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As the magnetization rotates in the �001� plane of epitaxial �Ga,Mn�As films, we observe both two- and
fourfold oscillations of comparable magnitude in the longitudinal resistivity. This behavior is different from the
usual anisotropic magnetoresistance effect in polycrystalline films. The fourfold or cubic symmetry vanishes at
the Curie temperature TC, indicating that it originates from the long-range ferromagnetic phase in single crystal
films. In contrast, the twofold symmetry persists above TC, suggesting its origin to be from the alignment of
spins with random orientations. However, the transverse, or planar Hall, resistivity only contains a twofold
oscillation. The temperature dependence of the magnetocrystalline anisotropic resistance effect is explained by
a two-component model.

DOI: 10.1103/PhysRevB.77.125320 PACS number�s�: 73.50.�h, 75.47.�m, 75.50.Pp

The anisotropic magnetoresistance �AMR� effect in ferro-
magnetic �FM� materials arises from the difference in the
scattering rate when the magnetization direction is oriented
parallel or perpendicular to an electrical current.1 It is a con-
venient tool often used for characterizing the state of the
magnetization in ferromagnetic metals2 and
semiconductors.3,4 In ferromagnetic semiconductors such as
GaMnAs, AMR has been linked to the intrinsic band struc-
ture properties in the presence of spin-orbit interaction.5 For
polycrystalline materials, the resistivity typically shows a
twofold symmetry because the magnetocrystalline effect in
the randomly oriented grains is averaged out. In single crys-
tal films, however, also due to the spin-orbit interaction,
AMR may contain higher-order terms that reflect the sym-
metry of the crystals.6 Nevertheless, in many cases, the high-
order terms are small and often neglected.7,8 Here, we have
conducted a series of experiments in epitaxially grown GaM-
nAs films and found a very strong fourfold magnetoresis-
tance effect that is correlated with the crystalline symmetry
of the films. This fourfold term is found to be connected to
the long-range FM order below TC; therefore, its temperature
and field dependences reveal valuable information about the
ferromagnetic ordering in the materials.

We studied two Ga1−xMnxAs samples with x=0.039 and
0.059 which were grown on GaAs�001� wafers at 250 °C by
molecular beam epitaxy in an As-rich environment. The
samples were patterned into the standard Hall bar using pho-
tolithography and wet chemical etching. For resistivity mea-
surements, the current flows along a �110� direction, as sche-
matically shown in Fig. 1�a�, and both the longitudinal and
transverse or the planar Hall dc resistivities �xx and �xy are
measured simultaneously using the four-probe method. The
measurements are performed in a superconducting magnet
equipped with a rotating sample holder, which allows us to
continuously change the angle � between the magnetic field
H and the electric current I, as illustrated in Fig. 1�a�. As the
sample is rotated around �001�, H always lies in the sample
plane, and both �xx and �xy are recorded as angle � is varied.
The angular dependence is taken for different magnetic field

strengths and temperatures. Since both samples show similar
behaviors in their angular dependence, we will focus our
discussions on the x=0.059 sample below.

�xx as a function of temperature at H=0 for
Ga0.941Mn0.059As shows a peak due to the spin disorder scat-
tering enhanced resistivity,9 as shown in the inset of Fig.
1�b�. From �xx vs T, we can estimate the Curie temperature,
TC�49 K, which agrees with the TC found from the super-
conducting quantum interference device measurements. Fig-
ure 1�b� shows �xx as a function of H for the same sample at
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FIG. 1. �Color online� �a� Sketch of experimental geometry.
Current I flows along �110� and magnetization M is aligned with
the external field H which rotates in the �001� plane. �b� Longitu-
dinal resistivity as a function of in-plane field at different field
orientations, �=0°, 50°, and 115°, at 5 K for Ga0.941Mn0.059As. The
inset shows the resistivity as a function of temperature at zero field.
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5 K with H applied at three different angles with current I. In
this field range, �xx exhibits negative magnetoresistance
�MR�, which is in agreement with what was reported
previously.10 This negative MR has been attributed to the
scattering of carriers off paramagnetic Mn2+ ions or magnetic
boundary polarons,11,12 or attributed to the weak localization
effect.13 Since H far exceeds the coercive field Hc ��50 Oe
at 5 K� or the anisotropy field Hk ��1000 Oe�, the FM mag-
netization M should be fully aligned with H. As seen in Fig.
1�b�, this high-field MR actually depends on the direction of
H or M.

The anisotropy of this high-field MR can be clearly seen
as the sample is continuously rotated in a constant in-plane
field whose strength is greater than that of the anisotropy
field. At such a high field, �M, the angle between M and I,
should be nearly identical to �, the angle between H and I.
In Fig. 2, we plot both �xx and �xy at 5 K with H=15 kOe.
Both �xx and �xy oscillate as the sample is rotated about
�001�, but the oscillation periods are different. Apparently,
the oscillations in �xx cannot be described by a simple
cos 2�M function that is normally expected for polycrystal-
line FM films. There is a large fourfold or cubic component
present which peaks at approximately −45°, 45°, and 135° in
�M. In GaMnAs �001� epitaxial films, this cubic symmetry
simply coincides with the fourfold symmetry of the �001�
plane of the zinc-blende crystalline structure. To include both
types of symmetry, we use �xx=�0�1+Au cos 2�M

+Ac cos 4�M� to fit our data and obtain the relative oscilla-
tion amplitudes for cos 2�M and cos 4�M terms, i.e., Au
=0.25% and Ac=0.37%, respectively. The fourfold aniso-
tropy is actually stronger than the twofold anisotropy in this
case. By the conventional definition AMRip���J�M

−�J�M� /�J�M, the in-plane AMR ratio is calculated to be
about −0.41%, and the sign agrees with the theoretical
prediction.5,14 Unlike the symmetry in �xx, the planar Hall
resistivity �xy only contains a twofold oscillation, as shown
in Fig. 2, and it can be fitted well with a single sin 2�M
function. Note that �xy has a nonzero offset, which is likely
caused by a small �xx component due to imperfect alignment
between the two transverse leads.

For polycrystalline or isotropic ferromagnetic materials,
�xx and �xy both depend on the relative angle �M between
magnetization M and current I. The AMR in single domain
model can be described by two equations:1

�xx = �� + ��� − ���cos2 �M , �1�

�xy = ��� − ���sin �M cos �M , �2�

where �� and �� are the resistivities for M � I and M � I,
respectively. Both �xx and �xy have a twofold or uniaxial
symmetry about the current direction with the rotation of M
and are intimately related to each other. The equations have
been adopted to explain AMR observed in GaMnAs
films.7,15,16 However, this picture is not applicable here since
there is an additional strong fourfold term in �xx. To see how
different anisotropy terms contribute to �xx and �xy in single
crystal films, here, we use a phenomenological description
for the anisotropic transport. We assume that the resistivity
contains up to the fourth order terms in direction cosines �

�ij = aij + akij�k + aklij�k�l + aklmij�k�l�m + aklmnij�k�l�m�n

+ ¯ , �3�

where � is the direction cosines of M with the cubic axes,
and aij, akij, aklmij, and aklmnij are the elements of the resis-
tivity tensor of various orders. i and j can be in any of the
three orthogonal directions, but in the context of our discus-
sions, they are either along or perpendicular to the current in
the film plane. The resistivity tensor �ij then relates to AMR
effect and the planar Hall effect through Ohm’s law: Ei
=�ij���Jj, where Ei is the electric field along i and Jj is the
current density along j. For instance, if a current Jx flows
along the x axis, the electric field Ex in this direction depends
on the direction cosines of M with respect to the cubic axes
via Ex=�xx���Jx; for the same current density, it also induces
an electric field Ey or a finite voltage along the y axis if �yx is
not zero. The latter effect is the planar Hall effect due to an
in-plane magnetization and anisotropic resistivity. It has a
completely different physical origin from that of the regular
Hall effect which is caused by the Lorentz force from a per-
pendicular magnetic field.

Many of the matrix elements actually vanish due to the
symmetry of the cubic crystal and the Onsager relation.17 If
we apply this equation to our device geometry, where the
voltages along �110� and �−110� are measured with a current
flowing along �110�, then,

�xx = Exx/J = C0 + 1/2C1 + 3/8C2 + 1/2C4 cos 2�M

− 1/8C2 cos 4�M = �0�1 + Au cos 2�M + Ac cos 4�M� ,

�4�

�xy = Exy/J = 1/2�C1 + C2�sin 2�M = �1 sin 2�M , �5�

where C0, C1, C2, and C4 are a set of constants that is related
to the coefficients in Eq. �3� by

C0 = a11 + a1122 + a111122, C1 = a1111 − a1122 − 2a112211,

C2 = a111111 + 2a111122 − a112211,

C4 = a2323 + a111212.

These four constants can be determined from Au, Ac, �0, and
�1, which can be obtained by fitting the experimental data.
As a direct consequence of the crystal symmetry, �xx contains
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FIG. 2. �Color online� Angular dependence of the longitudinal
resistivity �xx and planar Hall resistivity �xy at H=15 kOe and T
=5 K for Ga0.941Mn0.059As. The solid lines are the fits.
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both cubic and uniaxial symmetry terms, whereas �xy con-
tains only the uniaxial symmetry term in Eqs. �4� and �5�,
which agrees well with our experiments.

Now, let us examine how these two anisotropy terms de-
pend on the magnetic field and temperature. Figures 3�a� and
3�b� show �xx and �xy vs �M for a series of fields H=10, 30,
50, and 70 kOe measured at 5 K. The y axis shows the
scaled resistivity normalized to the resistivity value when H
is parallel to the �100� direction. Clearly, both uniaxial and
cubic anisotropies in �xx coexist at all H, but the oscillation
amplitude steadily decreases at higher fields. Note that the
total resistivity also decreases; therefore, the absolute resis-
tance swing decreases even more at high fields. By decom-
posing the total resistivity into the cubic and uniaxial terms,
we find that Ac decays much faster than Au as H increases. In
contrast, the ratio �xy /�xy�100� does not change within ex-
periment uncertainty since all �xy /�xy�100� curves fall on top
of each other for fields up to 70 kOe. No measurable cubic
symmetry is present at these fields.

At a fixed field of 50 kOe, �xx and �xy are displayed for
different temperatures in Figs. 3�c� and 3�d�. An obvious
feature is that the fourfold oscillation steadily diminishes as
the temperature increases, and it disappears around TC. This
strongly suggests that the cubic symmetry originates from
the long-rang FM order. In contrast, the twofold oscillation
persists even above TC where the FM order no longer exists.
However, both the symmetry and amplitude of �xy /�xy�100�
remain unchanged below TC and only show weak tempera-
ture dependence above TC.

In nonmagnetic crystals, MR can show different behav-
iors when a current flows along two orthogonal crystallo-
graphic directions. In FM crystals, this MR anisotropy adds
to the usual AMR which is sensitive to the direction of M.
This MR and its anisotropy have been attributed to the Lor-
entz force and follow Kohler’s rule.18 The Lorentz-force in-
duced MR or intrinsic MR is always positive. However, the
MR effect observed in our experiments clearly does not
share the same origin with the intrinsic MR since ours is
always negative, as shown in Fig. 1�b�. Moreover, it exhibits
a more complex temperature dependence �Fig. 4�a��. Al-
though the negative MR was previously attributed to the
weak localization effect,12 it cannot easily explain why it
depends on the crystal orientations and the relative direction
between the current and the magnetic field.

The extracted coefficients Au and Ac are plotted as func-
tions of the magnetic field at various temperatures in Fig. 4
and also replotted as functions of the temperature for differ-
ent fields in Fig. 5. Ac shows a monotonic and drastic de-
crease for all magnetic fields as T approaches TC from below,
indicating that the cubic symmetry is induced by the FM
phase. A similar result has been also reported recently.19 In
contrast, Au shows nonmonotonic temperature dependence at
those fields. In order to explain this complex temperature
dependence of the twofold symmetry, we propose the follow-
ing two-component model. We assume that at T�TC, in ad-
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FIG. 3. �Color online� �a� �xx and �b� �xy at a set of fields for
T=5 K; �c� �xx and �d� �xy at different temperatures for a fix field
H=50 kOe. �xx and �xy are normalized to the resistivity value at
M � �100�.
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FIG. 4. �Color online� Magnetic field dependence of coefficients
�a� Au and �b� Ac for Ga0.0941Mn0.059As, obtained from fitting. The
inset of �a� shows the magnetic moment of each cluster �filled
square� and the contribution from all clusters, P �open circle�, to Au.
The solid line in �a� is the fit for T�TC, described in the text.
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dition to a long-range FM component, there exists a second
component that is comprised of individual magnetic clusters.
One realization of this two-component picture could be a
magnetic polaron. More explicitly, since the FM coupling
between Mn ions �S=5 /2� is mediated through the delocal-
ized holes in GaMnAs, each Mn2+ ion and its neighboring
free holes behave like a magnetic cluster, known as a bound
magnetic polaron �BMP�. This carrier-mediated interaction
distinguishes the ferromagnetic semiconductors from the
conventional ferromagnets where the Heisenberg direct ex-
change links the adjacent spins. As the temperature is low-
ered below TC, BMPs gradually increase in size and form the
percolating network, which is the long-range FM phase. In
the meantime, the BMPs isolated from the FM network be-
have like fragmented superparamagnetic �SPM� particles.
This picture of the mixed FM and SPM is supported by
Monte Carlo simulations20,21 and recent experiments;22,23 it
also successfully explains the high-field resistivity behavior
in InMnSb.11 This two-phase model makes physical sense
due to the inevitable inhomogeneous Mn distribution, which
leads to the relatively hole-rich FM regions coexisting with
the less hole-rich SPM regions.

Note that even in the SPM phase, there should be a non-
zero twofold anisotropy term in MR. The external magnetic
field can align the randomly distributed BMP moments. As
the sample is rotated in H, the aligned moment sees the two-
fold anisotropy with respect to the electric current. It is
analogous to the usual AMR and can also be described by
Eq. �1�. At T�TC, the SPM phase is the only source of the
anisotropy in �xx and the situation is much simpler. We at-
tempt to analyze the T�TC data since we only have to deal
with the SPM component. Note that in Eq. �1�, the twofold
AMR due to the SPM clusters with moment � is propor-

tional to the square of the aligned total moment, i.e.,
cos2��M�= �M /Ms�2. For SPM particles, the moment M is
described by the Langevin function M /Ms=L�x�=coth x
−1 /x, x being �H /kBT. A decrease in T or an increase in H
can enhance the magnetic moment to produce a large MR
effect. We fit Au= P��L��H /kBT��2 to the high-temperature
field-dependence data and extract the particle moment � and
total number of particles, P, both of which are displayed in
the inset of Fig. 4�a�. As T increases, the individual BMP
cluster size ���� decreases as the carrier-mediated exchange
interaction weakens; meanwhile, the total number of BMPs
increases. The size of BMPs is estimated to be about 6 nm at
50 K. A somewhat larger BMP size was reported earlier for
T�TC.23 Since the BMP size decreases rapidly above TC, we
believe our result is still reasonable.

For T�TC, the percolating FM phase starts to contribute
to �xx, which leads to a nonzero Ac, as shown in Fig. 5.
Additionally, the FM phases also contribute to the twofold
anisotropy in �xx, as seen in Eq. �4�. Although both FM and
SPM phases contribute to the twofold symmetry or Au, they
have opposite trends in temperature due to the expansion of
the FM phase and the shrinkage of the SPM phase at low
temperatures. The overall temperature dependence of two-
fold symmetry depends on the competition between these
two phases below TC. As a result, a peak in Au appears at the
intermediate temperatures, as shown in Fig. 5. The peak po-
sition shifts to higher temperatures as the field strength in-
creases because the applied field enhances the contribution
from the SPM phase at high temperatures. Here, we do not
attempt to fit the resulting temperature dependence of Au for
lack of detailed knowledge of the two phases below TC. Ac is
suppressed by a magnetic field at all temperatures. We do not
have a satisfactory explanation for this field effect.

In summary, we have found a strong magnetocrystalline
anisotropic resistance effect in epitaxial GaMnAs films. The
fourfold term in longitudinal magnetoresistance is related to
the long-range FM order at T�TC, whereas the twofold term
originates from both FM and SPM spins. This effect may be
used in investigating ferromagnetic ordering mechanism in
other dilute magnetic semiconductors and ferromagnetic ox-
ides.
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