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Magnetotransport of a two-dimensional electron gas in a spatially random magnetic field
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We study magnetotransport of a two-dimensional electron gas (2DEG} subject to a random magnetic
field produced by a demagnetized NdFeB magnet. A large, positive, V-shaped magnetoresistance is ob-
served in a perpendicular applied external field. This effect is interpreted classically in terms of a nonun-
iform local Hall resistivity. Depleting the 2DEG with a gate beneath the random magnet yields a cross-
over from positive to negative magnetoresistance at a sheet resistance —h /e .

A considerable theoretical debate has arisen concern-
ing the problem of a two-dimensional electron gas
(2DEG) in a spatially random magnetic field. ' Kal-
meyer and Zhang and Halperin, Lee, and Read have re-
lated this problem to the quantum Hall system at filling
factor v= —,

' through the use of the Chem-Simons gauge-
field theory. A number of experimental groups have re-
ported metallic behavior in magnetotransport near v= —,

'

in high-mobility GaAs heterostructures and other materi-
als. ' A common observation in these experiments is a
distinctive V-shaped positive magnetoresistance around
v= —,

' with weak temperature dependence compared to
odd-denominator fractional quantum Hall states.
Theoretical arguments and numerical calculations by
Kalmeyer et al. have also revealed a positive magne-
toresistance both for the v= —,

' problem and for the
gauge-transformed problem of fermions in a random
magnetic field.

Previous experiments addressing the random-field
problem directly have produced random magnetic fields
using a superconducting film on top of a Hall bar to
create an inhomogeneous distribution of magnetic Aux
tubes penetrating the film when an external magnetic
field is applied. The observations of these experiments
include a negative rnagnetoresistance associated with
weak localization in an inhomogeneous magnetic field, '

and a positive magnetoresistance associated with small-
angle scattering of ballistic electrons by Aux tubes.
Another recent experiment, using the Aux cancellation
and trapping effect of superconducting lead grains on the
surface of a Hall bar to generate a random magnetic
field, revealed a quadratic positive magnetoresistance,
also a.ssociated with classical scattering, during the initial
field sweep. The changes in resistivity for the
superconductor-on-2DEG experiments are at the level of
10% or less, and the effect is quenched at magnetic field
above -0.1 T due to the destruction of superconductivi-
ty or the smearing of field inhomogeneity from overlap-
ping vortices.

In this paper, we report a technique to investigate elec-
tron transport in a random magnetic field using a demag-
netized neodymium-iron-boron (NdFeB) ferromagnet at-
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FIG. 1. (a) Schematic of our technique for realizing a ran-
dom magnetic field by placing a demagnetized NdFeB magnet
directly on top of the Hall bar. {b) Top view gives sample di-
mensions. {c)Optical micrograph of the face of the demagnet-
ized NdFeB normal to sinter easy axis shows surface roughness,
with 5—10-pm peaks on a -20-pm lateral length scale. (This
face is placed on the Hall bar. )

tached to the surface of a high-mobility 2DEG hetero-
structure. We study magnetotransport in this system by
applying a uniform external field 8,„,in addition to the
random field produced by the NdpeB magnet. The
characteristic length of the random field is -20 pm,
which is greater than the transport mean free path of the
2DEG. We find a positive, linear (V-shaped) magne-
toresistance about zero applied field at both 4.2 and 77 K,
suggestive of similar observations around v= —,'. This
effect is very different from what is observed in the
superconductor-on-2DEG experiments in the following
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ways. First, we observe strongly positive magnetoresis-
tance, accounting for changes in longitudinal resistance
by up to a factor of 8. Second, the magnetoresistance
occurs on a much larger scale of external applied magnet-
ic field of order 1 T. We then present a model of the
magnetoresistance effect in terms of a local, nonuniform
Hall resistivity. Finally, by depleting the 2DEG with a
gate beneath the NdFeB, we induce a crossover from pos-
itive to negative magnetoresistance in the regime of
strong localization (sheet resistance ~h /e ).

Our samples consist of a GaAs/Al„Ga, ,As hetero-
structure with 5-doping layer (XD=5X10' cm ) set
back 250 A (300 A) from the 2DEG and a total distance
of 800 A (1000 A) from the surface to the 2DEG. No
dependence on growth scheme is observed. A 200-pm-
wide Hall bar with 700 pm between voltage probes was
defined by wet etching [Figs. 1(a) and 1(b)]. The typical
mobility (without random magnet) at 4.2 K was 80
m /(Vs) and the carrier density was -3.1X 10' m
giving a transport mean free path of l -7.4 pm. Securing
the NdFeB slab with photoresist to one half of the Hall
bar, as indicated in Fig. 1(b), allows simultaneous mea-
surement of longitudinal and Hall voltages VL and VH
with and without the NdFeB above the 2DEG. Samples
were measured at 4.2 and 77 K using standard ac lock-in
techniques at 317 Hz with a current bias of 0.5 pA.

The random magnets were thermally demagnetized
sintered NdFeB, ' cut into slabs 300 pm wide, 200 pm
tall, and 1500 pm long. The easy axis of magnetization of
the NdFeB powder is aligned during sintering, with this
direction oriented perpendicular to the plane of the
2DEG." In the demagnetized state, each sinter grain is
multidomain, with the domains aligned along the easy
axis with roughly equal fractions of domains pointing up
and down. A relatively weak external field (8,„,-0. 1 T)
along the easy axis results in partial magnetization along
the applied field direction. ' ' The surface of the NdFeB
near the 2DEG is quite rough, as can be seen by optical
microscopy [Fig. 1(c)], with 5 —10-pm peaks and valleys
(measured by atomic force microscopy) on a -20-pm la-
teral length scale. We expect the magnetic field created
by the NdFeB as felt by the 2DEG to be largest at the
peaks of the rough magnet surface which rest on the
GaAs surface, resulting in a spatially random magnetic
field at the 2DEG on this 20-pm roughness length scale.
We find that the magnetization of the NdFeB (and there-
fore the rms strength of the random field) increases with
the external field up to B,„,—1 T, at which point its mag-
netization is nearly complete. Some unaligned domains
persist at this value of B,„„allowingthe magnet to rever-
sibly demagnetize as the field is lowered and reversed. '

This reversibility lets us sweep between 8„,=+1 T with
only minor hysteresis. Below 135 K,"' the magnetiza-
tion tilts —30 away from its room-temperature easy axis;
however, a strong random field perpendicular to the
2DEG is still present. While a disordered magnetic field
is also present in the plane of the 2DEG, we expect the
confined 2DEG to be sensitive only to the perpendicular
component at these low fields.

Figure 2(a) shows a typical longitudinal resistance
Ib and Hall res~stance Ra = Vs~lb ~ versus
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FIG. 2. (a) Longitudinal resistance RL at 4.2 K vs external
applied field B,„„measuredunder the NdFeB magnet (covered,
solid curve), on the other end of the Hall bar (uncovered, dotted
curve), and after the removal of the NdpeB (control, dashed
curve). Strong positive magnetoresistance exists only for the
covered case. The inset shows the Hall resistance RH for the
same run, with enhanced slope in the covered region. {b)RI for
a high-field sweep up to 8,„,=9 T for the covered and control
cases. (c) RL at 77 K vs B„„underthe magnet (solid), at the
other end of the Hall bar (dotted), and after removal of the
NdpeB {dashed).

8,„,at 4.2 K for three cases: (i) for the half of the Hall
bar covered by the random magnet (covered), (ii) for the
uncovered half (uncovered); and (iii) after removing the
random magnet, as measured on a subsequent cool down
(control). A large positive magnetoresistance is found for
the covered case, while the uncovered and control RL
show little dependence on 8,„,over the same field range.
The magnetoresistance under the random magnet is
roughly linear in ~8,„,~

and continues to increase up to
8,„,-0.85 T, at which point Shubnikov —de Haas oscilla-
tions begin. The maximum relative magnetoresistance
[RI (8,„,) —RI (0)]/RL(0) is ~500% in this run, larger
by at least a factor of 50 compared to the
superconductor-on-2DEG experiments. ' The three oth-
er lithographically identical samples we have measured
show similar efFects. (In one sample, RI for the un-
covered half also had a weak positive magnetoresistance,
though much smaller than for the covered half). We at-
tribute the small asymmetry in the uncovered RL to
nonuniform fringing fields from the remote NdFeB. A
similar linear positive magnetoresistance is also seen at 77
K [Fig. 2(c)], accounting for a factor of 2 change in resis-
tance above the zero-field value by 8,„,-0.6 T. The rela-
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tive magnetoresistance at 4.2 K exceeds typical values re-
ported in giant magnetoresistance (GMR) measurements
of metallic multilayers at 4.2 K; for instance, relative
resistance changes up to 80% are reported in a Co/Cu
multilayer within a saturation field of -0.4 T.' We be-
lieve the magnetoresistance of magnetic multilayers is of
an entirely difFerent origin than in the present system.

As discussed above, small external fields ( ~B,„,~
5 1 T)

introduce only minor hysteresis in RI (B,„,) under the
magnet. However, extending the sweep to several T [Fig.
2(b)] yields a strong hysteresis in RL. Following a sweep
to 9 T, the positive magnetoresistance around 8„,=0
nearly vanishes as compared to that observed in sweeps
confined to low field. This can be understood by noting
that, following a sweep to 9 T, the NdFeB will be fully
magnetized with a large remnant magnetization when8„,=0. Thus the return sweep through 8,„,=0 from
high field enables us to explore magnetotransport in a
different class of random magnetic field than the low-field
sweep: For the low-field sweep, the strength of the ran-
domness varies with 8,„„'for the high-field sweep, the
strength of the random magnetic field (due to the rough
surface) upon return to B,„,( 1 T is relatively insensitive
to 8„,.

The low-field Hall resistance RH in the covered region
is linear in B„„butwith a steeper slope than in the un-
covered and control cases [Fig. 2(a), inset]. Apparently,
the magnetization of the NdFeB results in an average
effective field at the 2DEG of —1.58,„,in the covered re-
gion in addition to a spatially varying part. This inter-
pretation assumes that the sheet density is not altered by
the random magnet, which we believe to be the case
based on data at high fields when the NdFeB is saturated.

At the temperatures studied, the magnetotransport
effects observed are expected to be predominantly of a
classical nature, which we model in terms of a local resis-
tivity tensor that is nonuniform due to the random mag-
netic field since the transport mean free path is shorter
than the length scale of the inhomogeneous magnetic
field. Macroscopic Hall and sheet resistances, R„„andR, are then found by averaging over a spatially varying
local resistivity. ' A simple version of the problem in-
volves a random division of the two-dimensional plane
into two regions with differing local magnetic fields.
Since differing fields will predominantly affect the local
Hall resistivity, we assign resistivities p„and p

„

to one
region and p and p to the other. Assuming that these
two regions are statistically equivalent, this problem can
be solved by an exact duality transformation, ' giving
macroscopic resistances R„«= (p„'«+p «) /2 and
R =(p„+(p'„—p ) /4). '~ For the low-field sweeps,
we model the local Hall resistivities with a random corn-
ponent proportional to B,„,: p'„=aB,„,(1+5, ) and
p„=aB,„,(1+5b), where 5, and 5b are positive con-
stants and a=1/ne is the Hall slope (measured in the
control case). The average value (5, +5b )/2 appears as a
correction to the Hall resistance, R =aB,„,[ 1+
(5, +5b )/2], which can be measured directly by compar-
ing Hall resistances in the covered and uncovered regions
[Fig. 2(a), inset]. This form of the p„«'sgives an enhance-

ment to the longitudinal sheet resistance which depends
on 8,„,due to the random field,

2R = p„„+o,B,„,
(5, —5„)
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FIG. 3. (a) Side view of the rough NdFeB surface, modeled
as uniformly magnetized spheres. Surface roughness is simulat-
ed by alternating distance between the spheres and the GaAs
surface. I'b) Overhead view of the model of the rough NdFeB
surface. Solid spheres contact the GaAs surface and dashed
spheres are displaced 5 pm from GaAs.
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The resulting V-shaped magnet@resistance agrees with
the experiment. From the Hall resistances and R (B,„,)

in the covered region [Fig. 2(a)], we can determine the
constants 6, -0.66 and 6b -0.48 within the model. Note
that R„(0)—p„„in the low-field sweep.

Following a high-field sweep to several T, the random
field becomes relatively insensitive to 8„,. In this case,
we can model the local resistivities as p' =a(B,„„+6,)

and p =a(B,„,+6b), with constants b,„hb.The Hall
resistance will now have a nonzero intercept but a slope
that is unaffected by the random field,
R„«=a[B,„,+(b,, +b,& )/2], while R„=[p +a2(b, ,—b, b) /4]'~ will be enhanced due to the fixed random
field but does not depend on 8„,. The absence of magne-
toresistance is consistent with our observations for the
high-field sweep, as is the fact that R,„(0))p following
a return from high field [Fig. 2(b)]. From the data in Fig.
2(b), we find b,, -0.28 T and 6b -0.13 T. We emphasize
that the usefulness of the model for the random
magnetic-field problem is not in determining the particu-
lar values of the constants but rather in its qualitative
agreement with experiment, in particular the linear
dependence of the magnetoresistance on the external
magnetic field.

The experimental values for 6„6band A„Ab can be
shown to be consistent with expected magnetic fields
from a rough NdFeB surface, which we model as an as-
sembly of magnetized spheres with alternating distances
from the GaAs surface (Fig. 3). We model the NdFeB
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Bi=(4/3~R )M(3cos 8—1)/r (2)

where R = 10 pm is the radius of the sphere and M is the
magnetization [ = 1.85 T for NdFeB at saturation at 4 K
(Ref. 11)j. The regions a and b defined in the binary
magnetoresistance model correspond to regions of the
2DEG beneath the close spheres and the distant spheres,
respectively. The magnetic field in region a can be es-
timated as due to the single close sphere only, while in re-
gion b the set-back sphere plus its four close neighbors all
contribute significantly. At saturation (B,„,—1 T) this
model yields an average 8~ of -0.44 T in region a and
-0.28 T in region b, giving 5, =0.44 and 5& =0.28. Be-

surface as composed of 20-pm-diameter spheres of mag-
netic material to reAect the lateral length scale for the
surface roughness. Along the surface, the spheres are
taken to be alternatively in contact with the GaAs and
set back 5 pm, rejecting the size scale for the peaks and
valleys in the surface roughness. For 8,„,~1 T, each
sphere is further assumed to be uniformly magnetized
along the direction of 8,„,and to produce a dipolar mag-
netic field with perpendicular component

tween saturation and the return to 8,„,=0, Hall measure-
ments indicate that the average magnetic field produced
by the NdFeB decreases by a factor of -0.6; that is, the
remnant magnetization is 0.6 of the saturation magneti-
zation. Using this factor gives 6, -0.6X5, X1 T-0.27
T, and hb-0. 6X5b X1 T-0. 18 T. These model values
for both 5„5band A„h&agree with the measured values
from the binary magnetoresistance model within a factor
of 2. Given the crudeness of our magnetized-sphere mod-
el, such agreement appears quite reasonable.

At 77 K, the samples continue to show a large positive
magnetoresistance in the covered region —up to a rela-
tive change of 200%in 0.6 T [Fig. 2(c)]—though the local
susceptibilities (5's) of the NdFea inferred from the
above model are diFerent from the 4.2-K values. Unlike
at 4.2 K, the 77-K data also show an enhanced R,„(0)
coexisting with a large V-shaped. magnetoresistance —a
combination outside either of the two limiting cases con-
sidered above. &e believe the qualitative diFerence re-
sults from the reduced mobility (and hence transport
mean free path) at 77 K, which makes the diffusive elec-
trons more sensitive to field inhomogeneities on a smaller
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size scale, perhaps due to & 1-pm domains" in addition
to the 20-pm roughness. This could be accounted for in a
more complicated model that mixes the effects of 5 and

Finally, we investigate the effect of increased potential
disorder in the presence of a random magnetic field. We
use a nominally identical Hall bar and NdFeB magnet,
now including Ti-Au gates on both the uncovered half of
the sample and on the covered half beneath the NdFeB
magnet. By applying a negative voltage to the covered
gate with respect to the 2DEG, the sheet density under
the magnet was reduced, which in turn lowered the mo-
bility. Lock-in measurements were made at 11.7 Hz with
a current bias of 10, 20, or 50 nA depending on the sheet
resistance. Over a range of gate voltage V from 0 to
—0.346 V, the mobility decreased by more than a factor
of 100, from 54 to 0.30 m /(V s), while the sheet density
varied from 2.9X10' to 0.53X10' m . The gate on
the uncovered half remained floating with respect to the
2DEG for all sweeps. Figure 4 tracks the behavior of AL
along with the corresponding gate voltage, mobility, and
sheet density. For the case V =0 V in Fig. 4(f), we ob-
tain results equivalent to those of Fig. 2(a). As the gate
voltage becomes more negative, the relative magne-
toresistance decreases [Figs. 4(e) and 4(d)], and finally we
observe a crossover from positive to negative magne-
toresistance as the sheet resistance becomes of order h /e
[Fig. 4(c)]. This crossover is presumably associated with
a transition to the strong localization regime, similar to
previous observations' in highly disordered 2DEG's
(without random field) in the regime of variable-range
hopping. Our observations are also consistent with nu-
rnerical results of Kalmeyer et a/. , which show a cross-
over from positive to negative magnetoresistance for the

random magnetic-field problem as potential disorder is
increased. Throughout the crossover to strong localiza-
tion, the Hall slope remains classical, showing no non-
linearity [Fig. 4(d), inset]. The only effect of the gate de-
pletion on the Hall resistance is a change in slope
rejecting the decrease in sheet density. This result is
again similar to what was seen without a random mag-
net. "

While our experiment demonstrates a striking similari-
ty and connection between the magnetotransport
behavior of the v =

—,
' quantum Hall system and the

2DEG under a random magnetic field, it is important to
point out that, in the present experiment and model, the
V-shaped positive magnetoresistance was found to be
connected to the dependence of the random field on the
external field. Drawing a parallel between our results and
the positive magnetoresistance around v= —,

' suggests that
the self-consistent Chem-Simons gauge field involved in
the mapping from the v= —,

' problem likely also has some

dependence on the external field, though many details
remain to be worked out.
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