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Transport in a two-dimensional electron-gas narrow channel with a magnetic-field gradient
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We have investigated distinctive transport phenomena in two-dimensional electron gas 共2DEG兲 narrow
channel subjected to a large magnetic field gradient, a unique situation created in a ferromagnet/2DEG hybrid
structure. The so-called snake orbits which propagate in the direction determined by the sign of field gradient,
give rise to conductivity enhancement and rectification effect with respect to the direction of dc bias current.
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Mesoscopic ferromagnet/two-dimensional electron gas
共2DEG兲 hybrid structures attract much interest not only as an
experimental stage of novel magnetotransport phenomena
but also as a prototype of future magnetoelectronics devices.
A tailored magnetic-field landscape can be applied to the
2DEG by an appropriately microfabricated ferromagnetic
structure. Ballistic electron motion in the high mobility
2DEG is strongly modified by such local magnetic field.1–7
Recently, Nogaret et al.8 reported a resonance peak in magnetoresistance of a device with a ferromagnetic strip deposited above the center line of the channel due to the so-called
snake state which corresponds to electron trajectories trapped
at the boundary between positive and negative magnetic
field. In this work, we investigate different aspects of electron transport in a similar hybrid structure, in an experimental setup which allows us to precisely control the magnetization of the mesoscopic ferromagnet by a cross-coil magnet
system.
Our samples were fabricated from a GaAs/AlGaAs
single-heterojunction wafer grown by molecular-beam epitaxy. The density and mobility of the 2DEG before processing were 3.1⫻1015 m⫺2 and 67 m2 /Vs, respectively. The
electron mean free path was 6.1  m. The depth of the 2DEG
plane from the sample surface was 65 nm. A narrow channel
of 2DEG was formed by chemical wet etching with geometrical width 1.5  m 共Sample 1兲 and 1.8  m 共Sample 2兲.
The physical width of the 2DEG channel is somewhat
smaller due to depletion at both edges. The separation between two voltage probes to measure the longitudinal resistance R xx of the 2DEG narrow channel was 12  m. A cobalt
strip of thickness 75 nm and width 0.5  m was placed on
top along the center line of the channel. The transport measurements were carried out using a low-frequency ac lock-in
technique at an excitation current of 50 nA for the 2DEG and
300 nA for the cobalt wire.
The device was fabricated in such a way that the electronic transport in the cobalt wire itself could be measured
simultaneously as that in the 2DEG wire, in order to monitor
the magnetization process of the former. Measurements were
done at temperatures between 1.3 and 14.2 K. Since the temperature was far below the Curie temperatures of cobalt, the
magnetic behavior of the cobalt strip was temperature independent. Use of a cross-coil magnet system consisting of a 7
T split coil and a 1 T solenoid enabled us to control two
components of magnetic field independently. By applying an
in-plane magnetic field to magnetize the cobalt wire in the
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direction perpendicular to channel direction (  ⫽0°), a spatially varying magnetic field is generated inside the 2DEG
channel. Here,  is the azimuthal angle of the in-plane magnetic field defined in Fig. 1共a兲. Figure 1共c兲 shows a magneticfield profile across the 2DEG channel calculated by a simple
magnetostatic model. The maximum amplitude of the normal
component B z of the stray field for this structure is about 0.2
T, and can be controlled by azimuthal angle  of the applied
in-plane magnetic field.
We first describe the control and monitor of the magnetization of the cobalt strip by the external magnetic field. The
sample was precisely aligned in the cross-coil system by
monitoring the Hall signal so that the two components of
magnetic field were both parallel to the 2DEG plane. The
in-plane field B 储 was thereafter used solely to control the
magnetization of the cobalt strip without affecting the transport in 2DEG by itself. 共The parallel field magnetoresistance
of the 2DEG was negligible in the field range of the present
work, as verified by samples without ferromagnetic structure.兲 Two curves of magnetoresistance of the cobalt wire
measured with the in-plane magnetic field applied perpendicular (  ⫽0°) and parallel (  ⫽90°) to the current direc-

FIG. 1. 共a兲 Schematic diagram of the sample configuration. Applying an in-plane magnetic field in ⫹y direction, electron trapped
in snake state propagates in ⫹x direction. 共b兲 Cross section of the
narrow channel. The width of the 2DEG channel is actually smaller
than the geometrical width because of the depletion of 2DEG near
the sample edge. 共c兲 Calculated magnetic-field profile B z at the
2DEG plane with the in-plane magnetic field applied perpendicular
to the channel direction (  ⫽0°). The calculation was made by
assuming the saturation magnetization of cobalt to be 1.8 T.
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FIG. 2. 共a兲 Resistance behavior of 2DEG narrow channel for
Sample 2 sweeping in-plane magnetic field in two different directions at T⫽1.3, 4.9, 9.6, and 14.2 K. 共b兲 Simultaneously measured
resistance of the cobalt wire at T⫽1.3 K.

tion are shown in Fig. 2共b兲. They show a typical anisotropic
magnetoresistance 共AMR兲 effect reflecting the magnetization
process of the cobalt strip with some hysteresis. This particular set of data was taken at 1.3 K, but the behavior is identical throughout the present temperature range. Due to the
shape anisotropy, the easy direction of magnetization was
along the length of the strip. For  ⫽90°, magnetization reversal occurs in the field range ⬃⫾0.03 T. When an inplane magnetic field higher than this value was applied to the
cobalt strip in this direction (  ⫽90°), the stray field was
turned off.
In the magnetic-field range where magnetization reversal
occurs, the amplitude of the stray field pattern changes, and
the corresponding change in the resistance of the 2DEG wire
takes place. Figure 2共a兲 shows the resistance of the 2DEG
wire as a function of the in-plane magnetic field for  ⫽0°
and  ⫽90° at four different temperatures. The overall vertical shift reflects the temperature dependence of resistivity
governed by the acoustic phonon scattering.
For  ⫽0°, reproducible aperiodic fluctuation in resistance is observed in the field range where the magnetization
and hence the stray field changes. The fluctuation amplitude
diminishes at higher temperatures. This fluctuation cannot be
attributed to discontinuous jumps of magnetization in its reversal process, because the magnetization process is smooth
and temperature independent as witnessed by the magnetoresistance of the cobalt wire. The resistance fluctuation phenomenon is attributed to universal conductance fluctuation
共UCF兲 effect of the narrow 2DEG wire. This interpretation is
supported by the following observations. The amplitude of
conductance fluctuation is ⬃0.1e 2 /h at 1.3 K which falls in
a reasonable range as UCF. Similar resistance fluctuation is
observed as a function of uniform perpendicular magnetic
field. The phase relaxation length at the lowest temperature is
estimated as ⬃2  m from the amplitude analysis,9 which is
comparable to the sample size. By use of the magnetization

FIG. 3. Differential resistance of Sample 2 as a function of
in-plane magnetic field for  ⫽0° under dc bias current I⫽1  A,
0  A, ⫺1  A at T⫽1.3 K. The change in the resistance between
positive and negative in-plane field defined as ⌬(dV/dI) alters the
sign depending on flow direction of the dc bias current. The curve
in 共b兲 at zero dc bias is the same as the one at the bottom of Fig.
2共a兲.

curve, the horizontal axis of Fig. 2共a兲 can be translated into
the average 共absolute兲 value of stray magnetic field. The values of correlation field for the aperiodic fluctuations are then
found to be comparable between the stray field case and the
uniform perpendicular field case. More detailed analysis of
the conductance fluctuations will be reported elsewhere.
Comparison of the magnetoresistance curves for  ⫽0°
and  ⫽90° in Fig. 2共a兲 tells that the conductance of the
2DEG narrow channel becomes higher in the presence of
magnetic field gradient. This is attributed to the contribution
of snake orbits in the former case. In ballistic or quasiballistic transport regime such as the present case, diffuse scattering at boundaries plays an essential role. When snake states
are created by gradient magnetic field, electrons trapped in
those states do not suffer from boundary scattering leading to
conductivity enhancement.
It is instructive to compare this behavior with the case of
uniform magnetic field. In a narrow wire under a low uniform magnetic field, all electron trajectories are directed towards the boundaries causing a positive magnetoresistance.
At higher magnetic field where the cyclotron diameter becomes less than the wire width, boundary scattering is suppressed resulting in a negative magnetoresistance.
The extra contribution of snake states to conductivity diminishes with increasing temperature as seen in Fig. 2. At
higher temperatures, frequent electron-phonon and electronelectron scattering events tend to prevent electrons from
staying in the snake orbits.
The role of snake states is more conspicuous in the nonohmic regime. Energy dispersion in the narrow channel under gradient magnetic field is asymmetric with respect to the
current direction, i.e., the time-reversal symmetry is
broken.10,11 In a classical picture, electrons in the snake state
propagate along the direction determined by the sign of the
field gradient. In order to study the effect of the asymmetry,
we measured a differential resistance under dc bias current
with modulated ac component 50 nA. Figure 3 shows the
differential resistance as a function of in-plane magnetic field
in the direction perpendicular to the current. Under finite dc
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FIG. 5. Differential resistance as a function of dc bias current
for Sample 2 at T⫽1.3 K. The gradient magnetic field was turned
off by applying the in-plane magnetic field in the current direction
 ⫽90°.

FIG. 4. Change in the differential resistance between positive
and negative in-plane magnetic field as a function of dc bias current
at T⫽1.3, 4.9, 9.6, and 14.2 K. The resistance under zero bias of
Samples 1 and 2 at T⫽1.3 K are about 610 ⍀ and 360 ⍀, respectively.

bias current, we observed the change in the resistance
⌬(dV/dI) as defined in Fig. 3 between positive and negative
in-plane field for  ⫽0°. The sign of ⌬(dV/dI) was inverted
by changing the direction of dc bias current. The resistance is
smaller when the current carrying direction of the snake
states is the same as the dc bias current. For  ⫽90°, such
effect is absent.
A similar rectification effect has been reported by Lawton
et al.12 They have proposed that the effect is due to anisotropic electron-phonon interaction arising from asymmetry in
the energy dispersion of 2DEG subjected to a gradient magnetic field, which becomes conspicuous when the electron
temperature is raised by bias current.13 It should be noted
that there is a substantial difference in the experimental situation between the work of Lawton et al. and ours. With the
use of a shallow 2DEG sample and a dysprosium stripe, their
system represents a strongly modulated case. By contrast, the
magnetic modulation amplitude in the present system is an
order of magnitude smaller. Consequently, while the energy
level splitting associated with the gradient field may be substantial in their case, it is of the order a few Kelvin in our
case so that the asymmetry in the energy dispersion smeared
at the typical experimental temperatures. Thus, we do not
think their model is applicable to the present case. Here, we
propose an alternative semiclassical mechanism for the rectification effect in the nonohmic regime which we believe is
important in the present device structure.
In order to gain insight into the mechanism of the observed effect, we measured the bias current dependence of
⌬(dV/dI) for different settings of bath temperature. Figure 4
shows the result for the two samples. The value of ⌬(dV/dI)
increases with increasing dc bias up to 3  A, and then decreases at higher current bias. The rectification effect diminishes with increasing temperature. We estimated the electron

temperature T e at finite dc bias currents from damping of the
Shubnikov–de Haas amplitude measured at 1.3 K under uniform perpendicular magnetic field.14 At a dc bias of 2  A,
for example, the temperature difference between the 2DEG
and lattice system was estimated to be about 7 K for both
samples. At an elevated electron temperature T e , the
electron-electron scattering rate 1/ e-e in 2DEG increases according to 1/ e-e ⬀T 2e ln Te 共Ref. 15兲. The e-e scattering mean
free path defined as l e-e ⫽ v F e-e is calculated to be 3.2  m
for T e ⫽10 K. Such value is smaller than the bulk mean free
path 6.1  m due to impurity scattering.
Increased electron temperature also modifies the electronphonon (e-ph兲 scattering rate 1/ e-ph by increase of phonon
emission rate with little change in phonon absorption rate
governed by T L . Thus the e-ph scattering rate replacing bath
temperature T with electron temperature T e may be used as
an upper limit of 1/ e-ph for hot-electron system. From the
temperature dependent resistivity of the 2DEG, the e-ph
mean free path at T e ⫽10 K is estimated to be longer than
80  m. Thus, in the present experimental situation, e-e scattering is more important as momentum randomizing scattering than e-ph scattering.
It is well known that electron-electron scattering does not
contribute to resistance in bulk 2DEG since the total momentum of electrons involved in scattering is conserved. However, in the case of 2DEG narrow channel where diffuse
scattering at the side edges is important, a combined effect of
e-e scattering and diffuse boundary scattering can give rise
to enhanced resistance at elevated electron temperatures.
Such an effect is studied by Molenkamp and de Jong.16 Figure 5 shows the differential resistance dV/dI as a function of
dc bias current in the absence of magnetic modulation for
Sample 2. The behavior is in good agreement with those
reported in Ref. 16. As the dc bias current is increased from
zero, the resistance initially increases. In this region denoted
as A, the e-e scattering length l e-e is still much larger than
the channel width. Electrons suffer relatively infrequent e-e
scattering events, but they are effective in enhancing the
probability of boundary scattering, so that the resistance is
increased. At a higher bias current 共region B兲, the e-e scattering length becomes comparable or smaller than the chan-
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nel width, frequent e-e scattering events suppress the probability of electrons hitting the boundaries, which results in
resistance decrease. Further increase of bias current increases
the lattice temperature 共region C兲, causing increases of resistance.
With the above situation in mind, we model the rectification effect in the presence of magnetic-field gradient as follows. In the presence of magnetic-field gradient, the current
flow parallel to the direction of snake orbits is collimated
along the center line of the channel. On the other hand, current flow antiparallel to the direction of snake orbits is predominantly carried by electrons near the edges. In other
words, electrons moving in the ⫹x and those in the ⫺x
directions are separated from each other in the y direction,
the former near the center and the latter near the edges. With
increasing current bias and hence T e , the e-e scattering rate
increases. However the effectiveness of the e-e scattering as
enhancer of boundary scattering significantly differ between
the oppositely moving electrons. The electrons trapped in the
snake states along the center line of the channel are expected
to be more immune to the combined effect of e-e scattering
and boundary scattering. This gives a mechanism for the
rectification effect at finite bias current.
Our model is supported by an observation from compari-
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son of the two samples with different width that the maximum value of ⌬(dV/dI) is correlated with the channel resistance R while the increase of T e with dc bias current is
nearly the same. For the narrower channel device 共Sample 1兲
⌬(dV/dI)⫽7.68 ⍀ and R⫽610 ⍀, while they are 3.46 ⍀
and 360 ⍀ for the wider channel device 共Sample 2兲. It is
consistent with the picture that diffuse boundary scattering is
responsible for the effect. When the bias current is further
increased to make the e-e scattering length less than the
channel width, frequent randomization of electron momentum overwhelms the ballistic electron dynamics, resulting in
disappearance of the rectification effect.
In conclusion, we have observed asymmetric transport
and rectification effect in a narrow 2DEG wire associated
with the so-called snake state under a spatial gradient of
magnetic field. We propose the combined effect of e-e scattering and diffuse boundary scattering as a major source of
the asymmetric transport.
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T. Vančura, T. Ihn, S. Broderick, K. Ensslin, W. Wegscheider, and
M. Bichler, Phys. Rev. B 62, 5074 共2000兲.
7
M. Hara, A. Endo, S. Katsumoto, and Y. Iye, J. Phys. Soc. Jpn.
71, 543 共2002兲.
8
A. Nogaret, S.J. Bending, and M. Henini, Phys. Rev. Lett. 84,
2231 共2000兲.

C.W.J. Beenakker and H. van Houten, Phys. Rev. B 37, 6544
共1988兲.
10
J.E. Müller, Phys. Rev. Lett. 68, 385 共1992兲.
11
S.M. Badalyan and F.M. Peeters, Phys. Rev. B 64, 155303 共2001兲.
12
D. Lawton, A. Nogaret, M.V. Makarenko, O.V. Kibis, S.J. Bending, and M. Henini, Physica E 共Amsterdam兲 13, 699 共2002兲.
13
O.V. Kibis, JETP 88, 527 共1999兲.
14
T. Ando, J. Phys. Soc. Jpn. 37, 1233 共1974兲. We measured differential resistance dV/dI⫽R⫹IdR/dI at lattice temperature T L
⫽1.3 K. Temperature dependence of amplitude of SdH oscillations behave as ⌬R⬀x/sinh(x), x⫽22kBT/បc . We assumed the
relation T e ⫺T L ⬀I ␥ and estimated electron temperature T e with
␥ and T e as fitting parameters. ␥ was almost 1.5 for both
samples.
15
G.F. Giuliani and J.J. Quinn, Phys. Rev. B 26, 4421 共1982兲.
16
L.W. Molenkamp and M.J.M. de Jong, Phys. Rev. B 49, 5038
共1994兲; M.J.M. de Jong and L.W. Molenkamp, ibid. 51, 13 389
共1995兲.

153304-4

