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The asymmetric planar Hall effect �PHE� has been investigated in a series of �Ga,Mn�As/MnO
ferromagnetic-antiferromagnetic bilayer structures, all of which exhibit exchange bias �EB� up to 140 Oe as
determined by direct magnetization measurements. The reversal of in-plane magnetization in these structures
was systematically studied by the angular dependence of PHE with respect to the direction of the applied
magnetic field. The behavior of PHE in structures with EB is very different from the PHE results observed on
typical �Ga,Mn�As layers with no antiferromagnetic capping. In particular, in field-cooled experiments on
�Ga,Mn�As/MnO we observe asymmetry in the PHE resistance upon reversal of the applied magnetic field
when the field is swept along the direction of the cooling field. Analysis of the experimental results based on
the Stoner-Wohlfarth model �including domain nucleation and expansion in the ferromagnetic layer� reveals
that in EB systems magnetization reversal can occur via two paths: the magnetization undergoes either a full
circle rotation or a half circle rotation as the field is reversed, depending on the direction of the applied field
relative to the cooling field. Our model is confirmed by the close agreement of its theoretical prediction with
the experimental data.
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I. INTRODUCTION AND BACKGROUND

Exchange coupling between adjacent ferromagnetic �FM�
and antiferromagnetic �AF� layers was discovered approxi-
mately four decades ago in Co-CoO bilayers.1 The effect
manifests itself by several characteristic features, among
which the most well known is the shift of the center of mag-
netization hysteresis loop away from zero field �referred to as
exchange bias �EB��, and an accompanying enhancement of
magnetic coercivity. Since such exchange bias can be applied
in giant magnetoresistance spin-valve heads for high-density
recording systems,2 the interest in this effect is intense. A
comprehensive review of the subject, which emphasizes ex-
perimental results and provides a list of relevant publica-
tions, was published by Nogués and Schuller.3 Furthermore,
the article by Kiwi4 is recommended for investigators inter-
ested in theoretical models describing the exchange bias phe-
nomenon. These models are briefly summarized below.

Basically, when we are dealing with the exchange biased
systems, we assume an uncompensated interface, which
means that there exist uncompensated spins at the interface
due to field cooling. This has been discussed in detail by
Stiles and McMichael,5 and has successfully explained ex-
perimental data in many structures.6 By assuming an uncom-
pensated interface, the picture of exchange bias can be fur-
ther simplified by treating the AF layer as a single-domain
system having an anisotropy that is established along the
cooling field direction during field cooling.1 This approach,
however, is not regarded as sufficient, since it relies on an
unrealistically perfect interface, and it predicts the magnitude
of exchange bias to be several orders of magnitude larger
than what is observed experimentally.

Mauri et al. developed a more realistic model,7 which
predicts a smaller value of exchange bias by introducing do-
main walls in the AF layer parallel to the layer plane. In this
model the interfacial coupling energy can spread into the

entire AF layer via domain wall formation. Unfortunately,
this model fails to explain the persistence of exchange bias
down to very small thicknesses of the AF layer �e.g., 25 Å�;
and it also assumes a perfect interface. Xi and White8 ana-
lyzed Mauri et al.’s model as a function of AF layer thick-
ness tAF, and showed that this model can also explain coer-
civity enhancement �at least partially� by possible transitions
of AF spins between their two degenerate states. In another
approach, Malozemoff introduced a model that additionally
includes domain walls perpendicular to the plane of the AF
layer, which can arise, e.g., from the inevitable roughness of
the interface.9 In this model �called the random field model�
the exchange coupling energy is averaged in each AF do-
main, which results in a smaller exchange bias as compared
to that calculated by assuming a single domain in the AF
layer. The domain structure in the AF layer was experimen-
tally proved to be important in exchange biased systems by
Miltényi et al.,10 who found that one can control the proper-
ties of the exchange bias field by intentionally diluting the
AF layer. Moreover, such a random field situation can locally
pin FM moments, impeding their freedom to rotate as the
magnetic field is swept, thus leading to an increase in the
coercivity.11–13 Compared to other models, the random field
theory is more realistic, since a perfectly uncompensated in-
terface can seldom be found in real systems.

We finally mention the model proposed by Stiles and
McMichael14 who, by combining the planar domain wall
model and the random field model, showed that the enhance-
ment of the coercivity can originate both from irreversible
transitions of AF spins �which prevail at elevated tempera-
tures� and from inhomogeneous reversal of FM moments
�which exists at all temperatures�. The increasingly sophisti-
cated models listed above have been the primary theoretical
tools invoked in dealing with the two signatures of exchange
biased systems: the conspicuous shift of the hysteresis loop,
and the enhancement of the coercivity.
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Experimentally, various systems comprised of different
AF and FM materials have been studied, and much detailed
information can be found in Ref. 3, along with examples of
many structures in which exchange bias was investigated.
One should note, however, that most of the systems em-
ployed to date involved metallic FM materials. On the other
hand, since ferromagnetic semiconductors such as �Ga,M-
n�As have been the subject of extensive experimental and
theoretical research for nearly a decade,15–17 and the mag-
netic anisotropy associated with this material is rather
complicated,18,19 it appears important to look into the behav-
ior of EB in systems where �Ga,Mn�As is the FM layer.
Early attempts to look for EB in �Ga,Mn�As layers were
made by Liu and Furdyna et al.,20,21 using either ZnMnSe or
MnTe as AF capping layers. In these studies only one of the
signatures characteristic of exchange biased systems—the
enhancement of the coercivity—has been observed. The fail-
ure to detect an EB field �i.e., the shift of the hysteresis loop
from zero field� was ascribed in those studies to the large
thickness of the FM layer ��300 nm� and to the small mag-
netic anisotropy of the AF layer. More recently, bilayer
structures composed of relatively thin layers ��10 nm� of
�Ga,Mn�As and of antiferromagnetic MnO have been studied
by Eid et al.,22 who observed a substantial EB field �up to
200 Oe� in this system. Their work demonstrated that, to
observe the EB field, systematic post-growth treatment of the
FM-AF bilayers is essential.

The EB field can be determined either by direct measure-
ment of magnetization, or indirectly from magnetotransport
measurements, e.g., from the anisotropic
magnetoresistance,23–25 anomalous Hall effect,25 or the pla-
nar Hall effect �PHE�.26 Due to its relationship to the direc-
tion of magnetization, PHE measurements offer a particu-
larly powerful tool for probing the process of magnetization
reversal. In the standard Hall-bar configuration the electric
field �y perpendicular to the current, which determines PHE,
is given by27

�y = 1
2 j��� − ���sin�2�F� , �1�

where j is the current density, �� and �� are resistivities
parallel and perpendicular to the current, respectively, and �F
indicates the direction of magnetization M in the FM layer
relative to the current. In our system the measured signal,
i.e., the PHE resistance, can be written as

RPHE =
l�y

Sj
� − RAmp sin�2�F� , �2�

where l and S are the length and the cross-sectional area of
the Hall bar, respectively, and RAmp=−l��� −��� /2S
is the amplitude of the PHE resistance. The giant PHE in
�Ga,Mn�As epilayers was first observed by Tang et al.,28 and
subsequently Lim et al.29 studied PHE in samples grown on
tilted substrates in which it was shown that the magnetization
reversal occurs in a preferred crystalline plane rather than in
the sample plane.

Generally the process of magnetization reversal in
�Ga,Mn�As involves an intermediate step in which the FM
domain switches its orientation by 90°, causing �y to flip its

sign when such a switching occurs �see Eq. �1��. This pro-
vides the ability to monitor the magnetization reversal pro-
cess in a more detailed way than is possible in conventional
magnetization measurements, since direct measurements of
magnetization are only sensitive to the projection of M on H
�i.e., they are insensitive to such intermediate steps as just
described�.

II. SAMPLE FABRICATION AND EXPERIMENTAL
PROCEDURE

A series of �Ga,Mn�As/MnO bilayer structures was
grown by molecular beam epitaxy �MBE� on �001� semi-
insulating GaAs substrates in a Riber 32 R&D MBE system.
The MBE growth was monitored by reflection high energy
electron diffraction �RHEED�, and was carried out as fol-
lows. A GaAs buffer layer of 160 nm was first deposited on
the substrate at a high temperature �TS�600 °C�. The sub-
strate was then cooled to 275 °C for low temperature �LT�
growth, and a 2-nm-thick buffer layer of LT-GaAs was
grown while keeping the As2:Ga beam equivalent pressure
ratio at 20:1. This was followed by the growth of �Ga,Mn�As
layers with different thicknesses. The Mn concentration of
the �Ga,Mn�As layers was estimated to be 4% for all samples
by comparing the growth rates of LT-GaAs and �Ga,Mn�As,
as measured by RHEED oscillations.30 After �Ga,Mn�As
deposition each sample was cooled to a low substrate tem-
perature �TS�19 °C�, and a Mn layer was deposited on the
surface to a thickness of several nm.

After removal from the ultrahigh vacuum MBE chamber,
the Mn capping layer was oxidized by heating each sample
in air for several minutes in order to form MnO. The reason
for doing this is that, although metallic Mn is an antiferro-
magnet, the presence of the Mn layer itself does not produce
EB, as was shown by Eid et al.22 It has therefore been con-
cluded that oxidation of the Mn layer is critical for the ob-
servation of EB. Each sample in the series was oxidized in
the same way. After oxidation x-ray reflectivity measure-
ments are carried out on all samples to determine the thick-
ness of the MnO layer tAF. The results show that a �15 nm
MnO layer was achieved in each case, although its thickness
is not perfectly uniform across the sample plane.31

Magnetization measurements were carried out on the
samples described above using a commercial superconduct-
ing quantum interference device �SQUID� magnetometer, in-
cluding measurements of both temperature and field depen-
dence of magnetization for different directions of the cooling
field. We compared the results for samples with different FM
layer thicknesses, from which we selected the sample show-
ing the largest EB, on which we performed PHE measure-
ments at 4.2 K. For those studies the layer was cleaved into
standard Hall bars with dimensions of 0.6 mm�2 mm, the
long side �which is also the direction of current flow� corre-
sponding to the �110� direction. The directions of the cooling
field and of the applied field were always in the plane of the
film. The value of the cooling field applied as the sample was
cooled from room temperature to 4.2 K was 0.10 T. After
cooling, the PHE measurements were carried out with mag-
netic field applied along different directions and swept over a
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field loop ranging between −0.20 T and +0.20 T. A program-
controlled Keithley 220 current source was used to supply
the current. As the field was swept out, transverse �Hall� and
longitudinal voltages were measured simultaneously on the
Hall bar by two Keithley digital multimeters. A program-
controlled Lakeshore power supply provided a preset current
sequence to the superconducting magnet for sweeping the
field in the above measurements.

III. MODELING AND CALCULATIONS

A. Free energy of a „Ga,Mn…As/MnO bilayer

The simplest picture of an exchange-biased system is to
assume a single domain FM layer, with frozen spins aligned
along the cooling field direction in the AF layer. We will
discuss the suitability of these assumptions for our structures.
In the FM �Ga,Mn�As layer planar domain walls can be ig-
nored, since the thickness of the FM layer is small
�tF�15 nm� and the effect of interfacial coupling between
the FM and AF layers is weak �i.e., it is only a perturbation
to the reversal process of FM magnetization�. Indeed, Refs.
32 and 33 predict that perpendicular domain wall thicknesses
in thin �Ga,Mn�As are in the neighborhood of 15–30 nm. On
the other hand, the effects of the possible perpendicular do-
main walls formed in the �Ga,Mn�As layer will be discussed
later. In the AF layer, we must be cautious since planar do-
main walls,7 perpendicular domain walls,9 or both14 may ex-
ist in this layer. To study the behavior of the EB field itself,
it is sufficient to just consider the planar domain walls. The
domains with domain walls perpendicular to the sample
plane are mainly responsible for the coercivity enhancement,
as suggested by Zhang et al. and Li and Zhang.11–13 Such
pinning effects on the FM layer arising from the AF layer
have in fact already been observed experimentally by Leigh-
ton et al.34

The above simplifications allow us to treat the properties
of the EB system in terms of an effective average interfacial
coupling. The magnitude of this effective coupling is given
by JE=−HEBMStF, where HEB, MS, and tF are the EB
field, the saturated magnetization, and the thickness of the
�Ga,Mn�As layer, respectively. The validity of these approxi-
mations will be discussed a posteriori by the quality of the
agreement between experimental data and the computed re-
sults.

In this spirit, the energy per unit area of the system should
consist of three parts: the energy of the FM layer EF; the
energy of the AF layer EAF; and the exchange coupling en-
ergy between the two layers, Eint:

E = EF + EAF + Eint. �3�

We will discuss each of these energy terms in the subsections
that follow.

1. Free energy of the FM layer „EF…

The full expression for EF in a zinc-blende crystal film
such as �Ga,Mn�As in an applied dc magnetic field H is18,35

EF/tF = − MH�cos �F cos �H + sin �F sin �H cos��F − �H��

+ �2�M2 − K2� −
1

2
K4� cos2 �F	cos2 �F

−
1

2
K4�

1

4

3 + cos�4��F +

�

4
�	sin4 �F

− K2� sin2 �F sin2 �F. �4�

The meaning of each parameter in this equation is exactly
the same as that in Ref. 18, and the azimuthal angles �F and
�H are defined in Fig. 1. It can be readily shown that in the
case of an in-plane magnetic field ��H=� /2�, for a suffi-
ciently large value of 2�M −K2� /M �as is the case in our
system� �F=� /2 corresponds to the stable angle of magne-
tization �i.e., the angle for which EF is minimized�, as can be
verified by taking the first and second derivatives of EF with
respect to �F. The expression for EF can then be simplified to
a more compact form,

EF

tF
= − MH cos��F − �H� +

K4�

8
cos 4�F − K2� sin2 �F,

�5�

where K2� and K4� are the in-plane uniaxial and cubic aniso-
tropy energies, respectively.

FIG. 1. Schematic of the �Ga,Mn�As/MnO exchange-biased
bilayer and the coordinate system used in this article. Both the
magnetic field applied during the measurements and the cooling
field are in the sample plane. The current is along the �110� crys-
talline direction of the �Ga,Mn�As layer. The magnetic field used in
the measurements is applied along different azimuthal angles �H

relative to the current, while cooling field is fixed in the �11̄0�
crystalline direction of the �Ga,Mn�As layer. The possible winding
of the spins in the AF layer along the normal to the sample plane
�the z axis� direction is also shown.

MAGNETIZATION REVERSAL IN �Ga,Mn�As/MnO… PHYSICAL REVIEW B 75, 014407 �2007�

014407-3



2. Free energy of the AF layer „EAF…

We now consider the AF MnO capping layer. We have
neglected perpendicular domain walls in the MnO film by
assuming a uniform effective interfacial coupling. In this
situation, it is best to further simplify the model by neglect-
ing the movement of AF spins during the reversal of FM
magnetization, thus allowing us to ignore the contribution to
the free energy from the AF layer. To check this, we will
estimate the deviation of AF spins from the cooling field
direction by two approaches: first, by assuming a single do-
main structure in the AF layer; and second, by assuming a
planar domain structure in that layer. This requires us to
know the values of the anisotropy constant KAF and the ex-
change stiffness AAF of the AF layer, which will be given in
Sec. IV B. Since the planar domain wall approach is an ap-
proximation compatible with very large tAF, while the single-
domain assumption is suitable for small tAF, the actual de-
viation for realistic values of tAF should lie between the
values obtained by these two approaches.

Using the single domain approximation for the AF layer,
it can be readily shown that the magnetic anisotropy energy
in the AF layer is given by1

EAF = KAFtAF sin2��AF − �CF� . �6�

By combining this with the total free energy equation for the
whole system, we can then estimate the maximum deviation
��AF−�CF� of the AF spins from the cooling field direction in
the single AF domain limit.

On the other hand, in the approach which we refer to as
the planar domain wall model, the total energy in the AF
layer can be written as36,37

EAF = �
0

tAF �AAF�d�AF�z�
dz

�2

+ KAF sin2��AF�z� − �CF�	dz ,

�7�

which for large tAF becomes

EAF = 	w�1 − cos��AF − �CF�� , �8�

where 	w=2�AAFKAF is the domain wall energy characteris-
tic of the AF layer. This planar domain wall approach can
then be used to obtain a corresponding maximum deviation
from the cooling field direction of the AF moments at the
interface.

The actual maximum deviation of the AF moments at the
interface will be estimated in Sec. IV B, after the values of
the relevant parameters are established. The magnitude of
this deviation will then indicate whether or not we can sim-
plify the problem by neglecting the movement of AF spins.

3. Interfacial coupling energy between FM and AF layers
„Eint…

The third term in Eq. �2�, i.e., the exchange coupling en-
ergy between FM and AF layers, can be readily shown to be

Eint = − JE cos��F − �AF� , �9�

where JE is the effective exchange coupling constant be-
tween adjacent FM and AF grains, experimentally given by

JE=−HEBMStF. One must note that the value of JE so ob-
tained might not be the actual value of the local exchange
coupling between FM and AF spins.

With this, we can finally write expressions for the total
energy per unit area of the system for the two limiting cases,
i.e., for the case of a single-domain AF layer, and for the
planar domain wall approach. The single-domain model
gives

E = tF�− MH cos��F − �H� + 1
8K4� cos 4�F − K2� sin2 �F�

− JE cos��F − �CF� + KAFtAF sin2��AF − �CF�; �10a�

and when planar domain walls are assumed, we have

E = tF�− MH cos��F − �H� + 1
8K4� cos 4�F − K2� sin2 �F�

− JE cos��F − �CF� + 	w�1 − cos��AF − �CF�� . �10b�

We will use these two equations in Sec. IV B to estimate the
upper and lower limits for the maximum deviation of the
interfacial AF moments relative to the cooling field direction.
As will be seen, this will provide justification for neglecting
the movement of AF spins during magnetization reversal in
the �Ga,Mn�As/MnO bilayers of interest in this paper.

B. Algorithm for simulating magnetization reversal

Generally a configuration of the FM-AF system given by
a pair of angles ��F ,�AF� will be stable when it corresponds
to a minimum of the total free energy, i.e., when the follow-
ing conditions are satisfied:

�E

��F
= 0,

�E

��AF
= 0,

�2E

�2�F

 0,

�2E

�2�AF

 0,

�E

��F

�E

��AF
−

�2E

��F��AF

 0.

In later discussion we will show that for our system com-
prised of MnO and �Ga,Mn�As layers we are safe to disre-
gard the changes in �AF.

In particular, in the �Ga,Mn�As layer we also take into
account the fact that the process of magnetization reversal is
assisted by domain nucleation and domain wall
movement.28,38 When the difference between the free ener-
gies of two neighboring local minima is sufficiently large
��EDW, the energy for the formation of domain walls�, do-
mains with magnetization along the easier direction will
nucleate and rapidly expand. In the simulation, we treat this
situation as if the magnetization undergoes an abrupt jump
between the “less easy” and the “more easy” direction. Note,
however, that this single domain model in �Ga,Mn�As has
more recently been questioned under certain conditions by
another group of authors,39 and we will discuss this issue
later in this paper.
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IV. RESULTS AND DISCUSSION

A. Magnetization results

SQUID magnetization data obtained on the sample with
tF=15 nm �the specimen showing the largest exchange bias
field HEB� are shown in Fig. 2. The saturation magnetization
MS determined from the field dependence of these data is
32 emu/cm3. The temperature dependence shown in Fig.
2�a� gives a Curie temperature TC�60 K for this sample.
Thus TC is in this case lower than the Néel temperature of
MnO �TN�110 K�, corresponding to the condition discussed
in Ref. 40, which is an unconventional situation in typical
exchange-biased systems. Systems with TN
TC have, how-
ever, been studied experimentally by Wu and Chien,41 who
argued convincingly that the magnetization above TC of the
FM layer induced by the cooling field is already sufficient to

establish exchange coupling. On the other hand, the tempera-
ture dependence data of the EB field42 show that, although
the blocking temperature TB �above which the EB field van-
ishes� of our structure may vary with the grain size in the
MnO layer, it is always lower than TC. If we reverse the sign
of the cooling field, as shown in Figs. 2�b� and 2�c�, the sign
of the exchange bias also changes, always remaining oppo-
site to that of the cooling field. The exchange bias for this
sample is determined to be approximately 140 Oe.

In addition, a clear asymmetry is observed for the de-
creasing and increasing sides of both hysteresis loops in
Figs. 2�b� and 2�c�. To facilitate discussion of the loops, we
will designate the magnetic field sweep from negative maxi-
mum field to positive maximum field as the “increasing field
branch;” and the sweep from positive maximum to negative
maximum field will be referred to as the “decreasing field
branch.” It is seen that, for both directions of the cooling
field, the branch whose field sweep direction is opposite to
that of the cooling field has a sharp corner, while the other
branch is rounded. A similar behavior has been reported by
Fitzsimmons et al.,43 and has subsequently been studied ex-
tensively by numerous authors �see, e.g., Refs. 44–49�. Differ-
ent interpretations of the origin of this asymmetry were
given, and it is commonly suggested that this asymmetry
may be closely related to training effects of the EB field.
Generally speaking, as the magnetic field is swept in the
direction opposite to that of the cooling field, competition
between inhomogeneous interfacial coupling and other fields
�the applied magnetic field and the anisotropy fields� will
lead to a multidomain state in the FM layer. However, when
sweeping the field in the other direction, the interfacial cou-
pling does not compete with the applied field due to the fact
that the coupling is unidirectional. This asymmetry in the
process of magnetization reversal manifests itself in the
SQUID data as an asymmetry in the hysteresis loop.

B. Simulation parameters

In this section we collect the parameters appearing in Eqs.
�10a� and �10b�, to be used in simulations of the results ob-
tained in this study. At low temperatures �to which we re-
strict ourselves in this paper� the effective interfacial cou-
pling constant is given by JE=−HEBMStF, where
HEB=140 Oe and MS=30 emu/cm3 are both obtained from
the SQUID data, and tF=15 nm is estimated from the growth
rate and the growth time. In our simulation, the following
material parameters were used for MnO: exchange coupling
constant JAF/kB�11.3 K,50 where kB is the Boltzmann con-
stant; exchange stiffness AAF�2JAFS2 /a=4.37
�10−7 erg/cm, where S=5/2 is the spin of the Mn++ ions,
and a=4.43 Å is the lattice parameter of MnO; anisotropy
constant51,52 KAF�3.2�104 erg/cm3; and domain wall en-
ergy 	w=2�AAFKAF=0.236 erg/cm2. The magnetic aniso-
tropy constants used in the calculation for the �Ga,Mn�As
layer were determined by ferromagnetic resonance measured
on the same sample: 4�MS−2K2� /MS�3396 Oe,
2K4� /MS�104 Oe, 2K2� /MS�34 Oe, and 2K4� /MS
�1268 Oe. The value of the domain wall energy in the FM
layer, EDW, will be discussed separately in Sec. IV B 2.

FIG. 2. Magnetization results obtained on the �Ga,Mn�As/MnO
bilayer using SQUID measurements with directions of the cooling
field HCF and the applied field H indicated in each panel. �a� Tem-
perature dependence of the magnetization measured in a small ap-
plied magnetic field �10 Oe�. �b� Low temperature �T=5 K� mag-
netization as a function of the applied magnetic field, observed after

a cooling field of 1000 Oe was applied along the �11̄0� direction of
the �Ga,Mn�As. �c� Low temperature �T=5 K� magnetization as a
function of the applied magnetic field, observed after a cooling field

of −1000 Oe along the �1̄10� direction. Positive values of H corre-

spond to the �11̄0� direction.
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Except for this last item, we thus have the values of all the
parameters required for carrying out the simulation using
Eqs. �10a� and �10b�. The last question to verify is whether
we can treat AF spins as frozen as noted at the end of Sec.
III, where we anticipated that in our system it is justified to
consider only the movement of magnetic moments in the FM
layer. We will discuss this issue in the next subsection in the
context of the parameters given above.

1. Can AF spins be treated as frozen spins?

Combining the values of JE, 	W, and KAF given above, we
are now able to assess the validity of the assumption of fro-
zen AF spins mentioned in Sec. III A 2. By choosing appro-
priate reduced units, we can write the parameters as
	W /MStF=4920 Oe and KAF/MS�1000 Oe, which lead to a
physically clearer picture. In the single-domain approach �for
which the total energy is given by Eq. �10a��, the condition
�E /��AF=0 required by the minimization of energy yields
the relation: sin�2��AF−�CF��=−�JE /KAFtAF�sin��F−�AF�.
By recalling that in our system tF� tAF, the condition
�sin�2��AF−�CF����JE /KAFtAF defines the maximum devia-
tion of the AF spin orientation from the cooling field direc-
tion ��AF−�CF� to be �4.6°. Similarly, the maximum devia-
tion obtained when one uses the planar domain wall
approach �i.e., using the total energy given by Eq. �10b�� is
found to be �1.9°. The actual maximum deviation should
then be between these two values, as discussed earlier. At
this point we can therefore safely say that the simplification
of the model by disregarding the movement of AF moments
in the numerical simulation is indeed justified. Making this
assumption, we can now write the equation for the energy of
the system as

E = tF�− MH cos��F − �H� + 1
8K4� cos 4�F − K2� sin2 �F�

− JE cos��F − �CF� , �10c�

which will be the expression for the total energy used later in
this article for simulating the process of magnetization rever-
sal.

We should note that no training effects were observed in
our measurements of the hysteresis loop over the ±0.2 T
cycle, which is consistent with the fact that the calculated
value of the energy of AF domain wall 	W /MStF=4920 Oe is
larger than the maximum magnetic field. Nevertheless, when
the range of the loop swept out by the field is increased to
fields higher than ±0.6 T, a gradual decay in HEB is observed
in consecutive runs, showing that the training effect in our
system is more likely caused by reorientation of AF spins by
the applied magnetic field than by the interfacial coupling.3

2. Energy of domain wall formation EDW in the FM layer

To determine the value of EDW, we look at the experimen-
tal PHE data at �H=87.7° in Fig. 3�a�, which illustrates the
variation of experimental PHE curves with respect to the
angle of applied magnetic field. Since in this orientation the
field is approximately antiparallel to the direction of the
cooling field, the energy term containing JE can be absorbed
into the Zeeman energy term according to our single domain

model. Thus the PHE curve should in this case be the same
as that in the case of “ordinary” PHE, i.e., typical of �Ga,M-
n�As without an AF capping layer, except that the entire
curve is shifted toward a positive field. The first jump in the
PHE resistance in the center of the increasing-field branch

corresponds to the switching of FM moments from the �01̄0�
��F�225° � to the �1̄00� ��F�135° � direction �see Fig. 1
for definition of coordinates�. We will refer to the field at
which this occurs as the “first switching field,” HS1. Since
EDW=E��F=225° �−E��F=135° �, it is straightforward—
using Eq. �10c� and noting that �H��CF+180°—to obtain
the expression

EDW

tFM
�

JE

tFM
�cos��CF −

3

4
�� − cos��CF −

5

4
��	

+ HS1�cos��H −
3

4
�� − cos��H −

5

4
��	 .

Using the value of HS1 from the experimental PHE data
�270–290 Oe for �H close to 90°�, we obtain EDW/ tFM
�214 Oe.

We must point out here that the value of EDW determined
in this way includes the effects of pinning at the inhomoge-
neous FM-AF interface. As indicated in Refs. 12 and 13, this
pinning effect is more pronounced when the direction of the
sweeping field is either parallel or antiparallel to the cooling

FIG. 3. �Color online� Planar Hall effect results obtained for the
�Ga,Mn�As/MnO exchange-biased structure. Column �a� on the
left shows experimental PHE data obtained at 4.2 K. The cooling

field is along the �11̄0� direction of the �Ga,Mn�As layer, and the
direction of the applied magnetic field is at different azimuthal
angles �H relative to the �110� direction, which is also the direction
of the current. Column �b� is simulation of the PHE curves for the
angle �H used in the experiments, obtained by assuming a single
domain structure in the FM layer and frozen spins in the AF layer.
Red �thinner� curves correspond to decreasing field branches, and
black �thicker� curves correspond to increasing field branches.
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field direction than for other directions. Thus we can con-
clude that the above value of EDW is not intrinsic to the
�Ga,Mn�As layer. The intrinsic value of EDW can be obtained
from the PHE data obtained when the applied field direction
is perpendicular to the cooling field direction, i.e., from the
curve with �H=−1.6°, and should be smaller than the one
determined above. One should note as well that, as con-
cluded by Liu et al.,32 the domain wall formation energy
EDW is proportional to �E, where E is the height of the
energy barrier between the two local energy minima �i.e.,
between the states just before and just after the switching of
the direction of magnetization�.

Although it appears that EDW can vary in different situa-
tions, we argue that its value will not affect the EB field of
the simulated loop, since in our model this shift is primarily
determined by JE and is relatively independent of EDW. Con-
sequently, for the purpose of obtaining HEB itself, we can
choose the value of EDW somewhat arbitrarily. In the present
analysis we will then choose to use the value of EDW deter-
mined from the PHE curve for �H=87.7°. It must be empha-
sized, however, that EDW is the key factor for determining
the coercivity in our model, and later we will see that it can
also affect the dependence of PHE on the direction of applied
magnetic field.

C. Dependence of PHE on the angle of applied field in the
presence of EB

PHE data obtained on the same tF=15 nm sample at
4.2 K for the cooling field angle �CF=−94° ±2° are shown
as a function of magnetic field in Fig. 3, with the applied
magnetic field angle �H ranging from 0 to 90°. We show two
columns of plots: column �a� contains experimental PHE
data; and column �b� shows simulated PHE resistances com-
puted from the simplified free energy given in Eq. �10c� for
each field orientation in column �a�. We recall from Eq. �2�
that PHE varies as −sin�2�F�, where the minus sign corre-
sponds to the negative value of ��� −��� assigned to �Ga,M-
n�As �see Ref. 28�. The values of the parameters used in the
simulation have been listed earlier in this article �see Sec.
IV B�.

1. Comparison of simulation with experimental results

It is instructive to compare the results of the simulation
with experimental data, as seen in Figs. 3�a� and 3�b�, since
this comparison provides valuable insights into the mecha-
nisms governing PHE in the presence of exchange bias field.

�i� PHE at small values of �H ��H�0° �. The top two
panels of column �a� and column �b� in Fig. 3 correspond to
�H=−2° and 3°, respectively, i.e., when the applied magnetic
field is nearly perpendicular to the cooling field. In this re-
gime of �H, both experimental results and simulation show a
clear single hysteresis shape in the PHE resistance. This fea-
ture is unique, since in a “bare” �Ga,Mn�As epilayer �i.e.,
one without the AF capping layer�, such behavior can only
be seen when the applied magnetic field is strictly along the
hard axis �i.e., along the �110� orientations�;28 otherwise one
will always see a “double-bump” feature. In our case, the
presence of the exchange coupling allows us to observe this

feature in a rather broad range of �H �−5° � +5° �. Simula-
tion shows that this is due to the fact that the unidirectional
coupling confines the FM magnetization in the semiplane
that contains the direction of the cooling field, so that the FM
magnetization undergoes only one switching �in our case
from �F=225° to �H=−315°�. In “bare” �Ga,Mn�As epilay-
ers, however, even a small deviation of the applied magnetic
field from the hard axis will result in a double-switching
feature during the FM magnetization reversal from one satu-
rated state to the other.

Finally, at small angles �H we see relatively narrower
loops in the experimental results compared to those in the
simulation. This is believed to arise from the fact that when
the FM magnetization passes the direction of the cooling
field during magnetization reversal, the inhomogeneous in-
terfacial coupling has the least effect on the movement of the
magnetization. The switching is then chiefly governed by the
intrinsic value of EDW of �Ga,Mn�As.12,13

�ii� Critical angle of applied magnetic field. When �H
increases above 3°, we see that the magnetic field depen-
dence of PHE resistance gradually evolves into a bump in
the decreasing and the increasing branches both in experi-
mental results and in simulations. Another striking feature
seen in Fig. 3 is that the resistance bump in the increasing
field branch rapidly becomes narrower with increasing �H up
to some angle ��H�67° in experimental data, and 60° in the
simulation�, after which it again begins to broaden. The
simulation reproduces this feature encouragingly well, ex-
cept for the exact value of this special angle. We will refer to
this angle as the “critical angle,” denoted by �HC.

The occurrence of such critical angle can be understood
by examining the calculated behavior of the orientation of
magnetization �F shown in Figs. 4 and 5. When �H��HC
�Fig. 4�, in the increasing field branch �F first goes to 225°

�i.e., M aligns along the �01̄0� easy-axis direction�, then to
315° �by domain nucleation and expansion�, i.e., M is re-
oriented to point along �100�; and then to 45° �M � �010��;
and eventually M will turn to the field direction, �F→�H.
After saturation by a positive field, as the field decreases, the
angle �F first returns to 45°; then rotates to 315°; and finally
to 225°. We will refer to this type of magnetization reversal
process as “half circle” rotation of M. In the figure, the sym-
bols I and II represent the first and second switching states in
the increasing field branch, and III and IV are the first and
second switchings in the decreasing field branch. The path is
different when �H
�HC �Fig. 5�, since in this case the mag-
netization angle �F undergoes a full 360° rotation in com-
pleting the hysteresis loop, and we will refer to the process
depicted in Fig. 5 as a “full circle” reversal.

As pointed out earlier, the route which the FM moments
choose to complete the hysteresis loop is determined by the
behavior of the free energy of the system as the field is
swept. To clarify this point, we examine the free energy plots
for switching state I in the two cases �i.e., �H��HC and
�H
�HC�. We can see that the FM moments reorient to 315°
in Fig. 4 and to 135° in Fig. 5, since these orientations of M
correspond, respectively, to the lowest energy states adjacent
to the 225° orientation of M. Actually, as �H is changed from
0° to 90°, for switching state I the energy for �F=315° in-
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creases, while the energy for �F=135° decreases, so that it
gradually becomes harder for the FM moments to remain at
the 315° orientation after switching I. Intuitively, this sug-
gests that the time in which M can remain at 315° during the
field sweep becomes increasingly shorter. This explains why
the resistance bump in the increasing field branch becomes
narrower first; and at some certain angle �H—at which
E��F=135° �=E��F=315° �—the width of this bump nearly
vanishes. After �H passes this critical angle, the FM mo-
ments begin to strongly favor �H=135° for their first jump,
and tend to remain at 135° for a longer time during the field

sweep. This explains the increasing width of the bump in the
increasing field branch when �H
�HC.

Returning to the critical angle �HC, its value can be esti-
mated in the following way based on our single domain
model. At the critical angle �H=�HC we have

EDW = E��F = 225 ° � − E��F = 135 ° �

= E��F = 225 ° � − E��F = 315 ° � ,

from which we can easily derive the expression for �HC:

�HC � arctan�EDW − JE�cos��CF −
3

4
�� − cos��CF −

5

4
��	

EDW − JE�cos��CF −
7

4
�� − cos��CF −

5

4
��	�, �0 � �H �

�

2
� . �11�

If JE /MtF=140 Oe and EDW/MtF=214 Oe, as determined
previously in this article, we obtain �HC=61°. The deviation
of this value from the experimentally observed �HC=67°
probably comes from the uncertainty in the value of EDW.
For �H in other quadrants, the calculated critical angles can
be obtained in a similar way.

2. Outside the scope of the model

Although the agreement between experimental results and
the simulation is encouraging, differences are inevitably en-

countered since the model we used is relatively naive. Spe-
cifically, it assumes a uniform effective exchange coupling at
the interface, a single domain structure in the FM layer, and
a constant value of EDW independent of �H. Actually, the
interface between the AF layer and the FM layer cannot be
perfect, and a uniform exchange coupling is an oversimpli-
fication aimed at obtaining a zeroth-order picture. A more
realistic model, that includes inhomogeneous coupling at the
AF-FM interface, will result in mutidomain structures in the
FM layer, which will in turn lead to enhancement of

FIG. 4. �Color online� Plots of the free energy of the system as
a function of the direction of FM magnetization �F at the four
switching fields for the applied field angle �H=26°. �a�, �b�, �c� and
�d� correspond to switchings I, II, III, and IV, respectively, as de-
fined in the text, with the solid curvy arrow in each panel showing
how the magnetization reorients at each switching. Note that reori-
entation is always by 90°, along the path with the lowest energy
barrier.

FIG. 5. �Color online� Plots of the free energy of the system as
a function of the direction of FM magnetization �F at the four
switching fields for the applied field angle �H=87.7°. �a�, �b�, �c�
and �d� correspond to switchings I, II, III, and IV, respectively, as
defined in the text, with the solid curvy arrow in each panel show-
ing how the magnetization reorients at each switching. Note that
reorientation is always by 90°, along the path with the lowest en-
ergy barrier.
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coercivity5,12,14 and smoothing out the PHE curves at points
corresponding to switchings of magnetization direction.

�i� Asymmetry seen in experimental PHE curves at �H
→90°. When the angle of applied magnetic field is ap-
proaching 90° �i.e., the hard direction of the FM layer�, an
asymmetry is observed in the experimental PHE curves, i.e.,
the width of the “bump” observed in the increasing-field
branch �black curve in the bottom panel in Fig. 3�a�� is sig-
nificantly greater than the bump width seen in the decreasing
branch �red curve�. Our single domain model is not able to
reproduce this, since in the simulated PHE curves as �H
→90° �bottom panel in Fig. 3�b��, i.e., the widths of the
bumps are equal in both branches. This is easy to understand,
because in our model—when the magnetic field is applied
either parallel or antiparallel to the direction of the cooling
field—the exchange coupling simply plays the role of an
effective field that is added or subtracted to the applied field,
and its effect will only be to shift the PHE curve relative to
the zero field, without affecting the separation between mag-
netization switchings. It is possible that this observed asym-
metry in PHE is related to that seen in the SQUID data
�discussed in Sec. IV A�, where we suggested that the effect
arises from the inhomogeneous coupling at the FM-AF
interface.45

�ii� Smoothing-out of the switching of magnetization in
(Ga,Mn)As. The inhomogeneous interfacial coupling will
lead the FM layer into a multidomain state, with different
domains reorienting at different applied field during the
sweep since each domain is affected by a different coupling
field from the AF layer. We must note here, however, that the
much smoother behavior of switching II and IV compared to
switching I and III is not unique to our EB systems, and is
also seen in “bare” �Ga,Mn�As epilayers as discussed by
Shin et al.39 In their argument, for switching II and IV mul-

tidomain structures in the FM layer are more likely to form
than for switchings I and III. Since in our exchange-biased
systems a multidomain landscape is more prevalent to begin
with �due to inhomogeneous FM-AF coupling across the in-
terface�, and the switchings observed are decidedly much
smoother than in non-EB layers, the increased smoothing
which we observe appears to reinforce the arguments of Shin
et al.

D. Dependence of switching fields and EB field on �H

For completeness, we plot in Fig. 6 the observed and
simulated angular dependences of the fields at which the
magnetization switchings I, II, III, and IV take place, desig-
nated as HS1, HS2, HS3, and HS4, respectively. As usual, the
switching fields are defined as fields at which the corre-
sponding PHE curve intersects the field axis �i.e., the x axis�.
The good agreement between all trends of the switching
fields obtained from simulation and from experiment indi-
cates that the single domain model is quite useful as a pre-
liminary attempt of identifying the underlying mechanisms
that govern the process of magnetization reversal in the FM
layer in the presence of exchange coupling.

Some quantitative deviations between the calculated re-
sults and the experimental data are nevertheless observed in
certain regions. For instance, in Figs. 6�a� and 6�c� deviation
is quite apparent in the region near the “spike;” and in Figs.
6�b� and 6�d� some disagreement is seen in the regions near
270° and 90°. The deviations in Figs. 6�b� and 6�d� are likely
due to our inability to achieve a perfect alignment of the
magnetic field with the sample axes. We are less clear about
the origin of the discrepancies seen in Figs. 6�a� and 6�c�.
One possible reason is that we use a constant domain wall
energy for the FM layer, while in reality this energy can vary.

FIG. 6. Plots of the four
switching fields as a function of
the applied magnetic field orienta-
tion. The open circles are experi-
mental data, and the solid curves
are simulations. �a�, �b�, �c�, and
�d� correspond to switchings I, II,
III, and IV, respectively.
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Another factor is of a more practical nature, arising from the
difficulty in precisely locating the actual fields in the experi-
mental data due to the rather smooth shape of the transitions
in the PHE curves that result from the multidomain structure
in the FM layer.

In Fig. 7 we also plot the dependence of the exchange bias
HEB with respect to �H, obtained both from the experimental
results and from simulation. The definition of HEB is given
by HEB= �HCI+HCD� /2, where HCI and HCD are coercive
fields in the increasing- and decreasing-field branches, re-
spectively, i.e., the two intercepts of the magnetization hys-
teresis loop with the field axis. From the computed magneti-
zation curve it is easy to determine these coercive fields. The
situation becomes complicated, however, when one deals
with the experimental PHE curves, since the multidomain
structure in our FM layer makes the determination of coer-
cive fields nearly impossible at some angles of the applied
magnetic field. To make some progress, we will therefore
impose the single-domain assumption also for the purpose of
locating the experimental coercive fields as follows. In the
single domain situation, HCI or HCD is the field at which the
magnetization is perpendicular to the magnetic field, i.e.,
�F−�H= ±90°, and by recalling the definition of RPHE given
in Eq. �2�, we can write

RPHE = − RAmp sin�2�F� = − RAmp sin�2��F − �H� + 2�H� ,

where RAmp is the amplitude of the PHE resistance �half
height of the RPHE bump�. Using the definition that at HCI
and HCD, �F−�H= ±90°, we obtain the PHE resistance cor-
responding to the coercive fields, RPHE

C =RAmp sin�2�H�. Thus
the experimental coercive field is just that corresponding to
the intercept of the experimental PHE curve with the hori-
zontal line determined by RPHE

C =RAmp sin�2�H�.
We can see that the agreement is also acceptable, although

at �H�0° and �H�180° some deviation is observed. Bear-
ing in mind that we are making the single domain assump-

tion not only to do the simulation, but also to determine the
coercive fields from experimental PHE data, the agreement is
quite encouraging.

Finally, since the weakness of the single-domain model
lies in its inability to account for the coercivity enhancement
that accompanies exchange bias, discussing other aspects of
coercivity in terms of this model �such as angular depen-
dence of the coercivity� is not likely meaningful. It is clear
that a more comprehensive model, which includes variation
of EDW and allows for a multidomain structure in the FM
layer, will be needed to deal with magnetic coercivity in
exchange-biased systems.

V. CONCLUSIONS

In this paper we have studied the exchange coupling in a
bilayer structure comprised of an FM �Ga,Mn�As layer and
an AF MnO capping layer. The presence of exchange bias in
our sample was determined from direct magnetization mea-
surements, which provides the value of the exchange bias
field HEB. An effective interfacial coupling constant JE was
then obtained from the observed exchange bias field, which
allowed us to estimate the deviation of the AF moments from
the direction of cooling field is negligibly small. This pro-
vides grounds for the assumption that the AF spins are frozen
during magnetization reversal in the �Ga,Mn�As layer.

We then carried out a systematic series of PHE measure-
ments on an exchange-biased �Ga,Mn�As/MnO system as a
function of the applied field and its orientation. Using a
model which assumes frozen AF spins, a single domain in
the FM layer, and a constant value of the domain wall energy
EDW for the FM layer, magnetic field dependence of the PHE
resistance was simulated and compared with experimental
PHE results. We have shown that the single domain model
can account for the hysteresis shape of PHE curves when the
applied magnetic field is perpendicular to the cooling field
and along the hard direction of the FM layer, and for the
appearance of the critical angle of the applied magnetic field.
Agreement between the switching fields and EB fields ob-
tained from the experimental results and from the simulation
further confirms the effectiveness of our model. On the other
hand, since the current model is too simple to account both
for the asymmetric behavior of the hysteresis loop and for
the behavior of the coercivity, it is our hope that the results
presented in this paper will stimulate further attention—both
theoretical and experimental—to this aspect of exchange bi-
ased ferromagnetic semiconductors.
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FIG. 7. Plots of the exchange bias field as a function of the
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