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Magnetotransport in periodic magnetic fields
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Abstract

By depositing an array of ferromagnetic dysprosium wires on top of a high-mobility two-dimensional electron gas (2DEG) we
generate a one-dimensional periodic magnetic field with periods between a = 500 nm and 1 um, giving rise to magnetic commensurabil-
ity oscillations of the magnetoresistance p,,.. Here we study the commensurability oscillations as a function of the angle 8 between
the Dy wires and the Hall bar. For parallel orientation of the wires we find pronounced anomalies at intermediate magnetic fields
which we ascribe to overlapping, modulation-broadened, Landau bands.
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1. Introduction

The resistance of a 2DEG subjected to a weak
(modulation amplitude B, < B,) periodic magnetic
field, which oscillates on a length scale which is
small compared to the mean free path of the
electrons, is expected to oscillate as a function of
an externally applied field B, [1]. This effect,
closely related to the commensurability oscillations
observed in a 2DEG with superimposed electro-
static periodic potential [2—4], was recently veri-
fied experimentally by using either patterned
ferromagnetic [5,6] or superconducting [ 7] gates
placed on top of a 2DEG. In our experiment [ 5],
we deposited an array of ferromagnetic dysprosium
(Dy) wires on top of high-mobility GaAs-AlGaAs
heterojunctions to generate a one-dimensional
(1ID) magnetic-field modulation. By varying the
maximum applied “conditioning” field, the strength
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of the magnetization of micromagnets, and hence
the amplitude of the periodic magnetic field, was
tuned. For a sufficiently high amplitude B, (peri-
odic magnetic field component normal to the
2DEG), p.. oscillates and minima appear at 2R, =
(A +%awith 2=12,...1f the current flows perpen-
dicular to the grating. This reflects the interplay of
the two characteristic lengths of the system, the
cyclotron radius R, at the Fermi energy and the
period a of the magnetic superlattice. In contrast,
in the presence of a 1D periodic electrostatic field
modulation, minima appear whenever 2R,=
(A—%)a holds. Here, we study the dependence of
the magnetic commensurability oscillations on the
period a and on the angle of the Dy wires with
respect to the current flow (see inset to Fig. 2).

2. Experimental

Our samples were prepared from high-mobility
GaAs-AlGaAs heterojunctions where the 2DEG
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was located approximately 100 nm underneath the
sample surface. The carrier density n, and electron
mobility 4 at 42K were ~2.2 x 10* em™? and
1.3 x 10° cm?/V s, respectively, corresponding to
an elastic mean free path of ~10 um, which is
much longer than the period of the magnetic field
modulation. 50 yum wide Hall bars with AuGe/Ni
ohmic contacts were fabricated by standard tech-
niques. A 10 nm thin NiCr film, evaporated on top
of the devices, defines an equipotential plane to
avoid electric modulation of the 2DEG. However,
strain due to different thermal expansion coeffi-
cients of the ferromagnetic grating and the hetero-
junction always results in a weak electric periodic
potential as the sample is cooled down to cryogenic
temperatures [8]. The Dy gratings with period
a=3500nm and 1um were defined by electron
beam lithography and lift-off technique on top of
NiCr gates. Four-point resistance measurements
were performed in a “He cryostat with supercon-
ducting coils using standard ac lock-in techniques.
For all experiments, the external magnetic field B,
was applied normal (z direction) to the plane of
the 2DEG.

3. Results and discussion

In Fig.1 we compare the magnetoresistance
trace of 1D magnetic superlattices with period a =
500 nm (solid lines) and 1 um (dashed line). The
traces labeled 0T, 4 T and 8 T are taken after the
initial cooling and after the magnetic field was
ramped up to a maximum field B, =4 and 8 T,
respectively. By increasing B, to 4 and 8 T, the
magnetic polarization J of the Dy strips and hence
the strength 'of the resulting stray field can be
increased. Note that B, also depends on B, (or
a/R, in Fig.'1), reflecting the magnetization traces
of Dy [5]. In Fig. 1 a dramatically enhanced
tesistance peak can be found at /2R, = 1.8 for an
increased strength of the magnetic modulation.
The positions of the oscillation minima of the 4
and 8T p,, traces closely follow the theoretical
prediction, marked by filled triangles. On the nor-
malized magnetic-field scale, the magnetic com-
mensurability oscillations measured in the 500 nm
and .1 um gratings are in phase, reflecting the
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Fig. 1. p.. versus g/2R, for different B, sweeps. Filled
triangles, with positions defined by Eq. (1), mark the flat-band
condition in a periodic magnetic field. Open triangles mark the
flat-band condition of the second harmonic of the strain-
induced electrostatic potential. Dashed curve: py, for a=1 um.
Solid traces: p,, for a =500 nm. Inset: electron micrograph of
the Dy strips evaporated across a mesa edge: a= 1 um, height
of a Dy strip: 200 nm.

expected scaling behavior. The oscillations in the
0 T trace are predominantly due to the electrostatic
potential modulation caused by the strain. The
open triangles in Fig. 1 mark the second harmonic
of the grating-induced potential which dominates
here (see e.g. Ref. [87]). The evolution from electric
commensurability oscillations to magnetic ones
with increasing strength B, was systematically
investigated in Ref. [5]. From the amplitude of the
maximum at a/2R. ~ 1.8 we estimate, assuming a
field modulation of the form By, cos[(2n/a)x], the
field amplitude B, from Ref. [5] to be

Ap,. 2¢ a

Po B n hz chc

2
12B2 sin2<§ Rc—§>, (1)

where p, is the zero-fleld resistivity of the unmodu-
lated 2DEG, n; is the electron density and [, is the
mean free path. For the B,,, =8 T trace of the
sample with a = 500 nm, we estimate from Eq. (1)
B, ~30mT, and for the 4 T trace, B, ~23 mT.
The oscillations in p,, described above are due
to the formation of Landau bands whose widths
oscillate as a function of the Landau index n and
By. For high quantum numbers n, we approximate
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the width W,,, given by Ref. [1], by

akg 2%
Wm_hwm o Jl<a Rc>: (2)
where Jy(x) is a Bessel function. The band forma-
tion and the resulting band conductivity contrib-
ution [3,49] dominate the commensurability
oscillations if the current flows perpendicular to
the magnetic grating (these band-conductivity
oscillations can also be understood semi-classically
for the case of 1D electric potentials [107]). Minima
in p,, appear when the band-width goes to zero
and the band conductivity vanishes. However,
commensurability oscillations for electric 1D mod-
ulation were also observed for a current flow
parallel to the grating [2,3]. These oscillations are
due to the modified density of states (DOS) dis-
playing maxima when the Landau bands become
flat (DOS maxima at W, ~0).

In Fig. 2 we investigate the commensurability
oscillations for different angles of the Dy grating
with respect to the current flow (see inset). To
account for the different mobilities of the samples
investigated, we scaled p... by (a/l.)? (see Eq. (1)).
As the angle 6 is changed from 90 to 0°, the
amplitude of the oscillations decreases characteris-
tically. In the simplest case, we expect

Apls = Ap,, sin® § (3)

to hold. This scaling, ignoring the positive magne-
toresistance contributions in experiment, is roughly
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Fig. 2. (a/l.)*Ap../po as a function of the external magnetic
field B, for different angles 6. The amplitude of the oscillations
decreases when the grating is tilted from 90 to 0°.

fulfilled by the traces in Fig. 2. For the 8 = 0° case,
we surprisingly do not observe the expected “anti-
phase” oscillations which, in the case of a weak
electrostatic periodic potential, are smaller by a
factor of 5-10 than the 90° oscillations. The reason
for this could be that the grating is not exactly
aligned along the Hall bar, so that band-conductiv-
ity contributions still dominate.

The effects of the modified DOS become pro-
nounced, however, at higher magnetic field, slightly
beyond the commensurability regime. This is
shown by the p,. traces in Fig. 3, where we changed
the strength of the magnetic modulation by varying
the maximum field B,,,, from 1 to 10 T. Here, the
Dy wires are aligned parallel to the Hall bar (6 =
0°). With increasing strength of magnetic-field
modulation, the amplitude of the Shubnikov—
de Haas oscillations decays. This can be under-
stood qualitatively as a consequence of Landau-
band formation, which reduces the maximum den-
sity of states of a Landau level by modulation
broadening. Apart from the reduced amplitude of
the SdH oscillations, we observe a characteristic
shift of the SdH minima to higher magnetic fields,
and even additional oscillatory features (see trace
10 T between 0.5 T and 0.7 T) for increasing mag-
netic modulation. We ascribe this behavior to
overlapping modulation-broadened Landau bands.
This assumption is supported by an estimate of
the bandwidth W, at B,=0.6 T from previously
published data (inset of Fig. 3a [5]). By extrapola-

Fig. 3. p.. as a function of the external magnetic field B, with
the maximum applied field Bg,, varied between 0 and 10 T.
Here, the Dy wires are aligned parallel to the Hall bar.
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tion we obtain B, =25mT (1T), 33mT (2T),
45mT (3T), 65mT (10T) at By=0.6T corre-
sponding to 2W, =0.59, 0.78, 1.06 and 1.53 meV
derived from Egq.(2). The latter two values are
larger than the Landau gap #w,=1.03meV at
By=0.6 T. We expect a shift of the SAH minima
to higher magnetic field when, while sweeping to
higher B, the next lower Landau band gets depop-
ulated before the upper band is completely empty.
-However, more refined calculations are necessary
to clarify this point.

Acknowledgements

We thank M. Riek and U. Waizmann for tech-
nical support, and M. Tornow for valuable dis-
cussions. P.D.Y. acknowledges the Volkswagen
Foundation for a fellowship.

References

[1] FM. Peeters and P. Vasilopoulos, Phys. Rev. B 47
(1993) 1466.

[2] D. Weiss, K. von Klitzing, K. Ploog and G. Weimann,
Europhys. Lett. 8 (1989) 179.

[3] R.R. Gerhardts, D. Weiss and K. von Klitzing, Phys.
Rev. Lett. 62 (1989) 1173,

[4] R.W., Winkler, J.P. Kotthaus and K. Ploog, Phys. Rev.
Lett. 62 (1989) 1177.

[5] PD. Ye, D. Weiss, R.R. Gerhardts, M. Seeger, K.
von Klitzing, K. Eberl and H. Nickel, Phys. Rev. Lett.
74 (1995) 3013.

[6] S. Izawa, S. Katsumoto, A. Endo and Y. Iye, J. Phys.
Soc. Jpn. 64 (1995) 706.

[71 H.A. Carmona, AX. Geim, A. Nogaret, P.C. Main,
T.J. Foster, M. Henini, S.P. Beaumont and M.G. Blamire,
Phys. Rev. Lett, 74 (1995) 3009.

[8] P.D. Ye, D. Weiss, R.R. Gerhardts, K. von Klitzing,
K. Eberl, H. Nickel and C.T. Foxon, Semicond. Sci.
Technol. 10 (1995) 715.

[9] D. Pfannkuche and R.R. Gerhardts, Phys, Rev. B 46
(1992) 12606.

[10] C.W.J. Beenakker, Phys. Rev. Lett. 62 (1989) 2020.




