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We report asymmetric magnetization-reversal behavior in the exchange-biased MnAs film epitaxially grown
on GaAss001d substrate, composed of periodic stripes of ferromagnetica-MnAs and antiferromagnetic
b-MnAs phases existingin a single layer. A time-resolved domain observation reveals that the magnetization
reverses with a sequence of discrete jumps of a sawtooth-type domain under an applied field parallel to the
field-cooling direction, while the magnetization reversal takes place via a sudden single jump under an applied
field antiparallel to the field-cooling direction. The asymmetric magnetization reversal in the MnAs system is
explained by considering the nonuniform local exchange-biased field, induced by the local fluctuation of the
volume ratio of theb phase.
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When a ferromagnetsFMd in contact with an antiferro-
magnetsAFMd is cooled through the Néel point of the AFM
under an applied magnetic field, the hysteresis loop of the
FM is shifted from the origin along the magnetic field-cooled
axis by an amount known as the exchange-biased fieldHE.1

The exchange-bias effect occurs as the order of the AFM is
established via field-cooling in the presence of the FM
through the interfacial FM-AFM interaction. Since the AFM
spins are generally stable while the FM is rotated, a shift of
the hysteresis loop consequently occurs.2 The exchange-bias
effect has received considerable attention because of poor
understanding of its microscopic origin as well as because of
its technological applications to magnetic sensors, especially
utilized in high-density magnetic recording3 and magnetic
random-access memory.4

One of the intriguing phenomena related to the exchange-
bias effect is asymmetric magnetization reversal in both
branches of a hysteresis loop, as recently observed in a va-
riety of systems composed of a FM and an AFM such as
NiFe/FeMn,5 Fe/MnF2 or FeF2,

6 NiFe/NiO,7 CoFe/ IrMn,8

etc. Also, the asymmetric reversal mode in exchange-biased
systems9,10 is theoretically predicted by adopting the domain-
state model, which considers domains in an AFM. However,
the exact mechanism and underlying physics of this asym-
metric reversal are still unclear. So far, most of studies on
asymmetric magnetization-reversal behavior have been de-
voted to the exchange-biased system of bilayered structure,
having layer-by-layer contact between a FM and an AFM.5–11

Here, we present a magnetization-reversal study of a differ-
ent kind of exchange-biased system, i.e., field-cooled MnAs
film,12 where the exchange-bias effect existsin the same
single layer, having a stripelike structure consisting of the
FM and the AFM.

MnAs film grown on GaAs substrate is a promising sys-
tem for future spin-injection devices.13 In this film two struc-

turally distinct phasesshexagonala MnAs and orthorhombic
b MnAsd, in the form of self-organized periodic stripes of
the two phases, are known to coexist via
strain-stabilization.14–18Theb-MnAs phase could be antifer-
romagnetic via the fine tuning of the strain profile induced by
the adjacenta-MnAs and GaAs substrate. It should be noted
that this MnAs system, having a FMa phase and an AFMb
phase, provides us with an exchange-biased playground,
where stripes of the FM and the AFM existin the same layer,
not like bilayer or multilayer FM/AFM systems. In this pa-
per, we carry out a systematic microscopic observation of the
domain dynamics during magnetization reversal in each
branch of the exchange-biased hysteresis loop and report
asymmetric magnetization reversal in this system irrespec-
tive of an applied field direction relative to the anisotropy
axis of the sample and witnessed via real-time direct-domain
observation.

In the present study MnAs film was epitaxially grown in a
molecular-beam epitaxysMBEd system on a GaAss001d sub-
strate. Before the growth of the MnAs, the substrate was
heated to about 600 °C under the As4 flux for thermal clean-
ing followed by deposition of a 350 nm undoped GaAs
buffer layer. MnAs film with the thickness of about 50 nm
was grown on the substrate at about 270 °C with the growth
rate of about 0.5 Å/s. The reflection of the high-energy elec-
tron diffraction pattern from the film surface became strong
and streaky with the annealing. The MnAs film was covered
with a very thin s5 nmd GaAs layer at 220 °C in the MBE
chamber. The epitaxial orientations of the MnAs film with
respect to the GaAss001d substrate were

MnAss1̄100d iGaAss001d, MnAsf0001g iGaAsf1̄10g, and

MnAsf112̄0g iGaAsf110g. The torque and vibrating-sample
magnetometersVSMd measurements showed that the sample
had an in-plane magnetic anisotropy with an easy axis along

the MnAsf112̄0g and a hard axis along the MnAsf0001g in
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the film plane. The out-of-plane direction of MnAsf1̄100g
was an intermediate axis.

To investigate the detailed microscopic domain dynamics,
time-resolved magnetic domain patterns during the magneti-
zation reversal were directly observed on the sample area of
80364 mm2 using a magneto-optical microscope magneto-
metersMOMM d with 3500 magnification capable of captur-
ing domain images with an image-grabbing rate of
30 frames/sec in real time and a spatial resolution of 400
nm, via the longitudinal magneto-optical Kerr effect.19 A
heater capable of heating the sample maximum up to 80 °C
was placed at the sample stage for the temperature-dependent
domain observation and the Kerr hysteresis-loop measure-
ment. Using the MOMM, we could carry out both real-time
domain observation and the Kerr hysteresis loop measure-
ment on the exact same area of the sample.

The strain-stabilized coexistence of the two MnAs phases
sa MnAs and b MnAsd in the single-layer film was con-
firmed from the temperature-dependent x-ray diffraction
sXRDd experiment, where the sample temperature was con-
trolled by a radiative heating stage with an accuracy of
within ±1 °C in the temperature range of 20–45 °C. We
found that two distinguished peaks ofa-MnAs andb-MnAs
appeared at 20 °C and 45 °C, respectively, and the two peaks
coexisted in the intermediate temperature range with the sys-
tematic variation of the relative intensities of the two peaks
with temperature; theb-MnAs peak was increased with in-
creasing temperature. Hence, two phases are believed to co-
exist in the temperature range of 25–40 °C. Considering the
fact that the structure factors of both phases were almost
equal, the ratio of the integrated intensities between the
a-MnAs andb-MnAs peaks could be approximated as the
ratio of the relative volume fractions of the two phases. To
understand the influences of the AFMb-phase volume ratio
on the magnetic properties of the FC sample, temperature-
dependent hysteresis loops were measured, because the AFM
b-phase volume ratio increased with increasing temperature.
It was found thatHC increases, butHE decreases with in-
creasing temperature, i.e., with increasing of the AFM
b-phase volume ratio. The magnetization-reversal study of
the present work was carried out at the temperature of 26 °C
controlled within ±1 °C, where the volume ratio between the
a phase and theb phase was estimated to be approximately
9:1. The lateral period of the stripes in the MnAs sample
with the thickness of 50 nm was expected to be about 350
nm from the relation between the period and the film
thickness.16,17 It should be mentioned that this estimated
value was strongly dependent on temperature, magnetic his-
tory, etc.

For field cooling, a magnetic field of 45 Oe was applied
along the easy axis of the sample with a temperature varia-
tion from 50 °C to 26 °C. Figure 1sad shows a typical Kerr
hysteresis loop of the field-cooledsFCd MnAs film together
with that of the zero-field-cooledsZFCd sample measured at
26 °C. It can be seen that the FC sample exhibits a shifted
Kerr hysteresis loop, whereas the ZFC sample exhibits a
symmetric loop. The loop shift clearly reveals the existence
of exchange bias in the FC MnAs film. The exchange-biased
field HE was found to increase with the strength of the cool-

ing field until its value saturated around the cooling field of
45 Oe. The FC MnAs film in Fig. 1sad reveals thatHE
=19.9 Oe, and the coercivityHC=79.7 Oe were obtained us-
ing the relations of HE=sHC1+HC2d /2 and HC=sHC1

−HC2d /2, whereHC1 andHC2 are the coercivities in the in-
creasing and decreasing field branches. In contrast, the ZFC
sample exhibited a zero-exchange-biased field and a slightly
smaller coercivity of 75.1 Oe.

The exchange-bias effect observed in the FC MnAs film
implies an existence of the AFM state in this film. An inter-
esting question is that of where the AFM state is located. The
a phase is known to be ferromagnetic.20 According to the
magnetic phase diagram of the bulk MnAs, theb phase can
be antiferromagnetic under pressures of 3–10 kbars.21,22

Since thea phase and theb phase in MnAs film were strain
stabilized, a large stress should exist due to the 7.5% and
6.5% lattice mismatches between the two phases and the
GaAs substrate, respectively. Therefore, it is not surprising to
imagine the antiferromagnetic state in theb phase. Hence,
we believe that the FC MnAs film in the present study is an
exchange-biased system having a FMa phase with a unidi-
rectional anisotropy induced by the field-cooled AFMb
phase.11,12 Considering the stripelike structure of the film in

FIG. 1. sad Typical Kerr hysteresis loops of the MnAs film at
T=26 °C under the FC and ZFC conditions. Here,HC1 and HC2

denote the coercivities in the increasing and the decreasing field
branches, respectively, andHE is the exchange-biased field.sbd A
schematic representation of the FC MnAs film with the striped pat-
terns of the FMa phase and the AFMb phase.
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which thea andb phases are intercalated periodically with
each other as mentioned earlier, we envision the two-phase
coexistence structure as schematically drawn in Fig. 1sbd.
Note that the easy axis along the MnAsf112̄0g is perpendicu-
lar to the interface between two phases. A detailed investiga-
tion of the spin configuration in the AFMb phase is inter-
esting and crucial to clarify whether the exchange bias in this
system is ascribed to a perpendicular coupling at the FM/
AFM interface,23,24 which is beyond the scope of this study.

Strikingly, the asymmetric magnetization-reversal behav-
ior is witnessed in the field-cooled MnAs film, dependent on
the applied field orientation relative to the FC direction.
Real-time domain evolution patterns under an applied field
near the coercivities in both branches of the hysteresis loop
in Fig. 1sad are demonstrated in Fig. 2, along with the corre-
sponding magnetization-reversal curves. The gray level from
black to white indicates the elapsed time during 8, according
to the gray palette at the bottom of the figure. The domain
evolution patterns in Fig. 2 were obtained by taking the Kerr
signals every 63 ms under a magnetic field either parallel or
antiparallel to the field-cooled direction for an initially satu-
rated sample. An applied field was kept at 99.7% of the
coercive field in each branch for the direct comparison of
magnetization-reversal behavior. As clearly seen in Fig. 2,
magnetization reversal proceeds via sawtooth-type domain-
wall sDWd propagation with a sequence of discrete jumps
when an applied field is parallelsPd to the FC directionsP
situationd. Contrastingly, an abrupt magnetization reversal
takes place with a sudden single jump under an applied field
antiparallelsAPd to the FC directionsAP situationd.

Two interpretations for the abrupt magnetization reversal
observed in the AP situation are conceivable; either coherent
rotation or fast domain-wall motion occurred beyond the
time resolution of our experiment. To clarify this ambiguity,
we have investigated the magnetization reversal on the
sample area where the line defect existed. We observed that
the domain wall was pinned at the line defect and that mag-
netization reversal was blocked without further processing to

the other side of the line defect. If magnetization reversal
were governed by coherent rotation, it would abruptly take
place on the whole area of the sample around the line defect.
Therefore, the magnetization reversals in both field direc-
tions are understood by DW propagation; fast domain-wall
motion governs magnetization reversal in the AP situation,
while slow domain-wall motion occurs in the P situation. So,
it can be concluded that the exchange-bias effect on the mag-
netization reversal of the FC MnAs film only affects the
domain-wall velocity of sawtooth-type domains rather than
the magnetization-reversal mode itself. To experimentally
confirm that the asymmetric magnetization-reversal behavior
in the field-cooled MnAs film is indeed ascribed to the
exchange-bias effect, we examined the magnetization-
reversal behavior of the exactly identical area of the sample
under the ZFC condition, and found that it exhibited no
exchange-bias effect. The magnetization-reversal behavior
was observed to be symmetric in both branches of a hyster-
esis loop for the ZFC sample. Thus, it is believed that the
exchange-bias effect in the FC sample is truly a cause of the
observed asymmetric magnetization.

To explain the asymmetric magnetization reversal ob-
served in the FC sample, we propose a simple model, con-
sidering the nonuniformb-phase volume ratio. An atomic
force microscopy study in the MnAs film shows that the
b-phase volume ratio is distributed with fluctuation. Due to
this nonuniformity, we can imagine that the local coercivity
hC and the local exchange-biased fieldhE are varied in the
sample, with the fluctuations ofDhC andDhE from the aver-
age values ofhC

0 andhE
0, respectively, as depicted in Fig. 3.

In both field directions of the hysteresis loop, the local coer-
civities hC, and the local exchange-biased fieldshE of the
three representative local areas with increasing AFMb
phases are schematically drawn, wherehC and hE are de-
noted by the gray and white arrows, respectively. Since the
magnetization reversal in the sample is governed by the DW
motion, the coercivity is closely related with the energy bar-
rier for reversal; a larger energy barrier is expected for a
higher coercivity. So, the local energy barrier in the MnAs
system is expected to increase with an increase in the
b-phase volume ratio, because a higher local coercivity ex-
ists for a largerb-phase volume fraction.

FIG. 2. The domain reversal patterns and magnetization-reversal
curves in both field directions in the FC MnAs film atT=26 °C.

FIG. 3. A simple model for the explanation of the asymmetric
magnetization reversal in the FC MnAs film.
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For further discussion, we define the local energy barrier
field as the applied field required to overcome the local en-
ergy barrier. The local energy barrier fieldhB is then given by
hB=shC±hEd, where the positive and negative signs corre-
spond to the AP situation and the P situation, respectively. If
the DW nucleates and moves at the minimalhB, the effective
energy-barrier field during the DW motionDhB would be the
difference between the average and minimal energy-barrier
fields. Hence, the effective energy-barrier field in the P situ-
ation is given byDhB=DhC+DhE, while in the AP situation
it is given byDhB=DhC−DhE. Since theDhB in the P situa-
tion is large compared to theDhB in the AP situation, the
magnetization reversal in the P situation results in a slow
DW motion with a sequence of discrete jumps. Contrast-
ingly, the magnetization reversal in the AP situation yields
fast DW motion with a sudden single jump. So, the asym-
metric magnetization reversal in the FC sample is ascribed to
the difference in the effective energy barrier in both branches
due to the local fluctuation of the exchange-biased field, in-
duced by the nonuniformb-phase volume ratio. If the
b-phase volume ratio were perfectly uniform, the asymmet-
ric magnetization reversal in the FC sample would not be
observed, because there is no local fluctuation of the
exchange-biased field. Using this model, we can also explain
the symmetric magnetization reversal observed in the ZFC
sample. Since the exchange-biased field in the ZFC sample
does not exist, the effective energy-barrier fieldDhB is the
same in both branches. Therefore, one could expect the sym-
metric magnetization reversal, even though the local coerciv-
ity hC fluctuates due to the nonuniformb-phase volume ra-
tio.

Interestingly enough, the sawtooth domain in the FC

MnAs film always propagates along thef112̄0g easy-axis
orientation and the sawtooth angle 2f is nearly constant,
irrespective of an applied field direction relative to the easy-
axis orientation, as demonstrated in Figs. 4sad and 4sbd, re-
spectively. These results are understandable, considering the
fact that the anisotropy energysKi=5.73106 erg/ccd is by
an order of 2 larger than a typical Zeeman energysMsH
=5.03104 erg/ccd in this film, and thus, the domain-reversal
behavior naturally appears to be independent of an applied
field orientation. If the magnetization directions of the two
domains meet head-on, their separating domain walls gener-
ally develop a zigzag shape to reduce the magnetic charge
density, and the detailed shape is determined by a minimiza-
tion of the total energy consisting of the magnetostatic en-
ergy, the anisotropy energy, and the DW energy. For a theo-
retical estimation of the sawtooth angle 2f we consider a
simple sawtooth-type DW structure, in which the angle be-
tween the magnetization direction and the easy axis is as-
sumed to be small, as revealed in our experiment. Then,
considering the uniformly distributed magnetic charge, the
magnetostatic energy per unit length perpendicular to the
easy axis is approximately expressed by 8Ms

2D2f3
−2 lns2B/sdg, where 2D is the sample thickness, 2B is the
sawtooth height, and 2s is the sample size. Also, the aniso-
tropy energy per unit length is approximately given by

s4/3dDKiBf2 for a fanlike configuration. Since an aniso-
tropy constant in the film plane,Ki, is larger than one normal
to the film plane,K', in our MnAs film it is reasonable to
consider the Bloch wall,18 and thus, the domain-wall energy
per unit length can be given by 2pDsAK'd1/2/f, whereA is
the exchange stiffness. Then, the sawtooth angle 2f is given
by 2f=psAK'd1/2/8Ms

2D from energy minimization. For an
estimation of the sawtooth angle in the MnAs film, we use
the measured values ofK'=1.73106 erg/cc, Ms
=828 emu/cc, andD=2.5310−6 cm, and the estimated
value ofA=3.5310−5 erg/cm, obtained using the relation of
the Bloch domain-wall thickness,d=psA/K'd1/2, with a re-
ported value ofd<80 nm.14 The sawtooth angle is estimated
to be about 56.8°, which is well matched to the experimental
value within the experimental error.

In conclusion, we directly observed the asymmetric
magnetization-reversal behavior in the exchange-biased
MnAs/GaAss001d film consisting of the periodic stripes of
the FM a phase and the AFMb phase placedin a single

FIG. 4. sad The domain reversal patterns andsbd the average
values of the sawtooth angles with varying the applied field direc-
tion relative to the easy-axis orientation. The inset insbd shows the
definition of the sawtooth domain-wall angle 2f.
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layer. The asymmetric magnetization reversal in the MnAs
system is ascribed to the nonuniform local exchange-biased
field, basically induced by the local fluctuation of the volume
ratio of theb phase.
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