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Thermomagnetic effect in a two-dimensional electron system with an asymmetric
quantizing potential
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In a two-dimensional electron gas~2DEG! in GaAs/AlGaAs heterojunction an electromotive force~EMF!
was experimentally observed in the presence of a magnetic field parallel to the 2DEG plane and in the presence
of a heating of the 2DEG with respect to the crystal lattice. The origin of this effect is the asymmetric
quantizing potential of heterojunctions in the presence of a magnetic field which leads to an asymmetrical
electron energy spectrum in the plane of 2DEG in the direction perpendicular to the magnetic field. The
asymmetry of the electron energy spectrum leads to an asymmetrical electron-phonon interaction which results
in the appearance of the EMF investigated. The value of the measured EMF is in agreement with theoretical
estimations.
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In a two-dimensional electron gas~2DEG! with asymmet-
ric quantizing potentialU(z) in the presence of a magnet
field Hy parallel to the 2DEG plane, the electron ener
spectrum becomes asymmetrical:

«~kx!Þ«~2kx!, ~1!

wherekx is the wave vector of an electron in the directio
perpendicular to the magnetic field.1 The macroscopic prop
erties of a 2DEG having an asymmetrical energy spect
~1! are different for the directionŝx& and ^2x&, leading to
unusual physical effects.2–5 Possible phenomena connect
with this spectrum~1! were analyzed in recent theoretic
studies6,7 where different interactions between the 2DEG a
elementary excitations~photons, acoustic phonons, etc.! hav-
ing wave vectorsqx and2qx was demonstrated. This asym
metry of elementary electron interactions results in a univ
sal quantum macroscopic effect: Any isotropic perturbat
of any electron system having an asymmetrical energy s
trum ~1! leads to the emergence of an electromotive fo
along thex axis.8 In particular, this EMF appears for isotro
pic heating of the 2DEG with respect to the crystal lattic
The microscopic physical reason for this phenomenon is
follows. When the electron system is heated~for instance, by
an electric field parallel to the 2DEG plane! the temperatures
of the electron and phonon systems are different and en
transfer from the electron system to the phonon system
PRB 610163-1829/2000/61~23!/15603~3!/$15.00
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phonon emission takes place. Due to the difference of e
tron interactions with phonons having wave vectorsqx and
2qx , the energy transfer is accompanied by a moment
transfer from the phonons to the electrons along thex axis,
leading to the emergence of an EMFEx(Hy). The existence
of this EMF was predicted in Ref. 9 and analyzed theore
cally in more detail in Ref. 10. The aim of the present wo
is the experimental observation of this EMF.

For the investigations, Hall bars were fabricated from
2DEG in a GaAs/AlGaAs heterojunction grown by molec
lar beam epitaxy. Two opposite probes 1, and 2, of the H
bar were used to apply the heating currentI, oscillating with
the frequencyf, such that the current parallel to they axis
crosses the bar that is parallel to thex axis ~the geometry of
the setup is presented in the inset of Fig. 1!. The voltage drop
U34 from the part of the bar at a distancel 5100 mm from
the crossing point was measured at frequency 2f as a func-
tion of magnetic field. The distance between the probes 3
4 wasd51 mm. The same technique was previously us
for measurements of thermopower of 2DEG microstructu
in GaAs.11 The Joule heat of the applied current produce
heating of the electron system with respect to the lattice te
peratureT. For low enough frequenciesf, the temperature
differenceDT between the lattice and electron system os
lates with a frequency 2f . Thus, for the magnetic field par
allel to they axis the voltage drop measured is proportion
to the EMFEx(Hy) directed perpendicular to the magnet
15 603 ©2000 The American Physical Society
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field and the heating current line. The density and elect
mobility of the 2DEG arens54.631011 cm22 and m54
3105 cm2/Vs. The measurements were carried out at te
peraturesT of about 20 K in magnetic fields up to 150 kG
We usedf '7 Hz and the power of the heating current w
P52.531024 W/mm2 in our experiments. The magnitud
of temperature oscillationsDT was about 4 K in the region
of the heating current. The measurements were carried o
different anglesw between the plane of 2DEG and the dire
tion of the magnetic field. The transverse component of m
netic fieldHz ~and thus the anglew) was determined using
the measurements of the Hall signal proportional toHz by
passing the current through contacts 1 and 4, and measu
the voltage drop between contacts 3 and 5.

Figure 1 shows the dependence of the measured si
U34 on magnetic fieldH for different anglesw. At w5p/2
the origin of the signal is the transverse Nern
Ettingshausen EMFE y

NE(Hz), that appears in lead 3 alon
they direction due to the electron temperature gradient al
x. This EMF is not compensated by the Nernst-Ettingshau
effect near lead 4 due to the exponential decay of the t
perature gradient with the distance from the heating cur
line. One can see that the curve forw512° shows oscilla-
tions which are periodic in 1/Hz . The origin of the oscilla-
tions is the feature ofE y

NE(Hz) driven by the transverse com
ponent of magnetic field and connected with the crossing
Landau levels by the Fermi energy. The electron density
termined from these oscillations isns54.631011 cm22 in
agreement with that obtained from usual Hall measureme
Figure 2 shows the dependence of the measured signal o
transverse (Hz) and longitudinal (Hy) components of mag
netic field. One can see from Fig. 2~a! that the signal mea
sured forw55° and 12° is much larger thanU34(w5p/2)
5E y

NE for corresponding values ofHz . This means that for
small w the main contribution toU34 is connected with the
Hy component of the magnetic field, i.e., for smallw the
voltage dropU34'Ex(Hy).

It should be noted that the presence of a temperature
dient in a 2DEG alongx can lead to ordinary thermomag

FIG. 1. Voltage dropU34 measured from probes 3 and 4 fo
different anglesw as the function of the absolute value of magne
field. Inset shows the geometry of experiment.
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netic effects. However, any ordinary thermomagnetic eff
connected with theHy component should be an even fun
tion of magnetic field, with the sign of the effect determin
by the sign of the temperature gradient. In contrast, the
rection of the EMF of interest is determined by the vec
product@nW 3HW # ~wherenW is the vector normal to the plane o
2DEG!, and provided that the directionsnW and 2nW are not
equivalent due to asymmetry of the quantizing potential
2DEG, this EMF can be nonzero and should be an odd fu
tion of magnetic field. Figure 3 shows the dependence
U34(H) measured for the two signs of the magnetic fie
One can clearly see that the high field part of the EMF c
nected with theHy component changes sign when the ma
netic field is reversed. This is convincing evidence that
observed EMF is not connected with ordinary thermom
netic effects, but originates from the asymmetry of the qu
tizing potential of the 2DEG.

Since the measured signal can be presented as the l
sum of the two contributions@U345E y

NE(Hz)1Ex(Hy)# and
taking into account thatE y

NE(Hz) is an odd function ofHz ,
one can obtainEx5@U34(w)1U34(2w)#/2. The correspond-
ing curve calculated from the data measured atw565° is

FIG. 2. The dependence of the measured signalU34 as a func-
tion of ~a! Hz and~b! Hy components of magnetic field for differen
anglesw. The solid line is theEx(Hy) dependence.

FIG. 3. The dependence of the signalU34(H) measured atw
55° on the sign of the magnetic field. Inset shows the power
pendence of EMFEx(Hy) at Hy5100 kG. Solid line is theoretica
fit based on Eqs.~4! and ~5!.
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presented as the solid line in Fig. 2~b!. The nonlinearity of
the curve near zero magnetic field is connected with an e
in determining the angle atuwu,5°, the influence of which
on the resultant curve is stronger in weak magnetic fie
where theE y

NE(Hz) dependence is stronger@see Fig. 2~a!#.
It follows from Ref. 9 that the EMF considered is

Ex~Hy!5S \

ens
D E

x3

x4
dx (

q
qx@~we~q!2wa~q!#, ~2!

wherewa(q) andwe(q) are, respectively, the probabilities o
the acoustic phonon absorption and the acoustic pho
emission per unit time and per unit area of the 2DEG,q is
the phonon wave vector, and the integration overx extends
between coordinates of the probes 3 and 4. In the condi
of the present experiment, Eq.~2! has the form10

Ex~Hy!'~kBT!5S Jmd0

p\4 D 2S 12kB

rv l
5ensc

D S Hy

Ez
D

3E
x3

x4
dxDT~x!, ~3!

whereJ is the deformation potential of the GaAs conducti
band,m is the effective electron mass,r is the crystal den-
sity, v l is the velocity of the longitudinal acoustic wave
crystal, d05(3\2p2/16meEz)

1/3 is the characteristic thick
ness of the 2DEG,Ez54pens /e is the electrical field at the
heterojunction along thez axis, ande is the dielectric con-
stant. Using the thermal conductance equation for the de
erate 2DEG and the Weidemann-Franz law, the heating
the 2DEG between probes 3 and 4 can be written in
form:

DT~x!5DT0 expS 2
x

L D , ~4!

wherex is the distance from the heating current line,

DT0'
Pt

nskB

is the amplitude of temperature oscillations in the region
the heating current,12
h.
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L5pAmtkBT

3e

is the characteristic length of the thermal conduction proc
in the 2DEG, andt is the energy relaxation time in th
electron-phonon system. Substituting Eq.~4! into Eq. ~3!
yields

Ex~Hy!'~kBT!5S Jmd0

p\4 D 2S 12kB

rv l
5ensc

D S Hy

Ez
DDT0

3expS 2
l

L DLF12expS 2
d

L D G . ~5!

For a 2DEG in GaAs the energy relaxation timet is about
1029 s.13,14 Then, for Hy;105G, Eq. ~5! gives Ex(Hy)
;1027 V. One can see from Fig. 2~b! that this value is in
reasonable agreement with experimental results.

The inset of Fig. 3 shows the power dependence of
EMF Ex(Hy) measured atHy5100 kG. One can see that th
dependence is linear in accordance with Eqs.~4! and ~5!
except for the lowest value of power where the accuracy
measurements is not high due to the small magnitude of
signal.

In conclusion, the effect considered is based on the as
metry of the interaction of electrons with phononsqx and
2qx . This asymmetry is a direct consequence of the sim
taneous breaking of the inversion symmetry due to the as
metric quantizing potential of heterojunction, and tim
inversion symmetry due to magnetic field. As was previou
shown,2 the breaking of these fundamental symmetries
sults in analogous asymmetry of electron-photon interact
However, in contrast to the effects originating from th
asymmetry, namely the enhancement of photovoltaic eff
the asymmetry of electron-phonon interaction, considere
the present work, results in an EMF, which is complete
absent in a 2DEG with symmetrical quantizing potential
in zero magnetic field.
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Éksp. Teor. Fiz.63, 215 ~1996! @JETP Lett.63, 209 ~1996!#.

6O.V. Kibis, Pis’ma Zh. E´ksp. Teor. Fiz.66, 551 ~1997! @JETP
Lett. 66, 588 ~1997!#.
a

-

.

7O.V. Kibis, Phys. Lett. A237, 292 ~1998!; 244, 574 ~1998!.
8O.V. Kibis, Physica B256-258, 449 ~1998!.
9O.V. Kibis, Phys. Lett. A244, 432 ~1998!.

10O.V. Kibis, Pis’ma Zh. E´ksp. Teor. Fiz.88, 959~1999! @JETP88,
527 ~1999!#.

11G.M. Gusev, Z.D. Kvon, and A.G. Pogosov Pis’ma Zh. E´ksp.
Teor. Fiz.51, 151 ~1990! @JETP Lett.51, 171 ~1990!#.

12K. Hess, C.T. Sah, Phys. Rev. B10, 3375~1974!.
13G.M. Gusev, Z.D. Kvon, D.I. Lubyshev, V.P. Migal, and A.G

Pogosov, Fiz. Tekh. Poluprovodn.25, 601 ~1991! @Sov. Phys.
Semicond.25, 364 ~1991!#.

14A.J.Kent, inHot Electrons in Semiconductors, edited by N. Bal-
kan ~Clarendon Press, Oxford, 1988!, pp. 81–107.


