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Observation and Analysis of Multidomain Epitaxy of a-Mn on MgO(111)
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Thin films of a-Mn were epitaxially grown on MgO(111) single-crystalline substrates at elevated
temperatures in order to suppress the growth of metastable Mn phases previously reported. The a-
Mn films were observed to have (110) texture, consistent with bcc (110) growth in Kurdjumov-Sachs
orientation on the fcc (111) substrate surface, with additional twinning. The structural features observed
for a-Mn(110) resemble those of metastable “expanded” Mn, indicating a possible connection between
the two phases. [S0031-9007(99)09449-1]

PACS numbers: 68.55.Jk, 81.15.–z
Among transition metals, Mn has the most peculiar
structural properties. The cubic unit cell of ground state
a-Mn contains 58 atoms distributed over four special po-
sitions of the I43m symmetry group. a-Mn is antiferro-
magnetic with TN � 95 K [1]. Another low-temperature
phase, b-Mn, has a simple cubic unit cell with 20 atoms
and is paramagnetic. With increasing temperature, the unit
cell of Mn becomes smaller, as two successive phase tran-
sitions, first to fcc and later to bcc phases, take place at
1095 and 1134 ±C, respectively [2].

In previous studies, epitaxially grown thin films of Mn
were shown to form phases which do not exist in the bulk.
For example, the epitaxial growth of Mn on (001) cubic
surfaces resulted in the formation of a tetragonal phase for
a variety of substrate materials [3–5], although a relaxation
of this phase to pseudomorphic fcc also has been reported
[6]. The tetragonal phase was found to be antiferromag-
netic at room temperature [4,5], an observation which is
in good agreement with the theoretical predictions. These
predictions suggest that the tetragonal distortion of fcc Mn
is driven by magnetic ordering [7,8].

Deposited on the close-packed surfaces of fcc (111) and
hcp (0001) substrates, Mn first assumes a close-packed
structure with a lattice parameter close to that of fcc Mn
[9]. This structure can persist up to thicknesses of 12 Å,
depending on the temperature and composition of the
substrate. Subsequently deposited Mn undergoes a

p
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3 reconstruction to a so-called “expanded” phase [9–14].
Photoemission [10] and extended x-ray absorption fine
structure [13] studies indicate that the electronic structure
and interatomic distances in the expanded Mn phase are
close to those of a-Mn. Several structural models of
expanded Mn grown on close-packed surfaces have been
proposed [9,12,14]. Some of these models [9,12] use
the structure of a-Mn(111) as a prototype; however, the
structure of the expanded phase is still unknown.
0031-9007�99�82(26)�5309(4)$15.00
In this paper, we report a technique to epitaxially grow
a-Mn directly on a close-packed surface without the for-
mation of a metastable precursor Mn phase. Specifically,
by using a MgO substrate with a large (11%) lattice pa-
rameter mismatch with respect to fcc Mn, and relatively
high substrate temperature during deposition, the initial
stabilization of the close-packed Mn, which tends to pro-
mote growth of the expanded phase at thicker coverages,
was avoided. Previously, either the large lattice mismatch
or the high deposition temperature resulted in growth of
expanded Mn [10,14]. Further, the preferred texture of
a-Mn on a surface with hexagonal symmetry is shown
to be (110) rather than (111); the models interpreting the
structure of expanded Mn in terms of a-Mn(111) structure
should, therefore, be reexamined.

Mn was deposited on a mechanically polished
MgO(111) substrate at a rate of 3–4 Å�min from a
Knudsen cell heated to 880 ±C. The base pressure in the
deposition chamber was less than 2 3 10210 Torr and
did not exceed 8 3 10210 Torr during sample growth.
Before deposition, the substrate was annealed at 400 ±C
for two hours, producing a reflection high-energy electron
diffraction (RHEED) pattern characteristic of MgO. The
annealing temperature was chosen to be below 750 K
(477 ±C), the temperature required to cause (001) facets
on the MgO (111) surface [15–17]. After annealing,
the substrate temperature was lowered to 200 ±C. The
deposition of the first 8–10 Å of Mn was accompanied
by the disappearance of the substrate RHEED pattern.
Further deposition of Mn produced the sixfold symmetric
RHEED pattern shown in Fig. 1. In addition to the
bright streaks, a number of weak irregular reflections
were observed. The deposition was stopped at a Mn
thickness of 200 Å and the sample was cooled to room
temperature in less than two hours. At this temperature,
no discernible RHEED pattern could be observed.
© 1999 The American Physical Society 5309
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The distances between the atomic rows on the Mn
surface were calculated using the separation between the
first order RHEED streaks (Fig. 1a). The rows parallel
to the MgO �110� directions were spaced by 7.26 Å
(Fig. 1a). In a direction perpendicular to MgO �110�
the first order streaks appeared as doublets (Fig. 1b),
indicating the presence of two sets of atomic rows spaced
by 3.85 and 4.42 Å. The size of the Mn unit cell
estimated from the product of the inter-row spacings in the
MgO �110� and �112� directions was quite large compared
to the unit cell of the MgO substrate.

Further examination of the atomic structure of the Mn
films was accomplished with ex situ x-ray diffraction at
room temperature. The x-ray measurements were per-
formed with a four-axis diffractometer at the Los Alamos
Neutron Science Center using Cu Ka radiation. Two
kinds of measurements were made. The first was a con-
ventional wide-angle diffraction scan used to determine
the out-of-plane texture of the Mn layer. The second mea-
surement used glancing incidence x-ray diffraction to de-
termine the in-plane structure of the film. The angle of
incidence was chosen to assure the whole thickness of the
film was probed.

The wide-angle diffraction pattern taken from the Mn-
MgO sample with momentum transfer parallel to the MgO
[111] direction is shown in Fig. 2. The data are plotted
versus scattering angle, 2Q. Three Bragg reflections
whose positions were consistent with the a-Mn crystal
structure were observed, along with two reflections from
the MgO substrate. The Mn reflections were indexed as
�hh0�, indicating the (110) texture of the film. A film with
the (110) texture would exhibit twofold symmetry about
the normal to the film, in contrast to the sixfold symmetry
observed by RHEED (at 200 ±C).

The 58-atom unit cell of a-Mn in the (110) orientation
can be visualized as a sequence of eight planes. Each
plane has the same surface lattice, with a unique atomic
basis. The unit cell of this lattice is a centered rectangle,
identical to an unit cell of the (110) plane of a simple
bcc lattice with a lattice parameter a � 8.91 Å. Within
the surface lattice, the distance between the atomic rows
parallel to the �110� direction is 4.45 Å, while the distance
between the rows parallel to the �111� direction is 7.27 Å.

FIG. 1. Mn RHEED patterns obtained along (a) MgO �110�
axes and (b) MgO �112� axes. The absolute azimuthal angles
are 0±, 60±, . . . , for (a); and 30±, 90±, . . . , for (b).
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These values are consistent with the inter-row distances
calculated from the RHEED pattern, provided a-Mn(110)
grows on MgO(111) with the Mn [001] axis parallel to
the MgO �110� axes. Three �110� axes on the MgO(111)
surface will give rise to three degenerate Mn domains and
a sixfold symmetric RHEED pattern with double streaks
(Fig. 1b).

a-Mn growth on MgO(111) is reminiscent of the
growth of bcc (110) overlayers on fcc (111) substrates
extensively studied in a number of metallic multilayer
structures [18–21]. This is perhaps surprising in light
of the large and complex unit cell of a-Mn. However,
some high-index planes of a-Mn parallel to the (110)
plane contain only the atoms of the surface lattice (with no
basis); therefore, the epitaxy of these planes on MgO(111)
may be treated within the geometric approach developed
for the analysis of the bcc-fcc epitaxy [22,23].

The (110) domains of a simple bcc overlayer usually
grow on a fcc (111) substrate in two possible epitaxial
orientations which correspond to the alignment of the
different densely packed atomic rows of the overlayer
and substrate. These orientations are the bcc [001] axis
parallel to the fcc �110� axes, or the bcc �111� and �111�
axes parallel to the fcc �110� axes. The first case is called
the Nishiyama-Wasserman (NW) orientation and gives
rise to three rotationally related domains. The second
case is called the Kurdjumov-Sachs (KS) orientation;
six domains, in groups of two, are produced from this
orientation. Recently, the third, Homma-Yang-Schuller
(HYS), orientation has been observed with the domains
rotated by 30± with respect to NW orientation [24].
The most favorable orientation, whether NW, HYS, or
KS, is one that maximizes the commensuration between
the surface lattices of the overlayer and the substrate
in the direction perpendicular to the parallel rows of
densely packed atoms [22,23]. The commensuration may
be expressed in terms of the ratio, r , of the inter-row
distances of the overlayer to the substrate. For perfectly

FIG. 2. Wide-angle x-ray diffraction spectrum. Momentum
transfer is parallel to the MgO [111] direction.
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commensurate structures r is an integer. The value of
r calculated for the a-Mn(110)�MgO(111) system in
the KS orientation is 2.82. In contrast, r � 2.44 and
1.73 for the NW and HYS orientations; thus the KS
orientation is expected to be more energetically favorable
than the others. For bcc Fe on Cu(111) r � 1.06 for
the KS orientation, and r � 0.92 for the NW orientation.
Although both values are close to unity, only the KS
orientation was observed [20].

In order to elucidate the azimuthal orientation between
the Mn overlayer and the substrate, glancing incidence
x-ray diffraction [25] was performed on a sample with
200 Å of Mn on MgO to observe the in-plane crystallinity
of the Mn layer. The intensity of the a-Mn �330�
reflection was monitored as a function of the sample
rotation, f, about the surface normal. The intensity
profile (Fig. 3) consists of 24 peaks with the same width
(full width at half maximum �2.7±) in groups of four.
Since the �330� reflection is twofold symmetric, the
occurrence of these peaks suggests the presence of twelve
rather than three or six domains.

The positions of two inner peaks in each group are
displaced by 65.25± from center of the group (see the
inset of Fig. 3) which coincides with the �112� direction
of MgO. Since the latter direction is parallel to an a-
Mn �330� reciprocal lattice vector in the NW orientation,
and no peak was observed at this location, a-Mn does not
assume the NW orientation. The absence of diffraction
peaks rotated by 630± with respect to the NW orientation
eliminates the presence of HYS domains. Rather, the
splitting of the inner peaks is consistent with the KS
orientation, and in agreement with the commensuration
arguments discussed earlier.

The outer peaks of the quadruplet, displaced by 615.2±

from center, can be produced by twinning of the KS
domains. The primitive surface unit cell of any bcc
structure in the (110) orientation is a rhombus with 70.6±

FIG. 3. The a-Mn �330� reflection observed as a function of
rotation angle, f, about the surface normal of the sample.
and 109.4± angles. If a �112� twin plane is formed, the
crystallites on the opposite sides of the plane will be rotated
by a twinning angle of 70.6±with respect to each other. An
example of such a twin is shown in Fig. 4a. The angle of
rotation is in good agreement (considering the linewidth)
with the angle (�70.2±) measured between the inner line
of one quadruplet and one of the outer lines of the adjacent
quadruplet (Fig. 4b). Each crystallite has two potential
twin boundaries [along �112� and �112� planes]; therefore,
given the presence of the six original KS domains, 12
more domains are produced from twinning, for a total of
18. While formation of one twin boundary produces the
domain with a new orientation [domain (2), Fig. 4a], the
other twin is aligned with one of the original KS domains
[domain (3), Fig. 4a]. The number of the domains with

FIG. 4. (a) Twinned domains of a-Mn(110) on MgO(111)
surface. Domain (1) is in the KS orientation, domain (2) is
a “misaligned” twin, and domain (3) is an “aligned” twin.
Twins are rotated by 670.6± with respect to domain (1). Solid
lines represent the projections of the twin boundaries onto the
Mn(110) plane. (b) The correspondence between the angular
separation of diffraction lines and rotations of twinned domains.
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the unique orientations is reduced to 12, producing the 24
peaks observed in the diffraction pattern.

Since the surface lattice of the “misaligned” twin [do-
main (2), Fig. 4a] is not commensurate to the MgO sur-
face, as neither of the densely packed atomic rows of two
crystals are parallel, these crystallites are not likely to have
been nucleated during the initial stages of the film growth.
Rather, they are likely to have formed on the facets of the
KS domains due to defects such as stacking faults, or as
a mechanism to accommodate strain in the Mn film. The
limited mobility of the Mn atoms on the surface at 200 ±C
may help stabilize the faults [26]. The average ratio of the
line intensities of the Bragg reflections from the incom-
mensurate twins to those of the commensurate domains
(KS and “aligned twins”) is 0.46 (8). From this number,
the fraction of the Mn layer consisting of misaligned twins
is calculated to be roughly one-third. A film with such
a large fraction of twinned material present during deposi-
tion should have produced a RHEED pattern with the sym-
metry similar to that of the x-ray rotational scan (Fig. 3)
rather than the observed sixfold symmetry. The noted dis-
appearance of the RHEED streaks, and an increased diffuse
scattering after the sample cooled to room temperature, are
indicative of changes in the sample surface morphology,
such as increased surface roughness. Such changes may
be a consequence of the formation of twins in the film bulk
(establishing an unambiguous correlation between these
two phenomena requires techniques not available in this
study). Hence, the formation of the twins occurred while
the sample was cooling from 200 ±C, the temperature at
which a well-defined RHEED pattern was observed, to
room temperature.

Given the opportunity to form the stable a-Mn phase
on a close-packed surface, Mn grows with the (110)
texture, suggesting that this structure is more plausible
as a prototype for the atomic arrangement of metastable
expanded Mn than a-Mn in the (111) orientation. The
experimental data seem to support this conjecture: An
in-plane x-ray diffraction pattern of the expanded Mn
films grown on Ag(111) and Cu(111) matches that of
a-Mn(110) in the NW orientation with an additional
expansion of the in-plane lattice parameter by 5% [14].

In summary, the structure of a Mn film on MgO(111)
grown under conditions favoring the growth of the ther-
modynamically stable a-Mn phase was studied. The for-
mation of multidomain a-Mn in the (110) orientation was
observed. The domain structure can be explained by a
combination of nucleated crystallites with the KS orien-
tation and twin formation. As some of the twins are not
commensurate to the substrate, their formation is likely
driven by grain boundary imperfections, perhaps as a
mechanism to relieve stress in the film. The growth fea-
tures of a-Mn in the (110) plane can be understood in
terms of the surface unit cell alone, without considering
the complex atomic basis. Finally, the demonstrated epi-
taxial growth of thin film a-Mn should motivate studies
5312
of magnetic compensation in various crystal planes of this
metal by means of the exchange bias in a bilayer com-
prised of a-Mn and a ferromagnetic overlayer [14].
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