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MnAs layers are grown on GaAs substrates employing solid-state epitaxy following deposition in a
molecular-beam epitaxy system. The surface morphology varies markedly with the orientation of the sub-
strates. This dependence is strictly dictated by the lattice mismatch in the direction of the c axis of MnAs. That
the lattice mismatch is by far more important than interfacial atomic bonding in solid-state epitaxy provides an
explanation that the minimization of the strain energy favors the M-plane orientation to the C-plane orientation
on GaAs�111� despite the incompatible symmetries of the participating lattices.
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I. INTRODUCTION

In heteroepitaxy, the compatibility of the symmetry of the
respective lattice planes generally plays the most critical role
in determining the epitaxial orientation relationship. A con-
sequential guiding principle in the growth of a hexagonal
crystal is that the c axis is aligned normal to the surface on
threefold- or sixfold-symmetric substrates, whereas it lies in
the surface plane on twofold- or fourfold-symmetric
substrates.1 For MnAs layers on GaAs�111�B, however, a
growth procedure has been discovered recently that gives

rise to a symmetry-mismatched �11̄00� orientation.2

MnAs is a ferromagnetic material having the NiAs-type
hexagonal crystal structure. Because of the high Curie tem-
perature �about 40 °C� and the possibility of epitaxy on
GaAs and Si, the material is attractive for applications in
spintronics.3,4 A spin injection from MnAs into GaAs, for
instance, has been demonstrated in Refs. 5 and 6. The mag-
netic hard axis of bulk MnAs is along the c axis, and so the
controllability of the c-axis orientation is advantageous for
applications. The in-plane magnetization is practically isotro-
pic in C-plane MnAs layers, whereas M-plane layers exhibit
a strong uniaxial magnetocrystalline anisotropy that can even
overcome the shape anisotropy.7 In addition, the lattice con-
stant in the a-axis direction changes abruptly by a few per-
centage at the phase transition between the ferromagnetic �
phase and the nonmagnetic � phase. The strain in epitaxial
layers at the low-temperature phase, as a consequence, de-
pends enormously on the angle of the c axis with respect to
the substrate. The temperature range for the coexistence of
�- and �-MnAs �Ref. 8� and the Curie temperature9 are sig-
nificantly influenced by the strain.

The unusual epitaxial orientation relationship

MnAs�11̄00� /GaAs�111� is realized by solid-state epitaxy
�SSE� following the deposition of a thin amorphous MnAs
layer in a molecular-beam epitaxy �MBE� chamber.2 Amor-
phous deposition is achieved by reducing the substrate tem-
perature to a value lower than that used for conventional
MBE. Solid-state crystallization is induced by decreasing the
background As pressure and increasing the substrate tem-
perature. While the thickness of the amorphous layer being
larger than the limit for coherent growth was speculated to
be crucial, the mechanism that leads to the symmetry-

mismatched M-plane surface orientation has not yet been
identified.

In this work, we apply the SSE-based growth to various
surface orientations of GaAs substrates, see Fig. 1. The re-
sults range from a monocrystalline alignment for �110�-
oriented substrates to a mixture of different surface orienta-
tions and in-plane tilts for �001�- and �113�-oriented
substrates. We demonstrate that these characteristics can be
explained from the view point of the lattice mismatch. Hav-
ing established the decisive role of the strain, we present a
mechanism that accounts for the symmetry-mismatched
M-plane growth on �111�-oriented substrates by SSE.

II. EXPERIMENT

The MnAs growth was carried out using solid-source
MBE for substrate orientations listed in Table I. In each case,
following the growth of a GaAs buffer layer at 600 °C,
a nominally 2-nm-thick MnAs layer was deposited at
200 °C with a growth rate of 0.3 nm/min and an As4 /Mn
beam-equivalent pressure �BEP� ratio of 380. �The deposi-
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FIG. 1. �Color online� Crystal planes used in this study. GaAs is

viewed in the �1̄10� direction.
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tion temperature was 180 °C for samples 1a and 2a. The
BEP ratio was 420 for samples 1a, 2a, and 4.� During the
deposition of MnAs, the reflection-high-energy-electron-
diffraction �RHEED� pattern originating from the GaAs
buffer layer vanished,10 indicating the amorphous nature of
the MnAs layer. Solid-state crystallization was then induced
by enhancing the surface migration, i.e., closing the shutter
for the As cell and increasing the substrate temperature to
250 °C. A RHEED pattern with distinct reflections emerged
at the end of this procedure. Further growth of MnAs was
then performed at 250 °C by means of conventional MBE
with a growth rate of 3 nm/min and a BEP ratio of 28. Apart
from an occasional change in the intensity, the RHEED pat-
tern essentially remained unchanged during this conventional
growth.

In Fig. 2, we compare the surface morphology of the
MnAs layers obtained using scanning-electron micrography.
The layers roughen as the substrate orientation is tilted from
�110� toward �001�. In the following, we will show that this
roughening is a consequence of the lattice mismatch which
increases from virtually zero for �110� to a very large value

for �001� �note that this dependence is not, in general, a
monotonic one11�.

The epitaxial orientation relationship was determined us-
ing x-ray diffraction �XRD� �-2� scans over a wide angular
range, as shown in Fig. 3 and summarized in Table I. These
scans reveal that the MnAs layers grown on �110�- and �111�-
oriented substrates are predominantly �11̄00� oriented. The c
axis of MnAs is aligned in a unique in-plane direction for
GaAs�110�. The monocrystalline nature of the layer is evi-
denced also by the well-developed quasiregular stripes of
alternating �- and �-MnAs in Fig. 2�g�.12 For GaAs�111�B,
the hexagonal prism of MnAs is aligned along one of six
equivalent directions.2 This multiplicity is inevitable due to
the threefold symmetry of the GaAs�111� surface. In Fig.
2�e�, elongated domains having sizes of several hundred na-
nometers are seen to be aligned along the GaAs�1̄10� direc-
tion. The c axis of MnAs is orthogonal to the elongation as

MnAs�0001� �GaAs�112̄�. The magnetic easy axis is hence
parallel to the direction of the elongation.

The �-� stripes are apparent also for the MnAs layer on
GaAs�331�B, Fig. 2�f�. According to XRD �not shown�,

TABLE I. Orientations of the GaAs substrates and the MnAs layers grown by solid-state epitaxy. The
layer thickness and the deposition temperature of the amorphous MnAs are also listed. The alignment

indicates the directions of the GaAs substrates to which the �0001� and �112̄0� directions of the

�11̄00�-oriented MnAs layers are parallel. Sample 1a contains components having the c axis rotated in plane
by 60°, see Ref. 2. The fractions were estimated taking into account the structure and Lorentz-polarization
factors of the reflections.

Sample GaAs MnAs Thickness Temperature Alignment

�nm� �°C� �0001�, �112̄0�

#1a �001� �11̄01� �70%� 20 180

�11̄00� �30%� �110�, �1̄10� ��33%�
60°-rotations ��67%�

#1b �001� �11̄00� �66%� 130 200 �110�, �1̄10� �70%�

�1̄10�, �110� �30%�

�11̄01� �17%�

�23̄11� �12%�

�112̄0� ��1%�

�22̄01� ��1%�

�11̄02� ��1%�
#2a �113�A — 20 180

#2b �113�A �23̄11� ��100%� 150 200

�0001� ��1%�
#3 �112�B �11̄01� 135 200

�22̄01�

�33̄02�
#4 �111�B �11̄00� �88%� 50 200 �112̄�, �1̄10�

�11̄01� �12%�
#5 �331�B 12°-tilted �11̄00� 125 200

5°-tilted �112̄2�
#6 �110� �11̄00� 135 200 �001�, �1̄10�
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however, the stripes appear to originate from the

�11̄00�-oriented MnAs layer on a GaAs�110� terrace presum-

ably exposed by step bunching.13 An inclined �112̄2� orien-
tation of MnAs was additionally detected by XRD with a
comparable peak amplitude. The bottom curve in Fig. 3 was

obtained by tilting the specimen by 5° around the �1̄10� di-
rection of the substrate. As the sample was rotated in the
direction opposite to the rotation for detecting the peaks as-

sociated with the MnAs�11̄00� layer, the MnAs�112̄2� layer
is assumed to have grown on the side surface of the terraces
comprised of bunched steps.

When the substrate is GaAs�112�B, relatively coarse �-�
stripes are again present in Fig. 2�d�. Here, XRD indicates

that the layer is a mixture of �11̄0l� orientations. Notice that
all the stripes in Figs. 2�d�, 2�f�, and 2�g� stretch in the same

manner, indicating that the MnAs�112̄0� direction is aligned,

at least predominantly, along the common GaAs�1̄10� direc-
tion.

In contrast, the MnAs layers on GaAs�001� and
GaAs�113�A consist of sub-micrometer-size grains, Figs.
2�a�–2�c�. A number of surface orientations were identified
by XRD as well as RHEED. We emphasize that no peak
associated with the MnAs layer was found by XRD for
sample 2a, suggesting that the layer mostly consists of mi-
crocrystallites that remain undetected by XRD due to a large
peak broadening. While two surface orientations emerged for
sample 2b, it is likely that the majority of MnAs in the layer
is again present as microcrystallites of, therefore, unknown
orientations. We note that the MnAs layer was deposited at

180 °C instead of 200 °C for sample 2a. The appearance of
MnAs peaks in the XRD curve of sample 2b may be ascribed
to the higher substrate temperature, besides the one-order-of-
magnitude increase of the signal intensity due to the thick-
ness. The MnAs layers on GaAs�001� manifest a sensitivity
to the deposition temperature in terms of the morphology,
Figs. 2�a� and 2�b�, and the orientation relationship, see
Table I.

III. LATTICE MISMATCH

The dependence of the surface morphology on the sub-
strate orientation can be explained by the lattice mismatch.14

We consider a situation in which a MnAs�11̄00� layer is

placed on a GaAs substrate. As verified by XRD, the �112̄0�
direction of the �11̄00�-oriented MnAs layers is exclusively

aligned along the �1̄10� direction of GaAs. The compara-
tively moderate 8% lattice mismatch in this direction is

(g)

(b) (c)

(d) (e)

(f)

(a)

FIG. 2. Scanning-electron micrographs of samples �a� 1a, �b�
1b, �c� 2b, �d� 3, �e� 4, �f� 5, and �g� 6. The �1̄10� direction of the
GaAs substrates is set to be in the vertical direction. The scale bars
are 1 �m long
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FIG. 3. �Color online� X-ray diffraction �-2� scans obtained
from samples 1b, 2b, 3, 4, 6, and 5 for the curves from top
to bottom, respectively. Reflections denoted with three indices
stem from �-MnAs. Stars indicate reflections associated with the
GaAs substrates. For sample 4, the peaks associated with the

�11̄00�-oriented MnAs and those due to the substrate nearly overlap
with each other. Peaks due to the MnAs layer emerged only when

the specimen was tilted for sample 5. The tilt is 5° around the �1̄10�
direction of the substrate for the bottom curve. The curves are offset
for clarity.
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known to be accommodated via the formation of a semico-
herent interface having a periodic array of localized misfit
dislocations.15 We can, therefore, ignore the influence of this
common lattice mismatch, and restrict our attention to the
mismatch in the direction of MnAs�0001�.

The length u of a unit cell on the GaAs surface changes
irregularly with the surface orientation, see Table II. We
hence inspect the match of the participating lattices for each
substrate orientation. For the GaAs�110� substrate, the c-axis
lattice constant c of MnAs is almost identical to u, in accor-
dance with the nearly ideal MnAs growth.16 As the spin life-
time is long on GaAs�110� surfaces due to the weak spin-
orbit scattering,17 the MnAs/GaAs�110� heterostructure is
intriguing for spintronics. In fact, � scans of both symmetric
and asymmetric reflections �not shown here� for the SSE-
grown layer are 15% narrower than those for a correspond-
ing layer grown by conventional MBE, i.e., SSE leads to a
smaller orientational spread and thus a higher crystal quality
compared to conventional MBE.

For the GaAs�331� substrate, the ratio u /c is close to the
fraction 3/2. The hexagonal structure of MnAs consists of
two alternating planes of Mn and As in the c-axis direction,
and so the effective unit-cell length is c /2 so long as the
matching of the lattices is concerned. This means that
three Mn and As planes fit in a unit length of GaAs.
Therefore, a nearly mismatch-free growth is expected for

MnAs�11̄00� /GaAs�331�. We emphasize that the smooth
surface observed in Fig. 2�f� is almost certainly due to the
exposure of the GaAs�110� surface by step bunching. As
step-bunching is robust on the GaAs�331�B surface, an ex-
perimental confirmation of the nearly mismatch-free growth
of MnAs may be difficult.

The mismatch is, on the contrary, large for the �001�-,
�113�-, and �112�-oriented substrates. A number of surface
orientations that include out-of-plane tilts are realized in the
MnAs layers on these substrates. In conventional MBE,

smooth �11̄00�-oriented MnAs layers grow on GaAs�001�
and GaAs�113� under optimized growth conditions, unlike
the grainy layers in Figs. 2�a�–2�c�. The difference is attrib-
uted to the fact that the growth is dominated by the interfa-
cial and bulk strain energies in conventional and SSE-based
MBE, respectively. The orientation relationship in conven-
tional MBE is established when the layer thickness is mini-
mal. The layer can easily stretch and thus gives priority to
avoiding broken bonds. In SSE-based growth, the interfacial
energy is insignificant in comparison to the strain energy
accumulated in the already sizable volume of the layer at the
moment of setting the epitaxial orientation. That is, the strain
energy dominates over the interfacial energy �and the self-

energy of misfit dislocations� as the layer thickness has ex-
ceeded the critical value for coherent growth. As there exists
no specific low-energy epitaxial orientation for these sub-
strates, multiple orientations having roughly comparable
strain energies are generated to coexist.

The c axis is exclusively or dominantly aligned along the
GaAs�110� direction in the SSE-based growth on GaAs�001�.
This indicates that, if the strain energies are comparable,
other energy terms can influence the epitaxial orientation re-
lationship. The c axis of MnAs in conventional growth is
aligned along the GaAs�110� direction for the Mn-rich con-

dition, whereas the alignment is along the GaAs�11̄0� direc-
tion for the As-rich condition.18 The stoichiometry in the
amorphous layer may have similarly affected the in-plane
alignment.

IV. SYMMETRY-MISMATCHED GROWTH

We now examine the case of the MnAs layer on
GaAs�111�, in which the symmetry-mismatched growth
takes place. The ratio u /c is about 0.60 for this substrate
orientation. We interpret this as u / �c /2�	6 /5. A ratio given
as �n�1� /n, with n being an integer, is most efficient for the
formation of a coincidence lattice:19 every sixth MnAs�0002�
plane fits every fifth GaAs�112̄� plane. The lattice coinci-
dence enables a good epitaxial growth. However, the ques-
tion remains why growth proceeds exhibiting the C plane in
conventional MBE but the M plane in SSE. The answer is
the overwhelming importance of the strain energy in SSE.

Figure 4 illustrates the fit of the atomic configurations
of MnAs and GaAs. For the symmetry-matched case,
Fig. 4�a�, broken bonds can be eliminated significantly by
incorporating misfit dislocations in the form of a hexa-
gonal network indicated by the dotted lines. This is the
driving force for the C-plane orientation in conventional
MBE. The misfit dislocations in the symmetry-mismatched

MnAs�11̄00� /GaAs�111� system are anticipated to run par-

allel to the �112̄� and �1̄10� directions of GaAs, Fig. 4�b�. We
list below three mechanisms that, with these configurations
of dislocation networks, reduce the energy for the M plane to
be lower than that for the C plane if residual strain is the only
consideration.

First, a coincidence lattice, which occurs in the
MnAs�0001� direction in Fig. 4�b�, is obviously energetically
favorable than an ordinary array of misfit dislocations, to
which the case in Fig. 4�a� belongs. For a perfect coincidence
lattice, the residual strain is almost completely restricted in
the vicinity of the heterointerface over a distance given by

TABLE II. Ratio of the unit-cell length u of various GaAs surfaces and the c-axis lattice constant c of
MnAs.

Surface �001� �113� �112� �111� �331� �110�

u �Å� 4.00 6.64 9.80 3.47 8.72 5.66

u /c 0.69 1.15 1.69 0.60 1.51 0.98

2u /c 0.997�6/5� 3.01
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the period of the coincidence.20 An approximate lattice coin-

cidence occurs also for the MnAs�112̄0� �GaAs�1̄10� direc-
tion, as one finds in Fig. 4. The primary component of the
residual strain is thus also localized at the interface. In the
latter case, however, the deviation from perfect coincidence
accumulates over periods of the approximate coincidence lat-
tice to produce an eventual misfit. Such a slip in the periodic
array of misfit dislocations is repeated hierarchically with
algebraically increasing periods. These higher order arrays of
“misfit dislocations” having extended strain distributions in-
crease the strain energy when the ratio of the lattice constants
is not a simple rational number, i.e., for the general case of
noncoincidence lattice.

The other two mechanisms stem from the geometry of the
dislocation networks and, therefore, make the M-plane ori-

entation generally favorable regardless of the lattice con-
stants. The periods of the dislocation array are roughly a half
in Fig. 4�b� than in Fig. 4�a� even for the common

MnAs�112̄0� �GaAs�1̄10� direction. The further relaxation of
the residual strain reduces the strain energy for the M-plane
case. Third, the strain field around the nodes in the disloca-
tion network in Fig. 4�a� extends from the interface beyond
the localization region imposed by the period. In Fig. 4�b�,
the two sets of misfit dislocations are orthogonal to each
other, and so the strain relaxes in the two directions indepen-
dently with efficient cancellation of the long-range strain
field in each direction.20 In contrast, at the nodes in Fig. 4�a�,
the dislocation needs to relax the strain two dimensionally.21

The cancelation of the strain field around the nodes is
doomed to be incomplete.

V. CONCLUSION

In conclusion, we have investigated the growth of MnAs
layers on GaAs by means of SSE. The change in the crystal-
linity of the MnAs layers when the orientation of the GaAs
substrates is varied faithfully reflects the residual strain in the
layers. The dominance of the strain energy compared to the
interfacial contribution of dangling bonds leads to the un-
usual realization of a symmetry-mismatched heterointerface
in the case of GaAs�111�. Due to the nature of the atomic
bonding, the strain energy can readily overcome the interfa-
cial energy for metal layers, and so SSE is more likely to
produce unconventional orientation relationships in the
growth of metal layers than semiconductor layers.
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