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The Mn-Si alloy system undergoes the ��-Mn→�-Mn+R� eutectoid reaction at 908 K around 8 at. % Si.
The crystal structures of the �-Mn, �-Mn, and R phases were reported to consist of complex coordination
polyhedra such as a polyhedron with coordination number �CN� 12: that is, an icosahedral atomic cluster. The
notable features of these structures are that both the �-Mn and R structures are characterized by arrays of
penetrated CN16 pairs while penetrated CN14 pairs are present in the �-Mn structure. In a penetrated CN16
pair consisting of two CN16 polyhedra, for instance, a center atom of one CN16 polyhedron is one of 16 atoms
forming a shell of the other. To understand the crucial factors controlling a change between two coordination-
polyhedra structures, in this study, the crystallographic features of the ��-Mn→�-Mn� and ��-Mn→R� struc-
tural changes related to the eutectoid reaction have been investigated by transmission electron microscopy. It
was found that the former ��-Mn→�-Mn� change started with the conversion of a penetrated CN14 pair into
a penetrated CN16 pair by successive and simple atomic shifts. Among three types of orientation relations
between the �-Mn and R structures in the latter change, the direct conversion of a penetrated CN16 pair from
a penetrated CN14 pair should first occur for the major relation. As for two other minor relations found mainly
for higher Si contents, in the starting changes, a penetrated pair consisting of CN14 and CN12 polyhedra, and
two neighboring CN14 and CN12 polyhedra in the �-Mn structure must be converted to a penetrated CN16
pair, and two neighboring CN16 and CN12 polyhedra in the R structure, respectively. The directional relation
in the orientation relationship for these two structural changes was, as a result, determined by orientations of
the penetrated CN14 pairs or two neighboring polyhedra in the �-Mn structure. It is thus understood that the
crucial factor controlling the ��-Mn→�-Mn� and ��-Mn→R� structural changes should be the conversion
between the structural units consisting of only two neighboring polyhedra, which are involved in these com-
plex structures. Furthermore, both site occupancies of atoms and atomic-bond lengths in the penetrated CN16
pairs for the �-Mn and R structures were evaluated to understand the physical origin of interplay between the
appearance of a magnetic moment in the former structure and the formation of covalentlike atomic bonding in
the latter.
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I. INTRODUCTION

In 1984, Shechtman et al.1 reported the presence of the
quasicrystal in rapidly quenched Al-Mn alloys. It is now rec-
ognized that the quasicrystal is characterized by the break of
the translational and rotational symmetries that are allowed
in the three-dimensional crystallography.2–5 The finding of
quasicrystals and related approximant phases also gives us
the importance of crystal structures consisting of atomic
clusters in alloys. One of basic structural units for atomic
clusters in quasicrystals is obviously a coordination polyhe-
dron with coordination number �CN� 12: that is, an icosahe-
dral atomic cluster.6–14 In addition to the CN12 polyhedra,
the dodecagonal quasicrystal was suggested to consist of
atomic columns that are basically formed by a one-
dimensional connection of CN14 polyhedra.15,16

There exist CN12 polyhedra as a local structural unit in
metallic glasses.17–20 Recently, CN16 polyhedra were also
found in an Fe-based bulk metallic glass with a high glass
stability.21–26 Based on these findings, the strong suppression
for the crystallization in metallic glasses was discussed in
terms of both the formation and the stability of these poly-
hedra. The interesting point to note here is that amorphous
state in Fe-Nb-B alloys was reported to exhibit nanoscale

structural and compositional changes related to the phase
separation to the �bcc+�-Mn� state in an earlier stage of the
crystallization. This suggests that CN16 polyhedra involved
in the �-Mn structure may be present in the amorphous state
of Fe-Nb-B alloys, just as in the case of the Fe-based bulk
metallic glass.27 Based on these results, an understanding of
both the formation and the stability of coordination polyhe-
dra, and the crystallographic relation between these polyhe-
dra should be required for a deeper understanding of
metallic-glass and amorphous states as well as quasicrystals
in alloys. However, it is hard to examine their detailed fea-
tures because of the extremely complex atomic arrangements
in quasicrystals and the arrangements without long-range or-
dering in metallic-glass and amorphous states. In this study,
thus, we focused on three coordination-polyhedra structures
involving CN14 or CN16 polyhedra to understand both the
formation of a CN16 polyhedron and the crystallographic
relation between the CN14 and CN16 polyhedra. Concretely,
we have investigated their detailed features by using the
��-Mn→�-Mn+R� eutectoid reaction in the Mn-Si alloy
system.

Manganese is known to be one of the most complex me-
tallic elements. When the temperature is lowered from the
liquid state, the metallic Mn undergoes ��→�→�→�� suc-
cessive phase transitions in the solid state.28–30 Among these
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four phases, the � and � phases present in higher tempera-
tures have the usual bcc and fcc structures, respectively. The
�-Mn and �-Mn structures of the � and � phases in lower
temperatures were, on the other hand, reported to be very
complicated crystal structures involving coordination poly-
hedra such as a CN12 polyhedron.31–34 In addition, the inter-
esting feature in Mn-rich alloys is that in the Mn-Si alloy
system, for instance, the R �Mn6Si� phase, another
coordination-polyhedra phase, appears around 13 at. %
Si.35,36 As a result of the appearance of the R phase, there is
a ��-Mn→�-Mn+R� eutectoid reaction that is characterized
by structural changes between coordination-polyhedra
structures.37 Although we have so far studied the formation
of the coordination-polyhedra structures from the bcc struc-
ture in the Fe-Mo and Cr-Co alloy systems,38–42 the presence
of this eutectoid reaction presents us with the following
question: “what are the crucial factors controlling a structural
change between two coordination-polyhedra structures?” To
understand such factors, we have examined the crystallo-
graphic features of the ��-Mn→�-Mn� and ��-Mn→R�
structural changes in the Mn-Si alloy system by transmission
electron microscopy.

Figure 1 shows the �110��, �11̄0��, �01̄1��, and �111��

projections of the �-Mn structure as the initial structure in
the ��-Mn→�-Mn or R� structural change. The �-Mn struc-
ture with the cubic symmetry involves 20 atoms in a unit
cell, and there are two Mn sites, Mn I and Mn II, even for the
crystal structure of the metallic Mn.34 The feature of the
structure as a coordination-polyhedra structure is that a CN

FIG. 1. �Color� Projections of the atomic positions in the �-Mn
structure. The projected directions in �a�, �a��, �b�, and �b�� are,

respectively, parallel to the �110��, �11̄0��, �01̄1��, and �111�� di-
rections. The atomic positions reported by Shoemaker et al. �Ref.
34� were used for these diagrams. In the �-Mn structure, penetrated
CN14 pairs with the �112�� connected direction are arranged peri-
odically, as indicated by the colored regions in �a� and �a��, while

the regular array of penetrated CN14 pairs with the �4̄13�� con-
nected direction can be detected, as drawn by the colored regions in
�b� and �b��. In one penetrated CN14 pair consisting of two CN14
polyhedra, a center atom in one CN14 polyhedron is one of 14
atoms forming a shell of the other. The connected direction is also
referred to as a direction connected between two center atoms in
one penetrated CN14 pair. The difference in the colors for these
regions is just a visual guide to easily understand the spatial corre-
spondence among the penetrated CN14 pairs.

FIG. 2. �Color� Projections of the atomic positions in the �-Mn
and R structures. The �001�� and �110�� projections of the �-Mn
structure are, respectively, depicted in �a� and �a�� while the dia-

grams in �b� and �b�� show the �11̄00�R and �112̄0�R projections of
the R structure. The penetrated CN16 pairs involved in the �-Mn
and R structures are also shown in �c�. The crystallographic data
reported by Bardos et al. and Shoemaker et al. �Ref. 36� were,
respectively, used for the atomic positions in the �-Mn and R struc-
tures �Ref. 33�. Note that, in one penetrated CN16 pair, a center
atom in one CN16 polyhedron is one of 16 atoms forming a shell of
the other, just like a penetrated CN14 pair in the �-Mn structure. In
the figure, the regular arrays of penetrated CN16 pairs in the �-Mn
and R structures are indicated by the colored regions in �a� and �a��,
and �b� and �b��, respectively. The difference in the colors for these
regions is a visual guide to understand the spatial correspondence
among the penetrated CN16 pairs. It is also understood that the
difference between the penetrated CN16 pairs in the �-Mn and R
structures is the connection between two CN16 polyhedra, as indi-
cated by the thick lines in �c�.
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14 polyhedron is formed around each Mn II site while the
polyhedron formed around the Mn I site can be identified as
a distorted CN 12 one. The interesting feature of the �-Mn
structure is that there is a pair consisting of two CN 14 poly-
hedra in which a center atom in one polyhedron is one of 14
atoms forming a shell of the other. In this study, this unique
CN14 pair and the connected direction between the two cen-
ter atoms in it are referred to as the penetrated CN14 pair and
the connected direction, respectively. The point to note here
is that penetrated CN14 pairs are periodically arranged in the
�-Mn structure. In Fig. 1, penetrated CN14 pairs with the
�112�� connected direction are shown as colored regions in
�a� and �a�� while colored regions in �b� and �b�� correspond

to penetrated CN14 pairs with the �4̄13�� direction. Note that
the difference in the colors for these regions is just a visual
guide to easily understand the spatial distribution for these
two types of penetrated CN14 pairs.

Both the �001�� and �110�� projections of the �-Mn struc-

ture with the cubic symmetry and the �11̄00�R and �112̄0�R
projections of the R structure with the trigonal symmetry are
schematically depicted in Fig. 2, together with the schematic
diagram of the penetrated CN16 pairs in the �-Mn and R
structures. Note that the crystallographic directions and
planes in the R structure are indexed in terms of the hexago-
nal system, instead of the trigonal one. According to previous
studies,33,36 it has been reported that there are CN12, CN13,
and CN16 polyhedra in the �-Mn structure consisting of 58
atoms in a unit cell, and CN12, CN14, CN15, and CN16
ones in the R structure of 159 atoms. In spite of the presence
of various coordination polyhedra, the notable feature of the
�-Mn and R structures is that these structures commonly
involve penetrated pairs consisting of two CN16 polyhedra.
The array of penetrated CN16 pairs in the �-Mn structure is
indicated by the colored regions in �a� and �a�� while the
colored regions in �b� and �b�� correspond to penetrated
CN16 pairs in the R structure. The difference in the colors is
also a visual guide to understand the spatial distribution for
the penetrated CN16 pairs, just as in Fig. 1 for the �-Mn
structure. The point to note here is that there is a difference
between the penetrated CN16 pairs in the �-Mn and R struc-
tures with respect to the connection between the two CN16
polyhedra forming a penetrated pair, as indicated by the thick
lines in �c�. From the similarity between the arrays of the
penetrated CN14 and CN16 pairs shown in Figs. 1 and 2, it
is likely that the penetrated CN16 pairs in the �-Mn structure
and R structures may have some relation to the penetrated
CN14 pair in the �-Mn structure, and would play a certain
role in both the ��-Mn→�-Mn� and ��-Mn→R� structural
changes related to the eutectoid reaction.

In the Fe-Mo alloy system, the R structure appears as the
crystal structure of the Fe3Mo2 phase in the temperature
range between 1473 and 1761 K.43 We have previously ex-
amined the crystallographic features of the formation of the
R structure from the bcc structure by using the �bcc→bcc
+R� reaction in this alloy system.42 The experimental data
obtained by transmission electron microscopy revealed that
the R structure was characterized by a periodic array of
atomic columns consisting of both CN12 polyhedra and pen-
etrated CN16 pairs. Note that the one-dimensional alternat-

ing array of pink and yellow regions along the �0001�R di-
rection in Fig. 2�b�� corresponds to an atomic column as one
of the structural units in the R structure. Note that the yellow
region consists of three neighboring CN12 polyhedra. Ac-
cording to our previous study, shorter atomic bonds reflect-
ing a covalentlike character are present between Fe atoms
forming a shell of a penetrated CN16 pair as another struc-
tural unit. Instead of the formation of covalentlike bonding in
the R structure, on the other hand, complicated antiferromag-
netic ordering has been reported in the �-Mn
structure.33,44–49 Based on these observations, we are very
interested in the interplay between the appearance of a mag-
netic moment and the formation of covalentlike bonding in
crystal structures involving larger CN polyhedra such as a
CN16 polyhedron. Thus, in this study we focus on the for-
mation of penetrated CN16 pairs from the �-Mn structure
involving penetrated CN14 pairs. To understand the critical
factors controlling a structural change between two
coordination-polyhedra structures, we have investigated the
crystallographic features of both the ��-Mn→�-Mn� and
��-Mn→R� structural changes in Mn-Si alloys by transmis-
sion electron microscopy. Below we will describe the de-
tailed results concerning these two structural changes, which
were obtained in this study.

II. EXPERIMENTAL PROCEDURE

The ��-Mn→�-Mn+R� eutectoid reaction was reported
as occurring at 908 K around 8 at. % Si in the Mn-Si alloy
system.37 In this study, the crystallographic features of the
��-Mn→�-Mn� and ��-Mn→R� structural changes related
to the reaction were, respectively, examined mainly by using
Mn-�7, 8 , 9 , 10, and 11� at. % Si alloy samples. Ingots
of these alloys were prepared from Mn and Si with purity of
99.9% by an induction melting technique. The ingots were
kept at 1273 K in the single �-Mn region for 24 h to get the
metastable �-Mn state, followed by quenching in ice water.
To induce the ��-Mn→�-Mn� structural change, metastable
�-Mn alloy samples with composition of �7 and 8� at. %
Si, cut from the ingots, were annealed at 873 K in vacuum
for various annealing times. The annealing temperature of
873 K was also used for the ��-Mn→R� change in
Mn-�8, 9 , 10, and 11� at. % Si samples. The crystallo-
graphic features of these annealed samples were examined at
room temperature, using JEM-3010- and 1010-type transmis-
sion electron microscopes with accelerating voltages of 300
kV and 100 kV, respectively. Specimens for our observation
made by transmission electron microscopy were prepared by
an Ar-ion thinning technique.

III. EXPERIMENTAL RESULTS

A. Crystallographic features of the (�-Mn\�-Mn)
structural change

Of the structural changes related to the ��-Mn→�-Mn
+R� reaction, we first describe the experimental results on
the crystallographic features of the ��-Mn→�-Mn� change.
The experimental data concerning this change were collected
from Mn-�7 and 8� at. % Si alloy samples with a meta-
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stable �-Mn state as an initial state and were annealed at 873
K for various annealing times. Figure 3 shows a bright field
image of the ��-Mn+�-Mn� coexisting state in a
Mn-7 at. % Si alloy sample annealed for 3 h. The electron
beam incidence of the image is parallel to the �110�� direc-
tion. In the image, there are two areas divided by a boundary
and a complex contrast is detected in the upper left area. The
analysis of the corresponding electron diffraction patterns in
the inset confirmed that the crystal structures in the upper-
left and other areas were identified as the �-Mn and �-Mn
structures, respectively. This implies that the complex con-
trast found in the �-Mn region is annihilated in the �-Mn
region, which should be produced by the ��-Mn→�-Mn�
structural change. Based on this, it is likely that the contrast
is due to a structural defect that is associated with the ap-
pearance of the �-Mn structure.

To determine the orientation relationship between the
�-Mn and �-Mn structures, we took electron diffraction pat-
terns of the ��-Mn+�-Mn� coexisting state. We found that
there was only one simple orientation relation between these
two structures. Three electron diffraction patterns indicating
this relation are shown in Fig. 4. The electron beam inci-
dences in �a�, �b�, and �c� are, respectively, parallel to the

�110��, �11̄0��, and �112̄�� directions. The surprising feature

to note here is that, as seen in �b�, the �11̄0�� pattern seems
to come from a single crystal structure. Because the extinc-
tion rule of reflections for the �-Mn structure is obviously
different from that for the �-Mn one, reflections due to the
former structure must overlap those due to the latter. Taking
this into account, we have the very simple relation of

�110�� � �002�� and �11̄0�� � �110��. In addition, the lattice pa-
rameters of the �-Mn and �-Mn structures, a� and a�, with
the cubic system are basically satisfied with the relation of
a�= �2a�. It was, in fact, confirmed that the value of a� /a�

was estimated to be a� /a��1.41 by using the experimen-
tally obtained lattice parameters of a�=8.84 nm and a�

=6.25 nm.
In Fig. 3, the complex contrast is observed in the �-Mn

area in the ��-Mn+�-Mn� coexisting state. The contrast is

due to structural defects that should be associated with the
��-Mn→�-Mn� structural change. To understand the fea-
tures of the initial change in the structural change, then, we
examined the crystallographic features of �-Mn areas in
Mn-7 at. % Si alloy samples with shorter annealing times.
Figure 5 shows bright and dark field images of a �-Mn area

FIG. 3. Bright field image of the ��-Mn+�-Mn� coexisting state
in a Mn-7 at. % Si alloy sample annealed for 3 h together with the
corresponding electron diffraction pattern. The electron beam inci-
dence for both the image and the pattern is parallel to the �110��

direction. The complex contrast is seen in the upper-left �-Mn re-
gion. The pattern clearly indicates the presence of the unique ori-
entation relationship between the �-Mn and �-Mn structures.

FIG. 4. Three electron-diffraction patterns indicating the single
orientation relationship between the �-Mn and �-Mn structures.
These patterns were taken from the ��-Mn+�-Mn� coexisting state
in a Mn-7 at. % Si alloy sample annealed for 3 h. The electron
beam incidences in �a�, �b�, and �c� are, respectively, parallel to

�110��, �11̄0��, and �112̄�� directions. Based on the analysis of the
patterns, the orientation relation was determined to be

�110�� � �002�� and �11̄0�� � �110��. As a result of the simple rela-

tion, the pattern with the �11̄0�� incidence in �b� seems to come
from a single state.
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in a sample annealed for 30 min, together with a correspond-
ing �11̄0�� electron diffraction pattern. We first looked at the
pattern in �b�. In that pattern, there are reflections due to the
crystal structure of this area and strong streaks are seen along
the �111̄�� line around each reflection. Although the analysis
of diffraction patterns with other electron beam incidences
indicated that the area had the �-Mn structure, the �11̄0��
pattern in �b� looks like the �110�� pattern of the �-Mn struc-
ture. Based on this, it seems to us that a certain structural
change to the �-Mn structure should already have occurred
in the �-Mn area. In the bright field image, in fact, we see
thin regions along the �112�� direction. Both the violation of
the extinction rule for the �-Mn reflections and the presence
of the streaks in the pattern suggest that the thin region can
be identified as a transitional state related to the formation of
the �-Mn structure. To confirm this, the dark field image in
�c� was taken by using the forbidden 003� reflection for the
�-Mn structure. The thin regions are actually observed as
bright contrast in the dark �-Mn matrix. Because the forbid-
den 003� reflection is allowed for the �-Mn structure, a tran-
sitional state as the starting state should appear in such thin
regions. It is thus understood that the ��-Mn→�-Mn� struc-
tural change presumably occurs by successive structural
changes, not a direct one.

To understand the detailed features of the transitional
state, we took high-resolution electron micrographs of thin
regions appearing in the shorter annealing times. Figure 6
shows a bright field image, a high-resolution electron micro-
graph, and a calculated micrograph of a �-Mn matrix involv-
ing the transitional state in a 30-min-annealed sample. The

corresponding �11̄0�� electron diffraction pattern is also
shown in the inset. A thin region as a transitional state is
clearly seen in the image, and there are both forbidden re-
flections for the �-Mn structure and a streak around each
reflection in the pattern. The interesting feature of the image
is that a boundary between the �-Mn matrix and the
transitional-state region is rather diffuse. In addition, the re-
gion surrounded by the red lines in the image exhibits a
complicated contrast in the experimental micrograph, �b�. It
is hard to interpret the detailed features of the contrast in the
transitional-state region by using the experimental micro-
graph. To clarify the features of the region, we reproduced
the calculated micrograph in �c� from the experimental one
in �b� by using the reflections indicated by the arrows in the
pattern. Interestingly, the characteristic contrast is repro-
duced in the calculated micrograph, where the transitional-
state region is located at the middle. To understand the fea-
tures of the contrast in the �-Mn matrix, first, the contrast in

the calculated micrograph is compared with the �11̄0�� pro-
jection of the �-Mn structure shown in �c�. The comparison
clearly indicates that projected positions of atoms are
densely arranged in the dark-contrast regions of the calcu-
lated micrograph. In other words, the understanding of this is
that the contrast in the calculated micrograph basically re-
flects the projected positions of atoms in the �-Mn structure.
The green region in �c� actually corresponds to a penetrated
CN14 pair. Keeping this correspondence in mind, we focus
on the contrast in the transitional-state region at the middle.
Although it is hard to find conspicuous contrast that is dif-

ferent from the contrast in the �-Mn matrix, a bright-contrast
ring with a radius of about 0.3 nm can be detected in the
interior of the thin white square indicated in the calculated
micrograph. The important feature of the bright-contrast ring

FIG. 5. Bright and dark field images obtained from a �-Mn
matrix involving the transitional state together with a corresponding

electron diffraction pattern with the �11̄0�� electron incidence. The
enlarged pattern in the vicinity of the 003� reflection is also shown
in the inset. The images and the pattern were taken from a
Mn-7 at. % Si alloy sample annealed for 30 min. In the bright field
image, �a�, dark-contrast lines are seen in a �-Mn matrix. In addi-
tion, there exist both forbidden reflections for the �-Mn structure
such as the 003� reflection and a streak through each reflection

along the �111̄�� direction in pattern, �b�. Note that the streak can
easily be detected in the inset. Furthermore, the dark-contrast lines
in �a� are observed as bright contrast in the dark field image, �c�,
which was taken by using the 003� forbidden reflection. This im-
plies that the dark-contrast line in �a� should originate from the
transitional state in the ��-Mn→�-Mn� structural change.
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is that the rings are arranged along the horizontal �110��

direction in the thin region, as indicated by the green thick
arrows. Based on this, the array of bright-contrast rings is
here referred to as a ring array. As a result of the appearance
of the ring array in the thin-banded region, the remaining
contrast for the �-Mn structure forms the �-Mn array, as

indicated by the yellow thin arrows. The understanding of
this is that the contrast in the transitional-state region is char-
acterized by the alternating arrangement of the ring and
�-Mn arrays along the perpendicular �001�� direction, as
marked by the thick green and thin yellow arrows.

FIG. 6. �Color� Bright field image, a high-resolution electron
micrograph, and a calculated micrograph of a �-Mn matrix involv-

ing the transitional state, together with a corresponding �11̄0��

electron-diffraction pattern in the inset of �a�. The image, micro-
graphs, and pattern were taken from the Mn-7 at. % Si alloy
sample annealed for 30 min, which is the same as that used in Fig.
5. In the image, �a�, a line-shaped transitional state was observed as
dark contrast in a �-Mn matrix and the boundary between the state
and the �-Mn matrix is obscure. To understand the detailed features
of the transitional state, the experimental micrograph in �b� was
taken from the area indicated by the red square in �a�. The defocus
value and the sample thickness for the experimental micrograph
were, respectively, estimated to be about −80 nm and about 10 nm.
The micrograph in �b� exhibits the complex contrast and we then
reproduced the calculated micrograph in �c� from the experimental
one in �b� by using the reflections indicated by the arrows in the
pattern. In �c�, the small yellow circles and the green region in the

�-Mn area indicate projected positions of atoms along the �11̄0��

direction and a penetrated CN14 pair with the �112�� connected
direction in the �-Mn structure, respectively. The interesting feature
is that bright-contrast rings are seen in the interior of the transitional
state, as indicated by the white square. As a result of the appearance
of the bright-contrast ring, the transition state is characterized by
the alternating arrangement of the ring and �-Mn arrays, as marked
by the thick green and thin yellow arrows, along the vertical direc-
tion in �c�. In the calculated micrograph, the dark-contrast region in
the �-Mn area basically corresponds to the region in which pro-
jected positions of atoms are densely arranged.

FIG. 7. �Color� Calculated micrographs of the �-Mn,
transitional-state, and �-Mn regions, together with their correspond-
ing electron diffraction patterns in the insets. The electron beam

incidences are parallel to the �11̄0�� direction for �a� and �b�, and
the �110�� direction for �c�. These calculated micrographs were re-
produced from high-resolution electron micrographs obtained ex-
perimentally by using the reflections indicated by the arrows in the
corresponding patterns. The experimental micrographs for the
�-Mn and transitional-state regions were taken from the 30-min-
annealed Mn-7 at. % Si alloy sample, under the same condition of
the defocus value and the sample thickness as that in Fig. 6. On the
other hand, a Mn-7 at. % Si sample annealed for 150 h was used
for taking the experimental micrograph of the �-Mn structure with
the defocus value of about −80 nm and the sample thickness of
about 10 nm. In �a�, further, the projected positions of the atoms and
a penetrated CN14 pair in the �-Mn structure are, respectively,
indicated by the small yellow circles and the green region, while the
small green circles and the orange region in �c� represent the pro-
jected positions of atoms and a penetrated CN16 pair in the �-Mn
structure. From these micrographs, we can see the characteristic
contrast changes in the ring and �-Mn arrays, which reflect the
��-Mn→�-Mn� structural change, as indicated by the white rect-
angles A and B.
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The contrasts of both the �-Mn matrix and the

transitional-state region in the calculated �11̄0�� micrograph
are compared with the contrast of the �-Mn precipitate.
High-resolution electron micrographs of the �-Mn precipi-
tate were taken from the Mn-7 at. % Si sample annealed for
150 h. Calculated micrographs of the �-Mn matrix, the
transitional-state region, and the �-Mn precipitate are shown
in Fig. 7, together with both their corresponding electron-
diffraction patterns and the projections of the �-Mn and
�-Mn structures. The calculated micrograph in �c� was repro-
duced from an experimental micrograph by using the reflec-
tions indicated by the small arrows in the pattern. Based on
the comparison between the contrast in the calculated micro-
graph and the projected positions of the atoms in the �-Mn
structure, first, it is found that dark-contrast regions in the
micrograph basically correspond to regions, in which pro-
jected positions of atoms are densely arranged. We then fo-
cus on the contrast change shown in these calculated micro-
graphs. It is confirmed that the first change from the �-Mn
structure to the transitional state is the formation of a ring
array along the �110�� direction, as seen in the regions sur-
rounded by White rectangle A in �b�. The second change
from the transitional state to the �-Mn structure involves the
following three steps. One step is the appearance of the
bright-contrast line connected between two neighboring
bright rings in the ring array, as indicated by Arrows A in
White rectangle A of �c�. The others are the formations of
both a dark-contrast ring and a dark-contrast line between
two neighboring dark rings in the �-Mn array. The dark-
contrast rings are clearly seen in the interior of white rect-
angle B in �c� and the dark-contrast lines are indicated by
arrows B in it. The presence of these changes and steps,
suggests that the ��-Mn→�-Mn� structural change via the
transitional state should take place by successive and simple
atomic shifts. Based on these calculated micrographs, we
conclude that these atomic shifts are associated with the for-
mation of a penetrated CN16 pair from a penetrated CN14
one. In other words, the transitional configuration between
the penetrated CN14 and CN16 pairs may be present in the
��-Mn→�-Mn� structural change. Note that the green re-
gion in �a� and the orange region in �c� indicate the pen-
etrated CN14 pair in the �-Mn structure and the penetrated
CN16 pair in the �-Mn CN16 pair, respectively.

B. Crystallographic features of the (�-Mn\R) structural
change

In this study, the experimental data concerning the
��-Mn→R� structural change were collected by using
Mn-�8, 9 , 10, and 11� at. % Si alloy samples. As in the
case of the ��-Mn→�-Mn� change, we started with the ex-
amination of the orientation relationship between the �-Mn
and R structures. We determined that the crystallographic
direction of the �-Mn structure is parallel to the �0001�R
direction in the R structure. It is obvious that the atomic
column in the R structure has the column axis along the
�0001�R direction. We found that there were three types of
orientation relations between the �-Mn and R structures,
which are here denoted by R1, R2, and R3. The �0001�R

column axes for the R1, and R2, and R3 relations are, respec-
tively, nearly parallel to the �134��, �120��, and �130�� direc-
tions in the �-Mn structure. The points to note here are that
the R2 and R3 relations were mainly found in alloys with
higher Si contents, and that the frequencies for finding these
three relations were estimated to be R1:R2:R3=70:15:15.
Based on this ratio, the R1 relation can be regarded as the
major relation while the others are referred to as the minor
ones.

We first describe the experimental data on the major R1
relation. Figure 8 shows three electron diffraction patterns of
the ��-Mn+R� coexisting state for the major relation to-
gether with a corresponding bright field image. Both the im-
age and the pattern were taken from a Mn-11 at. % Si alloy
sample annealed at 873 K for 3 h. The electron beam inci-
dences of the patterns in �b�, �c�, and �d� are, respectively,

parallel to the �111��, �11̄0��, and �21̄1̄�� directions, and the
image was taken in the �111�� incidence. In the image, we
clearly see two areas separated by a sharp boundary. The
feature of the image is that a complex contrast is observed
only in the upper area while the lower area exhibits relatively
uniform contrast. Based on the analysis of the patterns, it
was confirmed that the lower and upper areas had the �-Mn
and R structures, respectively. This implies that structural
defects giving rise to the complex contrast are involved only
in the R-structure area. The situation concerning structural

FIG. 8. Bright field image and three corresponding electron-
diffraction patterns of the ��-Mn+R� coexisting state in a
Mn-11 at. % Si alloy sample annealed at 873 K for 3 h. The elec-
tron beam incidences in �a� and �b�, �c�, and �d� are, respectively,

parallel to the �111��, �11̄0��, and �21̄1̄�� directions. In �a�, R and
�-Mn regions separated by a straight boundary, as indicated by the
white dashed lines, are present in the upper and lower areas in the
image. The patterns indicate the presence of the major R1 relation,

�01̄1�� � �22̄01�R and �111�� � �112̄0�R, between the �-Mn and R
structures.
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defects is obviously different from that in the ��-Mn
→�-Mn� change. It is thus likely that there is a certain dif-
ference between the formation processes of penetrated CN16
pairs in the ��-Mn→�-Mn� and ��-Mn→R� structural
changes. As for the orientation relationship, we found

that the major R1 relation is �01̄1�� � �22̄01�R and

�111�� � �112̄0�R, and that the �0001�R column axis of the
atomic column in the R structure is nearly parallel to the

�4̄13�� direction in the �-Mn structure. Based on this, we can
say that the direction of a column axis is not parallel to one
of the low-index crystallographic directions in the �-Mn
structure. This would be an indication that the formation of
the atomic column is not an essential feature of the ��-Mn
→R� structural change. In other words, there is a possibility
that the formation of a smaller structural unit in the R struc-
ture such as a penetrated CN16 pair may play an essential
role in the structural change for the major R1 relation.

Figure 9 shows electron diffraction patterns indicating the
minor R2 and R3 relations together with their corresponding
pole figures. The patterns were taken from ��-Mn+R� coex-
isting regions in a Mn-11 at. % Si alloy sample annealed for
3 h. By using both the patterns and figures, we determined

the following orientation relations: that is, �030�� � �44̄04̄�R

and �001�� � �112̄0�R for R2 and �1̄01�� � �112̄3̄�R and

�232�� � �101̄2�R for R3. The corresponding �0001�R column

axis for the R2 and R3 relations are, respectively, found to be

nearly parallel to the �21̄0�� and �310�� directions, as indi-
cated by the red circles in the pole figures. It is thus under-
stood that the column axes for the R2 and R3 relations are
nearly parallel to the low-index directions in the �-Mn struc-

FIG. 9. �Color� Electron-diffraction patterns and corresponding
pole figures indicating the minor R2 and R3 relations between the
�-Mn and R structures. The patterns were taken from two different
��-Mn+R� coexisting areas in the same 3-h-annealed Mn-11 at. %
Si alloy sample, and the electron beam incidences in �a� and �b� are,
respectively, parallel to the �001�� and �232�� directions. Based on
the constructed pole figures, it is found that the atomic column in
the R structure has the �0001�R column axis that is parallel to the

�21̄0�� direction for the R2 relation and to the �310�� direction for
the R3 relation, as indicated by the red circles.

FIG. 10. �Color� Bright field image, high-resolution electron
micrograph, and calculated micrograph of the ��-Mn+R� coexisting
state with the R1 relation, together with a corresponding �111��

electron-diffraction pattern in the inset of �a�. The image, pattern,
and experimental micrograph were taken from a Mn-11 at. % Si
alloy sample annealed at 873 K for 1 h. An R precipitate at the
center of the image is seen as a dark-contrast region in a bright
�-Mn matrix. In the experimental micrograph, �b�, taken from the
area indicated by the red square in �a�, the R precipitate exhibits the
relatively complex contrast. To understand the crystallographic fea-
tures of the R precipitate, the calculated micrograph in �c� was
reproduced from the experimental micrograph in �b� by using the
reflections indicated by the arrows in the pattern. Both the enlarged
micrograph and the projected positions of atoms in the R structure
are also shown in the inset of �c�. The comparison between the array
of bright dots and the projected positions of atoms in the inset
indicates that each bright dot corresponds to one penetrated CN16
pair marked by the pink region, not CN12 polyhedra by the yellow
region. Note that the atomic column in the R structure is character-
ized by a one-dimensional alternating arrangement of pink and yel-
low regions. From the calculated micrograph in �c�, it is then un-
derstood that the R precipitate consists of nanometer-sized regions.
The black and green lines in �c� indicate out-of-phase boundaries
between two neighboring nanometer-sized regions and a structural
boundary between the R precipitate and the �-Mn matrix, respec-
tively. As indicated by the thin white lines, further, there is a certain
phase shift across an out-of-phase boundary with respect to an array
of penetrated CN16 pairs.
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ture, unlike the case of the major R1 relation.
In the ��-Mn→R� structural change for the R1 relation,

as mentioned above, there are structural defects in the R
precipitate, instead of a �-Mn matrix in the ��-Mn
→�-Mn� change. It should be noted that the presence of
defects was confirmed to be one of the common features for
the R1, R2, and R3 relations. To understand the detailed
features of structural defects, we took high-resolution elec-
tron micrographs of alloy samples with shorter annealing
times, mainly for the R1 relation. Figure 10 shows a bright
field image, a high-resolution electron micrograph, and a cal-
culated micrograph of a Mn-11 at. % Si alloy sample an-
nealed for 1 h, together with the corresponding �111��

electron-diffraction pattern. In the image, we see a banded-
shape R precipitate at the middle, which is sandwiched by a
�-Mn matrix. It is confirmed that the orientation relation
between the R precipitate and the �-Mn matrix satisfy the R1
relation. The micrograph in �b� was then taken from the
��-Mn+R� coexisting area involving a boundary, which is
surrounded by the red lines in the image. In �b�, we see a
dotted contrast in the interior of the precipitate while a trian-
gular array of bright dots is present in the �-Mn matrix. It is
obvious that the triangular array of dots in the �-Mn matrix
is due to the �111�� electron beam incidence. In spite of the
characteristic dotted contrast in the R precipitate, unfortu-
nately, it is hard to understand the crystallographic features
of the R precipitate. To get enough information on the atomic
arrangement in the precipitate, we reproduced the calculated
micrograph in �c� from the experimental micrograph in �b�
by using the reflections indicated by the arrows in the pat-
tern. A local regular array of bright dots is clearly seen in the
calculated micrograph. In other words, the precipitate is
found to consist of nanometer-sized regions, each of which
contains regularly arranged bright dots. Note that the curved
black lines in �c� correspond to boundaries between two
neighboring nanometer-sized regions. To understand what
corresponds to each bright dot, further, the contrast in the

calculated micrograph was compared with the �112̄0�R pro-
jection of the R structure in the inset, where the enlarged
calculated micrograph is shown. It is understood that each
dot corresponds to a penetrated CN16 pair indicated by the
pink region. This implies that atomic columns characterized
by the one-dimensional alternating arrangement of pen-
etrated CN16 pairs �the pink regions� and CN12 polyhedra
�the yellow region� in the R structure are formed locally in
the precipitate. It is worth noting that the nanometer-sized
column-cluster state already has been found in the �bcc
→R� structural change of the Fe-Mo alloy system.42 The
local and regular array of penetrated CN16 pairs is thus an
indication that the nanometer-sized column-clusters state is
also present in the ��-Mn→R� change in the Mn-Si alloy
system. It seems to us that the column-cluster state is one of
the common features in the formation of the R structure.
Based on the presence of the column-cluster state, we think
that the complex contrast in the bright field image should be
ascribed to out-of-phase boundaries with respect to an array
of penetrated CN16 pairs.

In the �bcc→R� structural change in the Fe-Mo alloy sys-
tem, the development from the column-cluster state to the

R-structure state took place by the annihilation of out-of-
phase boundaries separating nanometer-sized column-cluster
regions.42 To confirm this in the ��-Mn→R� change, high-
resolution electron micrographs of the R-structure area in the
��-Mn+R� equilibrium state were taken using a
Mn-11 at. % Si alloy sample annealed for 150 h. Figure 11
shows a calculated micrograph reproduced from an experi-
mental micrograph of an R-structure region in the ��-Mn
+R� coexisting state, together with the corresponding

�112̄0�R electron-diffraction pattern in the inset. Both the en-

larged calculated micrograph and the �112̄0�R projection of
the R structure are also shown in another inset and the re-
flections indicated by the arrows in the pattern were used for
reproducing the calculated micrograph. A regular array of
penetrated CN16 pairs observed as bright dots is clearly seen
in a wide area of the micrograph. That is, the R-structure
state is well developed in the sample. The interesting feature
of the micrograph is that there still exist out-of-phase bound-
aries as a structural defect in the R structure. In the micro-
graph, it is easy to detect a phase shift occurring across the
boundary, as marked by the white lines.

IV. DISCUSSION

The crystallographic features of the ��-Mn→�-Mn� and
��-Mn→R� structural changes, as changes between
coordination-polyhedra structures, were investigated by uti-
lizing the ��-Mn→�-Mn+R� eutectoid reaction in the
Mn-Si alloy system. The experimental data obtained in this

FIG. 11. �Color� Calculated micrograph of a R-structure region
in the ��-Mn+R� coexisting state of a Mn-11 at. % Si alloy sample

annealed at 873 K for 150 h together with a corresponding �112̄0�R

electron-diffraction pattern in the inset. The micrograph was repro-
duced from an experimental micrograph by using the reflections
indicated by the arrows in the pattern. Both the enlarged micrograph
and the projected positions of atoms in the R structure are also
shown in another inset, where the pink and yellow regions represent
penetrated CN16 pairs and CN12 polyhedra, respectively. Each
bright dot in the micrograph corresponds to one penetrated CN16
pair. In the R-structure region, nanometer-sized regions are well
developed, but there still exist out-of-phase boundaries, as indicated
by the parallel white lines.
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study revealed that the former ��-Mn→�-Mn� change
started with the conversion of the penetrated CN14 pair into
the penetrated CN16 pair by successive local and simple
atomic shifts. In the case of the latter ��-Mn→R� change, on
the other hand, a nanometer-sized column-cluster state ap-
pears in the initial stage. In the later stage, the R-structure
state develops from the column-cluster state by the annihila-
tion of out-of-phase boundaries separating nanometer-sized
column-cluster regions. The point to note here is that the
column-cluster state can be characterized by a local and
regular array of penetrated CN16 pairs involved in the
atomic column of the R structure. This implies that, in the
��-Mn→R� change, the direct conversion between the pen-
etrated CN14 and CN16 pairs should occur in the starting
change, unlike the successive conversion in the ��-Mn
→�-Mn� change. Although there is a difference between the
formation processes for the �-Mn and R structures, our ex-
perimental data clearly indicates that the formation of the
penetrated CN 16 pairs should be a key factor in these two
structural changes. Based on these experimental data, then,
we discuss here both the crystallographic relations between
the �-Mn and �-Mn structures, and between the �-Mn and R
structures for the major R1 relation; that is, �1� an orientation
relation between penetrated CN 14 pairs in the �-Mn struc-
ture and penetrated CN16 pairs in the �-Mn and R structures,
�2� atomic shifts in the conversion between the penetrated
CN14 and CN16 pairs as a starting change for the ��-Mn
→�-Mn� and ��-Mn→R� structural changes, and �3� the
features of the formation process of the penetrated CN16 pair
in the ��-Mn→�-Mn� change. As for the minor R2 and R3
relations for higher Si contents, we tried to look for structural
units in the �-Mn and R structures that were converted to
each other in the ��-Mn→R� structural change. Further-
more, interplay between the appearance of a local magnetic
moment in the �-Mn structure and the formation of covalent-
like bonding in the R structure is also discussed by evaluat-
ing site occupancies of atoms and atomic-bond lengths of the
penetrated CN16 pairs in the �-Mn and R structures.

We start with a discussion of the orientation relation be-
tween penetrated CN14 pairs in the �-Mn structure and pen-
etrated CN16 pairs in the �-Mn and R structures on the basis
of the obtained orientation relations. Note that, for the R
structure, the discussion here is restricted to the major R1
relation. To characterize the penetrated CN16 pairs, our first
consideration is to the direction of a line connected between
two center atoms of two CN16 polyhedra that form one pen-
etrated CN16 pair. When this direction is referred to as the
connected direction mentioned earlier, the relations obtained
experimentally indicate that the connected direction in the
�-Mn structure is parallel to the �112�� direction in the �-Mn
structure. In the major R1 relation for the R structures, on the
other hand, the connected direction corresponding to the

�0001�R column-axis direction is nearly parallel to the �4̄13��

direction. In addition to the connected direction, a bond
length between two center atoms was also evaluated to be
about 0.280 nm for the �-Mn structure and about 0.284 nm
for the R structure by using the reported crystal-structure
data on the �-Mn and R structures.33,36 Based on these direc-
tions and lengths, we looked for structural units in the �-Mn

structure. We found, as a result, that two types of penetrated
CN14 pairs could be identified as structural units in the
�-Mn structure. In one penetrated CN14 pair, its connected
direction and bond length are, respectively, estimated to be
the �112�� direction and about 0.268 nm.34 In fact, this type
of pairs was already shown in Figs. 1�a� and 1�a��. The other

is also shown in Figs. 1�b� and 1�b��, and has the �4̄13��

direction and a length of about 0.264 nm. This clearly indi-
cates that the starting change for the ��-Mn→�-Mn� and
��-Mn→R� structural changes can basically be characterized
by the conversion from a penetrated CN14 pair to a pen-
etrated CN16 one. It seems to us that the difference between
the penetrated CN16 pairs in the �-Mn and R structures
should originate from that between the penetrated CN14
pairs in the �-Mn structure.

The atomic shifts in the conversion between the pen-
etrated CN14 and CN16 pairs for the ��-Mn→�-Mn� and
��-Mn→R� structural changes are discussed on the basis of
the above-mentioned relations between the penetrated pairs.
As described in Sec. III, the conversion between the pen-
etrated CN14 and CN16 pairs in the ��-Mn→�-Mn� change
should occur by successive and simple atomic shifts. In this
study, the atomic shifts in the conversion were actually de-
termined by comparison between the reported atomic posi-
tions in the �-Mn and �-Mn structures33,34 with the help of
the obtained relation. The determined atomic shifts in the
conversion between the penetrated pairs are depicted in Fig.
12. In the figure, the penetrated CN14 and CN16 pairs in the
�-Mn and �-Mn structures are, respectively, indicated by the
dashed and solid lines. Thus we conclude that the shifts in-
dicated by the blue and red arrows are local and simple. In
particular, two center atoms surrounded by the black squares
move away very slightly in the conversion. In other words,
there exists a one-to-one correspondence between the atomic
positions of the penetrated CN14 pair in the �-Mn structure
and the penetrated CN16 pair in the �-Mn structure.

Based on both the determined shifts in the conversion
between the penetrated CN14 and CN16 pairs in Fig. 12 and
the contrast change in Fig. 7, we discuss the formation pro-
cess of the penetrated CN16 pair from the penetrated CN14
pair as the starting change in the ��-Mn→�-Mn� structural
change. As discussed in Sec. III, the contrast change was
found to consist of the first and second changes. In the cal-
culated micrographs, specifically, the bright-contrast ring ap-
pears in the first change and the second change involves
three steps: that is, the formation of �a� the bright-contrast
line connected with two neighboring bright rings, �b� the
dark-contrast ring, and �c� the dark-contrast line between two
dark rings. Based on these contrast changes, it is clear that
the conversion between the penetrated CN14 and CN16 pairs
takes place by successive atomic shifts that occur with the
lapse of time. We first consider the fact that the dark-contrast
regions in the calculated micrographs correspond to the re-
gions in which projected positions of atoms are densely ar-
ranged. Based on this, the bright-contrast ring in the first
change should be formed by the atomic shifts indicated by
the red arrows in Fig. 12. The other shifts indicated by the
blue arrows must be associated with the second change in-
volving the three steps. In other words, the first change ba-
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sically results in the formation of one CN16 polyhedron in
the penetrated CN16 pair as an intermediate configuration.
The penetrated CN16 pair in the �-Mn structure then appears
via the formation of the other CN16 polyhedron in the sec-
ond change. The intermediate configuration of the penetrated
pair is a unique feature of the starting change in the ��-Mn
→�-Mn� structural change.

As in the case of the ��-Mn→�-Mn� structural change,
the essential feature of the ��-Mn→R� change for the major
R1 relation is also the conversion of a penetrated CN14 pair
into a penetrated CN16 one. Because of the presence of the
nanometer-sized atomic-column state, the direct conversion
should first occur in the ��-Mn→R� change, instead of the
successive conversion in the ��-Mn→�-Mn� change. As a
result of the direct conversion, the connected direction of a
penetrated CN14 pair in the �-Mn structure becomes parallel
to that of a penetrated CN16 pair, and corresponds to the
�0001�R column-axis direction in the R structure. In other
words, the directional relation for the major R1 relation is
basically determined by the connected direction of a pen-
etrated CN14 pair in the �-Mn structure. Figure 13 shows
determined atomic shifts in the direct conversion between
the penetrated CN14 and CN16 pairs for the R1 relation. In
the determination of the shifts, we used the crystallographic
data for the R structure that was reported by Shoemaker et
al.36 The dashed and solid lines in the diagram represent the

penetrated CN14 pair with the �4̄13�� connected direction in
the �-Mn structure and the penetrated CN16 pair in the R

structure, respectively. As is evident in the figure, the deter-
mined atomic shifts indicated by the red arrows are very
local and simple. That is, there exists a one-to-one corre-
spondence between atomic positions in the penetrated CN14
and CN16 pairs. The center atoms surrounded by the black
square move away a little bit in the conversion, just as in the
case of the ��-Mn→�-Mn� change. Although there is a dif-
ference between the formation processes of the penetrated
CN16 pairs in the ��-Mn→�-Mn� and ��-Mn→R� struc-
tural changes, the connected directions in the penetrated
CN14 and CN16 pairs are understood to be maintained in
both changes.

In this study, the minor R2 and R3 relations were also
found in the ��-Mn→R� structural change. The appearance
of these minor relations may be caused by the addition of Si
atoms because they were obtained mainly in alloys with
higher Si contents. From the comparison between the atomic
positions in the �-Mn and R structures for these minor rela-
tions, we conclude that the penetrated pair consisting of
CN14 and CN12 polyhedra in the �-Mn structure is con-
verted to the penetrated CN16 pair in the R structure for the
R2 relation. For the R3 relation, on the other hand, neighbor-
ing CN14 and CN12 polyhedra in the �-Mn structure result
in neighboring CN16 and CN12 polyhedra being involved in
the atomic column of the R structure. The notable feature of
the minor relations is that a CN12 polyhedron involved in
the structural units of the �-Mn structure plays an important
role in these two conversions. Figure 14 shows the deter-

FIG. 12. �Color� Schematic showing determined atomic shifts in
the conversion from a penetrated CN14 pair with the �112�� con-
nected direction to a penetrated CN16 pair. The experimental data
shown in Figs. 4 and 7 revealed that the ��-Mn→�-Mn� structural
change started with this penetrated-pair conversion. Note that these
penetrated CN14 and CN16 pairs were already shown in Figs. 1 and
2. In the diagram, the projected positions of atoms in the �-Mn
structure are represented by the gray circles while the green and
orange circles indicate those in the �-Mn structure. In particular, the
orange circles show the projected positions in one penetrated CN16
pair produced by the conversion. The dashed and solid lines in the
diagram also indicate the penetrated CN14 and CN16 pairs, respec-
tively. The feature of the ��-Mn→�-Mn� change is that the
penetrated-pair conversion occurs by successive atomic shifts. In
the successive conversion, in fact, the atomic shifts indicated by the
blue arrows follow those by the red arrows.

FIG. 13. �Color� Schematic showing determined atomic shifts in

the conversion from a penetrated CN14 pair with the �4̄13�� con-
nected direction to a penetrated CN16 pair. The major R1 orienta-
tion relation derived from Fig. 8 indicated that the conversion be-
tween these penetrated pairs should occur in the initial stage of the
��-Mn→R� structural change. Note that these penetrated CN14 and
CN16 pairs were already shown in Figs. 1 and 2. In the diagram, the
blue and pink circles represent the projected positions of atoms in
the R structure, where the pink circles indicate the positions in one
penetrated CN16 pair. Just as in the case of Fig. 12, the projected
positions in the �-Mn structure are represented by the gray circles.
The dashed and solid lines in the diagram also indicate the pen-
etrated CN14 and CN16 pairs, respectively. From the diagram, the
determined atomic shifts indicated by the red arrows are simple and
small. There is a one-to-one correspondence between the atomic
positions in these two penetrated pairs.
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mined atomic shifts in the structural-unit conversions for the
R2 and R3 relations. For both the R2 relation in �a� and the
R3 relation in �b�, the shifts indicated by the red arrows are
understood to be local and simple. This confirms that, for the
R2 and R3 relations, there is one-to-one correspondence be-
tween the atomic positions in the structural units for the
�-Mn and R structures, just as in the case of the R1 relation.
The directional relations in the orientation relationship for
the minor relations are also determined by the directions con-
nected between two center atoms of the structural units in the
�-Mn structure. That is, the directions are parallel to the

�21̄0�� direction for the R2 relation and the �310�� direction
for the R3 relation.

There is no doubt that the stability of the CN12 polyhe-
dron in the �-Mn structure is crucial for the appearance of
the R2 and R3 relations. It is likely that the addition of Si
atoms with a smaller atomic size would influence the stabil-
ity of the CN12 polyhedron. The point to note here is that the

addition of Si atoms into the �-Mn structure with only Mn
atoms may lead to charge transfer between Mn and Si atoms.
Both the charge transfer and a smaller atomic size would
prefer to compact structural units such as a CN12 polyhe-
dron: that is, an icosahedral atomic cluster. Because the R
structure appearing because of the Si-atom addition is char-
acterized by the array of atomic columns involving the CN12
polyhedra, the stability of the R structure may be related to
that of the CN12 polyhedron.

The complicated antiferromagnetic ordering was reported
in the �-Mn structure that is characterized by a periodic ar-
ray of penetrated CN16 pairs.33,44–49 In the R structure, on
the other hand, it was suggested that a penetrated CN16 pair
in an atomic column is involved in atomic bonding with
covalentlike character.42 Based on this, we are very inter-
ested in the interplay between the appearance of a local mag-
netic moment and the formation of covalentlike bonding. Be-
cause this interplay would be sensitive to both site
occupancies of atoms and atomic-bond lengths, we evaluated
these values in the penetrated CN 16 pairs for the �-Mn and
R structures using the reported crystal-structure data.33,36 It
should here be noted that, in the penetrated CN16 pair of the
�-Mn structure, one CN16 polyhedron is different from the
other. The presence of these two kinds of CN16 polyhedra
should be associated with the successive conversion in the
��-Mn→�-Mn� structural change. Then, both the CN16
polyhedra in the �-Mn structure and the CN16 polyhedron in
the R structure are schematically depicted in Fig. 15. In the
figure, the thick black lines indicate atomic bonds with
lengths of less than 0.245 nm except for the shortest bonds in
the �-Mn and R structures. The shortest atomic bonds are
marked by the thick red lines, and their lengths are estimated

FIG. 14. �Color� Schematic showing determined atomic shifts in
the structural-unit conversions for the minor R2 and R3 orientation
relations in the ��-Mn→R� structural change. In the structural
change, two neighboring CN12 and CN14 polyhedra as a structural
unit in the �-Mn structure are converted to one penetrated CN16
pair in the R structure for the R2 relation in �a�, and to two neigh-
boring CN12 and CN16 polyhedra for the R3 relation in �b�. In
other words, the conversion for the R3 relation just occurs between
CN14 and CN16 polyhedra. In these diagrams, the dashed and solid
lines indicate the above-mentioned structural units in the �-Mn and
R structures, respectively.

FIG. 15. �Color� Schematic of CN16 polyhedra forming the
penetrated CN16 pairs involved in the �-Mn and R structures.
There is a difference between two CN16 polyhedra in one pen-
etrated CN16 pair for the �-Mn structure while one CN16 polyhe-
dron for the R structure is identical to the other. In the figure, these
two CN16 polyhedra in the �-Mn structure and one CN16 polyhe-
dron in the R structure are then shown in �a� and �b�, respectively.
For the �-Mn structure in �a�, the atoms numbered by 1 and 2 in the
left CN16 polyhedra are the same as those in the right CN16
polyhedron.
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to be about 0.225 nm for the �-Mn structure and about 0.227
nm for the R structure. Although each atomic-bond length is
not specified in the diagrams, there is no essential difference
between the CN16 polyhedron in the R structure and the two
kinds of CN16 polyhedra in the �-Mn structure, with respect
to the atomic-bond length. We then look at an inner CN12
polyhedron in each CN16 polyhedron which consists of at-
oms connected by the shorter atomic bonds with lengths of
less than 0.245 nm. The inner CN12 polyhedron is obviously
not an icosahedral atomic cluster but is usually called a Fri-
auf polyhedron. When we focus on Friauf polyhedra, the
difference between the �-Mn and R structures is found to be
just the site occupancies of atoms. Only Mn atoms indicated
by the green circles occupy the atomic sites in the �-Mn
structure of the metallic Mn. Based on the crystallographic
data reported by Shoemaker et al.,36 on the other hand, all
atomic sites of the Friauf polyhedron in the R structure are
understood to be mixed sites consisting of Mn and Si atoms.
Note that the blue circles in �b� represent atoms in the mixed
sites. The mixed sites are obviously produced by the addition
of Si atoms, and may lead to charge transfer between Mn and
Si atoms. Based on this, it seems to us that charge transfer is
one of the crucial factors in the formation of covalentlike
bonding in the Friauf polyhedron50,51 of the R structure. It
can even be suggested that the charge transfer produced by
the addition of Si atoms should play a crucial role in both the
suppression of the complicated antiferromagnetic ordering
and the formation of the Friauf polyhedron with covalentlike
bonding.

V. CONCLUSIONS

The crystallographic features of the ��-Mn→�-Mn� and
��-Mn→R� structural changes related to the ��-Mn
→�-Mn+R� eutectoid reaction in the Mn-Si alloy system
have been examined so as to understand the characteristic
features of a structural change between two coordination-
polyhedra structures. Only one orientation relation was

found in the former ��-Mn→�-Mn� change. In this change,
successive atomic shifts resulted in the formation of pen-
etrated CN16 pairs from the penetrated CN14 pair. On the
other hand, there exist three types of orientation relations in
the latter ��-Mn→R� change. Among the three relations, the
penetrated CN16 pair in the R structure is directly converted
from the penetrated CN14 pair in the �-Mn structure for the
major relation. As for two other minor relations found in
alloys with higher Si contents, CN12 polyhedra stabilized by
the addition of Si atoms may play a certain role in the
structural-unit conversions. As a result of these conversions,
the directional relation in the orientation relationship for the
��-Mn→�-Mn� and ��-Mn→R� structural changes is deter-
mined by the connected direction between two center atoms
in the penetrated CN14 pairs or the structural units consisting
of two neighboring polyhedra in the �-Mn structure. In other
words, the crucial factor controlling the structural changes
should be the conversion between the structural units that
consist of only two neighboring polyhedra involved in these
complex structures, including the penetrated CN14 and
CN16 pairs. To understand the interplay between the appear-
ance of a magnetic moment in the �-Mn structure and the
formation of covalentlike bonding in the R structure we
evaluated both site occupancies of atoms and atomic-bond
lengths of CN16 polyhedra in the penetrated CN16 pair for
the �-Mn and R structures. This evaluation suggests that,
because the addition of Si atoms would results in charge
transfer between Mn and Si atoms, the formation of a Friauf
polyhedron with covalentlike bonding in the R structure
might be responsible for the suppression of the complicated
antiferromagnetic ordering in the �-Mn structure. Note that a
Friauf polyhedron50,51 with CN12 is distinct from an icosa-
hedral atomic cluster and is present as an inner CN12 poly-
hedron in a CN16 polyhedron. We believe that the results
obtained in this study help a deeper understanding of the
metallic-glass and amorphous states as well as the crystal
structures of both the quasicrystals and related approximant
phases.
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