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Linear magnetoresistance (LMR) occurs in semiconductors as a consequence of strong electrical disorder
and is characterized by nonsaturating magnetoresistance that is proportional to the applied magnetic field. By
investigating a disordered MnAs-GaAs composite material, it is found that the magnitude of the LMR is
numerically equal to the carrier mobility over a wide range and is independent of carrier density. This behavior
is complementary to the Hall effect that is independent of the mobility and dependent on the carrier density.
Moreover, the LMR appears to be insensitive to the details of the disorder and points to a universal explanation
of classical LMR that can be applied to other material systems.
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I. INTRODUCTION

Imperfections in materials, such as impurities and defects,
alter their electronic structure in a variety of ways. These
imperfections provide the backbone of many advanced tech-
nological applications, ranging from atomic substitutions in
crystal lattices, to nanoscale pinning centers that lend func-
tionality to superconductors and advanced magnetic materi-
als. Although atomic substitution in electronic systems has
been thoroughly investigated for more than half a century,
research on strongly disordered electronic systems is gaining
increased attention. Of major interest is the role played by
large-scale disorder on the magnetoelectronic properties of
materials. Materials and devices with predictable magnetore-
sistance (MR) are of current interest for applications such as
nonvolatile magnetic memories.! It is well known that in
homogeneous semiconductors having limited electrical dis-
order, the MR increases quadratically with increasing mag-
netic field, but eventually saturates at small fields. On the
other hand, in compositionally inhomogeneous semiconduc-
tors having strong electrical disorder, the anomalously large
MR increases linearly with increasing magnetic field, but
does not saturate at high fields.>> Materials with positive,
nonsaturating linear MR (LMR) comprise a distinct class of
disordered semiconductors. For example, nonstoichiometric
silver chalcogenide of the Ag,, sSe system exhibit a remark-
ably large LMR up to magnetic fields as high as H=55 T.*
The cause of this behavior is the presence of insulating or
metallic particles embedded in the semiconductor matrix.

Several mechanisms have been proposed to characterize
the phenomenon of LMR from geometrical,® classical,”
quantum,'®!! and effective medium!'>'3 perspectives. The
first model to be applied to LMR was a quantum description
by Abrikosov, which examines a small bandgap material sub-
jected to a magnetic field large enough to reach the quantum
limit where all the electrons occupy the lowest Landau
level.!” This model also considered the existence of a linear
energy dispersion relation similar to that found in single-
layer graphite (graphene) at the Dirac point.'* Alternatively,
a classical model developed by Parish and Littlewood’ ex-
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amined the characteristic properties of LMR using a two-
dimensional (2D) (Refs. 7 and 8) resistor network that mim-
ics inhomogeneous conducting media. This was
subsequently expanded to a three-dimensional resistor
network.? In these classical models the linear dependence of
the magnetoresistance is linked in a simple manner to elec-
trical disorder. A strong magnetic field forces a significant
portion of the current to flow in a direction perpendicular to
the applied voltage and thereby provides a linear-in-H Hall
resistance contribution to the effective magnetoresistance.

Here we describe the correlation of linear magnetoresis-
tance to the fundamental electrical properties of a strongly
disordered semiconductor system. The MR as a function of
applied magnetic field is determined from the field-
dependent transverse resistance R(H) as

MR(H)=[R(H)-R(H=0)]/R(H=0).

We find large LMR in a quasi-2D system of MnAs nanopar-
ticles in a GaAs matrix. The magnitude of the LMR is found
to be numerically equal to the magnitude of the macroscopic
carrier mobility over a wide range of temperature and mobil-
ity. This equality,

MR(T) = w(T)H,

is obeyed despite the fact that the carrier concentration
changes by several orders of magnitude as a function of tem-
perature. Since LMR is governed by carrier mobility and
independent of carrier density, it is complementary to the
classical Hall effect that is governed by the carrier concen-
tration and is independent of carrier mobility. In addition, by
examining different samples with a variety of disorder, the
link between LMR and mobility does not appear to be af-
fected by the specific details of the disorder, such as the size
and concentration of the disordered regions. These results
point to a universal description of MR in semiconductors
with strong local disorder, offering insights for designing
new MR systems.
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FIG. 1. (Color online) Temperature-dependent electrical trans-
port properties of MnAs-GaAs self-assembled composite films. [(a)
inset] SEM micrograph of a self-assembled composite film depict-
ing MnAs nanoparticles of diameter 20-80 nm (50 nm average
diameter) dispersed in the GaAs matrix, where the bar is 500 nm.
(a) Graph of density of mobile holes versus temperature, p(T), ob-
tained from Hall-effect measurements, highlighting carrier freeze
out at low temperature. (b) Graph of hole Hall mobility versus
temperature, u,(7T), showing a slowly increasing carrier mobility
with decreasing temperature, from the room-temperature value of
wp=100 cm?/V s.

II. EXPERIMENTAL SETUP AND ELECTRICAL
PROPERTIES

Transverse MR and Hall measurements were carried out
on composite films'3 containing self-assembled MnAs metal-
lic nanoparticles embedded in a GaAs matrix. Samples were
fabricated from thin layers (20-50 nm) of homogeneous
Ga;_Mn, As, x=0.1, grown by low-temperature molecular-
beam epitaxy'® (MBE) on GaAs substrates at a temperature
of 250 °C. MnAs nanoparticles formed in the films by
self-assembly!”'® when annealed at temperatures in the
range 500—700 °C for 30 min in the MBE chamber in an
arsenic flux of vapor pressure of 107 torr. A variety of
nanoparticle diameters and densities were synthesized with
Mn content ranging from x=0.06 to 0.10. Annealing tem-
peratures in the range 570—670 °C all led to a robust LMR
response. The composite structures were examined by super-
conducting quantum interference device (SQUID) magne-
tometry, scanning electron microscopy (SEM), atomic force
microscopy, and x-ray diffraction. The transverse MR was
measured in magnetic fields applied perpendicular to both
the current direction and the plane of the film. The inset of
Fig. 1 is a SEM image showing MnAs nanoparticles with
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FIG. 2. (Color online) Transverse magnetoresistance of MnAs-
GaAs self-assembled composite film versus applied magnetic field
(H) at various temperatures (7). The magnetic field is applied per-
pendicular to the plane of the film in which the current was flowing.
For increasing field, the variation in the MR is proportional to H?
and quickly becomes linear in field at higher fields. For increasing
temperature the MR increases from a value of MR=14% at room
temperature to 900% at T=25 K.

diameters ranging from 20 to 80 nm with an average of ap-
proximately 50 nm. We note that the metallic MnAs nano-
particles can be ferromagnetic or superparamagnetic, de-
pending on the size of the particles,!” but the magnetism
does not affect the MR for 7>50 K. However, it is the
difference in the conductivity of the particles relative to the
matrix that is essential in achieving LMR.

The electrical transport properties of a 20-nm-thick
MnAs-GaAs composite film are shown in Fig. 1. Conduction
in the film was found to be dominated by a high density of
holes in the GaAs matrix. Figure 1(a) plots the density of the
holes as a function of temperature, p(7T), obtained from Hall
measurements. Near room temperature, the hole density is
thermally activated from Mn acceptor sites of density
pa=4%10" cm™, with an activation energy of
E,=108 meV." For decreasing temperature the density de-
creases as the holes become trapped on the acceptors. Figure
1(b) plots the mobility of the holes as a function of tempera-
ture w,(T). Near room temperature, the hole mobility is
#,=100 cm?/V s and increases for decreasing temperature
due to reduced phonon scattering. Below 7~50 K the mo-
bility decreases sharply and coincides with the rapid freeze
out of the carriers.

III. MAGNETORESISTANCE RESULTS

The magnetoresistance of a composite film is plotted in
Fig. 2 as a function of applied magnetic field H for various
temperatures. The transverse MR, which is positive and is an
even function of the applied magnetic field, transitions from
a quadratic field dependence at low fields to a linear depen-
dence at higher fields. The high-field MR was found to be
linear in H at all temperatures 20 K=7=300 K. At the
highest field, H=14 T, the MR increased from 14% at room
temperature to nearly 1000% at 7=25 K.

The evolution of the MR with temperature is highlighted
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FIG. 3. (Color online) Linear magnetoresistance and hole mo-
bility of MnAs-GaAs self-assembled composite film plotted as a
function of inverse temperature, 1/7. The magnitude of the linear
magnetoresistance, expressed as the derivative of the MR at high
fields, dMR/dH, is shown by the blue solid circles. The hole mo-
bility, u,(7), obtained from Hall-effect measurements, is shown by
the red solid squares and has been scaled to overlay the magnetore-
sistance values. Both of the quantities have identical temperature
dependencies, dMR/dH(T)=u,(T) and the solid line through the
data is a power law o T-'%%, The dashed line marks the temperature
where the carrier mean-free path is equal to the average nanopar-
ticles spacing, illustrated in the insets.

by plotting the temperature dependence of the slope
of the linear portion of the MR response over the range
5 T=H=14 T. Figure 3 shows a plot of the slope
dMR/dH as a function of inverse temperature, indicated by
the solid circles. The straight line is a fit to the data
and follows a power-law dependence given by
dMR/dH>1/T"®. The seminal connection between the
LMR and the carrier mobility is demonstrated by comparing
the temperature dependencies of dMR/dH with the hole mo-
bility w;, shown by solid squares. It is remarkable that the
MR slope and the hole mobility have identical power-law
temperature dependencies over the entire temperature range
50 K=T=300 K. Another striking similarity between the
LMR and the carrier mobility is the saturation behavior at
low temperatures, where both have a common maximum
near T~40 K. Below 7=50 K the mobility is no longer
dominated by phonon scattering and the turnover of the data
is commensurate with the rapid carrier freeze out. From Fig.
3 it is clear that the identical temperature dependencies of the
LRM and the mobility unambiguously demonstrate that the
magnetoresistance is linearly proportional to carrier mobil-
ity. Furthermore, by adjusting the scales to overlap the two
sets of data, we obtain numerical equality between the mag-
nitudes of the parameters, MR(T)=u(T)H, a remarkably uni-
versal result. It is also significant that this relation holds
while the carrier density varies by several orders of magni-
tude, thus leading to the conclusion that the linear magne-
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FIG. 4. (Color online) Crossover field, Hcp, and inverse hole
mobility, 1/u;,, of a MnAs-GaAs self-assembled composite film
versus inverse temperature, 1/7. Hcp is defined where the magne-
toresistance crosses over from a quadratic H> dependence at low
fields to a linear H dependence at high fields, shown in the inset for
T=150 K. Hcg(T) is shown by the blue solid circles. The inverse
hole mobility obtained from Hall-effect measurements is shown by
the red solid squares and has been scaled to lie close to the cross-
over field values. The quantities have closely matched temperature
dependencies, Hcg(T) o 1/ p,(T).

toresistance is independent of carrier density.

Further evidence of the connection between the MR and
carrier mobility is manifest in the crossover magnetic field,
Hg(T), defined as the field marking the transition from qua-
dratic to linear dependence in H. The crossover field was
determined by fitting the MR(H) data to a second-order poly-
nominal in H.?° The inset of Fig. 4 shows the region of the
crossover for 7=150 K, where Hcr=1.15 T. Using this
method for MR experiments on Ag,, sSe, the magnitude of
the MR was found to be inversely proportional to the cross-
over field for a variety of sample thicknesses.?° For our films
we directly compare the crossover field with the mobility
over a wide range of temperatures. Figure 4 shows a plot of
Hx(T) and compares it to the temperature dependence of the
inverse hole mobility. There is good agreement in the tem-
perature dependencies of the crossover field and the inverse
mobility, including the minima near 7=40 K. From these
data it is apparent that for all temperatures the crossover
field is linearly proportional to the inverse mobility,
Heg(T)oc 1/ u(T), a further result that underscores the carrier
mobility as the foundation of the MR behavior.

The experimental data for MnAs-GaAs composite films
measured over a wide range clearly demonstrate that the
magnetoresistance MR(7) and crossover field Hqx(T) are
governed by the macroscopic carrier mobility u(7). These
attributes are comparable to predictions of a classical LMR
model as articulated by Parrish and Littlewood.® In this
model, the strongly inhomogeneous conductor is discretized
into small spatial elements forming a random resistor net-
work and analyzed numerically. A square lattice of four-
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terminal van der Pauw resistors was used since two-terminal
resistors are inadequate to describe a system containing a
Hall-effect component. For an infinite network of nonidenti-
cal resistors the MR was found to be linear in H for a mag-
netic field directed perpendicular to the lattice. This model
predicts that the MR is dominated either by the average mo-
bility, (u), or by the width of the mobility distribution, Ag.
For a wide mobility distribution, Au/{u)>1, both MR and
H -y are expected to be a function of the width of the mobil-
ity variation Au. This behavior was assigned to Ag,, sSe,
where the average mobility vanished, (u)=0, as a result of
having equal proportions of electron and hole regions.” On
the other hand, in the regime of percolating conductivity be-
tween silver grains in Ag,,sSe a narrow mobility width,
Au/{u)y<1, was found.? For a narrow mobility distribution,
Ap/{uy<1, both MR and H are expected to be functions
of the average carrier mobility. In the present MnAs-GaAs
composite system the observed dependence of LMR on the
average mobility indicates a narrow mobility distribution,
Ap/{uy<l1.

Finally, we note a connection between the mean-free path
of the carriers and length scale of the disorder. At higher
temperatures, 7>50 K, the carrier mean-free path is domi-
nated by phonon scattering and € ¢, ~ 10— 10> nm. Here, the
mean-free path is smaller than the average MnAs nanopar-
ticle separation in the system, (d) ~ 10?> nm and results in the
close overlap of the LMR and mobility seen in Fig. 3 above
T=50 K. On the other hand, at low temperatures,
T<50 K, the mean-free path becomes larger than the aver-
age particle separation, €,,¢,>(d), and the LMR is observed
to deviate from the mobility. At this point the classical model
also breaks down.® Another essential feature of the present
study is the weak connection between the LMR and the de-
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tails of the electrical disorder. In the regime where the mo-
bility is small and dominated by phonon scattering it was
found that the magnitude of the LMR was essentially iden-
tical for several samples possessing different particle sizes
and densities. This result indicates that the details of the
disorder are not important for generating LMR as long as the
mean-free path of the carriers is smaller than the length scale
of the system inhomogeneities.

IV. CONCLUSIONS

The results presented here on magnetotransport in MnAs-
GaAs composite films reveal that nonsaturating linear mag-
netoresistance is governed strictly by the average macro-
scopic carrier mobility. Furthermore, the LMR is
complementary to the Hall effect—whereas the LMR is pro-
portional to mobility and independent of carrier density, the
Hall voltage is independent of mobility and inversely propor-
tional to the carrier density. For applications, a two-terminal
LMR device can be advantageous over a four-terminal Hall-
effect device. An important feature of LMR is the insensitiv-
ity of the magnetotransport behavior to the degree of the
random disorder. These observations provide convincing
support for a universal model of a strongly inhomogeneous
semiconductor possessing random disorder in the conductiv-
ity. This universality renders it applicable to a wide range of
materials.
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