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We demonstrate a manipulation of the first-order phase transition in a MnAs layer grown on step-bunched

GaAs�331�B. The layer is composed of alternating �11̄00�- and �112̄2�-oriented segments, which grew on �110�
terraces and sidewalls consisting of bunched steps, respectively. The shape of the thermal hysteresis curves in
magnetization and resistance changes markedly with temperature cycles. The alteration is associated with
improvements in the crystalline quality. Out-of-plane components of the phase-transition stress resulting from
the nonplanar geometry of the layer are indicated to be the driving force for the annealinglike elimination of
structural imperfections. Plastic flow of materials induced by the stress is evidenced to almost completely level
the surface height modulations having an amplitude of about 50 nm.
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I. INTRODUCTION

Bulk MnAs undergoes simultaneous magnetic and struc-
tural phase transitions at Curie temperature TC�315 K.1,2

The phase transition is of first order. A first-order phase tran-
sition does not occur immediately but is initiated by nucle-
ation. When the temperature crosses TC, the system stays in a
metastable state until nuclei are formed by surmounting a
potential barrier separating the phases. The nuclei are fa-
vored and thus grow further until a macroscopic phase tran-
sition has been accomplished. The phase transition is, there-
fore, characteristically accompanied by a thermal hysteresis.

The microscopic mechanism of the phase transition in
MnAs is not fully understood despite numerous investiga-
tions over half a century. Specifically, the magnetic state in
the phase above TC ��-MnAs� remains controversial.3,4 The
magnetic order in �-MnAs is generally considered to be
paramagnetic as neutron-scattering measurements have
found no evidence for a long-range magnetic order.5 How-
ever, the characteristics of �-MnAs rather make sense if the
magnetic order is antiferromagnetic.6–8

The ferromagnetic phase of MnAs ��-MnAs� possesses a
hexagonal crystal structure.9 MnAs is attractive for spintron-
ics applications as, in addition to TC being above room tem-
perature, epitaxial growth on GaAs and Si is possible.10,11 In
the emerging field of spintronics, the transport of spin rather
than charge is utilized for the purpose of information pro-
cessing. Creating and detecting spin polarization are crucial
operations in the spin manipulation, for which ferromagnet/
semiconductor heterojunctions are naturally an essential ele-
ment. Spin injection from a MnAs layer to a GaAs-�In,Ga�As
quantum well12 and spin accumulation at a MnAs-GaAs
interface13 have already been demonstrated. The material
properties of epitaxial layers are often affected by the inevi-
table existence of the substrates. The MnAs/GaAs system is
a typical example of such, where the structural, magnetic,
and electrical properties in MnAs layers have been revealed
to be modified by the stress imposed by the substrates.11,14

There is hence prospect of, for instance, increasing spin po-
larization at the Fermi level15 as well as TC by optimization
of the influence of the substrate.

In the present paper, we report a dramatic influence of the
substrate on the first-order phase transition. The phase tran-
sition and thermal hysteresis in MnAs layers grown on
GaAs�331�B are shown to behave in a peculiar manner. The
magnetization and resistance of the as-grown MnAs layers
exhibit a permanent alteration of the thermal hysteresis
curves with thermal cycles. The potential barrier for the
phase transition is thus manifested to be varied through the
crystalline structure of the epitaxial layers.

II. GROWTH

The growth of the MnAs /GaAs�331�B heterostructure
was carried out in a molecular-beam epitaxy �MBE� cham-
ber. The initial GaAs buffer layer was grown on an
“epiready” substrate by migration-enhanced epitaxy with a
thickness of 10 nm. The substrate temperature was Ts
=520 °C. The As4 /Ga beam-equivalent pressure �BEP� ratio
was 26. Following an annealing at 600 °C for 1 min, a 180-
nm-thick GaAs layer was further grown by conventional
MBE at Ts=520 °C with a BEP ratio of 44. The growth rate
was 3.1 nm/min. The buffer layer was again annealed at
600 °C for 1 min.

The preparation of the GaAs buffer layer was followed by
the growth of a MnAs layer using a procedure based on solid
phase epitaxy �SPE�.16 An amorphous MnAs layer was de-
posited at Ts=200 °C with an As4 /Mn BEP ratio of 380. It is
crucial for the SPE-based procedure that the thickness of the
amorphous layer, 2 nm, is larger than the critical thickness
for coherent growth, which is less than 1 nm.17,18 The disap-
pearance of the reflection high-energy electron diffraction
�RHEED� pattern from the GaAs buffer layer was utilized to
make certain of a complete coverage of the surface by the
amorphous layer. The amorphous layer was then crystallized
by increasing Ts to 250 °C in an arsenic-free environment.
The thus-prepared layer was used as a growth template to
obtain a MnAs layer having a thickness of 125 nm by a
conventional MBE growth. The BEP ratio and the growth
rate in the conventional growth were 28 and 2.6 nm/min,
respectively.
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III. RESULTS

We have examined the thermal hysteresis in magnetiza-
tion and resistance of the MnAs layer. In Fig. 1, we show the
dependence of magnetization measured using a supercon-
ducting quantum interference device �SQUID� magnetometer
on temperature T. In order to align the magnetization, an
in-plane external magnetic field H�=5 kOe� was applied in
the direction of the magnetic easy axis, which is parallel to

the GaAs�1̄10� direction. The temperature dependence in the
range plotted in Fig. 1 is governed by the coexistence of �-
and �-MnAs.19 The phase transition of MnAs at TC involves
a discontinuous lattice-constant change in the a-axis
direction.20 The lattice constant changes in a way to be able
to cancel the thermal stress and so the � and � phases coexist
in epitaxial layers over a certain temperature interval in order
to reduce the strain energy. One can directly see the phase
coexistence in the scanning electron micrograph in Fig. 2�a�
as the stripe pattern repeated in the GaAs�1̄10� direction. The
phase fraction and thus the magnetization changes approxi-
mately linearly with temperature in the coexistence range.

As evident in Fig. 1, the hysteresis loop changes remark-
ably with temperature cycles around the phase-transition re-
gion. �The measurements were performed over 22 thermal
cycles using a temperature sweep rate of 1.5 K/min.� The
hysteresis loop is found to shift gradually to high tempera-
tures. In particular, the onset for the creation of the � phase
in the temperature sweep up appears to increase from 285 to
�305 K. The permanent alteration of the thermal hysteresis
was observed also for the resistance, as shown in Fig. 3. �The
temperature sweep rate in this set of measurements was not
constant.� The hysteresis loops in magnetization and resis-
tance are seen to change in the same manner wherever com-
parison is possible.

The peculiar behavior of the thermal hysteresis is attrib-
uted to an unusual topography of the MnAs layer. In Fig. 4,
we show three x-ray diffraction �XRD� curves taken from the
MnAs layer. The middle curve was obtained under the ordi-
nary measurement configuration. No peak associated with
the MnAs layer was found, except for the two small peaks
shown in the inset with expanded scales. However, strong
peaks emerged when the specimen was rotated around the

�1̄10� axis of the substrate. For the top and bottom curves,
the rotation angles are −6.2° and 12°, respectively. This de-
pendence on the angle of incidence originates from the step
bunching that occurred during the growth of the GaAs buffer
layer.21 The �331� surface of GaAs developed into terraces

and sidewalls consisting of bunched steps. �11̄00�- and
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FIG. 1. �Color online� Temperature dependence of magnetiza-
tion of a MnAs layer on GaAs�331�B measured using a SQUID
magnetometer. An as-grown layer was subjected to 22 thermal
cycles. Temperature was swept at a rate of 1.5 K/min. An in-plane

external magnetic field H=5 kOe was applied along the GaAs�1̄10�
direction, which is parallel to the magnetic easy axis. The arrows
indicate the direction of the temperature sweeps. The initial and
final curves are shown in the inset by the dotted and solid lines,
respectively. The measurements in Fig. 7 were performed at the
conditions indicated by the circles. The open and filled circles cor-
respond to the initial and final states, respectively.
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FIG. 2. Scanning-electron micrographs of a MnAs layer on

GaAs�331�B at room temperature. The �1̄10� and �116̄� directions
of the substrate are indicated. The scale bars show the length of
1 �m.
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FIG. 3. �Color online� Temperature dependence of resistance of
a MnAs layer on GaAs�331�B. The arrows indicate the direction of
the temperature sweeps. Temperature was not swept at a constant
rate. The initial and final curves are shown in the inset by the dotted
and solid lines, respectively.
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�112̄2�-oriented MnAs layers grew on the respective regions,
as illustrated in Fig. 5. The step bunching is visible in Fig.
2�b� as a weak streaky feature orthogonal to the �-� stripes.
We also show an atomic force micrograph in Fig. 6�a�. The
line scan in Fig. 6�b� shows that the surface modulation pro-
duced by the step bunching retains a typical period of about
40 nm and an amplitude of about 10 nm after an overgrowth
of the MnAs layer.

When the rotation angle was adjusted around 12° to maxi-
mize the diffraction intensity from the MnAs layer, peaks
associated with the �220� and �440� diffractions from the
substrate appeared �bottom curve in Fig. 4�. This indicates
that the terraces in the step bunching are formed by �110�
facets. To our knowledge, the surface orientation of the ter-
races of the step bunching has not been clearly identified.
The heteroepitaxy of a highly dissimilar layer has enabled
the unambiguous determination of the terrace orientation. We
note that not only the inclination angle of the �110� facet
�12°� but also that of the bunched steps �−6.2°� correspond
well to the transmission electron micrograph of step bunch-
ing presented in Ref. 22.

The clear stripe pattern resulting from the phase coexist-
ence in Fig. 2 manifests a good crystalline homogeneity in
the MnAs layer. The excellent quality of the MnAs layer is
also evidenced by the presence of higher-order diffraction
peaks in the bottom curve in Fig. 4. The crystal quality of
MnAs layers on GaAs�110� prepared by means of SPE is
better than that of layers grown by conventional MBE.16 The
epitaxial orientation relationship in SPE is overwhelmingly
determined by the strain energy.23 If the mismatch in the
lattice constants between the layer and the substrate is large,
the lack of optimum crystal orientation leads to a mixture of
various surface orientations and in-plane tilts in the layers. In
contrast, the inflexibility of the growth mode acts to suppress
the orientational spread when the mismatch is small, which
is the case for the �110�-oriented substrate.

Nonetheless, the well-developed �-� stripe pattern in Fig.

2 is surprising as it is unexpected for the �112̄2�-oriented
component of the MnAs layer for two reasons. �i� The stripe
pattern is a characteristic feature when the c axis of MnAs
lies in the surface plane. The large tilt of the c axis to the
out-of-plane direction �33°� is thus unfavorable for the �-�
stripe. The phase coexistence in �0001�-oriented MnAs lay-
ers takes place in the form of islands of �-MnAs interwoven
in a honeycomblike network of �-MnAs.24 �ii� The compo-
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FIG. 4. �Color online� X-ray diffraction curves ��-2� scan� ob-
tained from a MnAs layer on GaAs�331�B. The peaks denoted with
three and four indices are associated with the substrate and over-
layer, respectively. The middle curve was measured with the ordi-
nary sample configuration. For the top and bottom curves, the speci-

men was tilted around the �1̄10� axis of the substrate by −6.2° and
12°, respectively. The curves are offset for clarity. The region en-
circled by the dotted line is shown with expanded scales in the
inset.
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FIG. 5. Schematic of a MnAs layer grown on a step-bunched
GaAs�331�B substrate. Here, the step bunching is assumed to form
the simplest structure by regularly alternating two components. The
terraces of the �110� facet of GaAs and the sidewalls consisting of
bunched steps are inclined by 12 and 6.2°, respectively. The MnAs

segments on respective regions are �11̄00� and �112̄2� oriented.

FIG. 6. �a� Atomic force micrograph of an as-grown MnAs layer

on GaAs�331�B. The �1̄10� and �116̄� directions of the substrate are
aligned in the vertical and horizontal directions, respectively. The
sizes of the scan area are 3.0�2.2 �m2. �b� Line scan at the posi-
tion indicated by the dotted line in �a�.
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nent grew on the bunched steps, i.e., on unspecific surface
orientations. One would rather anticipate a poor crystal qual-
ity and nonrigorous epitaxial alignments for such a circum-

stance. Moreover, the fraction of the �112̄2�-oriented compo-
nent is estimated to be 66% from the tilt angles. Instead of

the �11̄00�-oriented component on the �110� terraces that

could account for the clear �-� stripe, the �112̄2�-oriented
component would be the dominant one in establishing the
distribution pattern of the two phases. At present, the reason

for the seeming dominance of the �11̄00�-oriented compo-
nent is not understood.

IV. DISCUSSION

The alteration of the hysteresis loops was observed to be
insensitive to the maximum and minimum temperatures of
the sweeps as long as the temperature was varied over a
range wider than that of the phase coexistence. The modifi-
cation is hence suggested to be caused by the phase-
transition stress rather than a thermal effect. In polycrystal-
line bulk MnAs, the resistance was reported to increase as
temperature crosses TC due to the generation of microcracks
by the phase-transition stress.25,26 On the contrary, the resis-
tance decreases with thermal cycles in Fig. 3, indicating an
improvement in the material properties as if the sample were
annealed. As demonstrated in Ref. 14, the residual resistivity
in MnAs layers grown on various substrate orientations
spreads over, at least, 2 orders of magnitude, reflecting the
various degrees of scattering of conduction carriers from the
structural and magnetic domains. The residual resistivity in
the layer on GaAs�331�B is only several times larger in com-
parison to the cases of the lowest resistivity.14 Because of the
relatively good crystalline order in the as-grown layer, the
resistance decrease in Fig. 3 is merely several percent. Con-
sequently, no change that collaborates with improvements in
the material quality was detected by XRD as its sensitivity is
not as good as the resistance measurements.

We speculate that the improvement of the crystallinity in
the layer was driven by the phase-transition stress. The re-
markable modification of the hysteresis occurs only in layers
grown on GaAs�331�B.14 The unusual topography of the
layer due to the step bunching apparently plays an important
role. That is, the MnAs layer is zigzag shaped rather than
being planar. This yields a unique distribution of stress that
contains out-of-plane components. The twist of the layer by
thermal cycles is suggested to enhance the migration of de-
fects and impurities to strain “focal points,” which is likely

to be located at the boundaries between the �11̄00�- and

�112̄2�-oriented components, i.e., above the ridges and
grooves of the step bunching �see Fig. 5�.

The expansion of the hysteresis loops after thermal cycles
in Figs. 1 and 3 implies an increase in the potential barrier
for the first-order phase transition. The increase is ascribed to
the reduction in the number of nucleation centers that trigger
the phase transition as a consequence of the presumed re-
moval �or relocation� of crystalline imperfections. It is in-
triguing that the change is significant for the nucleation of
the � phase in temperature sweep up while the nucleation of

the � phase in temperature sweep down is hardly affected.
The relocation of defects and impurities driven by the phase-
transition stress can affect the magnetoelastic effects. Local
modifications in the stress distribution may account for the
stabilization of the � phase after thermal cycles through the
magnetoelastic effects. We note in this respect that hydro-
static pressure is known to lower TC in bulk MnAs.2

A comparison between the MnAs layers grown on various
surface orientations of the substrates has revealed that the
most pronounced temperature hysteresis is obtained for
MnAs layers having the highest crystalline order.14 Although
this is what is expected for a first-order phase transition in
bulk materials, as we mentioned above, the opposite is, in
fact, anticipated in epitaxial layers. In the phase-coexistence
regime, the domains of �- and �-MnAs are already present.
The change in the phase fractions when temperature is varied
can progress as growth and annihilation of the existing do-
mains. As the potential barrier for such a movement of the
domain boundaries is zero, the temperature dependencies of
magnetization and resistance would exhibit no hysteresis. A
hysteresis emerges when the domain boundary movement is
hindered by the pinning at crystalline imperfections, i.e.,
broader hysteresis loops are associated with poorer material
qualities. The experimental results seem to suggest that the
phase fractions vary in the present layer through nucleations
in the phase domains rather than domain-boundary move-
ments.

There is another characteristic in the alteration of the hys-
teresis loops that is attributed to the reduction in disorder.
The initial magnetization and resistance curves exhibit a
change in the slope at about 310 K. As shown in the inset of
Fig. 7, the dependence of magnetization on H changes be-
tween the abrupt flipping at coercive fields ��100 Oe� for
the low-temperature side and the gradual tilting for the high-
temperature side. The transition between the easy- and hard-
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FIG. 7. �Color online� Dependence of magnetization on an in-
plane external magnetic field H applied along the magnetic easy

axis, which is parallel to the GaAs�1̄10� direction. The measure-
ments were carried out for �H��50 kOe at the denoted tempera-
tures, which are also indicated by the circles in the inset of Fig. 1.
The dotted and solid lines correspond to the initial and final states
of the hysteresis loop, respectively. The diamagnetic contribution of
the GaAs substrate has been subtracted. The inset shows the mag-
netic hysteresis loops in the low-field region.
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axis behaviors is understood in terms of a breakup of the
strips of �-MnAs in the �-� stripe into small islands due to
disorder.14,27 The shape anisotropy reorients the magnetic
easy axis to the out-of-plane direction if the lateral size of the
islands is smaller than the layer thickness. The shoulder in
the temperature dependence becomes nearly unrecognizable
after thermal cycles. This suggests that continuous strips of
�-MnAs are maintained nearly until the disappearance of the
� phase owing to the weakened disorder.

Even when the magnetic hysteresis exhibits rectangular
switching profile at weak fields, magnetization generally in-
creases gradually with the external magnetic field in the
high-field region as shown in Fig. 7. Such a behavior occurs
as the field cannot be exactly aligned along the magnetic
easy axis because of the zigzag shape of the MnAs layer.
However, in the curve measured at T=298 K for the final
state after thermal cycles, magnetization almost saturates
with a flipping at the coercive field. This may be interpreted
to mean that the zigzag shape of the MnAs layer is flattened
by the stress cycles. Indeed, as shown by the atomic force
micrograph in Fig. 8, the height modulation in the surface is
found to be drastically leveled after thermal cycles. �The
streaky feature of the step bunching remained visible in scan-
ning electron microscopy even after the thermal cycles �not

shown�.� The primary phase-transition stress is in the �1̄10�
direction of the substrate. In a planar layer, the secondary
stress in the orthogonal direction in the surface plane due to
the Poisson effect is zero because of the translational sym-

metry. However, the stress in the �116̄� direction of the sub-
strate is generated in the MnAs /GaAs�331�B system as the
zigzag geometry of the MnAs layer breaks the translational
invariance. This stress is seen to be strong enough to cause
the plastic flow of materials. The flow is anticipated to in-
duce segregation of dislocations to the surface, thereby giv-
ing rise to the decrease in the resistance.

V. CONCLUSIONS

In conclusion, we have shown that the hysteresis in the
temperature dependencies of magnetization and resistance in
MnAs layers grown on GaAs�331�B undergoes a permanent
alteration until saturation is reached after few tens of thermal
cycles around the phase-coexistence temperature range. In
particular, the ferromagnetic phase is found to be stabilized,
which is beneficial in spintronics applications. The alteration
is evidenced to be a consequence of improvements in the
material properties. The material modification is indicated to
be driven by the out-of-plane components of the phase-
transition stress resulting from the nonplanar geometry of the
MnAs layer due to the step bunching in the GaAs buffer
layer. We have shown that the stress is so large that massive
plastic flow of materials takes place. The expansion of the
hysteresis loops after thermal cycles suggests that the phase
fractions in the layer change through nucleations in the phase
domains rather than domain boundary movements.

The phenomenon demonstrates a dramatic influence of
the substrate on a first-order phase transition in the overlayer.
The present heterostructure thus presents an interesting sys-
tem in which correlation between the physical properties and
the structural properties can be systematically investigated.
Moreover, it may provide an insight into the nature of the
disappearance of the ferromagnetic order at TC, which has
been controversial.
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