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Origin of negative magnetoresistance of GaAs/(Ga,Mn)As core-shell nanowires
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We explore the anisotropy of the magnetoresistance of individual GaAs/(Ga,Mn)As core-shell nanowires which
feature a strong negative magnetoresistance (NMR) and a very large magnetic anisotropy field. Our analysis of
the magnetoresistance shows that the resistance anisotropy is dominated by the effective magnetic field and that
the origin of the NMR is related to spin scattering rather than to weak localization in (Ga,Mn)As core-shell
nanowires.
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Since the discovery of (Ga,Mn)As in 1996,1 the elec-
trical transport properties, Curie temperature, and magnetic
anisotropies of this dilute magnetic semiconductor (DMS)
material have been widely explored both experimentally and
theoretically [see, e.g., Ref. 2 and references therein]. Early
on, it was noticed that (Ga,Mn)As films exhibit a decreasing
magnetoresistance with increasing magnetic field, denoted
as negative magnetoresistance (NMR). This effect was first
attributed to the suppression of spin fluctuations by the external
magnetic field,3 but later to orbital weak localization.4 Weak
localization can explain the fact that the NMR does not saturate
even for high magnetic fields up to 30 T (Ref. 5), where
all spins should be aligned with the external magnetic field.
While the suppression of weak localization scales with the
externally applied magnetic flux, spin disorder effects, namely
spin fluctuations and spin waves, are sensitive to the internal
effective magnetic field Heff . The NMR effect is also found
in lithographically defined nanowires with �R/R of the order
of a few percent. The size of the NMR effect is significantly
enhanced with �R/R of order several 10% with increasing
disorder, introduced, e.g., by He ion irradiation.6 Properties
of epitaxially grown (Ga,Mn)As nanowires, in contrast, are
much less explored as the low growth temperatures needed
to avoid MnAs formation1 prevent direct application of the
vapor-liquid-solid (VLS) mechanism.7 Attempts to implant
Mn into GaAs nanowires by ion beam irradiation resulted
in strongly disordered systems featuring hopping transport.8

Here, we explore the magnetotransport properties of core-shell
nanowires which exhibit, compared to lithographically defined
wires, a topologically different geometry, i.e., a geometry
without edges, in which a ferromagnetic (Ga,Mn)As shell,
grown at low temperatures, is “wrapped” around a GaAs core.
The nanowires show a uniaxial magnetic anisotropy along the
wire axis9 in contrast to a similar system in which (Ga,Mn)As
was replaced by the metal MnAs (Refs. 10 and 11). The
unique property set of our nanowires is a strong uniaxial
anisotropy and a very pronounced NMR. With such samples it
is possible to unveil the role of the effective magnetic field on
electrical transport. We demonstrate that the NMR dominates
both low field and high field magnetoresistance, i.e., also
at small magnetic fields where in planar (Ga,Mn)As films
the anisotropic magnetoresistance (AMR) effect prevails,12

suggesting that spin scattering is the principal mechanism
causing NMR in our samples.

The core-shell nanowires used here were grown by molec-
ular beam epitaxy using gold as a catalyst.7 The GaAs core
nanowires have diameters ranging between 40 and 80 nm and
lengths between 500 and 4.5 μm. The (Ga,Mn)As shell was
deposited on the side facets of the core at low temperatures of
205 ◦C to prevent MnAs segregation. The shell has an average
thickness of ∼20 nm and contains approximately 5% Mn.
In bright field TEM images the GaAs core can be clearly
distinguished from the shell [Fig. 1(b)]. The contrast stems
from Mn interstitials in (Ga,Mn)As (Ref. 13) indicating that
no pronounced Mn back-diffusion into the core takes place.
This is also supported by energy dispersive x-ray spectroscopy
(EDX) measurements (not shown). The absence of crystal
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FIG. 1. (Color) (a) Schematic of the sample design and the
experimental setup. The red and blue arrows define the plane in
which the magnetic field is applied. (b) Bright-field transmission
electron micrograph (TEM) of a core-shell nanowire cross section.
The hexagonal core of GaAs with {1120}-oriented side facets is
clearly distinguishable from the (Ga,Mn)As shell, which shows an
epitaxial interface to the core. (c) Tilted scanning electron micrograph
(SEM) of a contacted nanowire.
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defects in high-resolution TEM (HRTEM) side-view images
of the core-shell nanowires (not shown) demonstrates the
epitaxial growth of (Ga,Mn)As on the core nanowires, i.e.,
the (Ga,Mn)As shell inherits the crystal structure of the core
GaAs nanowire.

The crystal structure of the core-shell nanowires is de-
termined by HRTEM and TEM diffractometry. The main
central part of the nanowires, which is probed in our transport
experiments, is predominantly of wurtzite crystal phase. At the
tip and at the foot region of the nanowires small zincblende
segments as well as stacking faults are more frequently
observed. Such crystal phase mixing is typically observed
in GaAs nanowires and is related to the catalytic growth
mode.14 In particular during the initial and final stages of the
nanowire growth this crystal phase mixing is enhanced due
to changes of the chemical composition of the AuGa catalyst
droplet. Further details on the nanowire growth can be found in
Ref. 9.

Previous superconducting interference device (SQUID)
magnetometry on nanowire ensembles revealed a strong uniax-
ial magnetic anisotropy of the nanowires in the ferromagnetic
state, with the magnetic easy axis pointing along the nanowire
axis.9 The anisotropy field HA of the nanowire ensemble,
defined as the magnetic field needed to align the magnetization
completely in the direction of the magnetic hard axis, is ∼2 T
at 4 K. The coercive field HC , which denotes the switching
of the magnetization when the external magnetic field is
applied along the magnetic easy axis, is about 170 mT at
4 K. The Curie temperature TC of all our wires is around
20 K. As SQUID measurements provide absolute values of
the saturation magnetization MS , we can calculate the uniaxial
anisotropy constant KU using HA = 2KU/(μ0MS). This leads
to a value of KU ≈ 8500 (±1800) J/m3 (Ref. 15).

The values for HA and KU are for core-shell nanowires
significantly higher than for strained, lithographically defined
(Ga,Mn)As nanostripes made from bulk (Ga,Mn)As films.
Such planar nanostripes of width smaller than 500 nm also
exhibit, due to strain relaxation,16 a uniaxial anisotropy with
the magnetic easy axis pointing along the stripe axis. Although
these nanostripes have similar dimensions compared to the
core-shell nanowires, they feature an anisotropy field which is
by an order of magnitude smaller, ranging from μ0HA ∼ 180
to 300 mT, and a uniaxial anisotropy constant that does not
exceed KU ≈ 1500 J/m3 (Refs. 16–18), a value which is
about five times smaller when compared to the core-
shell nanowires. Similar to the situation in etched nar-
row (Ga,Mn)As stripes, we assume that the strong uniax-
ial anisotropy is related to symmetry breaking due to an
anisotropic relaxation of the crystal lattice. The radial geom-
etry of the core-shell nanowires might permit very effective
relaxation, and thus enhance the uniaxial anisotropy constant.

In contrast to SQUID characterization, where a large
ensemble of nanowires—in our case ∼108 NWs—is charac-
terized simultaneously, in magnetotransport a single nanowire
can be probed. For that we use the geometry displayed in Fig. 1.
Individual nanowires were transferred to a SiO2 substrate and
contacted using electron beam lithography (EBL) [Fig. 1(c)].
Unless stated otherwise the transport measurements were
performed in a four-terminal configuration [Fig. 1(a)], and
carried out in a cryostat equipped with a superconducting
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FIG. 2. (Color) Magnetoresistance curves at T = 4 K of (a)
a single nanowire sample and (b) of a lithographically fabricated
nanostripe array (Ref. 21) taken for different in-plane magnetic field
directions between 0◦ (red) and 90◦ (blue). The field was swept from
negative to positive values of H0 (up sweep). The grey traces illustrate
the gradual transition from the 0◦ to the 90◦ magnetoresistance
trace. The small peak in (a) around ∼1 T in the topmost (blue)
trace indicates that the field was not perfectly aligned along the 90◦

direction (accuracy of alignment: ±2◦).

coil enabling measurements at temperatures down to 1.4 K
and in magnetic fields of up to 10 T. The nanowires exhibit
a linear IV characteristic in the investigated temperature
range. Therefore metallic transport behavior prevails and
we do not expect any magnetoresistance effects related
to tunneling or Coulomb blockade.19,20 The samples were
mounted on a rotatable sample holder, permitting to vary the
angle between the applied magnetic field and the nanowire
axis.

In total we investigated seven core-shell nanowires, which
differ slightly in diameter (95–115 nm) and length (3.2–
4.5 μm). All of these samples exhibited similar properties. We
focus in the following on two nanowires. In Fig. 2 we compare
the magnetoresistance traces of a core-shell nanowire [sample
A, Fig. 2(a)] to the corresponding ones of a lithographically
etched nanostripe array21 [Fig. 2(b)]. For both sets of curves
the magnetic field was applied in the sample plane (Fig. 1),
varying the angle of the applied field with respect to the wire
axis stepwise from 0◦ (magnetic field parallel to the wire axis)
to 90◦ (magnetic field perpendicular to the wire axis).

The slight decrease of the resistance for fields larger than
0.25 T in Fig. 2(b) is the NMR of the planar nanowire array.
The resistance change �R/R is of order 1%. The low field
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magnetoresistance, featuring a positive magnetoresistance for
the external magnetic field aligned perpendicular to the wire
axis (ϕH = 90◦), is ascribed to the AMR effect. The AMR
effect which typically exhibits a magnitude of 3% to 10% in
(Ga,Mn)As (Ref. 22) leads to a change in resistance depending
on the angle between the direction of the current flow (here
along the nanowire axis) and the magnetization ϕM . In its
simplest form AMR is described by R(ϕM ) = R⊥ − (R⊥ −
R‖) cos2(ϕM ) for (Ga,Mn)As; i.e., it shows the largest resis-
tance change for magnetic fields applied perpendicular to the
current path.22 Here, R⊥ and R‖ are ∼2.99 k� and ∼2.93 k�.
If the external field is oriented normal to the wire (ϕH = 90◦)
the MR becomes maximum when the magnetization is also
aligned normal to the wire axis (ϕM = 90◦). This occurs in
Fig. 2(b) at |μ0H0| ∼ 250 mT and constitutes the anisotropy
field HAof the planar nanowires. For a field sweep along the
nanostripes [0◦ = magnetic easy axis, red curve in Fig. 2(b)],
the resistance displays a small jump, hardly resolved on the
field scale used here, at ∼50 mT when the magnetization
switches by 180◦. This resistance response to the switching
of the magnetization cannot be explained by the AMR effect
since a reversal by 180◦ would not cause a resistance change.

In contrast, the overall shape of the magnetoresistance
of the core-shell nanowires differs significantly from the
planar wire array. One obvious difference is a pronounced
NMR effect of order �R/R ∼ 50%, displayed in Fig. 2(a).
Furthermore, for a magnetic field applied parallel to the wire
axis [0◦, red curve in Fig. 2(a)], a sharp resistance jump
is found for the up sweep at HC ∼ 220 mT. This jump at
the coercive field HC is associated with the switching of
magnetization by 180◦ along the magnetic easy direction,
initiated by thermally activated domain wall nucleation and
propagation. In contrast, magnetic field sweeps transverse to
the nanowire axis [90◦, blue curve in Fig. 2(a)] result in a
steadily increasing magnetoresistance with positive slope in
the low field region |μ0H0| < 1.8 T. This continuous positive
MR reflects a coherent rotation of the magnetization, typical
for magnetization reversal along a magnetic hard axis. When
the magnitude of the external field equals the anisotropy
field, the magnetization is aligned with the direction of the
external field and the magnetoresistance exhibits a maximum.
Upon further increase of the magnetic field strength, the
magnetoresistance decreases. The grey curves in Fig. 2(a)
illustrate the evolution of the MR from sweeps in parallel (0◦)
to perpendicular (90◦) field configuration. The magnetization
reversal is then a superposition of coherent rotation and domain
wall propagation.

While the MR of the nanostripe array can be largely
understood by a dominating AMR effect, superimposed by
a small isotropic NMR effect, this is not the case for
the magnetoresistance curves of the core-shell nanowire as
(i) the magnitude of the observed effect is much too large, and
(ii) the pronounced resistance jumps are not consistent with a
dominating AMR effect. In the case of AMR a magnetization
reversal by 180◦ would not lead to any magnetoresistance
change. Below we show that our observations are in line
with a picture in which the NMR is caused by spin-disorder
scattering. Calculations by Kaul et al.14 show, e.g., that
the (effective) magnetic-field-induced suppression of magnon
scattering can cause a sizable resistance decrease of several

10%. We therefore first summarize briefly the concept of the
effective magnetic field in ferromagnetic materials.

In general, the precession of the magnetization
−→
M

can be described by the equation of motion ∂
−→
M/∂t =

−γ [
−→
M × −→

H eff] with the gyromagnetic factor γ and the
effective field

−→
H eff . Precession takes place around the direction

of the effective field
−→
H eff , which is parallel to the static

equilibrium magnetization.23 It can be shown that for small
displacements of the magnetization

−→
H eff is defined by the

Gauss curvature of the free energy with respect to the polar
and azimuthal angles of the magnetization vector

−→
M . For the

simple case of only uniaxial anisotropy, with the anisotropy
constant KU , and the Zeeman energy, the free energy density
can be written as

E(θM,ϕM ) = KU sin2(θM ) sin2(ϕM )

+μ0MSH0 sin(θM ) cos(ϕM − ϕH ), (1)

where θM and ϕM specify the azimuthal and polar angles of the
magnetization with respect to the magnetic easy axis, while
ϕH is the direction of the external magnetic field and MS the
saturation magnetization. When the static magnetization lies
in the plane of the substrate (θM = 90◦) Eq. (1) leads to an
expression for the effective field

Heff = 1

μ0MSsin(θM )

√
EθMθM

EϕMϕM
−E2

θMϕM

θM=90◦
≈ H0cos(ϕM − ϕH )+ 2KU

μ0MS

cos(2ϕM ), (2)

where EθMθM
,EϕMϕM

, and EθMϕM
are the second derivatives

of the free energy density. The effective field consists of two
terms; the first term is related to the applied external magnetic
field, and the second term to the anisotropy field HA = 2KU

μ0MS
.

Since spins precess around the effective magnetic field,
rather than the external magnetic field, we now interpret our
magnetoresistance data using the concept of the effective field
Heff . Figures 3(a) and 3(b) display a magnification of the low
field magnetoresistance of nanowire B for a magnetic field
sweep along and perpendicular to the wire, respectively. As
regards sample A, also this sample shows pronounced jumps
when the magnetic field is applied parallel to the wire axis.
The magnetoresistance measured along the nanowire axis [red
trace Fig. 3(a)] shows a nearly linear increase of R(H0) from
−1 to 0 T, and continues to increase beyond μ0H0 = 0 T
until a resistance jump at the coercive field HC occurs. The
values of μ0HC , obtained for different nanowires at 4 K, range
between 140 and 220 mT, and are in good agreement with
the SQUID data of nanowire ensembles. Based on the linear
behavior of the magnetoresistance trace in Fig. 3(a), we assume
that the NMR changes, at least to first order, linearly with the
effective magnetic field (NMR = R(0)−R(Heff )

R(0) ∝ −|−→H eff|). The
dashed grey lines in Figs. 3(a) and 3(b) display the computed
effective field as a function of H0. The calculation is based
on Eq. (2), taking the value for HA from the position of the
resistance maxima in Fig. 3(b). Furthermore we need ϕM for
each calculated datapoint. This was accomplished by simply
minimizing the free energy equation (2) as a function of ϕM

( ∂E
∂ϕM

= 0; ∂2E
∂2ϕM

> 0) while taking into account the changing
external magnetic field.
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FIG. 3. (Color) Magnetotransport data at T = 4 K: (a)
−→
H parallel

to the nanowire axis (0◦). Arrows illustrate the relative orientation
of external field and magnetization. The dashed grey line is the
calculated effective magnetic field Heff . The resistance jump reflects
a change of the NMR as the effective magnetic field changes by 2HC

at this field. (b)
−→
H perpendicular to the nanowire axis (90◦). Also

here the MR follows inversely the calculated effective magnetic field
(dashed line). The dashed lines in (a) and (b) show Heff as a function of
H0 for the two magnetic field configurations with the corresponding
y axis on the right side.

The calculated Heff retraces closely but with inverted
slope the magnetoresistance trace in Fig. 3(a). At −1 T
the magnetization is aligned with the external magnetic
field (ϕM = 180◦,ϕH = 180◦). Sweeping the field up, Heff

decreases linearly, paralleled by a linear increase of R(H0).
This linear increase continues even beyond 0 T since the mag-
netization continues to stay in its initial direction. This results
in an antiparallel alignment of magnetization and external
field (ϕM = 180◦,ϕH = 0◦). This antiparallel configuration
causes the effective magnetic field to decrease further until the
magnetization is forced to switch its direction by 180◦. Prior
to the magnetization reversal, one has Heff, 1 = −HC + HA

since H0 = HC [Eq. (2)]. Immediately after the jump, the
magnetization aligns with the external field (ϕM = 0◦,ϕH =
0◦) and one obtains Heff,2 = HC + HA. Thus, the resistance
jump reflects the change of the NMR corresponding to a
change of the effective field by �Heff = 2HC .

We now turn to the situation where the external magnetic
field is aligned perpendicular to the wire. The corresponding

MR traces together with the calculated effective magnetic
field are plotted in Fig. 3(b). At high field, both R and
Heff are linear as a function of the external field. In this
region, the magnetization is aligned with the external field
(ϕM = 90◦, ϕH = 90◦). This holds for H0 > HA. At H0 =
HA, Heff becomes, according to Eq. (2), zero. This leads to a
maximum in the resistance; the NMR is at its maximum value
at zero effective magnetic field. By decreasing the external
field further, the interplay of the external field and internal
anisotropy results in a rotation of

−→
M towards the magnetic

easy axis. This rotation is reflected by a continuous increase of
Heff , accompanied by a corresponding decrease in resistance.
For different nanowires we observe values for μ0HA in the
range of 1.3 to 2.2 T.

Fixing the magnetic field direction and rotating the sample
in plane allows to study the angular dependence of the
magnetoresistance. This is shown for sample B in Fig. 4(a)
(green dots) in which the resistance R is shown as a function
of ϕM for μ0H0 = 3 T. For high magnetic fields (H0 > HA)
Eq. (2) can be simplified to Heff ≈ H0 + HA cos(2ϕM ) since
the magnetization is then nearly aligned with the external
magnetic field and cos(ϕM − ϕH ) ≈ 1. In Fig. 4(a) R(ϕM )
can be well fitted by cos(2ϕM ), showing that the effective
magnetic field dominates the magnetotransport behavior. The
remaining small differences between the data and the cos(2ϕM )
fit are expected to reflect deviations from the assumed linear
relationship between the measured resistance andHeff .

As the direction of the magnetic easy axis and the direction
of the current coincide, the AMR effect shows the same
angular dependence as one would expect from NMR. Thus
the angular dependence does not allow one to distinguish
between the AMR and the spin-disorder scattering induced
effects proposed here. However, the typical amplitude of
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FIG. 4. (Color) (a) Dependence of the magnetoresistance on ϕm

at T = 4 K and μ0H0 = 3 T (green dots): The resistance values are
obtained from a measurement of R(ϕH ), while the corresponding
values of ϕM are calculated by minimizing Eq. (1) for a given
value of H0 and ϕH . R(ϕM ) can be well fitted by cos(2ϕM ) (orange
curve) which describes approximately the angular dependence of the
effective magnetic field. (b) Illustration of the transformation from the
μ0H0 to the μ0Heff scale, by shifting R(90◦) and R(0◦) by ±μ0HA.
The resulting high field magnetoresistance at 4 K as a function of
the effective magnetic field is shown in the inset. This makes the
two curves directly comparable for values of the effective field of
μ0Heff > 2.2 T.
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the AMR effect is below 10%,22 thus the observed MR
effect of 74% can only partly be caused by AMR. The
calculations of Heff for the low and high resistance states give
μ0Heff(ϕM = 0) = μ0(H0 + HA) = 4.8 T and μ0Heff(ϕM =
90) = μ0(H0 − HA) = 1.2 T, which represents a difference
in Heff of 75%, and corresponds well to the amplitude of
the MR. This, together with the well-working cos(2ϕM ) fit of
the data shown in Fig. 4(a), support the model we have put
forward.

For a direct comparison of the magnetoresistance for
parallel and perpendicular field configurations, the traces need
to be displayed as a function of Heff . For ϕH = 0◦ and
H0 > HC , Heff = H0 + HA holds while for ϕH = 90◦ and
H0 > HA the effective magnetic field is Heff = H0 − HA.
Thus for a 0◦ sweep the charge carriers experience at the same
H0 an effective magnetic field which is by 2HA larger than that
for a 90◦ sweep. By simply shifting both curves by μ0HA along
the H0 axis to the right and to the left, respectively [Fig. 4(b)
colored lines], the two data sets nearly lie on top of each other
for Heff > HA + HC [Fig. 4(b) inset], thus underpinning the
dominating role of the effective magnetic field for the observed
magnetoresistance. The remaining difference of 3% to 10% is
most likely caused by the AMR effect.

Finally, we note that the small upward cusp, observed if
the magnetic field is aligned parallel to the lithographically
etched wire [red trace in Fig. 2(b)] can be ascribed to the same
effect discussed above. Similar features were also observed by

others.17,24 As the magnetic field is aligned along the wire’s
easy axis, the AMR effect cannot contribute. The fact that the
jump occurs at very low magnetic field and is small (∼10 �),
hardly resolved on the scale of Fig. 2(b), reflects the weak
NMR effect and the low anisotropy field in this particular
material.

In conclusion we have performed magnetotransport mea-
surements on individually contacted GaAs/(Ga,Mn)As core-
shell nanowires. By virtue of the large anisotropy field and the
pronounced negative magnetoresistance effect the nanowires
exhibit, we could show that the NMR of the nanowires
is determined by the effective magnetic field rather than
the external magnetic field. In this respect it is similar to
the magnon magnetoresistance effect observed in permalloy
nanowires.25 This indicates that spin disorder scattering is the
dominating mechanism responsible for the large NMR effect
in GaAs/(Ga,Mn)As core-shell nanowires.

ACKNOWLEDGMENTS

We thank T. Dietl, T. Wojtowicz, G. Bayreuther, and
C. Back for discussions, and M. Kiessling for perform-
ing the SQUID measurements. Support from the Deutsche
Forschungsgemeinschaft (DFG) via SFB 689 is gratefully
acknowledged. We thank A. Petroutchik and L. T. Baczewski
for the preparation of the Au-covered substrates for NW
growth.

1H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto,
and Y. Iye, Appl. Phys. Lett. 69, 363 (1996).
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