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We have performed a systematic investigation of magnetotransport of a series of as-grown and annealed
Ga1−xMnxAs samples with 0.011�x�0.09. We find that the anisotropic magnetoresistance �AMR� generally
decreases with increasing magnetic anisotropy, with increasing Mn concentration and on low temperature
annealing. We show that the uniaxial magnetic anisotropy can be clearly observed from AMR for the samples
with x�0.02. This becomes the dominant anisotropy at elevated temperatures and is shown to rotate by 90° on
annealing. We find that the in-plane longitudinal resistivity depends not only on the relative angle between
magnetization and current direction, but also on the relative angle between magnetization and the main crys-
talline axes. The latter term becomes much smaller after low temperature annealing. The planar Hall effect is
in good agreement with the measured AMR, indicating the sample is approximately in a single domain state
throughout most of the magnetization reversal, with a two-step magnetization jump ascribed to domain wall
nucleation and propagation.
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I. INTRODUCTION

The development of III-V magnetic semiconductors with
ferromagnetic transition temperature TC well in excess of
100 K has prompted much interest. The most widely studied
material in this category is Ga1−xMnxAs, with x�0.01–0.1,
where the randomly distributed substitutional Mn impurities
are ferromagnetically ordered due to interactions with polar-
ized itinerant valence band electrons �holes�. The hole den-
sity influences all of the magnetic properties of this system,
including TC,1 the magnetic anisotropy,2,3 and the magneto-
optical response.4 There is consequently a strong interplay
between magnetic and transport properties.5

The giant magnetoresistance �GMR� effect and related
phenomena in magnetic metal films have found widespread
applications in magnetic sensing and recording technologies.
Magnetoresistive devices based on III-V magnetic semicon-
ductors may offer a number of advantages over their metallic
counterparts: the spin polarization may be very high,6 sug-
gesting the possibility of larger magnetoresistance effects;
the low concentration of magnetic impurities means that
fringing fields are weak; magnetic properties may be control-
lable by dynamic manipulation of the charge carriers;7 and
the technologies for producing III-V semiconductor hetero-
structures with atomically precise interfaces are well estab-
lished. Already, a 290% GMR effect in vertical transport,8

and a 2000% in-plane magnetoresistance,9 have been dem-
onstrated in GaMnAs-based devices.

In order to understand and optimize the magnetoresis-
tance of such heterostructures and nanostructures, it is im-
portant to develop an improved understanding of the magne-
totransport and magnetic anisotropy of single GaMnAs
layers. Anisotropic magnetoresistance �AMR� and related ef-
fects have been observed in GaMnAs,10–12 which are large
enough to obscure effects related to spin injection or accu-
mulation in devices. GaMnAs films also show a remarkable
variety of magnetic anisotropies. In general, compressive and
tensile strained films show in-plane and perpendicular
anisotropies, respectively, although this also can depend on

the hole density. The AMR and the magnetic anisotropy in
magnetic materials are intrinsically related to the spin-orbit
interaction. In GaMnAs, the substitutional Mn is in a d5

high-spin state, with little orbital moment. The anisotropy
effects are therefore due to the p-d interactions between Mn
and charge carriers, which reside in the valence band of the
host semiconductor, where spin-orbit effects are large.

A detailed study of these effects is therefore a key to
understanding the nature of the material. Here we investigate
the magnetotransport in a series of as-grown and postgrowth
annealed GaMnAs films on GaAs�001�, with a range of dif-
ferent Mn concentrations.

II. EXPERIMENTAL DETAILS

The Ga1−xMnxAs films were grown on semi-insulating
GaAs�001� substrates by low temperature �180 °C–300 °C�
molecular beam epitaxy using As2. For all samples studied,
the layer structure is 50 nm Ga1−xMnxAs/50 nm LT-
GaAs/100 nm GaAs/GaAs�001�. The growth temperature
of the Ga1−xMnxAs film and the LT-GaAs buffer was de-
creased with increasing Mn concentration, in order to main-
tain 2D growth as monitored by RHEED.13 The Mn concen-
tration was determined from the Mn/Ga flux ratio, calibrated
by secondary ion mass spectrometry �SIMS� measurements
on 1 �m thick films, and includes both substitutional and
interstitial Mn. Some of the samples were annealed in air
at 190 °C for 50–150 h, while monitoring the electrical
resistance.14 This procedure has been shown to lead to a
surface segregation of compensating interstitial Mn15,16, and
thus can give marked increase of the hole concentration p
and Curie temperature TC.17 X-ray diffraction measurements
show that the 50 nm films are fully compressively strained,
with a relaxed lattice constant a that varies linearly with the
Mn concentration, as a=5.65368�1−x�+5.98x in the as-
grown films, and a=5.65368�1−x�+5.87x after annealing.18

Full details of the growth and structural characterization,13 as
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well as p and TC as a function of Mn concentration,19 are
presented elsewhere.

The samples were made into photolithographically de-
fined Hall bars, of width 200 �m, with voltage probes sepa-
rated by 400 �m, and with the current direction along one of
the �110� directions. The insulating x=0.011 sample dis-
cussed below was measured in a van der Pauw geometry,
since the very high series resistance of the Hall bar at low
temperatures did not permit accurate measurements. In some
cases, L-shape Hall bars were used, in which it is possible to
measure the magnetoresistance for the current along either

the �110� or the �11̄0� directions. The longitudinal resistance
Rxx and Hall resistance Rxy were measured simultaneously
using low frequency ac lock-in techniques. In discussing the
results for both types of Hall bars, we define the current
direction as x, the direction in-plane and perpendicular to the
current as y, and the growth direction as z.

III. RESULTS AND DISCUSSION

A. Anisotropic magnetoresistance in as-grown
and annealed GaMnAs

GaMnAs films are known to show an insulator-to-metal
transition with increasing Mn, occurring at around x=0.03 in
the earliest reports,20 and at lower concentrations in more
recent studies.21 Ferromagnetism can be observed on either
side of the transition.20 In the samples discussed here, the x
=0.011 film is on the insulating side of the transition, while
the other samples studied all show metallic behavior.

The magnetic field dependence of the sheet resistance at
sample temperature T=4.2 K, for a series of as-grown and
annealed Ga1−xMnxAs thin films with x between 0.011 and
0.067, are shown in Fig. 1. For all samples, two contributions
to the magnetoresistance can be distinguished. At fields
greater than the saturation magnetic field, a negative magne-
toresistance is observed, the slope of which is independent of

the external field direction. This isotropic magnetoresistance
does not saturate even for applied fields above 20 T,22 and
has been attributed to suppression of weak localization and
spin-disorder scattering at low and high temperatures,
respectively.22–24 The isotropic magnetoresistance becomes
weaker after low temperature annealing after removing the
compensating defects. The second contribution occurs at
lower fields and is dependent on the field orientation. This is
the anisotropic magnetoresistance that is the subject of this
paper. As a result of the spin-orbit interaction and its effect
on scattering between carriers and magnetic ions, the resis-
tivity depends on the angle between the sample magnetiza-
tion and the applied current. This is a well-known effect in
ferromagnetic materials. Applying a small magnetic field
leads to rotation of the magnetization into the field direction,
which gives rise to the low-field magnetoresistance effects
shown in Fig. 1.

The low-field magnetoresistance traces are qualitatively
similar to those reported elsewhere for GaMnAs thin
films,10,11 and yield information concerning the magnetic an-
isotropy. For all samples, the resistance at zero field is inde-
pendent of the angle of the previously applied field, indicat-
ing that the magnetization always returns to the easy axis on
reducing the field to zero. For most of the films, the lowest
resistance state is obtained when H is along the x direction,
while the field where the AMR saturates is largest for H
along the z direction, indicating that this is a hard magnetic
axis.

Significantly different behavior can be observed between
the sample with x=0.011 and the other samples, i.e., between
samples lying on either side of the metal-insulator transition.
For x=0.011, the resistance is largest for in-plane magnetic
field. This is usually the case for ferromagnetic metals, but is
opposite to what is observed for the metallic GaMnAs films.
In addition, the saturation field obtained from the AMR is
larger for fields applied in-plane than for fields out-of-plane,
which indicates that this sample possesses a perpendicular
magnetic anisotropy. It has been noted previously that for
compressive-strained GaMnAs films at low hole concentra-
tions the easy magnetic axis can lie perpendicular to the
plane.25 The present result shows that both the magnetic an-
isotropy and the anisotropic magnetoresistance are of oppo-
site sign in the x=0.011 sample, as compared to the metallic
samples. The sample with x=0.017 appears to be an interme-
diate case, where the low resistance state is for in-plane mag-
netization, while in-plane and out-of-plane saturation fields
are of comparable magnitude.

The saturation fields for H �z and H �y for the as-grown
and annealed samples with x�0.017 are shown in Figs. 2�a�
and 2�b�, respectively. With increasing Mn concentration, the
saturation field for in-plane �out-of-plane� directions be-
comes smaller �larger� for the as-grown samples, i.e., the
in-plane magnetic anisotropy becomes weaker. On anneal-
ing, the in-plane saturation field does not change in a sys-
tematic way or vary monotonically with Mn concentration.
The easy magnetic axis is defined by a competition between

the uniaxial anisotropy between �110� and �11̄0� directions,
Ku, and a biaxial anisotropy Kb, which favors orientation of
the magnetization along the in-plane �100� directions. At low

FIG. 1. Sheet resistance as a function of magnetic field at T
=4.2 K for the as-grown Ga1−xMnxAs thin films with different
value of x: �a� x=0.011, �b� x=0.017, �c� x=0.022, �d� x=0.034,
and �e� x=0.067, for the annealed samples with �f� x=0.022, �g� x
=0.034, and �h� x=0.067, with three mutually orthogonal orienta-

tions ��110�, �11̄0� and �001� directions� of the magnetic field.
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temperatures with Kb�Ku, the easy axis will lie in the direc-
tion �arccos�−Ku /Kb�� /2 away from the uniaxial easy axis
towards the cubic easy axis.28 The saturation magnetic field
along y direction is dependent on competition of these two
magnetic anisotropies, while the saturation magnetic field for
H out-of-plane becomes significantly larger, i.e., the z axis
becomes significantly harder. The principal effect of anneal-
ing is to increase the hole density, through out-diffusion of
compensating Mn interstitial defects.15,16 The magnetic an-
isotropy in III-V magnetic semiconductors is well explained
within the Zener mean field model, which predicts that the
in-plane anisotropy field increases with increasing hole den-
sity and compressive strain.2 The trends observed on increas-
ing the Mn concentration and on annealing are in agreement
with this prediction.

Since both the AMR and the magnetic anisotropy origi-
nate from the spin-orbit interaction, a close correlation be-
tween the two effects may be expected, as is demonstrated
here. We quantify the AMR for magnetization parallel and
perpendicular to the plane as, respectively,

AMR� = �R�x − R�y�*100/R�x�%�

and

AMR� = �R�x − R�z�*100/R�x�%� ,

with R�i the sheet resistances for magnetization parallel to the
i�=x ,y ,z� axis. These are plotted in Figs. 3�a� and 3�b� for
samples with 0.017�x�0.09 before and after annealing, at
temperature 4.2 K and at the saturation field. For the as-
grown samples, both AMR� and AMR� generally decrease
with increasing Mn, while the difference between AMR� and
AMR� generally increases. The AMR decreases slightly after
annealing, even though the resistivity has decreased, i.e., the
absolute value of �R decreases significantly. The data of Fig.

3�a� has been quantitatively described within a model of
band-hole quasiparticles with a finite spectral width due to
elastic scattering from Mn and compensating defects, using
known values for the hole density and compressive strain,
and no free parameters, presented elsewhere.5 From Figs.
3�a� and 3�b�, it can be seen that the AMR generally de-
creases while the magnetic anisotropy increases, both with
increasing Mn and on annealing. A similar trend of increas-
ing AMR with decreasing magnetic anisotropy is observed in
metallic magnetic compounds, e.g., the NiFe system.26

The ratio AMR� /AMR� is plotted in Fig. 3�c�, and very
different behavior is observed for samples before and after
annealing. Before annealing, AMR� is up to a factor of 2
larger than AMR�, and the ratio systematically increases with
increasing Mn concentration. After annealing, the ratio is
comparable to or less than 1 for all concentrations. The ori-
gin of this difference between in-plane and out-of-plane
AMR is not clear, however the precise nature of the AMR
and magnetic anisotropy is likely to depend on a detailed
balance between strain and the concentration of holes, Mn,
and other defects, all of which may be affected by annealing.

The effect of annealing on the AMR, the ratio
AMR� /AMR�, and the saturation field becomes progressively
less pronounced with decreasing x, until at x=0.017 where
almost no change is observed. A decreasing effect of anneal-
ing with decreasing x is also observed for the hole density as
well as TC, which indicates that the number of interstitial Mn
is small at low x.19 With increasing Mn concentration, there
is an increasing tendency for the Mn to autocompensate by
occupying interstitial sites.

B. Uniaxial magnetic anisotropy

For the annealed sample with x=0.067, the sheet resis-
tance sharply increases on applying a small magnetic field in

FIG. 2. The saturation magnetic field on applying �a� H �z ��001�
direction� and �b� H �y for the as-grown and annealed Ga1−xMnxAs
samples with 0.017�x�0.09 at 4.2 K.

FIG. 3. The AMR� and AMR� for �a� the as-grown and �b�
annealed Ga1−xMnxAs samples with 0.017�x�0.09 at 4.2 K; �c�
the ratio of AMR� /AMR� versus Mn concentration for the as-grown
and annealed samples at 4.2 K.
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the y direction, while no magnetoresistance is observed for H
applied along the x direction, as shown in Fig. 1�h�. This
indicates that the magnetic moment is oriented either parallel
or antiparallel to this direction throughout the whole magne-
tization reversal, in turn indicating the presence of a domi-
nant in-plane uniaxial magnetic anisotropy. A uniaxial mag-

netic anisotropy between the in-plane �110� and �11̄0�
directions in GaMnAs has been noted previously,10,12,27,28

and is observed to some degree in all the samples discussed
in the present study.

In compressive strained GaMnAs films, magnetic do-
mains can be very large, extending over several mm,28 and at
remanence the films tend to lie in a single-domain state.29 If
Ku�Kb, then the magnetization at H=0 is fixed along the
easier of the �110� directions, whereas if Ku�Kb, the mag-
netization at H=0 is oriented between the �100� and �110�
directions, moving closer to �100� as Kb becomes larger. The
former appears to be the case for the annealed x=0.067
sample. For the other metallic samples shown in Fig. 1, the
resistance at H=0 is intermediate between its saturation val-
ues for H �x and H � y, indicating that Kb�Ku for these
samples at T=4.2 K. Since Kb and Ku are proportional to M4

and M2, respectively, where M is the magnetization, the
former falls more rapidly with increasing temperature than
the latter. Therefore, with increasing temperature, the easy
magnetic axis rotates away from the �100� directions. This
has been observed directly using magneto-optical imaging,28

and can also be inferred from analysis of the temperature
dependence of the remnant magnetization measured by
SQUID.29 This rotation can also be seen in the AMR. Figures
4�a� and 4�b� show the AMR for the as-grown x=0.034
sample measured for different in-plane field orientations at
T=4.2 K and T=40 K, respectively. At both temperatures,
the low-field magnetoresistance is largest for H �x. The other
two orientations show similar magnetoresistance at 4.2 K.
No magnetoresistance �aside from the isotropic negative
slope seen for all orientations� is observed for H � y at 40 K.

The angle-dependent diagonal component of the resistivity
tensor under a single domain model is given by

�xx�	� = �� cos2 	 + �� sin2 	

= ��� + ���/2 + 1
2 ��� − ���cos 2	

= �0 + �� cos 2	 , �1�

where 	 is the angle between magnetization and current di-
rection �along the �110� direction for this sample�. Rearrang-
ing Eq. �1�, we can get

	 =
1

2
arccos	�� + �� − 2�xx�	�

�� − ��

 . �2�

Inserting the zero magnetic field resistivity as �xx�	� of Eq.
�2�, the magnetization direction is obtained. The easy axis at

4.2 K is between �100� and �11̄0� directions and is 22±4°

away from the �11̄0� direction, which is consistent with our
magnetometry results. With increasing temperature, the
uniaxial magnetic anisotropy is dominant, and the magneti-
zation is locked parallel or antiparallel to the y direction,
consistent with the magnetometry studies.29

By comparing SQUID magnetometry results with Laue
back-reflection and RHEED measurements, we have shown

elsewhere that the uniaxial easy axis is along the �11̄0� di-
rection in all the as-grown samples studied by us.30 On an-
nealing samples with x�0.04, the easy axis is found to rotate
by 90° into the �110� direction. This can also be observed in
the AMR response, by comparing Figs. 1�e� and 1�h�, which
correspond to the same x=0.067 Hall bar before and after
annealing. Figure 1�h� shows that the easy axis is aligned
along the x direction for this sample after annealing. Before
annealing, a low-field magnetoresistance is observed both for
B �x and H � y, indicating that the easy axis is close to 45°
from the �110� axes at this temperature, and the biaxial an-
isotropy is dominant. However, it can be seen that the largest
magnetoresistance is observed for H �x, which means that the
easy axis is slightly tilted towards the direction perpendicular
to the current. Therefore, in the as-grown film the y direction
is the easier of the two �110� axes. Etching studies show that
this 90° rotation of the uniaxial easy axis is not related to Mn
surface-segregation,30 and is likely to be due to the increased
hole density and the influence of this on the magnetic aniso-
tropy.

To further investigate the uniaxial magnetic anisotropy
and its influence on the AMR, we also performed measure-
ments on L-shaped Hall bars, in which the current is parallel
to the �110� direction along one branch and parallel to the

�11̄0� direction along the other. The magnetoresistance for
current along the two arms, for x=0.034 and T=4.2 K, is
shown in Figs. 5�a� and 5�b�. Along arm “a,” the resistivity is
initially relatively low and increases to a high value when a
magnetic field is applied perpendicular to the current direc-
tion, either in- or out-of-plane. In contrast, along arm “b,”
the resistance change is largest when the field is applied par-
allel or antiparallel to the current. This demonstrates that the
easy magnetic axis lies close to the same �110� direction in
both arms of the Hall bar. It is also worth noting that both

FIG. 4. The in-plane anisotropic magnetoresistance at �a� 4.2 K
and �b� 40 K for the as-grown Ga1−xMnxAs thin film with x
=0.034 when current lies in the �110� direction �thin black lines: up
sweep, thick gray lines: down sweep�. The easy axis at 40 K is

clearly along the �H� I=90° � �11̄0� direction because almost no
anisotropic magnetoresistance is observed during magnetic reversal
along this direction.
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AMR� and AMR� are around 20% larger along arm b than
along arm a. This may reflect a dependence of the AMR on
the angle between the current/magnetization and certain
crystallographic axes, as well as their relative orientation, as
will be discussed in the next section.

C. Planar Hall effect

The combination of an AMR effect of several percent and
a large absolute value of the sheet resistance gives rise to a
giant “planar Hall effect” in GaMnAs, which has been stud-
ied in detail elsewhere.12 This effect arises as a result of the
nonequivalence of components of the resistivity tensor which
are perpendicular and parallel to the magnetization direction,
leading to the appearance of off-diagonal resistivity compo-
nents. The angle-dependent off-diagonal components of the
resistivity tensor under a single domain model are given by

�xy�	� = ��� − ���cos 	 sin 	 = 1
2 ��� − ���sin 2	 = �� sin 2	 ,

�3�

where 	 is the angle between magnetization and current. In
Figs. 6�a� and 6�b�, we show longitudinal and planar Hall
resistivities for the as-grown x=0.034 sample, measured
while rotating a 0.6 T external magnetic field in the plane of
the Hall bar. As expected from the above relationships, the
planar Hall resistivity is largest when the field is at 45° to the
current direction, and zero for field and current parallel or
perpendicular. However, fitting the data of Fig. 6 to Eqs. �1�
and �3� yields only qualitative agreement. The amplitude of
the Hall oscillation is found to be smaller than the value of
�� obtained from the longitudinal resistivity measurements.

Also, the shape of the longitudinal resistivity oscillation
shows some deviations from a cos 2	 dependence on field
angle. We obtain a much better fit by adding an additional
term �1 cos 4	 to Eq. �1�. The best fit to the angle dependent
resistivity yields, ��=−90 �
 cm−1, and �1=−12 �
 cm−1.
The �1 term reflects a magnetocrystalline contribution to the
resistivity when the magnetization is directed away from the
main crystalline axes. A similar fourth order term was re-
cently identified in the AMR response of epitaxial Fe�110�
films.31 This fourth order term is not observed in the Hall
resistivity because the magnetocrystalline contribution to the
Hall resistivity under cubic symmetry is second order.32 The
fourth order term in �xx is typically around 10–15% of the
second-order term in the as-grown films. After annealing, the
fourth order term becomes much smaller, and the angle-
dependent resistivities can be described approximately by
Eqs. �1� and �3�. However, we find that the amplitude of the
oscillations of �xx is larger than that of �xy by a factor of 1.3
for this sample. This value is sample dependent, maybe due
to a difference in the AMR in the Hall cross region compared
to the region between the crosses.

Figure 7 shows the anisotropic magnetoresistance and
planar Hall effect versus external magnetic field, applied
along various in-plane directions, for the as-grown x=0.034
film at 4.2 K. At 	= ±45°, the planar Hall trace is qualita-
tively similar to those presented in Ref. 12, showing sharp
hysteretic spikes at around 25 mT. More complicated behav-
ior is observed when the magnetic field is applied parallel or
perpendicular to the current direction. For these orientations,
the spikes are much broader and are superimposed on a
slowly varying background. The anisotropy between the in-
plane �110� directions can be clearly seen by comparing the
width of both the spikes and the background feature for the
two orientations.

Equations �1� and �3� can be rearranged to give

�xy�	� =
1

2
��� − ����1 − 	2�xx�	� − �� − ��

�� − ��


2�1/2

. �4�

The square root can take positive or negative values, depend-
ing on the magnetization angle 	. Inserting the measured

FIG. 5. The sheet resistance a function of magnetic field at T
=4.2 K for an L-shaped sample of Ga1−xMnxAs with x=0.034. �a�
Current along the �11̄0� direction with three mutually orthogonal
orientations of the magnetic field. �b� Current along the �110� direc-
tion with three mutually orthogonal orientations of the magnetic
field. �In both graphs the thick gray lines are the up sweep, thin
black lines are the down sweep.�

FIG. 6. The angular dependence of �a� �−�0 ��0= ��� +��� /2�
and �b� Hall resistivity for the as-grown Ga1−xMnxAs with x
=0.034 thin film under the external magnetic field �0H=0.6 T at
4.2 K. The solid lines are best fitting results.
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values of �xx into the equation �4� allows us to predict the
value of �xy for a given external magnetic field. The mea-
sured and predicted field dependence of �xy are shown in
Figs. 7�b�–7�e�. Here we have reduced the measured �xx by
the factor of 1.3 to allow for the experimental difference in
overall magnitude discussed above. The predicted results are
in good agreement with the measurement except for the
larger values of 90° case, provided that the sign of the square
root in Eq. �4� is chosen correctly. This indicates the sample
remains approximately in a single domain state throughout
the magnetization reversal.

Since �xy can be described according to Eq. �4�, this can
also be used to determine the field dependence of the mag-
netization angle 	. This is shown in Figs. 8�a� and 8�b�, for
external magnetic field along 	=0° and 45°, respectively.
For both orientations, 	 shows sharp jumps at two distinct
fields for each sweep direction, together with regions where
	 is slowly varying. The jumps are large and closely spaced
in H for 	=45°, and smaller and more widely spaced for 	
=0°. The jumps are ascribed to nucleation and propagation
of domain walls which occur over a narrow field range, as is

observed elsewhere.28 Away from the jumps, the planar Hall
resistance is well described by Eqs. �1� and �3� �Fig. 7�,
indicating that the sample is approximately in a single-
domain state, and the slow variation of 	 is ascribed to co-
herent rotation. The magnetization does not directly reverse
even for 	=45°, which is a consequence of the coexisting
biaxial and uniaxial in-plane magnetic anisotropies.12

IV. SUMMARY

The AMR for a series of as-grown and annealed
�Ga,Mn�As samples has been carefully studied. Both AMR�

and AMR� generally decrease with increasing Mn for the
as-grown samples. AMR� is up to a factor of 2 larger than
AMR�, and the ratio systematically increases with increasing
Mn concentration. After annealing, the AMR decreases
slightly; the ratio of AMR� /AMR� is closer to 1 and de-
creases slightly with increasing x up to 0.067. The uniaxial
magnetic anisotropy could be clearly observed from AMR
for the samples with x�0.022. The in-plane longitudinal re-
sistivity has contributions not only from the relative angle
between magnetization and current direction, but also from
the relative angle between magnetization and the main crys-
talline axes. The latter term becomes much smaller after low-
temperature annealing. The predicted values of �xy are in
good agreement with the measurements indicating the
sample remains approximately in a single domain state
throughout the magnetization reversal. The predicted values
of 	 show that the magnetic switching can be understood
according to a two-step jump by nucleation and propagation
of 90° domain walls.
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FIG. 7. �a� The sheet resistance as a function of the in-plane
magnetic field at 4.2 K with different angles. �b�–�e� Measured
�open triangles: up sweep, closed circles: down sweep� and pre-
dicted �thin black lines: up sweep, thick gray lines: down sweep�
Hall resistance as a function of in-plane magnetic field at 4.2 K at
different angles �b� 	=−45° �c� 	=0° �d� 	=45° �e� 	=90° for the
as-grown Ga1−xMnxAs thin films with x=0.034.

FIG. 8. The predicted magnetization direction 	 vs external
magnetic field when �a� 	=0° and �b� 45°.

WANG et al. PHYSICAL REVIEW B 72, 085201 �2005�

085201-6



1 T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand,
Science 287, 1019 �2000�.

2 T. Dietl, H. Ohno, and F. Matsukura, Phys. Rev. B 63, 195205
�2001�.

3 M. Abolfath, T. Jungwirth, J. Brum, and A. H. MacDonald, Phys.
Rev. B 63, 054418 �2001�.

4 J. Sinova, T. Jungwirth, J. Kuera, and A. H. MacDonald, Phys.
Rev. B 67, 235203 �2003�.

5 T. Jungwirth, J. Sinova, K. Y. Wang, K. W. Edmonds, R. P. Cam-
pion, B. L. Gallagher, C. T. Foxon, Q. Niu, and A. H. Mac-
Donald, Appl. Phys. Lett. 83, 320 �2003�.

6 P. van Dorpe, Z. Liu, W. Van Roy, V. F. Motsnyi, M. Sawicki, G.
Borghs, and J. De Boeck, Appl. Phys. Lett. 84, 3495 �2004�.

7 D. Chiba, M. Yamanouchi, F. Matsukura, and H. Ohno, Science
301, 943 �2003�.

8 D. Chiba, F. Matsukura, and H. Ohno, Physica E �Amsterdam�
21, 966 �2004�.

9 C. Rüster, T. Borzenko, C. Gould, G. Schmidt, L. W. Molenkamp,
X. Liu, T. J. Wojtowicz, J. K. Furdyna, Z. G. Yu, and M. E.
Flatté, Phys. Rev. Lett. 91, 216602 �2003�.

10 T. Hayashi, S. Katsumoto, Y. Hashimoto, A. Endo, M. Kawa-
mura, M. Zalalutdinov, and Y. Iye, Physica B 284, 1175 �2000�.

11 D. V. Baxter, D. Ruzmetov, J. Scherschligt, Y. Sasaki, X. Liu, J.
K. Furdyna, and C. H. Mielke, Phys. Rev. B 65, 212407 �2002�.

12 H. X. Tang, R. K. Kawakami, D. D. Awschalom, and M. L.
Roukes, Phys. Rev. Lett. 90, 107201 �2003�.

13 R. P. Campion, K. W. Edmonds, L. X. Zhao, K. Y. Wang, C. T.
Foxon, B. L. Gallagher, and C. R. Staddon, J. Cryst. Growth
247, 42 �2003�.

14 K. W. Edmonds, K. Y. Wang, R. P. Campion, A. C. Neumann, N.
R. S. Farley, B. L. Gallagher, and C. T. Foxon, Appl. Phys. Lett.
81, 4991 �2002�.

15 K. M. Yu, W. Walukiewicz, T. Wojtowicz, I. Kuryliszyn, X. Liu,
Y. Sasaki, and J. K. Fydyna, Phys. Rev. B 65, 201303 �2002�.

16 K. W. Edmonds, P. Bogusÿawski, K. Y. Wang, R. P. Campion, S.
N. Novikov, N. R. S. Farley, B. L. Gallagher, C. T. Foxon, M.
Sawicki, T. Dietl, M. Buongiorno Nardelli, and J. Bernholc,
Phys. Rev. Lett. 92, 037201 �2004�.

17 T. Hayashi, Y. Hashimoto, S. Katsumoto, and Y. Iye, Appl. Phys.

Lett. 78, 1691 �2001�.
18 L. X. Zhao, C. R. Staddon, K. Y. Wang, K. W. Edmonds, R. P.

Campion, B. L Gallagher, and C. T. Foxon, Appl. Phys. Lett.
86, 071902 �2005�.

19 K. Y. Wang, K. W. Edmonds, R. P. Campion, B. L. Gallagher, N.
R. S. Farley, C. T. Foxon, M. Sawicki, P. Boguslawski, and T.
Dietl, J. Appl. Phys. 95, 6512 �2004�.

20 F. Matsukura, H. Ohno, A. Shen, and Y. Sugawara, Phys. Rev. B
57, R2037 �1998�.

21 K. W. Edmonds, K. Y. Wang, R. P. Campion, A. C. Neumann, C.
T. Foxon, B. L. Gallagher, and P. C. Main, Appl. Phys. Lett. 81,
3010 �2002�.

22 T. Omiya, F. Matsukura, T. Dietl, Y. Ohno, T. Sakon, M. Mo-
tokawa, and H. Ohno, Physica E �Amsterdam� 7, 976 �2000�.

23 K. W. Edmonds, R. P. Campion, K. Y. Wang, A. C. Neumann, B.
L. Gallagher, C. T. Foxon, and P. C. Main, J. Appl. Phys. 93,
6787 �2003�.

24 F. Matsukura, M. Sawicki, T. Dietl, D. Chiba, and H. Ohno,
Physica E �Amsterdam� 21, 1032 �2004�.

25 M. Sawicki, F. Matsukura, Z. Idziaszek, T. Dietl, G. M. Schott, C.
Ruester, C. Gould, G. Karczewski, G. Schmidt, and L. W. Mo-
lenkamp, Phys. Rev. B 70, 245325 �2004�.

26 R. M. Bozorth, Phys. Rev. 70, 923 �1946�.
27 D. Hrabovsky, E. Vanelle, A. R. Fert, D. S. Yee, J. P. Redoules, J.

Sadowski, J. Kanski, and L. Ilver, Appl. Phys. Lett. 81, 2806
�2002�.

28 U. Welp, V. K. Vlasko-Vlasov, X. Liu, J. K. Furdyna, and T.
Wojtowicz, Phys. Rev. Lett. 90, 167206 �2003�.

29 K. Y. Wang, M. Sawicki, K. W. Edmonds, R. P. Campion, S.
Maat, C. T. Foxon, B. L. Gallagher, and T. Dietl, cond-mat/
0507187 �unpublished�.

30 M. Sawicki, K. Y. Wang, K. W. Edmonds, R. P. Campion, C. R.
Staddon, N. R. S. Farley, C. T. Foxon, E. Papis, E. Kaminska, A.
Piotrowska, T. Dietl, and B. L. Gallagher, Phys. Rev. B 71,
121302 �2005�.

31 R. P. van Gorkom, J. Caro, T. M. Klapwijk, and S. Radelaar,
Phys. Rev. B 63, 134432 �2001�.

32 T. R. McGurie and R. I. Potter, IEEE Trans. Magn. 11, 1018
�1975�.

ANISOTROPIC MAGNETORESISTANCE AND MAGNETIC… PHYSICAL REVIEW B 72, 085201 �2005�

085201-7


