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The MnAs phase transition from the hexagonal ferromagnetic � to the orthorhombic paramagnetic � phase
has been investigated in situ by variable-temperature scanning tunneling microscopy �STM� as a function of
epilayer thickness. The �-� phase coexistence leads to the formation of a self-organized stripes pattern of
alternating � and � regions. The morphology evolution of the �-� periodic array of domains has been imaged
in detail. The period and corrugation of this pattern are linear functions of the epilayer thickness with a domain
periodicity nearly five times larger than film thickness. Also, STM local imaging through the phase-coexistence
region �10–45 °C� shows unambiguously the absence of mass transport during the transition. The self-
organization of �-� stripes is consistent with an elastic-energy equilibrium state of the heteroepitaxial system
at each temperature, as previously proposed for the origin of the modulated structure �V. M. Kaganer et al.,
Phys. Rev. B 66, 045305 �2002��. Independently of self-organized �-� regions, the surface displays aniso-
tropic mounds that are elongated along MnAs a axis. This facetting process leads to a peculiar, highly
anisotropic surface with oriented facets and submicron periodic modulation along the hexagonal c axis.
Smoother surfaces with larger terraces are obtained following postgrowth annealing. These results suggest that
a careful control of the growth temperature and annealing procedure can be used to tailor the surface mor-
phology for specific applications requiring anisotropic templates.

DOI: 10.1103/PhysRevB.80.045403 PACS number�s�: 68.37.Ef, 68.55.A�, 68.55.J�

I. INTRODUCTION

Manganese arsenide �MnAs� is a metallic material exhib-
iting an unusual sequence of polymorphic transformations.1,2

At low temperature, bulk MnAs has a hexagonal NiAs-type
structure �� phase� and is ferromagnetic. A first-order phase
transition occurs at 40 °C toward a paramagnetic orthorhom-
bic MnP-type structure �� phase�. Further increase in the
temperature leads to a second-order phase transition at
127 °C with the recovering of the hexagonal NiAs-type
structure in a paramagnetic state �� phase�. Due to its com-
patibility with standard semiconducting substrates3–7 and a
strong spin polarization,8,9 the interest on this compound has
been renewed recently in the framework of spintronics.
Many studies have been performed on the structural, mag-
netic, and transport properties of MnAs epilayers grown on
GaAs substrates. It was found that the �-� phase transition is
strongly perturbed in epilayers as compared to bulk.10–12 The
transition-temperature range is extended with coexistence of
� and � phases as a consequence of the constraints imposed
by the epitaxy. On GaAs�001�, the � and � phases coexist
between 10 and 45 °C.10 This phenomenon has been exten-
sively studied in recent years by x-ray diffraction, x-ray scat-
tering, optical spectroscopy, and scanning probe microscopy
�SPM�.6,10,13–19 SPM imaging revealed the existence of
ridges and grooves organized in stripe-shaped domains with
alternating � and � regions �see scheme in Fig. 1�. The ori-
gin of the phase coexistence has been previously proposed to
lie in the markedly distinct thermal expansion of MnAs and
GaAs, which leads to a minimization of the elastic energy
through �-� coexistence over an extended temperature
range.10 The reported values for the amplitude of the modu-

lation �i.e., the height difference between � and � regions�
available in the literature show a strong scattering. Some
studies report a 5–6 % difference14 which seems excessive
in the framework of an elastic deformation but that could be
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FIG. 1. �Color online� �a� Hexagonal cell of �-MnAs. �b� Ortho-
rhombic cell of �-MnAs. �c� Scheme for the MnAs/GaAs�001� ep-
itaxy. The basal plane �orthorhombic cell of MnAs with the basal
plane in gray� is perpendicular to the surface and MnAs �0001�
direction parallel to �11̄0� direction of GaAs. The dashed line
within the basal plane illustrates the deformation of the orthorhom-
bic � phase. �d� Schematic view of the �-�-stripes organization.
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easily explained if mass transport across the epilayer was
involved in the process. However the very existence of an
important mass transport operating in the vicinity of room
temperature is hard to conceive. In such a context, a real-
space in situ study of the MnAs/GaAs�001� surface morphol-
ogy as a function of the temperature could bring an ultimate
clue on the origin of the �-� modulation. Moreover, consid-
ering the potential use of this epilayer as a temperature-
tunable template,20 the study of the surface morphology is of
primary importance. Surprisingly, despite numerous studies
on the properties of MnAs/GaAs�001� epilayers, investiga-
tions using variable-temperature scanning tunneling micros-
copy �VT-STM� have not been reported so far. In this paper
we report on the study of the surface morphology of MnAs/
GaAs�001� using a variable-temperature STM apparatus di-
rectly connected through ultrahigh vacuum �UHV� to the
molecular beam epitaxy �MBE� chamber. The surface struc-
ture was probed as a function of the temperature at several
scales from microns down to nanometer to access both the
thermal evolution of the phase-coexistence modulation and
the detailed surface morphology. The main goals of our work
consist in: �i� clarifying, by a direct measurement �STM�, if a
mass-transport mechanism could be responsible for the mor-
phology of �-�-stripes pattern and �ii� examining in details
the morphology evolution during the phase transition at a
lower scale down to nanometer.

II. EXPERIMENT

MnAs epilayers were grown by MBE on GaAs�001� sub-
strates. Epiready GaAs substrates were first deoxidized under
As overpressure followed by a GaAs buffer-layer growth in
standard growth conditions. At the end, the surface was long
annealed at 600 °C under As to optimize its quality, con-
firmed by the presence of a clear �2�4�� diagram as
checked by reflection high-energy electron diffraction
�RHEED�. Next, we have cooled down the sample and fol-
lowed the procedure of Arai et al.21 to obtain a stable and
high-quality As-terminated c�4�4� surface. The MnAs
growth was performed at 260 °C under As-rich conditions
and a growth rate of about 3 nm/min. The epitaxial relation-
ship was first verified in situ by RHEED and crosschecked
ex situ by x-ray diffraction. MnAs displayed a single
domain epitaxy from the beginning of the growth with

�0001�MnAs� �11̄0�GaAs, as illustrated in Fig. 1. Samples were
then immediately transferred to the variable-temperature
STM apparatus �VT-STM from Omicron NanoTechnology
GmbH� connected to the MBE setup, thereby allowing UHV
transfer of the samples. The images presented in this work
were obtained in constant current mode. The sample tem-
perature was varied between −100 and +60 °C as monitored
by a Pt-100 resistor. STM images were treated and analyzed
using WSXM software.22 Samples thickness determination
was performed using x-ray reflectivity and transmission elec-
tron microscopy.

III. RESULTS AND DISCUSSION

A. �-� domains

Images collected within the micron scale, where the alter-
nating �-�-stripes pattern can be clearly observed, are de-

scribed first. Figure 2 depicts, for a 280-nm-thick MnAs ep-
ilayer, a typical surface-morphology evolution during the
�-� phase transition. The groove-ridge structure running
along �0001� MnAs direction is visible in Fig. 2�b� for a
temperature inside the coexistence window. Bright regions
correspond to the � phase while the � phase �lower position
with respect to �� looks dark. The height difference between
� and � phases can be quantitatively appreciated on the pro-
files depicted in Fig. 2�d�: 0 °C �pure � phase�, 27 °C ��-�
coexistence�, and 54 °C �pure � phase�. While the pure
phases exhibit a stripe-free surface, the amplitude of the
modulation reaches 3 nm at 27 °C.

The evolution of this organized pattern with MnAs thick-
ness �t� is resumed in Fig. 3 where period ��� and average
height differences between � and � domains �h� are plotted
as a function of t. Measurements were performed in the 70–
280-nm-thickness range. � and h are found to be linear func-
tions of t with the following relationships: ��4.8t and h
�0.01t. The linearity of � with respect to thickness was
already observed by Kästner et al.14

Kaganer et al.10 showed that the �-� coexistence is a
consequence of energy minimization mediated by an elastic-
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FIG. 2. �Color online� �a�–�c� 4.4�4.4 �m2 STM images of a
280-nm-thick MnAs epilayer obtained in constant current mode �I
=0.3 nA, Vbias=0.8 V� for three temperatures �T=0 °C, pure �
phase; T=27 °C, �-�-stripes pattern; and T=54 °C, pure � phase�.
�d� Averaged height profiles corresponding to the white rectangles
in �a�–�c�. �e� AFM image �4.0�4.0 �m2� obtained ex situ at room
temperature. �f� Profile obtained along the dashed line in �e�.
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modulation process. The large lattice misfit between MnAs
and GaAs is released at early stages of the growth by the
formation of a series of misfit dislocations at the interface.23

However, GaAs and MnAs have markedly different linear
dilatation coefficients that lead to thermal strain during the
cooling step after growth. In bulk MnAs at the phase transi-
tion, the lattice parameter increases softly with temperature
along the hexagonal c axis, while it shows a sharp and dis-
continuous variation in the basal plane �decrease of about
1%� that implies a volume shrink of �2%. In an epilayer, the
lateral size is clamped by the substrate that induces an in-
plane biaxial anisotropic strain while the out-of-plane param-
eter �along the growth direction� is free to relax. When heat-
ing the epilayer initially in the � phase, the premature
appearance of the � phase helps the system to release its
strain and so, to minimize its energy. Elastic modeling of this
phenomenon has been already used to explain the periodic
organization into alternating � and � domains where the
elastic-energy density depends only on the domain size, on
the �-� phase fraction, and on the difference in internal
strain between the two phases. Such calculations, performed
in details by Kaganer et al.,10 showed that the period of the
stripes is wide if the strain is localized essentially in the
vicinity of the �-� boundaries. In the framework of this
model, large � and � domains ensure that the elastic strains
in the direction normal to the film-substrate interface relax
independently in the two phases. Narrow domains, on the
other hand, tend to reduce the elastic strain at the interface

with the substrate. However, in such a case, the two phases
are strained and adopt equal �-� lattice spacing in the direc-
tion normal to the film-substrate interface. The competition
between these two driving forces results in a periodic modu-
lation of the film thickness14 with a period � proportional to
the film thickness t ���5.6t when the � /� phase fraction
varies between 20 and 80%, in the model calculations10�.

In the case of an elastic-induced self-organization phe-
nomenon, no mass transport but only minute deformations
are expected and the relative height difference between �
and � phases �approximately 1%, given in Fig. 2�d�� should
be equal to the lattice mismatch between � and � MnAs in
the growth direction. X-ray diffraction measurements give a
�1.1% mismatch along the growth direction in the phase-
coexistence region,13 in very good agreement with the
present measurements. We note that the �-� corrugation am-
plitude measured by STM �3 nm for 280-nm-thick layer, see
Fig. 2�d�� is smaller than the one measured by atomic force
microscopy �AFM� in Ref. 14 �5 nm for a 95-nm-thick layer
and 8 nm for 130 nm�. To check this discrepancy, we have
performed ex situ AFM measurements on the same uncapped
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FIG. 3. �Color online� �a� Period of the �-�-stripes pattern in
the coexistence region as a function of the MnAs-epilayer thick-
ness. Insets are characteristic STM images obtained in constant cur-
rent mode. �b� Averaged height difference between � and � regions,
as a function of the MnAs-epilayer thickness.
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FIG. 4. �Color online� �a�–�c� Sequence of STM images �700
�700 nm2, I=0.5 nA, Vbias=0.8 V� taken during temperature
cycling across the �-� phase transition, showing the absence of
mass transport across the phase-coexistence region. MnAs thick-
ness: 105 nm.
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sample measured by STM. The results �Fig. 2�e� and 2�f��
confirm the �1% height difference between � and � regions
seen in our STM measurements. So, the �-� surface
corrugation-thickness dependence ��1%� and the periods
evolution �for film thickness in the 70–280 nm range� re-
ported in Fig. 3 are fully consistent with the elastic origin of
the stripes pattern. This suggests that the large corrugation
amplitudes reported previously in Ref. 14 are likely due to
measurement errors.

Next, we address the mass-transport question after analy-
sis of high-resolution images. Nanometer-scale STM images
showing the steps shape and distribution of a given surface,
performed at different temperatures in the phase-transition
temperature interval, can unambiguously resolve if mass
transport occurs. Such analysis can then definitely discrimi-
nate between elastic deformation and mass transport as one
of the origin of the domains. Figure 4 shows the same region
at three different temperatures during the phase transition.
The surface morphology remains completely independent of
the domains across the phase transition with no evolution of
the terraces, steps, and kinks in the coexistence region while
the lateral size of the � phase increases. This direct �i.e.,
real-space local imaging across the temperature interval of
phase coexistence� observation rules out definitively mass
transport in the phase-coexistence interval.

Considering the potential use of the MnAs �-� pattern as
a template for further growth of temperature-tunable
structures,20 its robustness during temperature cycling de-
serves further investigation. Figure 5 depicts a sequence of
STM images obtained in the same region, for a 140-nm-thick
MnAs epilayer, during temperature cycling. At higher tem-
peratures, coming from pure � phase �40 °C, Fig. 5�g��,
finite-length � stripes nucleate with a wavy shape until inter-
connection occurs. The most regular arrangement is obtained
for equal � /� proportions. At both ends of the coexistence

region, registry faults are present and antiphase stripes coa-
lesce, forming Y-shaped junctions �Fig. 5�b��. Such defects
were observed in AFM measurements performed at room
temperature.24 In the framework of the elastic model,10 the
periodic strain should lead to a regular parallel arrangement
of domains, emerging, and collapsing at the same place but
the real situation is more complex. After cycling the tem-
perature, a similar arrangement is recovered for equal pro-
portions of � and �, as shown by STM images �c� and �i� in
Fig. 5. While the upper right corner of the images looks quite
similar, an interrupted domain has changed position in the
lower left corner, as marked by black arrows. Such a fault
could reflect the instability caused by the merging of two
neighboring Y-shaped junctions linking 4 � domains, see
lower left corner of Fig. 5�b�. We attribute such behavior to
the fact that a periodic strain field developing in a real crys-
tal, i.e., with defects such as dislocations, can be substan-
tially affected by local perturbations. In bulk MnAs, the first-
order � /� phase transition proceeds with a marked thermal
hysteresis. This means that the stripes pattern may also be
affected by the thermal history of the sample. The � /� pro-
portion depends on the temperature and on the variation
sense of the temperature, i.e., for a given temperature the
stripes pattern may be different depending on the thermal
history. The same kind of behavior was also observed during
temperature cycling on thicker samples.25

B. Surface morphology

We will now examine the MnAs surface morphology that
is not directly related with the �-� phase transition, an issue
that has not been the subject of much attention yet. In what
follows, we will show that the morphology of MnAs epilay-
ers is peculiar. A closer inspection of Fig. 2 reveals the ex-
istence of a modulation along the �0001� direction �MnAs c

22°C (a) 27°C (b) 34°C (c) 42°C (d) 51°C (e)

(h) 29°C (i) 22°C (j)40°C51°C (f)

1 µm
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FIG. 5. �Color online� �a�–�j� Sequence of STM images �4.2�4.2 �m2, I=0.5 nA, Vbias=0.8 V� taken during temperature cycling
across the �-� phase transition. The temperature was increased up to 60 °C in the pure � temperature range before imaging the surface
during lowering of the temperature. Each image has been taken in the same region, as witnessed by the three bright defects in the center of
the images.
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axis� with a submicron period. This modulation has been
observed for all epilayer thicknesses in a more or less pro-
nounced way. It is clearly observed in Fig. 6 for a 130-nm-
thick sample. It is independent of the �-� domain structure,
as shown in the lower part of Fig. 6 displayed in derivative
mode. This data treatment amplifies sharp height variations
and so enhances the contrast of the modulation of interest
here at the expense of the soft �-� height profile. The auto-
correlation profile obtained in the c-axis direction differs
strongly from the damped function associated with roughen-
ing and exhibits a well-defined oscillatory behavior, indicat-
ing the presence of a periodic modulation. Such modulation
was also evidenced by recent x-ray resonant magnetic scat-
tering measurements that confirm its independence from the
elastic stripe pattern.20

Smaller scale imaging of a 70-nm-thick sample reveals
the presence of loosely arranged elongated pyramidal
mounds �Fig. 7�a��. These mounds are elongated along the a
axis with an aspect ratio close to 5. As shown by the height
profile in Fig. 7�b�, they are formed by a piling of terraces
with measured steps height of 0.3 nm corresponding to half-
unit cell of MnAs �a�3 /2=0.322 nm with a=0.372 nm�.

Comparing the morphology at two distinct thicknesses,
130 and 70 nm �Fig. 6 and 7, respectively�, one can note both
slight differences and common trends. First, while the
mounds display a well-defined periodicity along the �0001�
direction �c axis�, the arrangement is highly disordered along
the perpendicular �a-axis� direction. The mounds seem to be
more continuous along the a axis for thicker films. The situ-
ation is different along the c axis, where the mounds show
periodical distribution and a closer inspection reveals that the
majority of these objects adopt a mean slope of 10�1%
along c, corresponding to a miscut angle of 5.7�0.6°. This
corresponds to 5c or 6c �c=5.72 Å, lattice parameter along
the c axis� wide terraces separated by steps running along a,
as illustrated by the ball model in Fig. 7�c� that considers an
ideally truncated As-terminated surface, in the absence of
reconstruction and relaxation.

After postgrowth annealing under As pressure, the
mounds tend to disappear and the surface morphology is
smoother with the presence of larger terraces, as shown in
Fig. 8. These results show that the surface morphology can
be tuned through annealing. This smoothing procedure was
employed, during 10 min at 300 °C, before imaging the sur-
face depicted in Fig. 4 in order to follow the elastic modu-
lation of the surface locally in real time. The control of the
growth temperature in the 260–300 °C range should also
provide a way to tailor the surface morphology. Indeed,
growth at 315 °C leads to smoother surfaces with micron-
size terraces.26

The fact that postgrowth annealing and/or growth at
higher temperature considerably suppress the faceting pro-
cess observed at lower temperature indicates that the facets’
formation has some kinetic origin. The characteristic size of
the terraces in the c-axis direction increases after annealing

c

200 nm

FIG. 6. �Color online� 2.0�2.0 �m2 STM image �I
=0.5 nA,Vbias=0.8 V� recorded at room temperature of a 130-nm-
thick MnAs film epitaxied on GaAs�001�, grown at 260 °C, show-
ing the presence of elongated structures running perpendicular to
the c axis of MnAs. The lowest part of the image �below the dashed
line� is displayed in derivative mode in order to enhance the corru-
gation perpendicular to the c axis with respect to the elastic �-�
modulation. Inset: autocorrelation along the c-axis direction, show-
ing well-defined oscillations.
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FIG. 7. �Color online� �a� 215
�215 nm2 STM image recorded
at room temperature of a 70-nm-
thick MnAs film epitaxied on
GaAs�001�, showing the presence
of elongated mounds perpendicu-
lar to the c axis of MnAs. �b�
Height profile across three pyra-
mids, along the dashed line in �a�,
showing MnAs steps. �c� Schemes
of MnAs crystal structure with
steps along the c axis and perpen-
dicular to it. The crystal has been
truncated with As termination
without taking into account recon-
structions and relaxations.
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or growth at higher temperature. This can be understood as a
consequence of an interlayer transport partially suppressed at
lower temperature. The anisotropic structure of the surface
could be the consequence of such a kinetic limitation, to-
gether with different sticking coefficients for steps oriented
along a and c.

Whether the formation of a periodic modulation along c is
an entirely kinetic process or is the result of a subtle balance
between kinetics and thermodynamics remains an open ques-
tion. Indeed, the formation of periodic structures is often
observed in systems with competing short-range and long-
range interactions.27 On the other hand, kinetic limitations
have been invoked in the literature to explain the formation
of faceting mounds. The balance between suppressed inter-
layer transport due to the Ehrlich-Schwoebel barrier28,29 and
crystalline effects have been invoked to explain slope selec-
tion in mounds formation,30 as observed in the case of ho-
moepitaxial growth of metals, e.g., Cu growth on Cu�001�
substrates where �113� and �115� facets were observed.31 Pe-
riodic faceting in homoepitaxy of Fe on Fe�110� was also
explained on kinetics grounds by Albrecht et al.32 In the
present case, further studies are needed to clarify the origin
of the periodic faceting.

To conclude we would like to emphasize that the peculiar
surface morphology described in this work might be interest-
ing for the growth of thin films with requirements of specific

substrate anisotropy. This anisotropic surface combines two
kinds of modulation. The first one, in the tenth of nanometers
range, is robust against temperature. The second one, perpen-
dicular to the latter, leads to a temperature-dependent modu-
lation of the magnetic properties �through elastic-energy
minimization�. It is potentially interesting as a template in
order to tailor the magnetic anisotropy of a deposited ferro-
magnetic material. This has been recently demonstrated for
Fe grown on MnAs/GaAs�001�.20,33 Iron has shown an inter-
esting and unexpected magnetic coupling with the MnAs un-
derlayer.

IV. CONCLUSION

The coexistence of � /� domains in MnAs/GaAs�001� ep-
ilayers has been studied by variable-temperature STM. The
linear relationship between the period of the �-�-stripes pat-
tern and the epilayer thickness has been confirmed. The
height difference between � and � domains is fully coherent
with the elastic origin of the pattern. High-resolution imag-
ing during the transition rules out mass transport during the
evolution of the �-� domains. Independently from the phase-
transition-related long-range elastic modulation, the surface
is composed of anisotropic mounds. Along the c-axis direc-
tion, these mounds are quasiperiodic and adopt well-defined
slope. The possibility to control the periodicity of the surface
morphology on different length scales makes MnAs/
GaAs�001� an interesting template for the growth of aniso-
tropic magnetic structures.
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