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Two-dimensional electron gas under a spatially modulated magnetic field: A test ground
for electron-electron scattering in a controlled environment

Mayumi Kato, Akira Endo, Shingo Katsumoto,* and Yasuhiro Iye*
Institute for Solid State Physics, University of Tokyo, Roppongi, Minato-ku, Tokyo 106, Japan

~Received 13 February 1998!

We have studied the electronic transport in a two-dimensional electron gas~2DEG! subjected to a spatially
modulated magnetic field and electrostatic potential. Independent control of the magnetic field components
parallel and perpendicular to the 2DEG plane allows us to manipulate the amplitude of the magnetic modula-
tion independently of the normal field component relevant to the magnetotransport in the 2DEG. The ampli-
tudes of the magnetic and electrostatic modulations can be evaluated from an analysis of the commensurability
oscillation of magnetoresistance. The increase of resistivity in the presence of a modulated magnetic field at a
zero uniform magnetic field is found to be quadratic in the modulation amplitude and to vary asAT21C at low
temperatures. This is a signature of the electron-electron scattering in the presence of a spatially modulated
magnetic field. The present system provides an ideal test ground for theories of electron-electron-scattering-
induced resistivity.@S0163-1829~98!07431-1#
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I. INTRODUCTION

A two-dimensional electron gas~2DEG! at the
GaAs/AlxGa12xAs heterointerface constitutes one of t
cleanest electron systems in solids. It allows us to investig
various effects of artificial potential that can be realized,
example, by placing a microstructured gate electrode on
surface. The simplest type of artificial potential involv
sinusoidal modulation of a electrostatic potential. It giv
rise to oscillatory magnetoresistance known as a W
oscillation.1–3 The phenomenon has its physical origin in t
commensurability between the electronic cyclotron mot
and the spatial periodicity and manifests itself
1/B-periodic oscillations in the resistivity measured with t
current parallel to the direction of the potential modulatio
The condition for the occurrence of resistivity minima
given by2–6

2Rc

a
5n2

1

4
~n51,2,3, . . . !. ~1!

Here Rc5\kF /eB is the cyclotron radius of an electron
the Fermi surface anda is the modulation period.

Recently, a magnetic analog of the Weiss oscillation p
dicted earlier7,8 has been experimentally demonstrated.9–11 In
that case, a spatially modulated magnetic field is imposed
a 2DEG by placing a microstructured ferromagnet or sup
conductor on the surface. The magnetoresistance exh
1/B-periodic oscillations similar to the ordinary~electro-
static! Weiss oscillation except that the minima and maxim
exchange their positions. The condition for the resistiv
minima in the magnetic Weiss oscillation is given by

2Rc

a
5n1

1

4
~n51,2,3, . . . !. ~2!

In both cases of electrostatic and magnetic modulatio
rather detailed information on the nature of modulation i
posed on the 2DEG can be gained from the analysis of
PRB 580163-1829/98/58~8!/4876~6!/$15.00
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commensurability oscillations.8 This kind of system thus of-
fers a unique opportunity to explore the electronic transp
in a highly controlled artificial environment. In this paper w
demonstrate how we can control and evaluate the elec
static and magnetic modulations at the 2DEG plane
show that the present system is a good candidate for qu
tative studies of the combined effect of the electron-elect
interaction and artificial periodicity. Part of this work ha
been reported in Ref. 12.

II. EXPERIMENTAL METHOD

Samples used in the present study were fabrica
from a GaAs/AlxGa12xAs single heterojunction wafe
grown by molecular beam epitaxy. The 2DEG in th
wafer had the densityne51.931015 m22 and mobility
m543 m2 V21 s21 at 1.5 K. The depth of the heterointe
face from the top surface was 90 nm. A standard Hall-
pattern was defined by photolithography and wet etching.
array of 60-nm-thick nickel stripes with periodicitya (a/2
wide anda/2 apart! was fabricated on the top surface b
electron-beam lithography, vacuum deposition, and a lift-
process. The nickel stripes were all connected so that a
bias could be applied to them. The experimental results p
sented in this paper were obtained from intensive meas
ments on one particular sample with periodicitya
5500 nm.

One of the experimental obstacles encountered in
study of the magnetic Weiss oscillation is the fact that pl
ing the microstructured gate generally induces strain
produces a strain-induced electrostatic potential modulati7

In our previous studies we applied a gate bias to counte
and cancel the strain-induced potential.9 Recently, it has
been shown that the strain-induced potential is mostly
piezoelectric coupling and that it can be minimized by s
ting the direction of modulation parallel to the@100#
direction.14–16 Accordingly, we patterned the Hall bar wit
the current direction aligned along the@100# axis.

Transport measurements were carried out using a stan
4876 © 1998 The American Physical Society
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PRB 58 4877TWO-DIMENSIONAL ELECTRON GAS UNDER A . . .
low-frequency ac technique. As discussed below, the pre
alignment of the magnetic field direction with respect to t
2DEG plane and to the stripe pattern was essential.
cross-coil magnet system used in the present work cons
of a 6-T split-coil superconducting magnet in combinati
with a small homemade solenoid and enabled us to inde
dently control the horizontal and vertical components of
magnetic field. A rotating sample holder was used to ad
the angle of the sample-mounting stage so as to make
2DEG plane horizontal. The azimuthal anglew between the
horizontal magnetic field and the direction of the modulat
~see the inset of Fig. 2! was varied by turning the sampl
holder around its vertical axis. For each setting ofw, the
horizontal alignment was readjusted. The misalignment co
ponent that was not accessible by the sample rotation s
was compensated by applying a small bias field in the ve
cal direction.

The horizontal magnetic field served to control the ma
netization of the ferromagnetic gate and the vertical field w
used for measurements of magnetotransport in the 2D
This scheme allowed us to keep the ferromagnetic str
fully polarized while working with low~or even zero! per-
pendicular field for the 2DEG.

III. RESULTS AND DISCUSSION

Prior to the analysis of the experimental data, we giv
brief account of the Weiss oscillation in coexisting elect
static and magnetic modulations. Equations~1! and ~2! give
the positions of resistance minima for the electrostatic po
tial modulation and for the magnetic field modulation, r
spectively. The Weiss oscillation in the presence of b
types of modulation is predicted to show distinct behav
depending on the relative spatial phase of the two type
modulation.8 The key parameter is

d[
2pm* V0

akF\eB0
, ~3!

which represents the ratio of the electrostatic potential mo
lation amplitudeV0 and the magnetic field modulation am

FIG. 1. Schematic drawings of the 2DEG with a spatially mod
lated magnetic field.~a! When the ferromagnetic stripes are ver
cally magnetized, the resultant magnetic modulation at the 2D
plane is in phase with the electrostatic modulation.~b! When they
are horizontally magnetized, the magnetic and electrostatic m
lations are out of phase.
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plitude B0. If the two types of modulation are spatially i
phase@i.e., V(x)5V0cos(2px/a) andBz(x)5B0cos(2px/a)],
the Weiss oscillation pattern shifts horizontally as a funct
of d in such a way that the positions of the resistance mini
become

2Rc

a
5n1

1

4
2

1

p
arctand ~n51,2,3, . . . !. ~4!

This sort of phase shift as a function ofd has been experi-
mentally verified.13 In that experiment, the ferromagnet
stripes were magnetized by a vertical magnetic field so
the resulting magnetic modulation at the 2DEG plane was
phase with the electrostatic modulation as depicted in F
1~a!. In contrast, if the two types of modulation are out
phase@i.e., V(x)5V0cos(2px/a) andBz(x)5B0sin(2px/a)#,
the oscillatory part of the magnetoresistance is given by

Dr~B!}~12d2!sin2S 2pRc

a
2

p

4 D , ~5!

so that the Weiss oscillation pattern is inverted withou
phase shift.

In the present experimental configuration, the ferrom
netic stripes are magnetized by the horizontal magnetic fi
so that the resulting magnetic field modulation at the 2D
plane is expected to be out of phase with the electrost
modulation as depicted in Fig. 1~b!. This is seen in Fig. 2,
which shows the magnetoresistance as a function of the
pendicular magnetic fieldB' with zero gate bias and under
constant parallel fieldBi55 T. This parallel magnetic field
is much higher than the saturation fieldB'0.3 T for nickel,
so that the magnetization of the nickel stripes are fixed ir
spective of the change inB' . The different traces are take
with the parallel field applied at different azimuthal anglesw.
The oscillations observed in the field rangeB',0.3 T are
the Weiss oscillations, while the shorter period oscillations
higherB' are the Shubnikov–de Haas effect. No hystere
appears because the magnetization of the nickel stripe
fixed by the constant horizontal fieldBi55 T. Note that

-

G

u-
FIG. 2. Magnetoresistance traces for different settings of

azimuthal anglew of the parallel magnetic field defined as shown
the inset. The traces are vertically shifted for clarity.
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4878 PRB 58KATO, ENDO, KATSUMOTO, AND IYE
only the magnetization component parallel to the modulat
direction is effective in generating the magnetic field mod
lation at the 2DEG plane.

Figure 3 is a replot of the data in Fig. 2 as a function
2Rc /a calculated by using the value ofne as determined
from the Shubnikov–de Haas effect. The traces forw<60°
have their minima at the positions in agreement with Eq.~2!
~vertical dotted lines in the figure!. However, the minima
turn to maxima in traces for higher values ofw, namely, the
Weiss oscillation diminishes in amplitude with increasingw
and is eventually inverted without any phase shift. T
peak-valley inversion corresponds to the behavior for
mutually out-of-phase electrostatic and magnetic modu
tions mentioned above.

We can evaluate the modulation amplitude by fitting t
Weiss oscillation with the theoretical formula given b
Peeters and Vasilopoulos.8 Let us begin with the casew
590°. For this field orientation, the nickel stripes are ma
netized along their length so that the magnetic field modu
tion produced at the 2DEG plane is minimal.17 The Weiss
oscillation observed in this configuration is mostly due to
strain-induced electrostatic modulation.~The nature of the
electrostatic modulation will be discussed later.! The ampli-
tude of the strain-induced electrostatic modulation extrac
from this data isV050.10 meV. Now thatV0 is determined,
the values ofB0 for different w settings can be extracte
from these data. The results are plotted in the inset of Fig
which clearly shows the expected cosw dependence. The
maximum amplitude of the magnetic field modulation at t
2DEG plane in this sample is found to beB0519.1 mT.

The peak-valley inversion of the Weiss oscillation can
also achieved by changing the gate bias. Figure 4 shows
magnetoresistance traces for different values of gate biaVg
ranging from2200 to 200 mV. For this series of measur
ments, the magnetic modulation is fixed atB512 mT by
settingBi55 T atw555°. The amplitudeV0 of the electro-
static potential modulation as determined from the analy
of the Weiss oscillation amplitude is plotted as a function
the applied gate biasVg in the inset of this figure. The elec
trostatic modulation amplitude in the present system can

FIG. 3. Data shown in Fig. 2 replotted as a function of 2Rc /a.
The traces are vertically shifted for clarity. The inset shows
cosw dependence of the amplitudeB0 of the magnetic field modu-
lation at the 2DEG plane.
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approximately written asV0'21.231023Vg10.10 mV.
The first term represents the gate-bias-induced compon
which is roughly proportional toVg . The coefficient
1.231023 is the reduction factor that depends on the d
tance of the 2DEG from the patterned gate and on the de
of screening. The valueV050.10 meV atVg50 represents
the strain-induced component. It is noted that the stra
induced component in the present sample is about an o
of magnitude smaller than those for samples with the mo
lation structure made along the@110# direction.13,18Since the
strain-induced potential via piezoelectric coupling is min
mized in the present system, the one that plays the role
may be attributed to deformation potential coupling.15

We have thus demonstrated that a spatially modula
magnetic field can be imposed on the 2DEG at
GaAs/AlxGa12xAs heterointerface and that the modulatio
amplitude can be precisely determined from the analysis
the Weiss oscillation. It is then of great interest to explo
the effect of such artificial superperiodicity on electron
transport. We learn in elementary solid state physics te
books that electron-electron scattering does not contribut
the resistance in a translationally invariant system, but
play a role in a translational-symmetry-broken system. In
case of periodic symmetry breaking, the relevant proces
called the umklapp process.

The present system allows us to break the translatio
symmetry in a controlled fashion so that it may provide
excellent test ground for this problem. This issue was
cently addressed by Messicaet al.21 for electrostatic modu-
lation. They have measured the low-temperature resista
of a 2DEG for different gate bias settings and found an
cess resistance with a quadratic temperature depende
which is taken as a signature of the electron-electron sca
ing. In the present work, we have used magnetic field mo
lation as the artificial periodicity. In addition to the interest
the possible difference associated with the different types

e

FIG. 4. Magnetoresistance as a function of 2Rc /a for different
values of the gate biasVg with the magnetic modulation amplitud
fixed at B0512 mT by settingBi55T at w555°. The traces are
vertically shifted for clarity. The inset shows the change in t
electrostatic potential modulation amplitudeV0 as a function ofVg .
The V0 at Vg50 represents the strain-induced component.
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modulation~magnetic as opposed to electrostatic!, there is
also a good reason for the preference of magnetic over e
trostatic modulation. Namely, use of magnetic modulat
has a distinct advantage that it allows us to change the m
lation amplitude without affecting the density of the 2DE
This is a crucial point in conducting experiments because
electron-electron interaction is anticipated to be sensitive
the electron density.

The inset of Fig. 5 shows the resistivity as a function
the parallel magnetic fieldBi with B'50. Two traces corre-
spond tow50° and 90°, respectively. Note that the magne
field is aligned exactly parallel to the 2DEG plane, so th
there is no uniform field component normal to the 2DE
For w590°, the resistivity is found to be independent of t
applied magnetic field except for a small peak in the l
field region where the magnetization reversal occurs.
mentioned earlier, the magnetic field modulation vanis
for this field orientation, so that the observed fiel
independent resistivity can be taken as the reference valu
zero modulation amplitude. The origin of the small peak c
be interpreted as follows. During the magnetization rever
small domains with different magnetization directions a
formed and they produce a certain degree of magnetic fi
nonuniformity at the 2DEG plane that contributes to the c
rier scattering. Forw50° at which the magnetic modulatio
can be maximized, a resistance change by about 5% is
served. The constant resistivity forB.0.3 T gives the value
under the maximum magnetic field modulation, i.e.,B0
519.1 mT as determined from the Weiss oscillation. W
define the excess resistivityDr by the difference between
the values for the two field orientations, as indicated in
figure.

The main panel of Fig. 5 shows thew dependence of the
excess resistivityDr. As seen earlier in the inset of Fig. 2
the amplitude of magnetic field modulation changes asB0
}cosw. Since the excess resistivity associated with
modulation should be proportional to the square of the tr
sition matrix element,Dr}B0

2}cos2w is expected. The data

FIG. 5. Inset: resistivity as a function ofBi , with B'50. The
two traces correspond tow50° ~maximum magnetic modulation!
and 90° ~null modulation!. Main panel: excess resistivityDr as a
function of the azimuthal anglew of the parallel magnetic field. The
observed cos2w dependence verifies the relationDr}B0
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shown here corroborate this dependence as demonstrate
the good fit of the cos2w curve.

Next we turn to the temperature dependence. The inse
Fig. 6 shows the temperature dependence of the inverse
bility m21 calculated fromr(T). The behavior at low tem-
peratures is expressed asm215m0

211aT. TheT-linear term
is attributed to acoustic phonon scattering with deform
tion potential coupling. For the present sample,a5
3.231024 V s/m2 K, which is in agreement with those re
ported earlier for plain 2DEG samples with similar dens
and mobility.19,20

The main panel of Fig. 6 shows the temperature dep
dence of the excess resistivityDr for B0519.1 mT. The
excess resistivity increases withT at low temperatures
reaches a maximum atT'30 K, and decreases withT at
higher temperatures. The low-temperature part of the exc
resistivity is found to increase with increasing temperatu
The main panel of Fig. 7 shows the excess resistivity plot
againstT2 for four differentw settings. It is seen that forT
,10 K, the excess resistivity can be expressed asDr

FIG. 6. Inset: temperature dependence of the inverse mob
m21. Main panel: temperature dependence of the excess resist
Dr for B0519.1 mT.

FIG. 7. Excess resistivityDr plotted againstT2 for four differ-
ent values ofw, which set the magnetic modulation amplitude.



e
r

m

n

E
n

sc
u

ic
na
d

-

in
e
h
so
be
th
a

tio
e

i
th
-
p
bu
o

d

u
ca
e
e
e
ca
e

sed
an

ct of
er,
the

ring

rved

of

er
hat
c-

his
the

ag-
he
n.
er-

ne-
ure
e
can

ro
of
nd
u-
as
be

sis-
is

ring.
tive
da-
sent

sa-
ns-

a
f

4880 PRB 58KATO, ENDO, KATSUMOTO, AND IYE
5AT21C. It is stressed that the quantityDr only picks up
the change induced by the application of the magnetic fi
modulation, while keeping the other paramete
unchanged.22

The temperature dependence of resistivity can be sum
rized as follows. The total resistivity is written as

r5
m*

ne2t total

5
m*

ne2
~t211tMM

21 !. ~6!

Here t21 represents the electron scattering processes u
lated to the magnetic modulation andtMM

21 those associated
with the magnetic modulation.

For T,30 K, t2155.53101015.83108T sec21. The
first term represents the elastic scattering rate of the 2D
including additional scattering associated with the no
magnetic~strain-induced! part of the effect of the striped
gate. The second term represents the acoustic phonon
tering as stated above with possible minor modification d
to the presence of the striped gate.

The scattering ratetMM
21 in Eq. ~6! represents the magnet

part of the effect of the striped gate. This term is proportio
to B0

2, as shown in Fig. 5. ForT,10 K, it can be expresse
as tMM

21 5AT21C. The coefficient of theT2 term is A5
1.13107 K22 sec21 for the maximum magnetic modula
tion amplitude B0519.1 mT, or A53.0
3104B0

2 (mT) K22 sec21. The constant term isC51.0
3109 sec21 for B0519.1 mT. A similarT2-dependent ex-
cess resistance is recently reported by Overendet al.23 for
their device with cobalt stripes.

The AT2 term represents the electron-electron scatter
that contributes to momentum relaxation by lifting of th
translational invariance by the magnetic modulation. T
constant termC represents additional elastic scattering as
ciated with the imposed magnetic modulation. It would
absent in an ideal case of perfect periodicity, but reflects
deviation therefrom in a real sample. We note that the sm
value of tMM

21 as compared tot21 warrants that the
modulation-induced effect can be treated in a perturba
scheme. This should make a detailed comparison betw
theory and experiment quite feasible. TheAT2 term is basi-
cally attributed to the electron-electron umklapp process
the presence of a periodic magnetic field. Considering
presence of the constant termC, however, the electron
electron scattering term may contain not only the umkla
process arising from the periodic magnetic modulation
also some contribution attributable to accompanying dis
der.

An important point to address next is how thisT2 term
changes at higher temperatures. As seen in Figs. 6 an
with increasing temperatureDr deviates from theT2 depen-
dence, takes a broad maximum aroundT;30 K, and even-
tually decreases at higher temperatures. One possible so
of such behavior may be sought in the electron-electron s
tering itself. Since theT2 term is the lowest-order term of th
electron-electron scattering, it is conceivable that the high
order (T4) term becomes important at higher temperatur
Unfortunately, to our knowledge, there exist no theoreti
models that can give a quantitative estimate of the high
order terms.
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Another possible source of the deviation from theT2 de-
pendence is the diminishing effectiveness of the impo
periodicity at high temperatures. For example, if the me
free path becomes much shorter than the period, the effe
imposed periodicity should disappear altogether. Howev
as seen in the inset of Fig. 6, a significant decrease in
mobility ~and hence the mean free path! only occurs at high
enough temperatures where the optical phonon scatte
comes into play. The mean free path only changes froml
'3.1 to'2.2 mm betweenT51.3 and 30 K. Therefore, the
decrease in the mean free path cannot explain the obse
behavior ofDr(T).

A magnetic field modulation with amplitudeB0 is seen as
a potential energy modulation with amplitudeU05eavFB0
by an electron at the Fermi level.24 When the temperature
exceedsU0, the thermal smearing will wash out the effect
the artificial periodicity. Numerically,U051.8 meV atB0
519.1 mT for the present system, which is in a right ord
of magnitude. We note, however, an experimental fact t
cannot be readily understood in this line of reasoning. A
cording to this picture, the deviation from theT2 dependence
should occur at a lower temperature for a smallerB0. The
data shown in Fig. 7 do not exhibit such behavior. Thus t
point remains as an unsolved problem to be explored in
future.

IV. SUMMARY

We have demonstrated that the spatially modulated m
netic field can be imposed on a 2DEG at t
GaAs/AlxGa12xAs heterointerface in a controlled fashio
Independent control of the field components parallel and p
pendicular to the 2DEG plane allowed us to fix the mag
tization of the striped ferromagnetic gate, while we meas
the low ~or zero! magnetic field transport in the 2DEG. Th
amplitudes of the magnetic and electrostatic modulations
be determined from the analysis of the Weiss oscillation.

The 2DEG under a modulated magnetic field with ze
uniform component is of particular interest in the context
the combined effect of the electron-electron interaction a
artificial periodicity. Here the use of a magnetic field mod
lation in the place of an ordinary electrostatic modulation h
a distinct advantage in that the modulation amplitude can
varied without affecting the 2DEG density. The excess re
tivity associated with the imposed magnetic modulation
found to vary asAT21C at low temperatures. TheT2 de-
pendence is a signature of the electron-electron scatte
The present system offers an ideal ground for a quantita
comparison between theory and experiment for this fun
mental issue of solid state physics. We hope that the pre
work may stimulate efforts on the theoretical side.
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