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We have studied the planar Hall effect �PHE� in a Mn �-doped GaAs-based heterostructure consisting of Mn
�-doped GaAs and p-type AlGaAs. We observe a distinct and large PHE and a specific in-plane �110� uniaxial
magnetic anisotropy below the ferromagnetic transition temperature �TC�. This uniaxial in-plane magnetic
anisotropy is found dominant over the biaxial cubic anisotropy, and is clearly identified by the angular depen-
dence of PHE. This observation is quantitatively discussed in terms of two models of magnetization reversal:
the coherent rotation model and the domain-wall motion model. The model calculation fit to the experimental
data makes it possible to determine the uniaxial and cubic anisotropy fields and examine the behavior of
magnetization reversal.
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I. INTRODUCTION

Much attention has been paid over the past decade to the
carrier-induced ferromagnetism in III-V based magnetic al-
loy semiconductors �MASs� such as �In,Mn� �Refs. 1 and 2�
and �Ga,Mn�As,3,4 which may lead to applications to a new
class of spintronic devices. However, since the ferromagnetic
transition temperature �TC� is still far below room tempera-
ture, device application remains to be a challenge. Theoreti-
cal calculations predict that the TC values are determined by
the Mn concentration and hole density, which are both lim-
ited in III-V based MAS, and the highest TC reported so far
are 90 K in �InMn�As,5 173 K in �GaMn�As,6 and 130 K in
�InGaMn�As.7 Very recently, it has been reported that the Mn
�-doped GaAs / p-type AlGaAs heterostructures show signifi-
cant enhancement of ferromagnetic transition temperature
TC.8–10 In the heterostructures, Mn �-doping approach allows
locally high Mn concentration, and holes were supplied from
the p-type Be-doped AlGaAs layer to the Mn �-doped GaAs
layer. Therefore, the interaction between the magnetic dop-
ants �Mn� and two-dimensional hole gas leads to ferromag-
netic ordering with relatively high TC of 172–250 K.9,10

From the viewpoint of both fundamental research and ap-
plications, magnetic anisotropy plays a vital role for various
purposes. It was recently revealed that �Ga,Mn�As epilayers
have a cubic magnetic anisotropy with the easy axis of �100�
at low temperature11–16 and showed a change to the uniaxial
anisotropy with the easy axis of �110� with increasing
temperature.17,18 To characterize the magnetic properties of
ultrathin films and heterostructures on which bulk magneti-
zation measurements are difficult, Hall effect measurements
are very powerful and, thus, often used for the study of MAS
thin film materials.

In this paper, we study the planar Hall effect �PHE� and
magnetic anisotropy of a Mn �-doped GaAs / p-AlGaAs het-
erostructure, which have not been studied so far. We ob-
served large PHE in the heterostructure, which allows exami-
nation of the in-plane magnetization and other important
magnetic characters, such as TC, magnetic anisotropy, and

magnetization switching process. In particular, the magnetic
anisotropy is characterized by the angular dependence of
PHE and quantitatively discussed in terms of two models of
magnetization reversal: �1� the coherent rotation model and
�2� the domain-wall motion model. Our comparative analysis
between the model calculations and the experimental results
makes it possible to determine the uniaxial and cubic aniso-
tropy fields and examine the behavior of magnetization re-
versal.

II. PLANAR HALL EFFECT

The Hall effect can provide extensive information about
magnetic properties of materials. When a current is applied
through a ferromagnetic thin film, as illustrated in Fig. 1�a�,
the resulting Hall voltage Vxy can be expressed as fol-
lows:19–21

Vxy =
R0I

t
B cos � +

�0RSI

t
M� +

kI

t
M�

2 sin 2� . �1�

Here, I is the applied current, B�=�0H� is the external mag-
netic field flux density, M� and M� are the perpendicular and
in-plane components of magnetization M, and t is the film
thickness, respectively. R0, RS, and k are the ordinary Hall
coefficient, the anomalous Hall coefficient, and a constant
related to the anisotropic magnetoresistance effect, respec-
tively. � and �H are the angle of the external field direction
with respect to the perpendicular �z� axis and the angle of the
in-plane projected field vector �in the x-y plane� with respect
to the current direction, respectively. � is the angle between
the in-plane magnetization �M�� direction and applied current
�I�. The first, second, and third terms in Eq. �1� express the
ordinary Hall effect, anomalous Hall effect �AHE�, and PHE,
respectively. In particular, the dominant contribution from
AHE and PHE in ferromagnetic alloy semiconductors makes
it possible to determine the magnetic properties of the per-
pendicular component and the in-plane component, respec-
tively. Hence, when B is applied along the film plane ��
=90° �, Eq. �1� can be simplified as
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Vxy =
kI

t
M�

2 sin 2� . �2�

The planar Hall effect voltage given by Eq. �2� is propor-
tional to the square of in-plane magnetization M� and sin 2�,
which are determined by the intensity and direction of the
external magnetic field. Based on the PHE data, it is, thus,
possible to monitor the magnetization direction and draw
conclusions on the magnetic anisotropy of the material. In
this study, we focus on the PHE measurements in order to
examine the in-plane magnetization and magnetic anisotropy
of a Mn �-doped GaAs / p-AlGaAs heterostructure. For this
purpose, we have set the external magnetic field �H� parallel
to the film plane, thus the angle � is set to 90°. The experi-
mental data are discussed in terms of two models of magne-
tization reversal: �1� the coherent rotation model and �2� the
domain-wall motion model. Details of the model calculations
in Mn �-doped GaAs heterostructures will be described in
Sec. V.

III. MOLECULAR BEAM EPITAXY GROWTH AND
EXPERIMENTAL DETAILS

A p-type modulation-doped heterostructure with Mn
�-doping, whose structure is shown in Fig. 1�b�, was grown
by molecular beam epitaxy �MBE� on a semi-insulating �SI�
GaAs �001� substrate. First, we grew a 200 nm undoped
GaAs buffer layer and a 15-nm-thick undoped Al0.8Ga0.2As
layer at 600 °C. Then, the substrate temperature was cooled
down to 300 °C, and we grew a 20-nm-thick undoped GaAs
layer, a 0.75 monolayer �ML� Mn �-doped layer, a 2-nm-
thick undoped GaAs separation layer �dS�, a 15-nm-thick Be-
doped Al0.8Ga0.2As layer with a Be concentration of 1.8
�1018 cm−3, and a thin �5 nm� undoped GaAs cap layer at
300 °C. In situ reflection high energy electron diffraction
showed a clear streaky pattern of the zinc-blende-type struc-
ture throughout the growth, and �1�2� reconstruction was
observed during and after the growth of the Mn �-doped
layer. In the heterostructure, holes are supplied from the
overgrown p-AlGaAs layer to the Mn �-doped GaAs layer
�dS=2 nm�, resembling a normal high-electron-mobility
transistor.

Magnetotransport measurements were carried out in three
Hall bars with 50 �m width and 200 �m length, fabricated
by conventional photolithography and wet chemical etching.
The long axis �current direction� of the Hall bars was aligned

along the three principal crystalline orientations �110�, �1̄10�,
and �100� in order to examine the magnetic anisotropy of the
heterostructure. The dc current �I=50 �A� was supplied
along the long axis of the Hall bars �x axis�, and the trans-
verse voltage Vxy �y axis� was measured to obtain the Hall
resistance �Rxy�, as illustrated in Fig. 1�a�. For angular de-
pendence measurements, samples were mounted on a rotat-
ing stage so that we can vary the angle ��H� between the
current �I� and the applied magnetic field �H�. The electrical
contacts were made using gold wire leads and indium solder
to form Ohmic contacts. The samples were set in a cryostat
with an AlGaAs diode temperature sensor, and the tempera-
ture was varied from 2.6 to 300 K.

IV. TEMPERATURE DEPENDENCE OF THE PLANAR
HALL EFFECT

First, we measured the temperature dependence of the
planar Hall resistance Rxy �Vxy / I� of the heterostructure of
Fig. 1�b�, when the current �I� direction was aligned along

�1̄10�, and the angle ��H� between the current and external
in-plane magnetic field was fixed at 10°. The applied mag-
netic field �H� was slowly swept from 1000 to −1000 G and,
finally, back to 1000 G. Unlike the odd function signals of
AHE, the PHE shows even function signals with respect to
the magnetic field, as shown in Fig. 2�a�. Two resistance
jumps were clearly observed in the sweeps, and the negative-
and positive-field sweeps are even symmetric within the ap-
plied field for temperature below 55 K. The magnitude of
both PHE resistance jumps ��RPH� and the switching field
�Hsw� decreased rapidly with increasing temperature. Here,
as illustrated in Fig. 2�a�, Hsw is defined by the magnetic field
at which negative- and positive-field sweeps meet,15 and
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FIG. 1. �Color online� �a� Schematic diagram of the general Hall
effect experiments. For the PHE measurements, the external mag-
netic field B�=�0H� is applied in-plane ��=90° �. �b� Sample struc-
ture studied in this paper, which is a p-type heterostructure with Mn
�-doping grown by MBE on a SI GaAs �001� substrate. The Mn
coverage in �-doped layer is 0.75 ML. The undoped separation
layer thickness dS is 2 nm.
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�RPH is defined by the Hall resistance �Rxy� difference be-
tween the lowest point and Hsw point.11

The ferromagnetic transition temperature �TC� of the het-
erostructure was determined from the temperature �T� depen-
dence of �RPH /Rsheet and ��RPH derived from Fig. 2�a� for
T�60 K, as shown by open and closed circles in Fig. 2�b�.
Here, Rsheet is the zero-field sheet resistance. Note that
�RPH /Rsheet and ��RPH are proportional to the hole spin
polarization11 and in-plane magnetization M�,21,22 respec-
tively. On the other hand, temperature dependence of sheet
resistance �Rsheet-T� and AHE was measured. The Rsheet-T
curve in Fig. 2�c� shows a local maximum hump around
60 K due to the critical scattering, suggesting that TC is
	60 K. This value of TC was also confirmed by the Curie-
Weiss fitting from the temperature dependence of AHE in the
paramagnetic state at T	60 K, indicating that the TC value
is 	57 K, which is in good agreement with the disappear-
ance of the PHE jumps �	55 K� and the local maximum in
the Rsheet-T trace �	60 K�. These results indicate that PHE is
a suitable tool for characterizing the magnetic properties of
ultrathin films and heterostructures.

V. ANGULAR DEPENDENCE OF PLANAR HALL
EFFECT AND MAGNETIC ANISOTROPY

A. Magnetic field and angular dependence of planar
Hall effect

We studied the magnetic field dependence and the angular
��H� dependence of PHE. The estimated misalignment of the
angles is around 
5° when we mount the samples on the
rotating stage of the measurement system. Figure 3�a� shows
the field dependence of PHE �open circles in Rxy-H data�
when the field orientation angle �H was varied from −90° to

45°. The current direction was set along �1̄10� and the tem-
perature was fixed at 2.6 K. The solid lines in the plots are

model calculation fits to the experimental data, as will be
described later. Three important features are clearly observed
in Fig. 3�a�. The first is large switching events: at distinct
magnetic fields �Hsw�, two jumps were observed in Rxy�H�.
This behavior resembles the behavior of the giant planar Hall
effect in �Ga,Mn�As epilayers.11,23 The magnitude of Hall
jumps in the present Mn �-doped GaAs / p-AlGaAs hetero-
structure is as large as 300 �. Previously reported values are
	80–100 � �Refs. 11 and 23� for GaMnAs and 	130 �
�Ref. 24� for LaSrMnO. The second important feature is the
specific angular dependence behavior of Rxy�H�; the sign of
the Hall jump ��RPH� suddenly changed from positive to
negative at around �H=0°. The Hsw and the �RPH slowly
decrease when �H is away from 0°. Third, in the entire range
of the angular dependence, the Hall jumps at the low field
areas are not as abrupt as expected from the magnetization
reversal model of coherent rotation. The calculation fit by the
domain-wall motion model, considering the unpinning of the
domain wall at the low field areas, can well reproduce the
experimental data with suitable fitting parameters �as will be
discussed later�.

The magnetization reversal process can be deduced from
the above results in the following way. For the case of �H
= +45°, the reversal process can be described by the se-
quence A→B→C→D in Fig. 3�a� when the field sweep
was from +1.5 to −1.5 kG, and the corresponding schematic
magnetization switching process is illustrated in Fig. 3�b�.
When the magnetic field �H� was first applied along the
�010� direction, at high fields the magnetization �M� was
aligned close to the external magnetic field direction, as
shown by the A state. Then, when H is close to zero, the
magnetization direction is basically aligned along the �110�
direction, since the uniaxial anisotropy along the �100� direc-
tion is dominant at 2.6 K. When the applied magnetic field
gradually swept to a critical field �Hsw	270 G�, the magne-
tization direction was suddenly switched from the B state to
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FIG. 2. �a� Magnetic field de-
pendence of the planar Hall resis-
tance �Rxy� at various tempera-
tures from 7 to 55 K. The current

I direction was set along �1̄10�,
and applied field H orientation
was in plane ��=90° � and fixed at
�H= +10°. �b� Temperature de-
pendence of �RPH /Rsheet �open
circles� and ��RPH �closed cir-
cles� derived from �a�. �c� Tem-
perature dependence of the sheet
resistance Rsheet of the Mn �-
doped GaAs heterostructure.
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the more stable C state. Finally, with increasing negative
field, M was gradually aligned close to the field direction, as
illustrated by the D state.

B. Modeling of the results and anisotropy fields

To account for the measured PHE resistance behavior as a
function of applied magnetic field, we first begin with the
Stoner-Wohlfarth formulation of coherent rotation reversal of
magnetization, where the total energy E of an arbitrary single
domain magnetization orientation is11,12,18

E = KU cos2 � +
KC

4
cos2 2� − MH cos�� − �H� . �3�

Here, KU and KC are the in-plane uniaxial and cubic mag-
netic anisotropy constants, M is the magnetization, H is the
applied field, and � and �H are the directions of M and H

with respect to the �1̄10� direction �schematically defined in
Figs. 1�a� and 3�b��. For the Stoner-Wohlfarth formulation
for coherent rotation reversals, the resulting magnetization
orientation � for a given applied field takes the value that
satisfies a local minimum in E���. For a fixed orientation �H
and intensity of the applied field H, the equilibrium magne-

tization state can be described as �E /��=0 and �2E /�2�
	0. Here, two fitting parameters, the uniaxial anisotropy
field HKU=2KU /M and the cubic anisotropy field HKC
=2KC /M, are introduced to perform model calculations. To
obtain HKU and field HKC, �E /��=0 of Eq. �3� is fed into
Eq. �2� after being solved with trial anisotropy fields, and the
procedure is iterated to produce the best fit to the data. Fig-
ure 4�a� shows the angular dependence of the PHE �Rxy� data
�open circles� and the calculated fit �solid curve� at a high
magnetic field of 5 kG. These fits show good agreement with
the experimental results at high fields within an angular
variation of 
5°, which occurs from the misalignment of the
sample after mounting on the rotating stage. The full-field
calculated sweep for �H=45° and �H=−45° using the derived
magnetic anisotropy field parameters �HKU=840 and HKC
=640 G� is presented in Fig. 4�b� by dotted lines. This result
indicates that the magnetic anisotropy is primarily uniaxial
with the easy axis along �110�. However, the Hall resistance
jumps occur at lower fields than those obtained by the coher-
ent rotation model fitting.

To account for the real situation in the low field area, we
now depart from the Stoner-Wohlfarth formulation by allow-
ing the magnetization orientation to change from one local
minimum state to another via a domain structure change
through the sweeping of domain walls. In this model, we
take a phenomenological constant Epin as the pinning energy
at the defect energy barriers which the domain wall encoun-
ters as it propagates, as schematically shown in Fig. 4�c�. We
fit this parameter in the switching positions �Hsw� by assum-
ing that if the single domain energy of Eq. �3� exceeds Epin,
it will transit to a new energy minimum, which means that
the magnetization orientation changes. In an attempt to esti-
mate this energy, the fitting parameter Epin /M is combined
with the coherent rotation model in such a way that the Hsw
in the low field area are fitted well. In this manner, the esti-
mated Epin /M value at 2.6 K is 370 G, while HKU=840 and
HKC=640 G, derived from the coherent rotation model at
high fields, are kept unaltered. These values produce the
solid lines in Figs. 4�b� and 3�a�. The two jumps throughout
the entire angular range of the experimental data agree well
with this result. Figure 5 shows the domain-wall model cal-
culation fits to the measured data of two other Hall bars with
current orientations along the �110� and �100� directions.
Here, clear Rxy�H� switching behaviors were also observed in
both of the current directions. We found that the estimated
HKU and HKC values at 2.6 K globally fitted well with these
two current orientations within a dispersion of 
60 G and

40 G, respectively. The dispersion of the Epin /M value was
large �
100 G�, probably due to the inhomogeneities among
the Hall bars.

Pursuing the above model analysis based on the dominant
uniaxial axis along the �110� direction, one finds that the Hsw
at which these switching events take place can be deduced by
formulating E�110�−E�11̄0�=Epin, where Epin is a 180° domain-
wall pinning energy. Then, based on Eq. �3�, the Hsw for the
current direction along the �110� can be expressed as17,25

Hsw=Epin /2MH
cos �H
. Similar procedure for other current
directions produced the solid line fits on the angular depen-
dence of switching field data �open circles� in Figs. 6�a�–6�c�
with I set along the �1̄10�, �100�, and �110� directions, re-
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FIG. 3. �Color online� �a� Open circles show the planar Hall
resistance �Rxy� for various field orientations �H from −85° to +45°
measured at 2.6 K. The solid lines in the plots are model calculation
fits to the experimental data for HKU=840 G, HKC=640 G, and
Epin /M =370 G. �b� Schematic diagram of the magnetization rever-
sal process for �H= +45° in the film plane of the sample.
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spectively. The Epin value was set to 370 G, derived from the
previous domain-wall model fit. The corresponding crystal-
line orientations are described on the top of each figure. In

Fig. 6�a�, where I was set along �1̄10�, two large clear peaks
located at 0° and 180° were observed. The symmetric peaks

also at �1̄10� and �11̄0� directions suggest the presence of an
in-plane uniaxial anisotropy along the �110� direction. These
two peaks shifted to −45°, 135° and −90°, 90° when I was
set along �100� in Fig. 6�b� and along �110� in Fig. 6�c�,

respectively. These results clearly indicate that the switching
field has no dependence on the orientation of current, and
self-consistently confirm the presence of the in-plane
uniaxial anisotropy along the �110� direction. These fitting
results shown by the solid curves in Figs. 6�a�–6�c� for
Epin /M �370
100 G are consistent with the global fittings
in the previous figures.

C. Temperature dependence of magnetic anisotropy

The temperature dependence of magnetic anisotropy
fields HKU and HKC are plotted in Fig. 7. Here, HKU and HKC
values are determined by globally fitting to the experimental
results at high magnetic fields, and the deviations in the
model fits are represented by error bars. Both HKU and HKC
show positive values and HKU	HKC below TC, suggesting
that the easy axis lies in the �001� plane with uniaxial aniso-
tropy along �110� and crystal anisotropy along �100�. The
magnitude of HKU and HKC decreases with increasing tem-
perature, and HKC falls to zero at lower temperature �	45
K�. However, HKU still retains its higher value, and falls to
zero at 	55 K near the TC. This result indicates that the
uniaxial magnetic anisotropy along �110� dominates in the
whole range of temperature below TC.

D. Discussion

The magnetic anisotropy of �GaMn�As epitaxial layers
has been widely studied by several groups with various
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methods, e.g., magneto-optical imaging and magnetization
measurements,12,16 ferromagnetic resonance,26 magneto-
resistance,17 and PHE.11,15 The occurrence of the uniaxial
anisotropy is not expected on the basis of the cubic zinc-
blende structure of bulk GaMnAs. The present Mn �-doped
GaAs heterostructure shows the distinct in-plane uniaxial an-
isotropy field along �110� in the whole temperature range
below TC.

Several theoretical13,27 and experimental13–17,25,28 studies
showed that the magnetic anisotropy of ferromagnetic semi-
conductors may be determined by the lattice strain, surface
reconstruction, and hole concentration, but the origin of the
�110� uniaxial anisotropy is still poorly understood. Based on
a strong p-d exchange coupling between the Mn d and the
hole’s orbitals, Dietl et al.27 predicted that the magnetic
properties are closely associated with the symmetry of the
valence band, i.e., the magnetic easy axis between �100� and
�110� directions for an in-plane magnetized film when all six

subbands at the � point involves a band-mixing anisotropic
Fermi surface. The present heterostructure of 0.75 ML Mn
�-doped GaAs provides a two-dimensional �2D� density of
acceptors equal to N2D�4.6�1014 cm−2. Though not
straightforward, we can estimate the carrier concentration
from the Hall data by excluding the AHE contribution to
extract the ordinary Hall effect, and estimate Tc by a Curie-
Weiss fitting of the AHE contribution.9 In this process, the
derived sheet hole concentration psheet is 1.9�1013 cm−2.
Considering the 2–3 ML �0.58–0.84 nm in width, as ob-
served in transmission electron microscopy study10� spatial
distribution of the Mn �-doped layer inside an
AlGaAs /GaAs�22 nm� /AlGaAs quantum well, we roughly
estimate that three subbands are occupied with holes �self-
consistent calculation29 of a 0.5 ML Mn �-layer with a
0.5 nm spatial distribution with psheet=1.3�1013 cm−2

showed that holes occupy the first heavy hole, first light hole,
and second heavy hole bands�. In such a case, it becomes
difficult to explain the present �110� uniaxial anisotropy in-
volving a six-band-mixing anisotropic Fermi surface.

It has been shown that epitaxial bcc Fe films grown on
�001� GaAs also display uniaxial anisotropy along the �110�
direction.30 It is suggested that this anisotropy is a conse-
quence of the As-dimerization-induced �2�4� and c�4�4�
reconstructed surfaces, in which the �110� and the �1̄10� di-
rections are not equivalent, thus causing a uniaxial aniso-
tropy. As described earlier, �1�2� surface reconstruction has
been observed during the growth of Mn �-doped heterostruc-
ture, and can cause the uniaxial anisotropy. An additional
contribution to the anisotropy can also arise from anisotropic
relaxation of strain induced by the lattice mismatch.31 X-ray
analysis indicates that GaMnAs films up to a thickness of
2 �m remain tetragonally strained.32 Such an anisotropic
strain can generate the observed results in our heterostruc-
ture.

In a very recent scanning tunneling microscope study,33 it
is shown that when Mn pairs on a GaAs �001� surface is
along the �110� direction, the ferromagnetic state is stabi-
lized. This scenario can be related to the strong uniaxial an-
isotropy observed in the present heterostructure at the entire
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FIG. 6. �Color online� ��a�–�c�� Hsw derived from the PHE mea-
surements at 2.6 K as a function of the field orientation ��H�, where

the current directions were set along �1̄10�, �110�, and �110�. Solid
curves are model calculation fits based on the 180° domain-wall
motion model �see the text�.
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range of measurement temperature below the TC.
The relative strength of the biaxial anisotropy term KC

and uniaxial anisotropy term KU estimated in the present
heterostructure is KC :KU	1:1.3, and remains almost inde-
pendent of temperature. In recent reports,34,35 the anisotro-
pies in bulk GaMnAs have been extensively studied based on
the symmetry of the patterns observed in their color coded
resistance polar plots of the planar Hall resistance and mag-
netoresistance. Two uniaxial anisotropies, KU1 and KU2, were

observed along the �1̄10� and �010� axes together with the
biaxial anisotropy KC along �100� axes, and relative strengths
of the anisotropies at 4 K are of the order of KC :KU1 :KU2
	100:10:1. The KU1 term takes over the biaxial KC term
with increasing temperature, and becomes dominant when
temperature is close to the TC.35 The contrasting difference
between the ratios of anisotropy terms of the two systems
may infer a difference in the origin of the anisotropies. How-
ever, the origin of the multiple uniaxial anisotropy terms in
the bulk system �in this case, two terms� is not clear either.

VI. SUMMARY

We have investigated the PHE of the Mn �-doped
GaAs / p-AlGaAs heterostructure. A large PHE was clearly
observed, which makes it possible to examine the in-plane

magnetic properties of the heterostructure. The ferromag-
netic transition temperature estimated by the temperature de-
pendence of PHE has shown good agreement with the AHE
and Rsheet-T measurement results. From the characteristics of
the angular dependence of PHE, the magnetization reversal
behavior has been studied by the model calculations and by
fitting to the experimental data. The uniaxial anisotropy field
HKU=840
60 G along �110� and the cubic anisotropy field
HKC=640
40 G along �100� were observed at 2.6 K. The
in-plane �110� uniaxial magnetic anisotropy was dominant in
the whole temperature range below TC. This indicates that
the magnetization reversal process in our heterostructure was
strongly influenced by the uniaxial magnetic anisotropy.
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