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We report that the thermal strain due to the thermal-expansion difference between a Mn film and a semi-
conductor substrate is strong enough to overcome the thermal energy for a paramagnetic �PM� state and also
to break antiferromagnetic �AF� magnetic symmetry, inducing ferromagnetic �FM� ordering at high tempera-
tures. A Mn film on GaAs �100� showed FM ordering up to 9000 Å with a Curie temperature �TC� of over 750
K and a net magnetic moment of 0.33�B /Mn, instead of AF �Néel temperature, TN=95 K� and PM orderings
in bulk.
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I. INTRODUCTION

An exchange integral �Jex� determines the nature of the
exchange interaction between magnetic ions, with a negative
value indicating antiferromagnetic �AF� ordering and a posi-
tive value indicating ferromagnetic �FM� ordering. Jex
strongly depends on the distance between magnetic ions, as
described in the Bethe-Slater curve.1 In 3d transition metals,
closely spaced magnetic ions prefer to be in an antiparallel
spin alignment �−Jex� in materials, such as Cr and Mn, and
prefer to be in a parallel alignment �+Jex� in materials such as
Fe, Co, and Ni. It is theoretically predicted that while being
nonmagnetic at compressed volumes, all transition metals
become FM with high magnetic moments at sufficiently ex-
panded volumes following Hund’s rule and can ultimately be
treated as free atoms.2 As temperature increases, there is
competition between exchange interaction and thermal en-
ergy, which eventually breaks magnetic ordering and induces
paramagnetic �PM� behavior above TC or TN.

Bulk Mn is a particularly interesting material having five
different crystal structures that change with temperature:3,4

�-Mn is stable up to 727 °C, �-Mn between 727 and
1095 °C, �-Mn between 1095 and 1133 °C, and �-Mn be-
tween 1133 and 1244 °C �melting point�. The � phase,
which is stable at room temperature, has a body-centered-
cubic �bcc� structure �bcc, a=8.911 Å, with 58 atoms per
unit cell� and becomes a complex noncollinear AF below 95
K coupled to a tetragonal distortion in the crystal structure.
The � phase has a face-centered-cubic �fcc� structure �fcc,
a=2.73 Å� and becomes AF below about 500 K.5,6 The
�-Mn �bcc, a=6.315 Å� and �-Mn �bcc, a=3.0806 Å�
phases are relatively unstable and show a spin glass of Tf
=1.4 K and AF ordering, respectively.3,4,7 It has been re-
ported that as hydrostatic pressure increases, the TN in the �
phase shifts toward a lower temperature at a rate of 20
K/GPa up to 2 GPa �Ref. 8� and above 165 GPa; bcc �-Mn
becomes a hexagonal close-packed �hcp� structure �� phase,
tentatively described�, which is AFM.9,10

In epitaxial thin films on crystalline substrates, various
crystallographic and magnetic phases other than those seen

in bulk material have been predicted. These are made pos-
sible by additional driving forces such as broken bonding at
the surface, interface interaction, and lattice mismatch strain
between the substrate and film, etc. Strain is known to be a
powerful tool in modifying the structural, electronic, and
magnetic properties of a material because the energies asso-
ciated with structural and magnetic changes have a similar
order of magnitude ��0.1 eV /atom�.11 It has been reported
that AF materials, such as Cr and Mn, showed surface ferro-
magnetism in several monolayer thin films.12–14

Here we report that thermal strain due to the difference in
the coefficient of thermal expansion between a Mn film and
its semiconductor substrate is not negligible and is strong
enough to overcome the thermal energy for a paramagnetic
state and also to break AF magnetic symmetry to induce
ferromagnetic ordering. We observed that a stable �-Mn film
on GaAs �100� showed FM ordering up to 9000 Å with a TC
of above 750 K rather than AF and PM orderings. It showed
a net magnetic moment of 0.33�B /Mn, which might be an
important characteristic in the technological spintronic de-
vice community because typical AF materials used in spin
devices are Mn-based alloys, such as FeMn, NiMn, IrMn,
PtMn, and RhMn, with relatively high thermal-expansion co-
efficients.

II. EXPERIMENT

We have grown Mn thin films on GaAs �100� substrate at
the following temperatures: 30, 100, 200, 300, 400, and
500 °C. For the growth of Mn epilayers, we used a
molecular-beam epitaxy �MBE� system, VG Semicon model
V80; it consists of growth, analysis, and load-lock chambers
and is equipped with reflection high-energy electron diffrac-
tion �RHEED�. The base pressure of the growth chamber was
in the 10−10 Torr range. After thermal annealing in an As
flux to remove surface oxide at 600 °C for 30 min, we de-
posited a 3000 Å GaAs buffer layer on the GaAs �100� sub-
strate at 500 °C. Standard effusion cells were used for Mn
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and Ga evaporations, while cracking effusion cell was used
for As evaporation �Veeco Co.�. The growth of Mn epilayers
was 0.5 Å /s. The rate of evaporation was confirmed by
quartz-crystal microbalance and ion gauge beam flux moni-
tor. The crystal structure of the grown film was investigated
using x-ray diffraction ��XRD� model D/max-RC, Rigaku
Co., Tokyo, Japan� studies. For the magnetization measure-
ments, we used a magnetic property measurement system
��MPMS� Quantum Design, Inc.� in the temperature range of
5–400 K and vibrating sample magnetometer ��VSM� Lake
Shore Cryotronics, Inc. 7300� in the temperature range of
300 and 750 K.

III. RESULTS AND DISCUSSION

Figure 1 shows the series of the RHEED patterns of Mn

films grown at 30–500 °C along the �11̄0� GaAs substrate
direction. The RHEED patterns for bcc �-Mn thin film
grown at 200–500 °C were spotty, indicating the rough sur-
faces in good agreement with the surface topography by
atomic and magnetic force microscopy �AFM and MFM�
measurements.

Figure 2�a� shows the room-temperature �-2� XRD pat-
terns of the 1000 Å Mn films. We have observed that the
samples grown at 30 and 100 °C have a fcc � phase with
�001� growth direction, while the samples grown at above
200 °C have the bcc � phase with �110� growth direction.
Figure 2�b� shows both the lattice constants perpendicular to
the film �a�� and the strains of the �-Mn films as functions
of growth temperatures. The lattice constants were smaller
than the known bulk value of 8.911 Å and decreased with
increasing growth temperature up to 400 °C, indicating ten-
sile strain in films which became stronger with increased
growth temperature. The strain perpendicular to the plane of
the Mn film ���� as a function of growth temperature was
calculated using ��= �a−a�� /a, where a and a� are the bulk
and thin-film Mn lattice constants, as shown in Fig. 2�b�. For
the sample grown at 400 °C, the measured a� is 8.812 Å at
room temperature, generating a strain of 1.1�10−2.

Considering only the strain due to lattice mismatch, these
observations are opposite than we expected because the lat-
tice constant of bulk bcc �-Mn �110� is larger than that of
GaAs �a=5.654 Å�. The lattice mismatches between bulk
bcc �-Mn �110� and GaAs �a=5.654 Å� are 4.8% or
10.25%, in the �100� and �110� directions, respectively, re-

FIG. 1. �Color online� RHEED patterns of 200 Å Mn thin films

grown on GaAs�100� substrate along the �11̄0� azimuth at different
substrate temperature: �a� 30, �b� 300, �c� 400, and �d� 500 °C.

FIG. 2. �Color online� Structural properties of Mn films on
GaAs�001�. �a� �-2� XRD patterns of Mn films grown at 30, 100,
200, 300, 400, and 500 °C. The samples grown at 30 and 100 °C
show the fcc � phase with �001� growth direction, while the
samples grown at above 200 °C show the bcc � phase with �110�
growth direction. �b� The lattice parameters �a�� perpendicular to
the film �black circles� and the estimated strain �red circles and blue
line� of the Mn film as functions of growth temperature. The strain
���� perpendicular to the plane was calculated using the ��= �a
−a�� /a, where a is the bulk Mn lattice. The thermal strain can be
described by the equation, �thermal=K��Mn−�GaAs�	T, where K de-
scribes the value of the lattice relaxation, and �Mn and �GaAs are the
thermal-expansion coefficients of Mn and GaAs, respectively. �c� A
simple illustration of the tensile strain occurrence in bcc �-Mn due
to the thermal-expansion coefficients. Mn film on substrate grows in
a volume dependant upon growth temperature. When the sample
cools down to room temperature after growth, both the film and the
substrate are compressed. The film is compressed because of the
higher Mn thermal expansion, which induces the tensile strain.
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sulting in compressive strain. The estimated critical thick-
nesses, following the simple Beam formula15 for strain relax-
ation in a Mn film on GaAs, were 93 and 43 Å. Hence, the
compressive strain due to the lattice mismatch was almost
relaxed in the 1000 Å film thickness. The observed tensile
strain may be due to the difference in thermal-expansion co-
efficients between the �-Mn ��Mn=21.7�10−6 K−1 at 300
K� and the GaAs ��GaAs=5.4�10−6 K−1 at 300 K�.16 The
thermal strain ��thermal� can be described by the equation,
�thermal=K��Mn−�GaAs�	T, where K describes the value of
the lattice relaxation and 	T is the temperature difference
between the growth and the measured temperatures. For
films that are thick enough, K might be set to 1 because the
strain due to the lattice mismatch could be assumed to be
fully relaxed. The thermal strain at room temperature for the
sample grown at 400 °C is estimated to be approximately
6.1�10−3, using the room-temperature constants �Mn and
�GaAs. As growth temperature increases, the thermal strain
increases, resulting in a decrease in lattice constant with
growth temperature. Figure 2�c� illustrates that the Mn thin
films on GaAs are tensely strained due to the thermal-
expansion coefficients. The Mn film grows in a volume de-
pendant upon the growth temperature. During growth, the
lattice mismatch strain is relaxed in about 100 Å and when
the sample cools down to room temperature after growth,
both the film and the substrate are shrunk. Thus, the film is
compressed because of the higher Mn thermal-expansion co-
efficient, which induces a tensile strain. Note that the mag-
netostrictive strains induced by the magnetization of a ferro-
magnet in a magnetic field via domain-wall rotation and
migration of the transition metals Fe, Co, and Ni are very
small, in the order of 10−5 for Fe. Also note that negative
thermal expansion was reported below 95 K in bulk Mn,
indicating the correlation between antiferromagnetism and
thermal expansion below 95 K.

Figures 3�a�–3�c� show the temperature-dependent mag-

netizations �M� and magnetic hysteric loops with the perpen-
dicular magnetic field of Mn films of 1000 Å grown at 200,
300, and 400 °C. Interestingly, the samples show well-
defined magnetic hysteresis, indicating that the �-Mn films
grown at 200, 300, and 400 °C are ferromagnetic with a
Curie temperature �TC� above 750 K. M and the coercive
field increase with increasing growth temperature. The aver-
age magnetic moments of the Mn films determined from the
saturated magnetization increased remarkably from 0.06�B
in the 200 °C film to 0.20�B in the 400 °C film, as shown in
the inset of Fig. 3�b�. Thickness-dependent hysteric loops
with the perpendicular magnetic field are shown in Fig. 3�d�.
The magnetic moments at 300 K ranged between 120 and
220 emu /cm3, resulting in the highest magnetic moment for
Mn of 0.33�B in 5000 Å thick Mn film grown at 400 °C, as
shown in the inset of Fig. 3�d�. From the magnetization loop,
the nonrectangular hysteric behavior was observed in a mag-
netic field parallel to the film �not shown here�, while the
rectangular behavior was observed in the perpendicular field
as mentioned, indicating the presence of magnetic aniso-
tropy. The 300, 500, and 700 Å thick samples did not show
well-defined hysteresis, which might be due to the competi-
tion between lattice mismatch-induced compressive forces
and thermal strain-induced tensile forces. Thus, we may con-
clude that the increased strain and magnetization with
growth temperature, as well as the ferromagnetic ordering in
�-Mn thin films on GaAs �100� up to temperatures of 750 K,
can be attributed to the thermal strain between the Mn film
and GaAs substrate. Note that for the samples grown at 30
and 100 °C, AF ordering was observed in the Mn film at
room temperature, which is consistent with the previous re-
sults for fcc �-phase Mn.

Figures 4�a�–4�f� are atomic force microscopy topo-
graphic images and MFM images of 1000, 9000, and
1 3000 Å thick Mn films grown at 400 °C. The Mn film
surface topography is rough, which was confirmed by the

FIG. 3. �Color online� Mag-
netic properties of Mn films. �a�
Temperature-dependent magneti-
zation �M� of Mn films grown at
200, 300, and 400 °C in a mag-
netic field of 3 kOe. �b� Magnetic
hysteresis loops with magnetic
field perpendicular to the film at
10 K. The inset of �b� shows the
net magnetic moments at 10 K as
a function of growth temperature
determined from the saturated
magnetization. �c� Magnetic hys-
teresis loops with magnetic field
perpendicular to the film at 300 K.
The inset of �c� shows the hyster-
esis loops at 750 K. �d�
Thickness-dependent hysteresis
loops at 300 K. The highest mag-
netic moment per Mn is 0.33�B in
5000 Å, as shown in the inset.
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spotty RHEED patterns. Up to 9000 Å, surprisingly, we
were able to observe the magnetic domain in the surface of
the Mn films, as shown in Fig. 4�d�. The magnetic domain
image disappeared in the 1 3000 Å thick film. These results
indicate that the Mn samples have domain formation up to
9000 Å, which is consistent with the results of the magneti-

zation features on the Mn film. After 9000 Å, the thermal
strain relaxed.

In order to investigate the correlations between magneti-
zation and carrier transport on these films, electrical resistiv-
ity, magnetoresistance �MR�, and the Hall-effect measure-
ments were performed. The samples grown at high
temperatures showed higher electrical resistivity at room
temperature and showed a slope change around 95 K, as
shown in Fig. 5�a�, corresponding to the TN in bulk �-Mn
and 600 K. Figures 5�b� and 5�c� show the MR versus mag-
netic field curves for the 400 °C grown Mn film at different
measuring temperatures. Note that the applied magnetic field
is perpendicular to the film. At temperatures above 95 K, a
decrease in MR with magnetic field, i.e., negative MR, and a
strong hysteresis were observed, as shown in Fig. 5�b�. The
negative MR is due to the decreased scattering centers
caused by the increase in magnetic domain with the in-
creased magnetic field, which is also evidence of FM order-
ing in the Mn film. At temperatures below 95 K, a monoto-
nous increase in resistance with increasing magnetic field is
observed for all MR curves �Fig. 5�c��, which is probably
due to the dominant ordinary magnetoresistance �OMR�
effect.17 The OMR is the increase in resistance with in-
creased magnetic field due to bending of the electron trajec-
tories by the Lorentz force. Figure 5�d� shows the magnetic-
field dependence of the Hall resistance at various
temperatures for 400 °C grown Mn film. The Hall resistance
RHall is given by the sum of the ordinary Hall-effect �OHE�
due to the Lorentz force and the anomalous Hall effect
�AHE�, originating from the asymmetric scattering in the
presence of magnetization. Clear hysteresis and remanence at
all temperatures are observed consistent with FM hysteric
data.

PM to FM transition is observed in intermetallic com-
pounds made of FM and non-FM elements such as Fe3Al,18

FeAl,19 CoAl,20 CoGa,21 Ni3Sn2,22 Fe3Ge2,22 Pt3Fe,23 and

FIG. 4. �Color online� Topography and magnetic structure of
Mn films. �a� Atomic force microscopy image of 1000 Å thick Mn
film. �b� MFM image of 1000 Å film. �c� Atomic force microscopy
image of 9000 Å film. �d� MFM image of 9000 Å film. �e� Atomic
force microscopy image of 13 000 Å film. �f� MFM image of
13 000 Å film.

FIG. 5. �Color online� Magne-
totransport properties for �-Mn
thin film. �a� Temperature depen-
dence of the zero-field electrical
resistivities. �b� MRs of 400 °C
grown film at 15, 30, 40, 60, and
80 K. �c� MRs of 400 °C grown
film at 100, 200, and 300 K in a
perpendicular magnetic field. �d�
Anomalous Hall resistance RHall

of 400 °C grown Mn film at 15,
100, 200, and 300 K. Clear hyster-
eses are observed.
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Fe2AlMn,24 when they are severely ball milled or crushed so
that FM atoms gather together to interact with each other.
The �-Mn phase is known to have a noncollinear magnetic
structure with four different magnetic moments 2.83�B,
1.82�B, 0.43�B, and 0.45�B from four inequivalent lattice
sites.25 For this reason, �-Mn is sometimes considered to be
an intermetallic compound because of the four different mag-
netic and electronic configurations in each unit cell. Thus,
the thermal strains along �110� in the Mn thin film modify
the distances between Mn atoms, which might result in FM
ordering over 750 K. Electronic calculation is needed for
better understanding.

IV. CONCLUSION

The thermal strain due to the difference in the thermal-
expansion coefficients of a �-Mn film and GaAs substrate

has enough energy to overcome the thermal energy for a
paramagnetic state and also to break AF magnetic symmetry
to induce ferromagnetic ordering. We expect similar phe-
nomena in other Mn-based AF alloys such as FeMn, NiMn,
IrMn, PtMn, and RhMn. We also predict that epitaxial Mn
clusters on a GaAs matrix in a GaMnAs diluted magnetic
semiconductor or GaAs/Mn digital alloys, typically grown at
250 °C, might show FM ordering above room temperature
with the same reason.
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