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We have studied the transport in two-dimensional electron gas (2DEG) subjected to two different types
of magnetic barriers—dipolar and monopolar barriers—using fringing magnetic field from ferromagnetic
film on the surface of GaAs/AlGaAs heterostructures. Resistivity of 2DEG increases as the magnetic
barriers are turned on. We measured amplitude dependence and temperature dependence of the excess
resistivities due to those magnetic barriers. The resistance as a function of the uniform component of the
magnetic field exhibits a positive magnetoresistance and a beating pattern of the Shubnikov-de Haas
oscillations. They are qualitatively explained by considering the various cyclotron trajectories in the
region of the magnetic barriers.
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1. Introduction

Electron transport in laterally modulated two-dimensional
electron gas (2DEG) has been investigated extensively in
recent years. Weiss et al.1) generated 1D periodic weak
electric potential by interference of laser beams, and
observed a novel type of magnetoresistance oscillation, so-
called Weiss oscillation. The phenomenon is interpreted as
guiding-center drift resonance effect arising from commen-
surability between the cyclotron diameter and the electro-
static modulation period.2) The magnetoresistance �xx takes
minima at

2Rc

a
¼ n�

1

4
ðn ¼ 1; 2; 3; � � �Þ: ð1Þ

Here Rc is the cyclotron radius and a is the modulation
period which is typically several hundred nanometer. It was
predicted by a few authors3–5) that similar oscillatory
magnetoresistance should be found for periodic magnetic
field modulation. For 1D periodic magnetic modulation, the
expected positions of �xx minima are given by
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The initial attempt by Yagi and Iye3) to observe this
magnetic Weiss oscillation was hampered by the dominance
of strain-induced electrostatic potential modulation. Later, a
few groups6–8) succeeded in observing the magnetic Weiss
oscillation by circumventing the strain-induced effect in
different ways.

Another topic of interest in periodically modulated
systems is the excess resistance i.e., resistance increase
due to the modulation potential, or lateral superlattice.
Messica et al.9) found that the low temperature resistivity of
a 2DEG subjected to a one-dimensional electrostatic
potential modulation changes from the phonon-limited T-
linear behavior to T-quadratic behavior as the modulation
amplitude is increased. A T-quadratic resistivity was also
observed in the magnetic modulation case.10,11) The T-
quadratic excess resistivity is attributed to electron-electron

Umklapp scattering process in the system where continuous
translational symmetry is broken artificially. Recently,
Kubrak et al. have investigated the excess resistance due
to a single magnetic barrier.12) In this work, we investigate
the transport through isolated magnetic barriers. We
compare our results with the previous studies on similar
systems,12) and with the case of periodic modulation.10,11)

2. Experimental

Our samples were fabricated from a GaAs/AlGaAs single-
heterojunction wafer grown by molecular beam epitaxy. The
electron density and mobility of the 2DEG at 4.2K were
3:0� 1015 m�2 and 40m2/Vs, respectively. The depth of the
2DEG plane from the sample surface was 75 nm. An array of
cobalt strips was deposited on top of the current arm of a
standard Hall-bar. The width of the Hall bar is 30�m, and
the separation between the voltage probes is 60�m. The
strain-induced electrostatic potential between the ferromag-
netic strips and the heterostructure can be minimize by
patterning the Hall-bar with the current direction along the
non-piezoelectric [100] direction.13)

The transport measurements were carried out using a low-
frequency ac technique. A cross-coil superconducting
magnet system used in the present study consisted of a 6 T
split-coil magnet and a homemade 1T solenoid. It enabled
us to control the horizontal and vertical components of the
magnetic field independently. The ferromagnetic strips were
fully magnetized by applying a strong enough magnetic field
(5 T) parallel to the 2DEG plane. To a first approximation,
the parallel magnetic field does not affect the orbital motion
of the 2D electrons.

Two different types of magnetic barrier were made.
Schematic diagrams of sample configuration are shown in
Fig. 1. One type, ‘‘dipolar magnetic barrier’’ which consists
of a pair of tightly-spaced positive and negative local
magnetic field is created by the fringing field generated by a
narrow ferromagnetic wire magnetized perpendicularly to its
long side [Fig. 1(a)]. The other, ‘‘monopolar magnetic
barrier’’ which is a local magnetic peak of either sign is
generated at the edge of a wide ferromagnetic film [Fig.
1(b)]. In the actual samples, many such barriers were placed
with the mutual separation comparable to or greater than the*E-mail: hara@issp.u-tokyo.ac.jp
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electron mean free path. Transmission of electron through
each magnetic barrier is ballistic, but momentum relaxation
occurs between the barriers so that each magnetic barrier can
be treated independently. When the separation between the
dipolar barriers is made much smaller than the mean free
path, the system is reduced to the periodic modulation case
we studied earlier.10,11)

The amplitude of the fringing field was precisely
controlled by changing the azimuthal angle ’ of the
horizontal field with respect to the ferromagnetic strips.10)

The peak value of the local magnetic field B0 could be varied
as B0 ¼ Bmax

0 cos ’, where Bmax
0 denotes the maximum

amplitude (typically a few hundred mT), which depended
on the material and the thickness of the ferromagnetic film
and on the depth of the 2DEG plane. We have calculated
magnetic field profile for the two types of barrier by
integrating magnetic moment assuming that the magnetiza-
tion of ferromagnetic strips is fully saturated in the direction
of the applied magnetic field. Figure 2 shows the normal
component of the fringing magnetic field BzðxÞ and the
corresponding vector potential AyðxÞ in the case that the
horizontal magnetic field is parallel to the current direction
ð’ ¼ 0�Þ. We were able to independently sweep the uniform
perpendicular magnetic field while keeping the strength of
the magnetic barriers constant to measure the magnetoresis-

tance in the presence of magnetic barriers.

3. Amplitude Dependence

In this and next section, we discuss the excess resistivity
due to the magnetic barriers in the absence of the uniform
component of magnetic field. The resistivity of the 2DEG
increases as the magnetic barriers are turned on. We
investigated the dependence of the excess resistivity on the
amplitude of the magnetic barrier B0 which changes as
B0 ¼ Bmax

0 cos ’. Figure 3 shows the excess resistivities as a
function of cos ’. In the case of the dipolar barriers, � is
proportional to B

3=2
0 . This is similar to what we found for the

case of periodic magnetic field modulation.14) The B
3=2
0 -

dependence is in accordance with the theoretical prediction
by Matulis and Peeters,15) who consider the semiclassical
electron trajectories in the presence of the magnetic barriers.
They calculate the critical angle �c of the incident electron
wave vector which separates whether a particular trajectory
transmits through or is reflected from the magnetic barrier.
The resistance change due to the magnetic barrier is obtained
by considering that the reflected electron cannot make a
contribution to the conductance. In the case of the periodic
magnetic field modulation, similar consideration divides the
semiclassical trajectories into propagating orbits and snake
orbits, the latter being bounded in the x-direction. In both
cases, i.e., periodic magnetic modulation and single
magnetic barriers, it is predicted that the excess resistivity
varies as � 	 B

3=2
0 for small values of B0. However, for the

monopolar barriers, we found somewhat stronger depen-
dence � 	 B�

0 with � 	 1:8. Similar observation has been
reported by Kubrak et al., who found � 	 B

3=2
0 for dipolar

barriers and � 	 B2
0 for monopolar barriers.12) Although

the origin of the stronger dependence is not clear at the
moment, the following two points may be relevant.

First, as seen in Fig. 2 the peak value of local magnetic
field is larger for the monopolar barrier than the dipolar one.
In the semiclassical theory,15) it should be recalled that the
B
3=2
0 -dependence is obtained by assuming smallness of B0. If

the amplitude of the magnetic barrier is large enough that
any trajectory is reflected from the barrier, the resistivity is
infinite in the collisionless limit. So, the power � is expected
to become stronger as B0 is increased.

Second, the dipolar and monopolar magnetic barriers
differ in the deflection of transmitted electrons. The direction
of the velocity vector v of an electron after it has passed
through a dipolar barrier is the same as the initial one. By
contrast, the velocity vector is always deflected by a
monopolar barrier.

To make the first point more explicit, let us consider the
deflection of electrons by magnetic barriers in some details.
Electron motion in 2DEG under a spatially varying magnetic
field is described by the following Hamiltonian.

H ¼
1

2m
p2x þ

1

2m
py þ eAyðxÞ

� �2 ð3Þ

The vector potential AyðxÞ for the two types of magnetic
barriers are shown in Fig. 2. Here the spatial variation is
only along the x-direction, so that the momentum py is
conserved. In phase space ðx; px; pyÞ, electron moves along
the trajectory defined by the intersection of the Fermi surface
with the py ¼ C plane (Fig. 4). Critical angle �c which

Fig. 1. Schematic diagram of sample configuration. (a) Dipolar magnetic

barriers. (b) Monopolar magnetic barriers. Amplitude of the magnetic

barrier was controlled by changing the azimuthal angle ’ of the horizontal
field.
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separates whether electron transmits through or is reflected
from the magnetic barrier is given by

Fig. 2. Calculated magnetic field profile BzðxÞ and vector potential AyðxÞ (’ ¼ 0�: maximum value) of two different magnetic barriers.
Saturation of magnetization for cobalt is assumed to be 1.8 T.

Fig. 4. Fermi surface around magnetic barrier in phase space ðx; px; pyÞ.

Fig. 3. Amplitude dependence of excess resistivity. Amplitude of

magnetic barrier was changed linearly to cos ’.
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�c ¼ arccos 1�
eA

h�kF

� �
ð4Þ

A ¼ maxfAyðxÞg �minfAyðxÞg ð5Þ

According to the estimation of the vector potential AyðxÞ
(Fig. 2),

eA

h�kF
�

0:38 (Dipolar)

0:99 (Monopolar)

�
ð6Þ

The actual magnetic modulation may be smaller than the
estimation, but the monopolar barrier sample obviously does
not satisfy the assumption eA=h�kF  1. From the data for
smaller values of cos ’ alone, it is difficult to uniquely
determine the power �.

4. Temperature Dependence

Let us now turn to the temperature dependence of the
excess resistivity. In the context of the model by Matulis and
Peeters,15) thermal fluctuation tends to suppress the excess
resistance caused by the magnetic barriers. Experimentally,
however, � is found to increase with temperature as � 	
AT2 þ C at T � 15K (Fig. 5). Such quadratic temperature
dependences have been commonly observed for the both
types of magnetic barriers and also for the periodic
modulation case.10,11) In this respect, Kubrak et al.12) report

different results. For the dipolar barrier they found the
excess resistance to increase in proportion to the total
resistance and hence was linear in T at low temperatures. For
the monopolar barrier, they found no temperature depen-
dence. However, their data points are rather sparse for
detailed discussion of the temperature dependence.

In our earlier publications,10,16,17) we interpreted the
phenomenon in terms of electron–electron Umklapp process
activated by the artificial superperiodicity. Recently, Uryu
and Ando19) have developed a theory considering electron–
electron Umklapp scattering for the case in which the two-
dimensional electron system is clean enough to form
minigaps due to weak periodic potential. In the present
study, the temperature-quadratic behavior of excess resis-
tivity has been observed not only in the periodically
modulated systems, but also for isolated magnetic barriers.
This suggests that the periodicity of modulation per se is not
essential in the phenomenon. However, we should mention
that the T2-term originates from electron–electron scattering,
which we have shown in the experiment of the warm
electron effect.16) In this context, it is noteworthy that Sasaki
and Fukuyama propose a novel T2-term due to electron-
electron scattering in periodically modulated systems which
originates not from Umklapp process but from normal
momentum conserving process.18) When electron-electron
scattering occurred under spatially varying magnetic field,
total momentum of scattering electrons is conserved, but not
the current. This theory also applies to the case of the
isolated magnetic barriers.

Possible reasons for the deviation from the T2-dependence
at higher temperatures are discussed in ref. 10 for the
periodic case. At higher temperatures, a few sources of
corrections to the simple picture of � 	 AT2 þ C come
into play, i.e. phonons and thermal smearing of the magnetic
barriers.

5. Magnetoresistance

Figure 6 shows the resistivity as a function of the uniform
magnetic field while the amplitude of magnetic barrier is
kept constant by a strong enough parallel magnetic field. We
focus on two characteristic features of these traces; positive
magnetoresistance (PMR) and beating of the Shubnikov–de
Haas (SdH) oscillations. The PMR is thought to be of
classical origin since its temperature dependence is weak.
The PMR in the dipolar barrier sample evolves in two steps.
The low field PMR, which is attributed to the so-called snake
orbit,20) saturates at 	0:1T. The overall PMR curve is
concave upward. By contrast, the PMR curve in the
monopolar barrier sample has no low field features and is
concave downward. In a semiclassical picture, the magne-
toresistivity is derived from the average electron drift
velocity hv2di.

2)

�xx

�0
’ !2

c

2 �yy

�0
’ !2

c

2 hv2di
v2F=2

ð!c
 � 1Þ; ð7Þ

where �0 is the resistivity at zero uniform magnetic field, !c

is the cyclotron frequency, 
 is the classical scattering time,
and vF is the Fermi velocity.

In order to understand the different PMR behavior for the
two types of magnetic barriers, we performed numerical

Fig. 5. Temperature dependence of the excess resistivity � ¼
�ð’ ¼ 0�Þ � �ð’ ¼ 90�Þ for the two types of magnetic barriers. The

insets show the data plotted as a function of T2.
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calculation of electron trajectories. Figure 7 shows some
representative electron trajectories in the presence of
magnetic barrier and uniform magnetic field. For the ease
of numerical calculation, the magnetic barriers were
assumed rectangular in shape, and the amplitude was taken
to be 0.15 T for the dipolar case and 0.2 T for the monopolar
case, to mimic the actual situations. For the monopolar
magnetic barrier, the drift motion of electrons monotonically
diminishes with increasing uniform magnetic field. By
contrast, for the dipolar barriers, those trajectories trapped
along the center line of the barrier make significant
contribution to the drift motion at higher fields. Figure 8

shows the magnetoresistivity curves numerically calculated
on the basis of this semiclassical model. The sudden drop of
magnetoresistivity occurring at 0.15 T (for the dipolar
barrier) and at 0.2 T (for the negative monopolar barrier)
corresponds to the point where the uniform field exceeds the
barrier amplitude and hence the spatial region with magnetic
field of wrong sign disappears. For the dipolar barrier case,
the pronounced peak in the calculated curve corresponds to
the inflection seen in the experimental curves around 0.1 T
which is highlighted in the inset of Fig. 6(a). For the
monopolar barrier case, the theoretical curve, which is given
by a series-circuit sum of the two curves shown for the
positive and negative barrier, is in qualitative agreement
with the experimental curves.

As seen in Fig. 6, the SdH oscillations develop a beating
pattern as the magnetic barrier amplitude is increased.
Fourier spectra of these traces are shown in Fig. 9. They
have revealed spectra consisting of a central peak (large
arrow) and a side band on each side (smaller arrows). The
former, which is independent of the barrier amplitude,
corresponds to the cyclotron orbit in the homogeneous

Fig. 6. Magnetoresistivity with magnetic barriers for different settings of

the amplitude of magnetic barriers by changing the azimuthal angle ’ of

the parallel magnetic field. Inset shows the data at lower magnetic field.

Fig. 7. Electron orbits in the presence of simplified rectangular magnetic barriers at uniform magnetic field B? ¼ 0:6T. The lower

graph shows calculated magnetic field profile and approximated rectangular magnetic barrier. For monopolar barrier, ‘‘positive’’ means

that the direction of magnetic barrier is same with the uniform magnetic field, ‘‘negative’’ means opposite.
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region between the barriers. The latter is attributed to the
stationary trajectories shown in Fig. 6 in the region of the
magnetic barriers. We can see the left side band more clearly
than the right side band. It is consistent with the fact that
SdH oscillations are clearly observed as increasing perpen-
dicular magnetic field. Unlike the case of spatially varying
electron density, the splitting of the SdH frequency in this
case is dependent on the strength of the uniform magnetic
field.

6. Conclusion

We have investigated transport in 2DEG with two
different types of magnetic barrier. The excess resistivity
� due to the magnetic barriers varies as B�

0ð� 	 1:5{1:8Þ
with increasing barrier amplitude. The behavior at finite
temperatures, � 	 AT2 þ C, is common to two types of
barrier and periodic modulation case. The positive magne-
toresistance are qualitatively attributed to the drift motion
under the spatially varying magnetic field. Fourier analysis
of the beating pattern furnishes information on the quantum
state of the stationary trajectories in the region of the
magnetic barriers.
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