of Fig. 2. V1,=V,-V; and Va,=V,-Vs. SinceV,, and V,; contain
For a thermopower experiment on the micro-Hall contributions fromvi as well asvi, Vi can be determined
bar, QPG was adjusted into the tunneling regint€qpc, by adding Vy, and Vs and Su’{jtractingvlsgv;r;_ This
~3x10° Q'<e’/h). QPG, QPG, and QPG were gallows us to compard, and V! directly without an exact
set to higher conductance value€Sqpc~10%2€?/h)  knowledge of the temperature gradient in the micro-Hall
in order to keep their thermopower contribution as smallstructure.
as possible (Sgpc, ,,~0). The channel current was  The measured thermovoltage componérfisandVy) are
set to ~10 uA which yields an electron temperature in shown in the insets of Figs. 3 and 4, respectively. The ther-
the channel ofT,~6.6 K [cf. Fig. 2; this current level ~mopower valuesS,, andS,, have been calculated from the
gave a good compromise between pronounced thermovolthermovoltage signal assuming an estimated average electron
age signals and the avoidance of lattice heating effectdemperature of 3.5 K as mentioned above. Apart from a
The inset of Fig. 2 shows the longitudinal magnetoresistancemooth variation of the thermopower, clear oscillations be-
of the channel at this current level of LOA. Evidently, = come visible for magnetic fields larger than 0.3 T for both
the Shubnikov-de Haas oscillations are considerably supzomponents. In order to analyze these oscillations the
pressed; this ensures an approximately constant heat dissipanooth background variation has been subtra¢kggds. 3
tion over the field range studied. and 4. The observed background signal corresponds quali-
The experiments were carried out at a temperaturgatively to the expected behavior for the magnetother-
of about 1.6 K in a*He cryostat equipped with a 10 T mopower in the intermediate regime between weak localiza-
superconducting magnet. The 2DEG carrier densitytion and Landau quantizatiof0.04<B<0.3T) (Ref. 1]
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. . . . . where Tp is the Dingle temperaturew, the cyclotron
00 02 04 06 08 10 12 frequency, = the transport relaxation time, and
the frequency of the oscillation§f/B=Er/fw. where
FIG. 3. ThermopowelS,, parallel to the temperature gradient Er is the Fermi ener@yTh? quantityd’(X) is the Qerlvatlve
after subtracting a smooth background. The solid line correspond@f the thermal damping factorD(X), defined by
to the experimental data for an average electron temperature d&?(X)=X/sinh X where X=27%gT/%iw. These equations
T=3.5K and the dotted line represents a fit according to(®y. ~ were originally derived for conditions wherew 7<1,
Inset: Measured thermovoltage) parallel to the temperature which would restrict the validity in our case to magnetic
gradient. fields up to B~20 mT. However, Coleridgeet all*

L . i . _have shown that Eqgql) and (2) are valid up to much
where the quasiballistic motion of the electrons in the MICrOhigher field values(B~1 T) when localization effects

structure and the deflection induced by the magneti
field account for additional contributions. This latter effect
will be discussed in detail elsewhére.However, the
thermopower values observed for zero magnetic fiel
B=0)~0.4 uV/K and B=0)=0] correspond . ) )
\[/vS(e)I(I( to t)he valﬁes which aresg((pectzed 3‘rom the zolutionthe fits, the carrier density was take_n from the transport
of the steady-state Boltzmann equations for the diffusiorfharacterization. The best fit according to E(.and (2)
thermopower of a 2DEGcf. Egs.(18) and(19) in Ref. 1.  Was Obta”"ﬁd for a slightly reduced mobilityu
The small thermopower fluctuations in the range of=80 MF(V s)™* compared with the measured value
B<0.3 T which are visible for theS, component in [100 nf(V s)™] for the macroscopic sample. This difference
Fig. 3 can also be attributed to quasiballistic electroncan be readily explained by considering the local probe
motion!2 Similar fluctuations of the same order of magni- character of the micro-Hall bar structure. The Dingle
tude are also present &y, (Fig. 4) but are not visible on the temperature was obtained from the assumption that
presented scale. In the following, we will present a detailedhe quantum mobility is approximately 10 times lower
quantitative discussion of the second magnetic field regimghan the electron mobility, i.e.Tp~10m/u~0.4 K./
(0.3<B<1.2T). The thermal smearing was fitted by a free paramdigr
According to Ref. 7 the magnetic field behavior of which can be interpreted as the average electron temperature
the thermopower oscillations can, in the regime ofin the micro-Hall bar. The best fits with an average electron

Landau level formation, be described by the followingemperature of T,=4 K are in good agreement with

%an be neglected(as is the case for high mobility
2DEGs.

The dotted curves in Fig. 3 and Fig. 4 are fits
qo the experimental data using Eq€l) and (2). For

equations: the estimates based on the energy relaxation due to electron-
electron scattering. Botg,, and S, can be fitted satisfacto-
401 rily using the same set of parameters, even though
20 the amplitudes are very different. According to E¢b. and
. (2), the ratio of the thermopower perpendicular and
§ 0.0 parallel to the temperature gradient is given By/S
c =2w.7. For the present sample, the measured ratio
o 20 atB=1 T is =120. This value agrees well with the expected
4.0 value of ~160 for ©=80 n?(V s)™* which follows from
the fitted thermopower curve.
6.0 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 neglidibté®

FIG. 4. Thermopowes,, perpendicular to the temperature gra- From  the  consistency of the average temperatures
dient after subtracting a smooth background. The solid line corre@nd the temperature gradients, which were obtained from
sponds to the experimental data for an average electron temperatuiee fitting and the channel temperature calibration, it can be
of T=3.5 K and the dotted line represents a fit according to(Bq.  concluded that the chosen geometry and the measurement
Inset: Measured thermovoltage!! parallel to the temperature configuration are suited for investigating the diffusion
gradient. thermopower especially in high-mobility GaAs-2DEG struc-
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tures. Note that for low-mobility samples, lattice heating oc-method compared with the methods recently applied by other
curs at lower current levels and the applicability of the cur-authors(see Refs. 1 and 17-21

rent heating method has to be verified separately. This opens ) o )

up the way for Studying the diffusion thermopower in the This work was carried out with financial Support from the
integer and fractional quantum Hall effect regimes using thé>eutsche Forschungsgemeinsch@bntract No. DFG Mo
electron heating technique which provides an alternative’ 71/5-2.
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