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We compare the transport properties in MnAs layers epitaxially grown on GaAs substrates with

various orientation relationships, including MnAs�11̄00� /GaAs�001�, MnAs�0001�/GaAs�111�, and

MnAs�11̄00� /GaAs�111�. Due to the anisotropic abrupt change in the lattice constants at the phase transition
between �- and �-MnAs, the phase-transition stress varies over a wide range depending on the c-axis orien-
tation of MnAs. We employ the temperature range of the phase coexistence to evaluate the strength of the
stress. The complex Fermi surface of MnAs is found to alter the Hall coefficient remarkably between holelike
and electronlike behaviors in spite of rather subtle changes in the band structure by the strain. We also show
that enormously strong pinning of domain walls arises in MnAs layers on GaAs�111�B when in-plane and
out-of-plane c-axis orientations are simultaneously present.
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I. INTRODUCTION

Despite the numerous efforts over half a century, the mag-
netic properties of MnAs have not been fully understood, as
highlighted by the controversy whether the � phase, which
occurs for temperatures above the Curie temperature TC
�40 °C, is paramagnetic or antiferromagnetic.1–5 The last
decade has witnessed a revival of interest on MnAs moti-
vated by the progress of heteroepitaxy for applications in
spintronics. The hybrids of a ferromagnet and a semiconduc-
tor are a crucial element in spintronics to perform, for in-
stance, spin injection and detection. MnAs is one of the pro-
spective candidates to fulfill the ferromagnetic part as its
Curie temperature is above room temperature and epitaxial
growth on GaAs, which is the most widely used semiconduc-
tor for spin manipulation, is possible.6,7 The matchless ma-
terial purity that molecular-beam epitaxy �MBE� can provide
is attractive to settle the unsolved issues on the magnetic
properties of MnAs. However, the material properties that
epitaxial layers exhibit may differ from the bulk properties
due to the strain imposed by the substrates. For instance, the
magnetotransport properties of MnAs layers have revealed
that even the type of majority carriers depends on the epitax-
ial orientation relationship.8,9

The markedly large influence of the stress originates from
two characteristics. �i� The thermal expansion of MnAs is
about 1 order of magnitude larger than that of GaAs. �ii� The
lattice constant changes abruptly at TC. At the phase transi-
tion between the ferromagnetic � phase and the � phase, the
a-axis lattice constant changes discontinuously by a few per-
cent. While the thermal-expansion mismatch leads to tensile
stress in epitaxial layers, the stress in the a-axis direction of
�-MnAs is, as a consequence, compressive. The discontinu-
ous lattice-constant change does not occur in the c-axis di-
rection. This anisotropy leads to a strong dependence of the
nature and the strength of the stress on the epitaxial orienta-
tion. In exploring the material properties of MnAs using ep-
itaxial layers, therefore, one needs to be aware of the influ-
ences of the stress. On the other hand, stress manipulation
through controlling the epitaxial orientation relationship may
allow us, for instance, to raise TC beyond the bulk value.10

In this paper, we investigate the transport properties in
MnAs layers grown on GaAs substrates with various epitax-
ial orientation relationships. The specimen includes previ-

ously uninvestigated MnAs�11̄00� /GaAs�111�B system,
which has been made possible by a recently discovered
growth procedure. Our attention is mainly focused on two
aspects of the transport properties that manifest the stress-
induced alteration of structural and electronic properties: �i�
the temperature dependence of the resistivity at the phase-
transition region around room temperature and �ii� the Hall
resistivity at a cryogenic temperature. In addition, we also
investigate a phenomenon of strong domain-wall pinning in
MnAs layers on GaAs�111�B.

II. SAMPLES

MnAs layers were grown on GaAs substrates in a solid-
source MBE chamber. We employ heterostructures having
the orientation relationships summarized in Table I. Our
main objective is to compare the transport properties in three

systems illustrated in Fig. 1: �a� MnAs�11̄00� /GaAs�001�,
�b� MnAs�0001�/GaAs�111�B, and �c� MnAs�11̄00� /
GaAs�111�B. Widely varied stress environment is realized in
these layers due to the distinct c-axis alignment. While the
rest of the MnAs layers grown for other substrate orienta-
tions in Table I were additionally examined, the stress in
these systems is expected to be similar to that in the

MnAs�11̄00� /GaAs�001� or MnAs�11̄00� /GaAs�111�B sys-
tem due to the common in-plane c-axis alignment.

The MnAs�11̄00� layers on GaAs�001� and the
MnAs�0001� layers on GaAs�111�B were prepared by con-
ventional MBE growths at substrate temperatures Ts listed in

Table I. In the former case, the �0001� and �112̄0� directions

of MnAs are parallel to the �11̄0� and �110� directions of
GaAs, respectively. �The so-called type-A orientation.6� In

the latter case, the �11̄00� and �112̄0� directions of MnAs are

parallel to the �112̄� and �11̄0� directions of GaAs, respec-

tively. The unconventionally orientated MnAs�11̄00� layers
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on GaAs�111�B were obtained using a growth procedure
based on solid-phase epitaxy �SPE�.11 Here, an amorphous
MnAs layer with the nominal thickness of 2 nm was depos-
ited at Ts=200 °C. The layer was then crystallized by in-
creasing Ts to 270 °C and closing the shutter for As cell to
enhance the surface migration. This procedure leads to a

�11̄00�-oriented growth template.12 The thickness of the
M-plane MnAs layer was then increased by an additional
conventional growth at Ts=270 °C. Due to the threefold
symmetry of the substrate, the layers are inevitably com-
posed of structural domains, in which the c axis of MnAs is

aligned along one of the �112̄� directions of the substrate,11

as illustrated in Fig. 1�c�. The establishment of the epitaxial
orientation relationship by means of SPE is overwhelmingly
dominated by the bulk strain energy, and so the growth is far
less flexible in terms of the lattice mismatch in comparison
to the conventional growth.12 The layers contain a large num-
ber of different crystal orientations when the lattice mis-
match is large, whereas orientational spread is suppressed if
the mismatch is small.

Figure 2�a� shows the atomic-force microscopy �AFM�
image of a 50-nm-thick �11̄00�-oriented layer on
GaAs�111�B, No. 11. Few-hundred-nanometer large elon-
gated features are found with a mean height modulation of
1.8 nm. The direction of the elongation is parallel to the

�1̄10� direction; and so, if these features correspond to the
structural domains, the magnetic easy axis is oriented in the

TABLE I. Orientation of GaAs substrates, primary orientation of MnAs layers, growth temperature Ts,
layer thickness, temperature interval �T for the coexistence of the � and � phases, temperature shift �T for
the thermal hysteresis associated with the phase transition between the � and � phases, and transition
temperature T�-� between the � and � phases. For the layers grown by means of solid-phase epitaxy, two
values are given for Ts: the deposition temperature of the amorphous layer and the growth temperature for the
subsequent conventional growth. The details of the epitaxial orientation can be found in Ref. 12.

Sample No. Substrate Orientation
Ts

�°C�
Thickness

�nm�
�T
�K�

�T
�K�

T�-�

�K�

1 �001� �11̄00� 230 50 29 0.8 371

2 �001� ��11̄01� 180, 250 20 33 2

3 �001� ��11̄00� 200, 250 130 19 1.7 373

4 �113�A 180, 250 20 33 1.3

5 �113�A ��23̄11� 200, 250 150 16 0.9 381

6 �113�B �11̄01� 200, 250 100 30 1.5

7 �112�B �11̄0l� 200, 250 145 45 1.5

8 �111�B �0001� 250 50 160 395

9 �111�B �0001� 270 50

10 �111�B ��11̄00� 220 50

11 �111�B �11̄00� 200, 270 50 18 0.6

12 �331�B �11̄00�, �112̄2� 200, 250 125 41 420

13 �110� �11̄00� 200, 250 140 60 3
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FIG. 1. Schematic view of the epitaxial orientation relationship

for �a� MnAs�11̄00� /GaAs�001�, �b� MnAs�0001�/GaAs�111�, and

�c� MnAs�11̄00� /GaAs�111� systems.
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FIG. 2. �a� Atomic- and �b� magnetic-force micrographs of the

surface of a MnAs�11̄00� layer on GaAs�111�B, No. 11. The mean
height modulation in �a� is 1.8 nm. The magnetic imaging in �b�
was carried out for a demagnetized state at room temperature. The
contrast shows the strength of the normal component of magnetic
field.
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direction of the elongation. �We thus do not need to pay
attention to the possibility of inclination of magnetization by
shape anisotropy.� In Fig. 2�b�, we show a magnetic-force
microscopy �MFM� image of the surface shown in Fig. 2�a�
in a demagnetized state. As we show in Sec. III, the MnAs
layer is almost completely in the ferromagnetic � phase at
the temperature �room temperature� the image was taken. In
Fig. 3, we plot the autocorrelation

C��r� = 	h�r�h�r + �r�
r �1�

when �r is set to be along the �112̄� and �11̄0� directions of
the substrate. Here, h�r� is the deviation from the mean
“height” at position r. The average 	¯
 is taken over r. The
autocorrelation of the MFM image, shown by circles, decays
by a factor of 2.4 slower than that of the AFM image, shown
by triangles. From the decay of the correlation C��r�
= 1

2C�0�, the size of the magnetic domains is estimated to be
0.11–0.12 �m. Although the crystalline anisotropy should

give rise to a maximal difference between the GaAs�112̄�
and GaAs�11̄0� directions, the autocorrelation of the AFM
image in the two directions is almost identical, in spite of the
unambiguous anisotropy seen in Fig. 2�a�. Autocorrelation is
thus suggested to be unsuitable for providing information
regarding anisotropy. We have not been able to examine so
far whether the threefold symmetry is reflected in the MFM
image.

As demonstrated in Ref. 11 by the magnetic hysteresis of
magnetization measured using superconducting-quantum-
interference-device �SQUID� magnetometer, the three mag-
netization components associated with the structural domains
are practically independent of each other. This suggests that
the structural domains are large enough to sustain unper-
turbed magnetic domains. That the magnetic domain size in
Fig. 2�b� is comparable to the value typically found in MnAs
layers having a single in-plane orientation, i.e.,

�11̄00�-oriented MnAs layers on GaAs�001�, supports this
interpretation. Nevertheless, the difference in the correlation

length between the MFM and AFM images may evidence
magnetic synchronization of small structural domains with a
neighboring large structural domain. In this respect, we call
our attention to the flipping of local magnetic moments dur-
ing the probe scan seen in the upper-right area of Fig. 2�b�.
Such flips do not occur in �11̄00�-oriented MnAs layers on
GaAs�001� due to the strong uniaxial magnetocrystalline an-
isotropy. The effective weakening of the uniaxial anisotropy
may be a consequence of magnetic interaction among the
magnetic moments inclined by 60° with each other. The local
magnetic coupling maintains the amount of magnetization
along each of the easy axes, on average, to be one third of
the total magnetization and leaves the three magnetization
components to be independent of each other.

As we present in Secs. III and IV, we measured the resis-
tance of these MnAs layers using lock-in technique. The
measurements at a cryogenic temperature were carried out
using Hall-bar devices. The patterning of the epitaxial layers
into a Hall-bar geometry was performed by means of lithog-
raphy and Ar-ion milling. For measurements around room
temperature, van der Pauw devices were also employed. The
excitation current I for the measurements was about 1 �A
around room temperature and about 10 �A when the tem-
perature was at T=0.3 K.

III. PHASE TRANSITIONS

A. Coexistence of the � and � phases

The coexistence of the � and � phases of MnAs in epi-
taxial layers is a consequence of the minimization of elastic
energy through stress cancelation.13 The critical thickness for
coherent growth of MnAs on GaAs is less than 1 nm,14,15 and
so epitaxial layers are almost fully relaxed at the growth
temperature. While cooling the layers to room temperature
following the growth, they are tensile stressed as the
thermal-expansion coefficient of MnAs is significantly large.
MnAs undergoes a phase transition from the � phase, which
is the phase during the MnAs growth, to the � phase at a
temperature of about 400 K, where the crystal structure
changes from hexagonal to orthorhombic. As far as the stress
is concerned, however, this phase transition has no signifi-
cance.

The stress is dramatically altered at the simultaneous
magnetic and structural phase transitions between the � and
� phases at TC. This is because the phase transition involves
a discontinuous lattice-constant change of 1.2% in the a-axis
direction. Let us now consider a specific case of a

MnAs�11̄00� layer on GaAs�001�. The MnAs layers are sud-
denly compressively stressed in the a-axis direction in
�-MnAs while the layers are still tensile stressed in the
c-axis direction. The strain energy can be lowered by retain-
ing both of the phases in the a-axis direction to compensate
the tensile and compressive stresses. The MnAs layers hence
develop a stripe pattern of alternating � and � phases in the

MnAs�112̄0� direction. The temperature range of the phase
coexistence sensitively reflects the stress that the layers are
subjected to. We emphasize that the stress in MnAs layers is
so strong that the layers crack when the thickness exceeds
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FIG. 3. �Color online� Autocorrelation C��r� of AFM and MFM

images obtained from an area of 5�5 �m2 of a MnAs�11̄00� layer
on GaAs�111�B, No. 11. The displacement �r is taken along the

�112̄� and �11̄0� directions of the substrate for the open and filled
symbols, respectively. The curves show fits to a form c1+c2 / �1
+exp���r−c3� /c4�� with ci being fit parameters.
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about 0.5 �m. Stress, therefore, has a profound impact on
the material properties of MnAs layers.

In Fig. 4, we show the temperature dependence of the
resistivity 	 normalized to the value at 373 K. At the first-
order phase transition at TC, the resistivity changes discon-
tinuously between the � and � phases �	� /	��1.4�. The
temperature dependence of 	 in the phase coexistence re-
gime, which is indicated by the horizontal bars in Fig. 4, is
nearly linear and is determined mainly by the change in the
phase fractions. For temperatures lower than the coexistence
regime, the temperature dependence of 	 is attributed to the
phonon and magnon scatterings. The temperature coefficient
for �-MnAs is intriguingly negative.16 The negative tempera-
ture dependence was discussed in Ref. 5 as a possible indi-
cation of an antiferromagnetic order in �-MnAs.3,4 Several
other mechanisms have also been proposed to explain the
anomaly around TC.17

The green curve in Fig. 4 corresponds to a MnAs�11̄00�
layer on GaAs�001�, No. 1, for which there exits a large
literature.7 The phase coexistence occurs over a temperature
width of about 30 K. In comparison, the temperature interval
in the MnAs�0001�/GaAs�111�B system, No. 8, red curve, is
by a factor of �5 wider. The phase-transition stress is thus
indicated to be stronger in the C-plane layers than in the
M-plane layers. For C-plane MnAs layers, the abrupt lattice-
constant change occurs in both of the in-plane orthogonal
directions, giving rise to the strong phase-transition stress.
Instead of the stripe pattern in M-plane layers, the phase
coexistence in C-plane layers takes place in the form of is-

lands of �-MnAs embedded in a honeycomb network of
�-MnAs.18

The temperature interval �T is related to the strain

�=0.01� as13

�T� =
Ea
2TC

�1 − �2�L
�2�

when the c axis of MnAs lies in the surface plane. Here, L is
the latent heat and � is the Poisson ratio. We have taken into
account the anisotropy of the Young modulus E. The orien-
tational dependence of E on a hexagonal crystal is described
by the expression

E−1 = s11 sin4 � + s33 cos4 � + �s44 + 2s13�sin2 � cos2 � ,

�3�

where � is the angle between the direction of stress and the c
axis. Using the value of the elastic compliance constants sij
in Ref. 19, the Young modulus in the a-axis direction �Ea
=38 GPa� is estimated to be about one third of that in the
c-axis direction �Ec=110 GPa�. When the c axis is normal to
the surface, �T is given by

�T� =
2Ea
2TC

�1 − ��L
. �4�

The theory thus predicts �T for the C-plane layers to be
larger by a factor of 2�1+�� than that for the M-plane layers.
The factor of 2 presumably reflects the dimensionality of the
phase coexistence: the layers are stressed in two directions in
Eq. �4� and in one direction in Eq. �2�. The contributions
from the two orthogonal directions are merely added as Eqs.
�2� and �4� are the lowest-order evaluation. The experimen-
tally observed difference in �T between the M and C planes
is considerably larger than this prediction. Given that Eq. �2�
provides a reasonable estimate for �T in M-plane layers,13

the disagreement suggests that higher-order terms can no
longer be ignored for the C-plane layers as, among others,
�T is not small in comparison to TC. �The large anisotropy of
E does not play a role as �T is related only to the Young
modulus in the direction of the phase-transition stress.�

Contrary to the enhancement of the phase coexistence in
C-plane MnAs layers, �T in M-plane layers becomes small
when the substrate is GaAs�111�B instead of GaAs�001�.
That is, the layers in the MnAs�11̄00� /GaAs�111�B system
are least stressed. The reduction in the stress is realized as
the phase-transition stress is distributed to three equivalent
directions �see Fig. 1�c��. According to Eq. �2�, �T is antici-
pated to be reduced by a factor of � 1

3 + 2
3cos 60°�2=0.44,

whereas we find a value of 0.6 in Fig. 4. The larger experi-
mental value may be ascribed to the broadening of the phase
transition in temperature due to the stochastic distribution of
TC for a first-order phase transition.

As evident in Fig. 4, the epitaxial stresses extend the
phase coexistence primarily to low temperatures. In respect
to raising TC by a stress,10 we find an undesirable stabiliza-
tion of the � phase by the phase-transition stress. While the
phase-transition stress can be manipulated through the epi-
taxial orientation, the thermal stress can be varied by the
growth temperature. The bulk value of TC deceases with im-
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FIG. 4. �Color online� Temperature dependence of resistivity 	
normalized to the value at temperature T=373 K. The green and
red curves correspond, respectively, to an M-plane MnAs layer on
GaAs�001�, No. 1, and a C-plane MnAs layer on GaAs�111�B, No.
8, grown by conventional MBE. The blue curve shows 	 in an
M-plane MnAs layer grown on GaAs�111�B by means of SPE, No.
11. For the thin black curve, the MnAs layer was grown on
GaAs�113�A by means of SPE, No. 4. The temperature interval for
the coexistence of the � and � phases is indicated by the horizontal
bars. The blue, green, and red curves in the inset correspond to
MnAs layers on �001�-, No. 3, �113�A-, No. 5, and �331�B-, No. 12,
oriented substrates grown by means of SPE, respectively. The ar-
rows indicate the phase-transition temperature T�-� between the �
and � phases.
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posing hydrostatic pressure.20 The higher onset of the �
phase in the C- and M-plane MnAs layers on GaAs�111�B,
No. 8 and No. 11, in comparison to that in the MnAs layer on
GaAs�001�, No. 1, in Fig. 4 may be ascribed to the stronger
tensile stress due to the higher growth temperature �see Table
I�.

B. Thermal hysteresis

In crossing the phase-transition temperature, a first-order
phase transition does not occur immediately but is initiated
when nuclei are created by surmounting a potential barrier
separating the two phases. As a consequence, the phase tran-
sition is accompanied with a thermal hysteresis. In Fig. 5, we
show the dependence of the hysteresis on the orientation of
GaAs substrates for representative cases. In Table I, we sum-
marize the temperature shift �T of the resistance curves be-
tween up and down temperature sweeps. The hysteresis in
conventional MBE layers has been previously investigated,7

and so we present here only the results from the layers grown
by means of SPE.

The hysteresis in the layers grown on �111�- and �113�-
oriented substrates is fairly small, suggesting small potential
barriers for the phase transition. For �001�-oriented sub-
strates, the MnAs layers grown by conventional MBE are of
monocrystalline orientation, whereas the layers contain
submicrometer-size grains of various orientations and in-
plane tilts when the growth is by SPE.12 The mixture of
in-plane tilts reduces the stress, and so results in the narrow
temperature interval for the phase coexistence. �The rela-
tively large value of �T in No. 2 is attributed to the out-of-
plane inclination of the c axis of MnAs.� Contrary to the
apparent dependence of �T on the growth method, no clear
trend is found for the thermal hysteresis between the layers
grown by conventional and SPE-based procedures. The ab-
sence of generic dependence on the monocrystallinity varied
by the choice of the growth method and, in particular, the
smaller value of �T in No. 1 than in No. 3 are rather surpris-
ing as the most pronounced hysteresis is found for M-plane

MnAs layers on GaAs�110�. In the growth on GaAs�110�, the
participating lattices of the layer and the substrate match
well.21 The growth by means of SPE provides even a smaller
orientational spread and a higher crystal quality in compari-
son to conventional MBE.12 The broad hysteresis is pre-
sumed to evidence the small number of nucleation centers
that trigger the phase transition as a consequence of few
grain boundaries and misfit dislocations.

The phase transition and the hysteresis loop in epitaxial
MnAs layers often exhibit a characteristic that defines two
temperature regimes. For the bottom curve in Fig. 5, for
instance, the slope of the temperature dependence changes at
about 310 K, where the hysteresis gap develops a local mini-
mum. While no anomaly has been noticed in the temperature
variation in the phase fraction, the feature that emerges in the
middle of the phase coexistence temperature range is present
not only in resistivity but also in magnetization, as shown in
the inset of Fig. 6. The dependence of magnetization on ex-
ternal magnetic field H applied along the magnetic easy axis
�Fig. 6� reveals a change in the shape of the magnetic hys-
teresis. The hysteresis loop is square shaped on the low-
temperature side of the phase coexistence regime. On the
high-temperature side, in contrast, the magnetization re-
verses gradually, resembling the hard-axis behavior. In addi-
tion, the saturation magnetic field is found to increase dras-
tically and the magnetic hysteresis expands beyond the
maximum magnetic field value �50 kOe� of the measure-
ments. �The data for �H��20 kOe are not shown in Fig. 6.�

Ryu et al.22 attributed the anomalous behavior of the mag-
netization to the emergence of an out-of-plane component.
When temperature approaches TC from low temperatures,
disorder breaks strips of �-MnAs in the �-� stripe into short
segments surrounded by �-MnAs. If the lateral dimensions
of the �-MnAs islands are smaller than the layer thickness,
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FIG. 5. �Color online� Thermal hysteresis in MnAs layers on
GaAs. The resistivity 	 is normalized to the value at a temperature
of T=373 K. The substrate orientation for the black, green, red,
and blue curves are �001�, No. 3, �113�A, No. 5, �111�B, No. 11,
and �110�, No. 13, respectively. The layers were grown by means of
SPE.
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FIG. 6. �Color online� Magnetic field dependence of magnetiza-
tion measured using a SQUID magnetometer at temperatures of 2,
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MnAs layer grown on GaAs�110� by means of SPE. The external
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STRESS-MODIFIED STRUCTURAL AND ELECTRONIC… PHYSICAL REVIEW B 78, 235207 �2008�

235207-5



the shape anisotropy tilts the magnetization to the vertical
direction. The mixture of the in-plane and vertical magneti-
zation scatters conduction electrons. Therefore, an anoma-
lous feature appears in the resistivity as well as in the mag-
netization even though no corresponding feature emerges in
the phase fraction estimated, for instance, by x-ray diffrac-
tion �XRD�.7 The observation of the anomalous feature in the
resistivity thus confirms the interpretation by Ryu et al.

C. Transition between the � and � phases

The second-order structural phase transition between the
� and � phases occurs at a temperature of 398 K in bulk
MnAs.1,2 In addition to the absence of the abrupt lattice-
constant change, the thermal-expansion mismatch at the tem-
perature of the �-� transition is only a half in comparison to
that when the �-� transition occurs. The influence of the
stress on the �-� transition is hence anticipated to be small.
Nonetheless, we observe considerable shifts of the �-� tran-
sition temperature T�-� in epitaxial layers, as summarized in
Table I. In the inset of Fig. 4, we compare the temperature
dependence of 	 in MnAs layers on GaAs�001�,
GaAs�113�A, and GaAs�331�B �all grown by means of SPE�.
Taking advantage of the negative and positive coefficients of
the temperature dependence for, respectively, �- and
�-MnAs, the phase-transition temperature can be determined
readily, as indicated by the arrows.

The �-� phase-transition temperatures in the MnAs layers
on GaAs�001� and GaAs�113�A are, respectively, 373 and
381 K, i.e., lower than the bulk value. In the MnAs layer on
GaAs�331�B, No. 12, red curve, on the contrary, the transi-
tion temperature increases to 420 K. �The phase-transition

temperature in a �11̄00�-oriented layer on GaAs�001� and a
�0001�-oriented layer on GaAs�111�B grown by conventional
MBE was, respectively, 373 and 394 K, as reported in Ref. 5,
i.e., T�-� is lowered.� The gradual transition between the �
and � phases in the layers on �001�- and �113�A-oriented
substrates occurs almost at the same temperature range �not
shown�, between 310 and 329 K and 313 and 329 K, respec-
tively. For the substrate orientation of �331�B, the transition
range expands to low temperatures, between 284 and 325 K
�also not shown�. A correlation between the phase coexist-
ence temperature range and T�-� is thus suggested.

In epitaxial layers, T�-� typically decreases. As hydro-
static pressure increases T�-� in bulk MnAs,20 we attribute
the lowering of T�-� to the tensile stress produced by the
thermal-expansion mismatch. The shift to a higher tempera-
ture when the substrate is GaAs�331�B is peculiar. The un-
usual shift may be related to a unique topography of the
layer. Due to the step bunching during the growth of the

GaAs buffer layer, �11̄00�- and �112̄2�-oriented MnAs grew
on �110� terraces and sidewalls consisting of bunched steps,
respectively.12 The MnAs layer is hence zigzag shaped rather
than being planar, yielding a unique distribution of stress that
involves shear components.

IV. TRANSPORT PROPERTIES AT 0.3 K

A. Effect of strain on Hall resistivity

Berry et al.23 reported a change in the type of majority
carriers with temperature in MnAs layers on GaAs�001�. The

Hall resistivity 	xy was dominated by electrons at low tem-
peratures, except for weak magnetic fields, where the sign of
	xy corresponded to holes. At high temperatures, however,
	xy was dominated by holes for the entire magnetic field
range. In Ref. 9, we have demonstrated that the characteris-
tics of 	xy depend also on the epitaxial orientation relation-
ship. While the observation by Berry et al. was confirmed for

MnAs�11̄00� layers on GaAs�001�, 	xy at low temperatures
was dominated by holes for the entire range of magnetic field
in MnAs�0001� layers on GaAs�111�B. The temperature de-
pendence of 	xy may thus originate from the thermal strain as
it induces changes in the occupation of electronlike and hole-
like bands at the Fermi level.

To gain more insight, we compare 	xy and the longitudinal

resistivity 	xx in a MnAs�11̄00� layer on GaAs�111�B �Fig.

7�c�� with those in a �11̄00�-oriented layer on GaAs�001�
�Fig. 7�a��, and a �0001�-oriented layer on GaAs�111�B �Fig.
7�b��. Here, the external magnetic field is applied normal to
the surface. The characteristics of 	xy in the

MnAs�11̄00� /GaAs�111�B system are in between those in

the MnAs�11̄00� /GaAs�001� and MnAs�0001�/GaAs�111�B
systems. We find a hole-dominated behavior for �H�
�70 kOe but the slope changes to be electronlike when
�H��80 kOe. As we have shown in Sec. III, the layers are
least stressed at room temperature in the

MnAs�11̄00� /GaAs�111�B system. This situation does not
necessarily hold at T=0.3 K as the thermal stress is roughly
doubled in comparison to that at room temperature. The
compressive stress in the MnAs�0001�/GaAs�111�B system,
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FIG. 7. �Color online� Magnetic field dependencies of transverse

resistivity 	xy and longitudinal resistivity 	xx in a �a� MnAs�11̄00�
layer on GaAs�001�, No. 1, �b� MnAs�0001� layer on GaAs�111�B,

No. 8, and �c� MnAs�11̄00� layer on GaAs�111�B, No. 11. The
external magnetic field is applied normal to the surface. The tem-

perature is T=0.3 K. The current is parallel to the �11̄0� direction
of the GaAs substrate. The black, blue, and green curves in �b�
show 	xx in the initial and subsequent down and up magnetic field
sweeps after a thermal cycle, respectively.
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for instance, is reduced at low temperatures by the increased
thermal-expansion mismatch. It is unclear at present whether
	xy in Fig. 7�c� best resembles the bulk property. Comparing

	xy, the strain in the MnAs�11̄00� /GaAs�111�B system may
be suggested to be intermediate between those in the

MnAs�11̄00� /GaAs�001� and MnAs�0001�/GaAs�111�B sys-
tems at low temperatures.

In the MnAs layer in Fig. 7�a�, the magnetization is
aligned to the out-of-plane direction at about 15 kOe.9 As
this magnetic field nearly corresponds to the value at which
the slope of 	xy reverses, there is a possibility that the tilting
of magnetization is responsible for the low-field behavior of
	xy rather than the change in the type of dominant carriers.
The Hall effect can occur in ferromagnetic materials without
an external magnetic field. The Hall resistivity in the pres-
ence of the anomalous Hall effect is empirically given as24

	xy = R0B + RsM , �5�

where R0 and Rs are the ordinary and anomalous Hall coef-
ficients, respectively. The induction field is given as B
=�0H+M with �0 being the permeability. The magnetore-
sistance in Fig. 7�c� changes from being negative to being
positive at a magnetic field of 12 kOe. This feature presum-
ably corresponds to the out-of-plane tilt of magnetization, as,
in addition to the magnetic field value being similar to those
found in other MnAs layers, 	xy in the weak-field region
exhibits an enhancement of the measurement noise plausibly
caused by the step-by-step propagation of magnetic domain
walls between pinning centers. The change in the slope for

	xy in the MnAs�11̄00� layer on GaAs�111�B occurs at a
magnetic field that is much higher than for tilting the mag-
netization, and so the type of dominant carriers is unambigu-
ously confirmed to change with magnetic field.

In order to evaluate the modification in the band occupa-
tion by strain, we have calculated the band structures using
the self-consistent full-potential linearized-augmented-plane-
wave method25 for M-plane layers on GaAs�001� and
C-plane layers on GaAs�111�. In determining the lattice con-
stants in the presence of the epitaxial strains, MnAs layers
are assumed to be free of stress at the growth temperature.
We take into account complete temperature dependence of
the lattice constants26 of both MnAs and GaAs. The strain-
altered lattice constant for the C-plane MnAs layer is ob-
tained as

��

��

= − 2
C13

C33
, �6�

where

�� =
a − ar

ar
, �� =

c − cr

cr
. �7�

The suffix r indicates the lattice constants in a relaxed layer.
Here, the a-axis lattice constant a obeys the thermal expan-
sion of GaAs and the c-axis lattice constant c is determined
by the consequential elastic distortion. For M-plane MnAs
layers, the strain alters the hexagonal symmetry of bulk
MnAs to orthorhombic symmetry. The lattice constant in this
circumstance is given by

�yy = −
C12�xx + C13�zz

C11
, �8�

where �xx, �yy, and �zz are defined in manners similar to Eq.
�7�. The elastic constants Cij �in Voigt’s contracted notation�
of MnAs were taken from Ref. 19. As MnAs is metal, its
Fermi surface is complicated. For simplicity, we ignore the
spin polarization in the following discussion since the aim of
our calculation is to deduce the extent that the band structure
at the Fermi level is modified by the strain.

The band structure of hexagonal MnAs along symmetry
lines in the first Brillouin zone is shown in Fig. 8. The low-
energy band consists of the As 4s states. The Fermi level is
located in the p-d mixing band of As 4p and Mn 3d
orbitals.27 The difference in the band structures between the
bulk, shown by green curves, and the strained MnAs that
corresponds to C-plane layers, shown by red curves, is rather
small. The weak dependence on the change in the lattice
constants agrees with the calculation by Sanvito and Hill,28

in which much larger lattice-constant changes were assumed
to appreciably alter the band structure. Nonetheless, in regard
to the properties of 	xy in epitaxial layers, the change in the
effective conduction type by a strain is seen to be possible as
the Fermi level, which is indicated by the blue line at zero
energy in Fig. 8, is located within an energy range of dense
dispersion curves. The sign of 	xy is determined as an out-
come of the compensation of electronlike and holelike con-
tributions. Although we ignored the spin polarization, we do
not expect it to alter this conclusion. The calculation by Li et
al.,29 in which the spin polarization was fully taken into ac-
count, reveals a band structure similar, in principle, to that in
Fig. 8.

For the M-plane-oriented MnAs, the lattice constants are
estimated to be a=3.697 Å, b=3.759 Å, and c=5.781 Å.
The thermal distortion to orthorhombic symmetry �1.7%� is
even larger in magnitude than the phase-transition distortion
at TC. The band structure of the M-plane-oriented MnAs
shows again a fairly small modification resulting from the
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FIG. 8. �Color online� Band structure of hexagonal MnAs at
temperature T�0. The Fermi level is indicated by the blue line. For
the red curves, the lattice constants are assumed to be a=3.697 Å
and c=5.68 Å, which correspond to the strained C-plane MnAs.
The lattice constants of bulk MnAs, a=3.734 Å and c=5.67 Å, are
assumed for the green curves.
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change in the lattice constants in comparison to that of bulk
MnAs �not shown�. However, as demonstrated by Motizuki
et al.,30 lowering the symmetry from hexagonal to ortho-
rhombic introduces splitting of the degenerate energy levels
in the folded dispersion curves of the original hexagonal
structure. The strain thus alters the band structure more effi-
ciently in M-plane layers than in C-plane layers, at least in
the way to influence 	xy. The temperature dependence of 	xy
driven by the thermal strain is anticipated to be stronger in
M-plane layers than in C-plane layers.

B. Dependence on residual resistivity

As one may speculate from the red and black curves in
Fig. 4, Nos. 4 and 8, the residual resistivity depends on the
substrate orientation and growth method. In Fig. 9, we com-
pare the values of 	xx at T=0.3 K in MnAs layers grown by
means of SPE �filled circles� and conventional MBE �open
symbols�. The scattering from the structural domain bound-
aries and magnetic domain walls is demonstrated to be ca-
pable of spreading the residual resistivity over, at least, 2
orders of magnitude. The most dramatic case is found for
�001�-oriented substrates. The MnAs layers grown on
GaAs�001� are of monocrystalline orientation with the con-
ventional MBE, whereas the layers grown using SPE is
polycrystalline.12 Therefore, 	xx is much higher for the SPE-
based growth than for the conventional growth. The rela-
tively large value of 	xx when the substrate is GaAs�113�A is
consistent with the speculation based on XRD in Ref. 12 that
the layers consist of microcrystallites.

For GaAs�111�B substrates, the residual resistivities in
C-plane layers grown by conventional MBE and in M-plane
layers grown by means of SPE are unexpectedly very similar
despite the inherent structural domains in the latter. The
C-plane of MnAs is the magnetic easy plane, and so the
magnetization can be, in principle, oriented in any in-plane
directions if a magnetocrystalline anisotropy was not intro-
duced by the substrate. The scattering from such magnetic

randomness in the C-plane layers is suggested to be as strong
as the scattering from the structural domains in the M-plane
layers. We point out that a large number of extremely strong
pinning centers of domain walls are present in the layers on
GaAs�111�B, as we will show in Sec. IV C. The magnetic
disorder is thus stronger than in ordinary ferromagnetic lay-
ers. The triangle in Fig. 9 indicates the value in a MnAs layer
prepared by a conventional growth on GaAs�111�B, No. 10.
Because of the low growth temperature of 220 °C, the layer
is composed of both an M-plane component �83%� and a
C-plane component �17%�. The addition of the normal-to-
surface c-axis orientation is seen to be more efficient to in-
crease 	xx than the randomness in the in-plane c-axis orien-
tation.

The resistance of materials containing magnetic moments
generally decreases in the presence of an external magnetic
field. In a high magnetic field, the magnetic moments are
aligned in the direction of the field. The scattering of con-
duction carriers from random orientations of the magnetic
moments is hence suppressed. In Fig. 7, however, the mag-
netoresistance is positive. We attribute the positive magne-
toresistance to small values of 	xx in these layers. When the
transverse conductivity �xy is much larger than the longitu-
dinal conductivity �xx, matrix inversion of conductivity ten-
sor yields 	xx=�xx / ��xx

2 +�xy
2 ���xx /�xy

2 . Thus, a positive
magnetoconductance arising from the suppression of mag-
netic scattering can result in a positive magnetoresistance.
This interpretation is supported in Fig. 10�a�, in which the
magnetoresistance is negative due to the large residual resis-
tivity. We note however that �xx calculated using 	xx and 	xy
in Fig. 7 does not exhibit positive magnetoconductance. This
implies that the relation between the experimentally mea-
sured resistance and the resistivity or conductivity tensor that
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FIG. 9. �Color online� Residual resistivity �longitudinal resistiv-
ity 	xx at a temperature of T=0.3 K� in MnAs layers grown on
GaAs substrates having �001�, �113�A, �111�B, �331�B, and �110�
orientations. The filled and open circles correspond to the layers
grown by conventional MBE and by means of SPE, respectively.
The layer was grown by a conventional growth at a substrate tem-
perature of 220 °C, No. 10, for the triangle.
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of M plane �83%� and C plane �17%�. The zero-field resistivity was
809 and 254 n� m for No. 2 and No. 4, respectively.
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adequately describes the microscopic mechanism of the scat-
tering events is rather complicated. In this respect, it is inter-
esting to notice that, despite the factor of �3 difference in
the residual resistivity, the �	xx curves in Fig. 10�a� are
nearly identical in the low-field regime where the magneti-
zation is reoriented. This might imply that 	xx is the funda-
mental quantity that provides a universal amplitude of the
magnetoresistance associated with the magnetization reorien-
tation.

In MnAs layers having large values of 	xx, 	xy is domi-
nated by the anomalous Hall effect,31 as shown in Fig. 10�b�.
Several different mechanisms have been proposed to calcu-
late Rs in Eq. �5�. All of them, the skew scattering and side-
jump mechanisms as well as Berry phase contribution, de-
pend on the spin-orbit interaction.32,33 The agreement
between the experiment and theory has not been yet satisfac-
tory. We would like to make a remark here concerning the
dependence of Rs on 	xx. In Fig. 10�b�, we also include 	xy in
No. 10. Although the residual resistivity of No. 10 is similar
to that of No. 4, the anomalous Hall effect is significantly
smaller in No. 10 than in No. 4. The magnitude of anomalous
Hall effect is thus not a unique function of the residual re-
sistivity unless the polycrystalline nature of these layers
played a role for the seeming independence on the residual
resistivity.

C. Extremely strong domain-wall pinning

As we have reported in Ref. 34, the magnetoresistance in
C-plane MnAs layers on GaAs�111�B evidences the exis-
tence of a magnetization component that does not saturate
even when the in-plane external magnetic field is as strong as
140 kOe. An example obtained from No. 8 is shown in Figs.
11�b� and 11�c�. The magnetic hysteresis extends to the en-
tire range of the magnetic field of the measurements. In ad-
dition, the resistance decreases dramatically after application
of the field in comparison to that in a demagnetized state
generated by a thermal cycle. The magnetization reversal
takes place via the domain-wall movement across the layer.
The hysteresis thus implies extremely strong pinning of mag-
netic domain walls in the layer. The unsaturated magnetic
hysteresis is present irrespective of the direction of the mag-
netic field as shown in Fig. 7�b�, in which the field is applied
normal to the layer. The hysteretic behavior is less pro-
nounced here in comparison to the case of the in-plane mag-
netic field, plausibly because the direction of the field is per-
pendicular to the magnetic easy axis. Nonetheless, the
pinning centers are seen to obstruct not only the flipping of
magnetization along the magnetic easy axis but also the
gradual tilting to the out-of-plane hard-axis direction. The
strong domain-wall pinning, however, does not seem to af-
fect 	xy. The indifference is presumably related to the fact
that anisotropic magnetoresistance effect in 	xy vanishes
when the angle between the magnetization and current is 0°
or 90°.9,24 The pinning hinders the flipping of magnetization
components but does not tilt them to be away from the mag-
netic easy axis.

A crucial characteristic that will help identifying the
mechanism of the extremely strong domain-wall pinning is

seen in Fig. 11�a�. The magnetization deceases below about
100 K with decreasing temperature, reminding us of antifer-
romagnetic or spin-glass system. Here, the sample was
cooled in the absence of an external magnetic field. The
magnetization was measured in the following up and down
temperature sweeps in the presence of an in-plane external
magnetic field of 3 kOe. As the difference between the zero-
field-cooled and field-cooled curves is small, the anomalous
magnetization component is suggested to be rather antiferro-
magneticlike than spin-glass-like.

We show in Figs. 11�e� and 11�f� the transport properties
in a different layer, No. 9, grown under practically identical
conditions together with the temperature dependence of mag-
netization plotted in Fig. 11�d�. The residual resistivities in
the two layers No. 8 and No. 9 were identical within the
experimental accuracy. All of the anomalous characteristics,
�i� the unsaturated hysteretic magnetoresistance, �ii� the large
decrease in the resistance after magnetizing the layer, and
�iii� the low-temperature decrease in the magnetization, are
seen to be smaller in No. 9 than in No. 8. This demonstrates
a correlation between the anomalous magnetization compo-
nent and the extremely strong domain-wall pinning. The
nonferromagnetically ordered magnetic moments corre-
sponding to the low-temperature decrease in the magnetiza-
tion are suggested to act as the strong pinning centers. De-
spite the fairly small fraction of the anomalous
magnetization component, its influence on the magnetotrans-
port properties is remarkably large. It may be noteworthy
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that the hysteresis is larger when H � I than when H� I in
both of the layers.

While the origin of the nonferromagnetically ordered, i.e.,
antiferromagneticlike or spin-glass-like, magnetic moments
is presently unclear, we have found that the phenomenon of
the extremely strong domain-wall pinning takes place also in
a layer having mixed M- and C-plane orientations, No. 10, as
shown in Fig. 12. The external magnetic field is applied in an
in-plane direction in Fig. 12�b� and normal to the surface in
Fig. 12�c�. �The magnitude of the anomalous features in this
layer was comparable between the situations where the cur-
rent was parallel and perpendicular to the in-plane field.� The

magnetic coupling between the two structural components is
suggested to give rise to the strong domain-wall pinning.
However, the magnetization plotted in Fig. 12�a� does not
decrease at low temperatures. We have neither found evi-
dence for a mixture of the M-plane orientation in No. 8. It
remains to be clarified whether the mechanisms for the
strong domain-wall pinning in No. 8 and No. 10 are identi-
cal. We emphasize, nevertheless, that the anomalous behav-
ior has been observed so far only in layers grown on
GaAs�111�B substrates. If antiferromagneticlike magnetic
moments do exit in �-MnAs layers on GaAs�111�B, the
compressive strain may play a role as the Mn-Mn coupling
can change from being ferromagnetic to being antiferromag-
netic when the interatomic distance is varied.35

V. SUMMARY

We have investigated the transport properties in the MnAs
layers grown on various substrate orientations by means of
conventional and SPE-based MBE. The stress in these layers
ranges widely due to the variation in the c-axis orientation,
as manifested by the temperature interval for the coexistence
of the � and � phases. The negative temperature coefficient
of the resistivity of �-MnAs is robust, indicating the exis-
tence of a generic mechanism for the unusual temperature
dependence, which may be an antiferromagnetic order. The
polarity of the Hall coefficient changes remarkably by the
strain associated with the epitaxial orientation. Our band-
structure calculations indicate this to be a consequence of
subtle changes in the occupation of dense dispersion curves.
The residual resistivity in the layers can be varied over, at
least, 2 orders of magnitude by controlling the scattering
from the structural and magnetic domains. This can be ex-
ploited, for instance, to investigate anomalous Hall effect.
We have provided evidence for the dependence on the re-
sidual resistivity of the relative amplitudes of the ordinary
and anomalous Hall effects as well as the relation between
the longitudinal and transverse conductivities or resistivities.
However, no clear trend has been identified so far, which
might suggest that the microscopic mechanism of the re-
sidual scattering plays a role. We have also shown that ex-
tremely strong domain-wall pinning emerges when the layer
is composed of both M- and C-plane surface orientations.
The substrate orientation being �111�B appears to be crucial
for this phenomenon.
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