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Around 37 at. % Mo in the Fe-Mo alloy system, in the temperature range between 1473 and 1761 K, there
exists the intermetallic-compound R phase, whose crystal structure involves 12-, 14-, 15-, and 16-coordination
polyhedra. To determine the crystal-structure units of the R phase, the crystallographic features of the bcc-to-R
structural change in the �bcc→bcc+R� reaction of the Fe-Mo system have been investigated by transmission
electron microscopy. It was found that atomic columns, which were identified as the secondary structural unit,
appeared first in the initial stage of the reaction. Based on this fact, the R phase is understood to have a crystal
structure consisting of atomic columns, just as in the case of the � structure �A. Hirata et al., Phys. Rev. B 74,
054204 �2006��. Although only 12-coordination polyhedra form an atomic column in the � structure, the
column in the R structure consists of two kinds of polyhedra: that is, 16- and 12-coordination ones. Of these
two polyhedra, in particular, the appearance of a 16-coordination polyhedron as the primary structural unit of
the R structure is associated with the formation of covalent bonds in alloys.
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I. INTRODUCTION

It is known that there exist intermetallic-compound
phases with their crystal structures consisting of complex
coordination polyhedra.1–5 In addition to the Laves and �
phases,6,7 for example, the so-called R phase was found
around the Fe3Mo2 composition in the Fe-Mo alloy system.8

The feature of the crystal structure of this phase, which is
called the R structure, is that 12-, 14-, 15-, and 16-
coordination �CN� polyhedra are involved in the structure, as
in the case of the � phase. Although structural data for the R
structure with rhombohedral symmetry have been estab-
lished for the Mn-Si and Mo-Co-Cr alloy systems,9,10 its
characteristic features, such as the structural units, are not yet
understood. The simple question remains whether these poly-
hedra can be identified as structural units or not in the R
structure. In order to obtain the answer, we have investigated
the formation process of the R structure from the bcc struc-
ture. We believe that true structural units should appear first
during the formation of the R structure. As a matter of fact,
our previous study on the formation of the � structure re-
vealed that the secondary structural unit of the � structure
was a decagonal atomic column, which was characterized by
a one-dimensional array of CN12 polyhedra as the primary
structural unit. In other words, it is understood that the �
structure is one of the crystal structures consisting of atomic
columns in transition-metal alloys.11

The R phase in the Fe-Mo alloy system is present in the
temperature range between 1473 and 1761 K around
37 at. % Mo.8 According to the reported Fe-Mo phase
diagram,12 the �bcc→bcc+R� reaction is expected to occur
by maintaining the metastable-bcc alloy, with a composition
near 20 at. % Mo, in the above temperature range. Although
detailed structural data for the R structure have not been
obtained for the Fe-Mo alloy system, we can examine the
crystallographic features of the bcc-to-R structural change
during the �bcc→bcc+R� reaction. As the structural units of

the R structure should appear first in the structural change,
the presence of this reaction is the reason why we focused on
the Fe-Mo alloy system, in addition to the previous accumu-
lation of our experimental data on the �-structure formation
in this system.11 Metastable-bcc 18 at. % Mo alloy samples
were annealed at 1523 K to initiate the �bcc→bcc+R� reac-
tion, and the crystallographic features of the annealed
samples were then examined by transmission electron mi-
croscopy. Based on the present experimental data for the
Fe-Mo alloy system, together with the reported structural
data of the R structure for the Mo-Co-Cr system,10 we iden-
tify the crystal-structure units of the R structure and propose
an atomic-displacement model for the structural-unit forma-
tion from the bcc structure. The physical origin of the for-
mation of the primary structural unit in the R structure is also
discussed on the basis of the proposed atomic-displacement
model.

II. EXPERIMENTAL PROCEDURE

In this study, we used Fe-18 at. % Mo alloy samples to
examine the crystallographic features of the bcc-to-R struc-
tural change, in addition to those of the R structure itself.
Ingots of the alloy were prepared from Fe and Mo with pu-
rity of 99.9% by an Ar-arc-melting technique. They were
kept at 1673 K for 24 h in the bcc single phase, followed by
quenching into ice water, for solution treatment. To stimulate
the �bcc→bcc+R� reaction, metastable-bcc samples cut
from these ingots were annealed at 1523 K for various an-
nealing times. The crystallographic features of these samples
were examined by a 3010-type transmission electron micro-
scope with an accelerating voltage of 300 kV. Thin speci-
mens for transmission-electron-microscope observation were
prepared by an Ar-ion thinning method.

III. EXPERIMENTAL RESULTS

The experimental data revealed that a �bcc+R� coexist-
ence state was present in samples annealed for more than
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1 min. The striking feature of the �bcc→bcc+R� reaction is
that, in samples annealed for 1 and 3 min, there existed tran-
sitional states between the bcc and R states. It was also found
that these transitional states could be classified into two
groups: that is, initial and intermediate states. Before de-
scribing the detailed features of these two transitional states,
we first report the crystallographic features of equilibrium-
state samples, which were obtained by annealing metastable-
bcc samples for 24 h.

Figure 1 shows both a bright field image and three corre-
sponding electron diffraction patterns of an equilibrium-state
sample annealed for 24 h. The electron incidences of the
patterns in �b�, �c�, and �d� are, respectively, parallel to the

�111�bcc, �54̄1̄�bcc, and �123̄�bcc directions in terms of a cubic
notation, while the image in �a� was taken for the �111�bcc
incidence. In the image, an R precipitate observed as dark
contrast is present in the bright contrast bcc matrix. The size
of the precipitate is estimated to be about 1 �m. Strong and
weak reflections in the diffraction patterns were confirmed to
be, respectively, due to the bcc and R structures. The orien-
tation relationship between the bcc and R structures was then
determined by using electron diffraction patterns with differ-
ent incidences, including the patterns in �a�, �b�, and �c�. As
a result of the careful analysis of the diffraction patterns, we
found only one relationship: that is, �111�bcc� �0001�R and

�123̄�bcc� �7̄147̄0�R, where the crystallographic direction and
plane of the R structure are indexed in terms of a hexagonal
notation. It should be remarked that Donnadieu and Red-
jaimia already obtained the same orientation relationship for
the Fe-Cr-Ni-Mo-C alloy system.13

Keeping the above relationship in mind, we took high-
resolution electron micrographs of R precipitates for the

�0001�R and �101̄0�R electron incidences. Note that the

�101̄0�R direction is obviously perpendicular to the �0001�R

and �1̄21̄0�R directions. Figure 2 shows two high-resolution
electron micrographs taken from an equilibrium sample an-
nealed for 24 h, together with two corresponding calculated
micrographs. The projections of the R structure along the
�0001�R and �101̄0�R directions are also depicted in the in-
sets. The defocus values and the sample thicknesses were
estimated to be about −60 nm and about 15 nm for the
�0001�R micrograph in �a� and about −60 nm and about
20 nm for the �101̄0�R one in �b�. The calculated micro-
graphs in �a�� and �b�� were actually obtained using these
values.

In the �a� �0001�R micrograph, we can see a regular ar-
rangement of bright dots with hexagonal symmetry, whose
spacing was determined to be about 0.62 nm. Such an ar-
rangement of dots with hexagonal symmetry is reproduced in
the calculated micrograph in �a��. From a comparison with
the �0001�R projection of the R structure, we understand that
each bright dot represents a center of an atomic column in-
dicated as the transparent gray hexagon in the projection,
although the detailed features of the column in the R struc-
ture will be described later. In other words, an array of dots
in the micrograph corresponds to that of atomic columns in
the R structure.

In the �b� �101̄0�R micrograph, on the other hand, bright

dots are arranged regularly along the �0001�R and �1̄21̄0�R

directions. The calculated �101̄0�R micrograph in �b�� also
reproduces an array of dots in the experimental one. The axis
of the atomic column is obviously parallel to the �0001�R
direction. The point to note here is that, because the R struc-
ture involves three types of atomic columns, AC1, AC2, and

AC3, the �101̄0�R projection consists of the projections of

FIG. 1. �a� Bright field image of a Fe-18 at. %
Mo alloy sample annealed at 1523 K for 24 h,
together with three corresponding electron dif-
fraction patterns in �b�, �c�, and �d�. The electron
beam incidences of the patterns in �b�, �c�, and
�d� are, respectively, parallel to the �111�bcc,

�54̄1̄�bcc, and �123̄�bcc directions. The insets in �b�
and �c� also show enlarged patterns around the

123̄bcc reflection and around the 222bcc reflection,
respectively. In the patterns, it is found that the
�0001�R electron incidence is parallel to the
�111�bcc incidence and that the position of the

7̄147̄0R reflection is, for instance, identical to that

of 123̄bcc, where the subscript R denotes the R
structure. These findings are clear evidence for
the orientation relationship of �111�bcc� �0001�R

and �123̄�bcc� �7̄147̄0�R.
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these three columns. The difference among these three col-
umns is the position of a pair of two CN16 polyhedra in a
column. When the distance between two neighboring CN16-
polyhedron pairs in a column is taken as unity, the positions
of pairs in the three types of columns are characterized by a
one-third shift along the �0001�R column-axis direction. One
AC1 column is, for instance, surrounded by three AC2 and
three AC3 columns. As a result of the one-third shift, in the

�101̄0�R micrograph, we can separately detected the pro-
jected positions of the CN16-polyhedron pairs in these col-
umns. In the inset of �b��, the array of CN12 polyhedra and
CN16-polyhedron pairs in one atomic column, which is here
referred to as the AC1 column, is drawn as the transparent
colored regions. In addition, the projected-center positions of
pairs in these three columns are indicated by the arrows de-
noted as AC1, AC2, and AC3, respectively. Based on the
comparison between the calculated micrograph and the

�101̄0�R projection, it is thus understood that each dot in the

�101̄0�R micrograph corresponds to a projected-center posi-
tion of a CN16-polyhedron pair, here drawn as the transpar-
ent pink and purple regions. In other words, we can check
the detailed features of an arrangement of CN16-polyhedron
pairs in these columns by taking high-resolution electron mi-

crographs for the �101̄0�R electron incidence. It is again
stressed that an atomic column in the R structure involves
CN16-polyhedron pairs, while the column in the � structure
consists of only CN12 polyhedra.11

As was mentioned earlier, the initial and intermediate
transitional states related to the R-structure formation ap-
peared in samples annealed for 1 and 3 min. In particular, the
initial state was mainly found in small precipitates with sizes

of less than 10 nm in 1 min annealed samples. Figure 3
shows three pairs of high-resolution electron micrographs of
the initial, intermediate, and equilibrium states for the
�111�bcc���0001�R� and �54̄1̄�bcc���101̄0�R� electron inci-
dences. The two pairs for the initial and intermediate states
were taken from precipitates of about 9 and about 50 nm in
sizes. Note that the micrographs of the equilibrium state are
the same as those in Fig. 2. In the �a� �111�bcc micrograph of
the initial stage, no-contrast regions are present in the pre-
cipitate, and bright dots are observed only in a small region
with a size of about 3 nm, as indicated by the arrow. Because
each dot corresponds to an atomic column, as pointed out in
Fig. 2, columns should first appear locally in the bcc matrix.
Hence, there still exist bcc regions in the precipitate, al-
though they should involve local atomic shifts related to the
atomic-column formation. On the other hand, we can see an
array of bright dots, representing CN16-polyhedron pairs,

along the �0001�R direction in the �54̄1̄�bcc micrograph in
�a��. The inset shows an enlarged micrograph of the area
surrounded by the white square in �a��. The notable features
of the array of pairs in the projection are that, as indicated by
the thick and small arrows in the inset, the spacing between
two neighboring projected positions of pairs along a �0001�R
column-axis line is not uniform and that arrays of projected
positions in neighboring column-axis lines are basically dif-
ferent from each other. These observations suggest that there
is no one-third-shift relationship among neighboring atomic
columns, which further implies that atomic columns are
nucleated independently in the bcc matrix. It is thus under-
stood that the initial state can be characterized by the local
formation of atomic columns in the bcc matrix. In other
words, the atomic column is identified as the secondary

FIG. 2. �Color online� Two high-resolution
electron micrographs of an R precipitate in a
Fe-18 at. % Mo sample annealed for 24 h, to-
gether with corresponding calculated micro-
graphs. The electron incidences of the micro-
graphs in �a� and �b� are, respectively, parallel to

the �0001�R and �101̄0�R directions. The com-
puter simulation based on the multi-slice tech-
nique was made using t=15 nm and f =−60 nm
for the calculated �0001�R micrograph in �a��, and
t=20 nm and f =−60 nm for the calculated

�101̄0�R one in �b��, where t and f denotes the
sample thickness and the defocus value. In the
calculated micrographs, projections of atomic po-
sitions in the R structure are also depicted in the
insets. Furthermore, in the projections, one
atomic column is denoted by the transparent col-
ored regions, and a CN16-polyhedron pair in-
volved in a column by the transparent pink and
purple regions. The details of the correspondence
between the colored regions and the polyhedra
are shown in Fig. 4.
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structural units in the R structure, just as in the case of the �
structure.

To understand the crystallographic features of the inter-
mediate state appearing in the R-structure formation, we next

focus on the �111�bcc and �54̄1̄�bcc micrographs, �b� and �b��,
of Fig. 3. As seen in the �111�bcc micrograph, the intermedi-

ate state consists of domains with an average size of about
8 nm, outlined by the white curved lines. In the interior of
each domain, a hexagonal array of dots corresponding to
atomic columns is clearly observed. This suggests that, be-
cause each domain has the R structure, the intermediate state
is formed by both the development of atomic-column regions
present in the initial state and the conversion of the remain-
ing bcc regions into atomic-column regions. The features of
the domain structure are that, in some boundaries between
two neighboring domains, there are certain phase shifts with
respect to an atomic-column arrangement, as indicated by the
white lines, but that no shift occurs in the others, such as

indicated by the red lines. We can then look at the �54̄1̄�bcc
micrograph in �b�� to understand the origin of the appearance

of a zero-phase-shift boundary. In the �54̄1̄�bcc micrograph,
bright dots corresponding to CN16-polyhedron pairs are
regularly arranged along the �111�bcc���0001�R� and

�123̄�bcc���1̄21̄0�R� directions, but there exists a planar defect

perpendicular to the �1̄21̄0�R direction, indicated by the thick
arrows. The feature of this planar defect is that, as marked by
the white straight lines, there is a phase shift with respect to
an array of dots, indicating the projected-center positions of

CN16-polyhedron pairs, along the �1̄21̄0�R direction. Based
on these features, the domain boundaries in the intermediate
state can be identified as out-of-phase boundaries for the ar-
rays of both atomic columns and CN16-polyhedron pairs.
Because the R state is characterized by uniform arrange-
ments of both columns and pairs, as seen in the micrographs
of the equilibrium state, �c� and �c��, it is therefore clear that
the formation of the equilibrium R structure from the inter-
mediate state is directly associated with the annihilation of
these out-of-phase boundaries.

IV. DISCUSSION

Based on our experimental data, it was found that the R
structure was formed from the bcc structure via two transi-
tional states. These initial and intermediate states are charac-
terized, respectively, by the nucleation of atomic-column re-
gions in the bcc matrix and the formation of a domain
structure consisting of nanometer-sized R-structure domains.
The interesting feature of the domain structure in the inter-
mediate state is that, at the domain boundaries, there exist
certain phase shifts with respect to the arrays of both atomic
columns and CN16-polyhedron pairs. These experimental
data reveal that atomic columns involving CN16-polyhedron
pairs appear first in the bcc-to-R structural change. In other
words, this is experimental evidence that the atomic column
is the secondary structural unit of the R structure. With the
help of the structural data for the R structure in the Mo-
Co-Cr alloy system,10 we here discuss the crystallographic
relation between the bcc structure and the atomic column and
propose a model of an atomic displacement from the bcc
structure for the formation of the CN12 and CN16 polyhedra
in the column. Based on the atomic-displacement model, we
further try to identify the primary structural unit involved in
the atomic column as the secondary structural unit.

Our discussion starts with the structural relation between
the bcc and R structures. Our experimental data confirmed

FIG. 3. �Color online� Three pairs of �0001�R and �101̄0�R high-
resolution electron micrographs for the initial, intermediate, and
equilibrium states appearing during the bcc-to-R structural change.
In the initial state, bright dots representing atomic columns in �a�
can be detected in a small area with a size of about 3 nm, as indi-
cated by the arrow, and atomic columns in �a�� are not developed
along the �0001�R column axis. In particular, an irregular array of
CN16-polyhedron pairs is clearly seen, as indicated by the small
arrows in the inset of �a��, which shows an enlarged micrograph of
the area surrounded by the white square. In the inset, the thick
arrows denoted as AC1 indicate projected-center positions of
CN16-polyhedron pairs in an AC1 column as a reference. On the
other hand, the micrographs in the intermediate state, �b� and �b��,
exhibit the presence of a domain structure with an average domain
size of about 8 nm, and a hexagonal array of atomic columns, in-
dicating the R structure, is seen in the interior of each domain.
Based on an array of bright dots, domain boundaries in the domain
structure can be identified as out-of-phase boundaries with respect
to the arrays of both atomic columns and CN16-polyhedron pairs.
The micrographs of the equilibrium state in �c� and �c�� are identi-
cal to those in Figs. 2�a� and 2�b�, respectively.
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that there was the unique orientation relationship of

�111�bcc� �0001�R and �123̄�bcc� �7̄147̄0�R. Based on this rela-
tion, we first draw the �0001�R projection of the R structure

and the bcc lattice together. The traces of the �101̄�bcc,

�011̄�bcc, and �1̄10�bcc planes as well as the projection of the
atomic positions in the R structure are depicted in Fig. 4
using the bcc lattice parameter a=0.292 nm and the
R-structure parameters a=1.09 nm and c=1.92 nm. Note
that these lattice parameters were determined from the analy-
sis of the diffraction patterns in Fig. 1 and that the deter-
mined R-structure parameters are almost the same as those
reported in the Mo-Co-Cr system, a=1.0903 nm and c
=1.9342 nm.10 The latter agreement is, in fact, the reason
why we used the structural data for the Mo-Co-Cr system to
aid this analysis. In addition, as the constituent atoms in the
Mo-Co-Cr system are obviously different from those in the
Fe-Mo system, it was assumed that the R structure consisted
of identical atoms. That is, we paid attention only to the
atomic positions and checked the positional relation between
the projected positions and the cross points of the �110�bcc
traces in Fig. 4. The interesting features to be found in this
diagram are that the projected positions of atoms present
along a column-center axis coincide with the red cross points
and that atoms around every black point, indicated by the
small circles, are in the same atomic configuration. This im-
plies that, to understand the R-structure formation from the
bcc structure, we can focus on only atomic shifts in one

atomic column as the secondary structural unit of the R
structure. The three-dimensional arrangement of atoms in an
atomic column is then depicted in the inset. From this sche-
matic diagram, it is confirmed that the atomic column in the
R structure consists of both CN12-polyhedra and CN16-
polyhedron pairs. That is, either a CN12 or CN16 polyhe-
dron should be identified as the primary structural unit of the
R structure.

Let us here discuss the crystallographic relation between
the atomic column and the bcc structure. According to the
obtained relationship, the �111�bcc direction is parallel to the
�0001�R column axis. More precisely, in the �54̄1̄�bcc diffrac-
tion pattern �Fig. 1�c��, the location of the 222bcc reflection is
almost identical to that of the 00024R reflection, but the spac-
ing of the �00024�R plane is about 3.1% shorter than that of
the �222�bcc plane. Taking this lattice distortion into account,
in Fig. 5, we compare the positions of atoms in the atomic
column with the array of the contracted �222�bcc layers with
a spacing of about 0.082 nm. It should be remarked that, in
the �222�bcc plane of the bcc structure, there are three types
of the �222�bcc layers here called the A, B, and C layers.
Among these layers, one atom present in each A layer is
assumed to sit on the column-axis position. As can be under-
stood from the diagram, atoms in the atomic column are
located in layers indicated by the red lines, which are pro-
duced by shifts of the contracted �222�bcc layers along the
column axis. The notable features found in the diagram are
that the A1 layers are absent in the column because of the

FIG. 4. �Color online� Schematic diagram showing the correspondence between the �0001�R projected positions of atoms in the R

structure and the traces of the �1̄10�bcc, �101̄�bcc and �011̄�bcc planes in the bcc lattice. The correspondence shown here is based on the

experimentally obtained relations of �111�bcc� �0001�R and �123̄�bcc� �7̄147̄0�R. The reported structural data of the R structure for the Mo-
Co-Cr ternary alloy system are adopted in the diagram �Ref. 10�. An atomic column present inside the large dashed circle is also depicted
in the inset. Each red cross point of the �110�bcc planes is coincident with a position of a column-center axis. Around a black point, the
projected positions inside the small solid circles are in the same configuration. In addition, a basic unit of an atomic column, indicated by the
double arrow in the inset, consists of a half of an orange CN12, one yellow CN12, and one pink CN16 polyhedra. The basic unit is a
repetition of one atomic column and is one-half of a region between two neighboring CN16-polyhedron pairs.
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introduction of vacancies and that two A2 layers combine
into a single layer, denoted by �a� in the column, through the
introduction of one vacancy and a layer shift along the col-
umn axis. In addition, the �k� layer in the column is produced
by the collapse of the B1 and C1 layers in the distorted bcc
structure. Interestingly, in other words, there is a one-to-one
correspondence between the atomic layers in the column and
the contracted �222�bcc layers. This correspondence clearly
indicates that the atomic positions in the column of the R
structure can be produced from those in the distorted bcc
structure by simple atomic shifts.

To understand the detailed features of atomic-shift com-
ponents perpendicular to the column axis, the locations of
atoms in the �a�–�k� layers in Fig. 5 are depicted in Fig. 6,
together with the traces of the �110�bcc planes. In the dia-
gram, we show only atomic shifts for a basic unit of an
atomic column, which is defined as one-half of a region be-
tween two neighboring CN16-polyhedron pairs in a column.

This is because the basic unit is a repetition of one atomic
column. It is found that atomic shifts in almost layers are
very simple and small and that relatively large shifts occur
only in the �g� and �k� layers. Even in these two layers,
however, we can easily assign a cross point for each atom.
Therefore, the one-to-one correspondence is also established
between each atomic position in a column and a distorted
bcc lattice point.

The atomic column in the R structure, as the secondary
structural unit, consists of CN16 and CN12 polyhedra, as
shown in Fig. 4. Based on the presence of the above-
mentioned one-to-one correspondence, we propose an
atomic-displacement model for the formation of these poly-
hedra from the distorted bcc structure. Before displaying
these displacements, we have to point out that there are two
kinds of CN12 polyhedra in the atomic column. The impor-
tant point to note here is that, as shown in the diagrams in
Figs. 5 and 6, the atomic shifts in one CN12 polyhedron are
entirely different from those in the other. That is, there are
two types of atomic displacements for the formation of the
CN12 polyhedron in the bcc-to-R structural change. Based
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FIG. 5. �Color online� Schematic diagram showing the corre-

spondence between the �101̄0�R projection of atomic positions in an
atomic column and the �222�bcc layers in the distorted bcc lattice. In
the construction of the diagram, we took into account a lattice dis-
tortion found in the diffraction patterns of Fig. 1�c�. That is, the
spacing of the distorted �222�bcc layers in the right side is about
3.1% shorter than that of the �222�bcc plane. Atoms in the column sit
on the layers, indicated by the red lines, which are produced by
shifts of the distorted �222�bcc layers. A notable feature is that the
collapse of two A2 layers and of the B1 and C1 layers as well as the
absence of two A1 layers take place during the formation of an
atomic column.

FIG. 6. �Color online� Schematic diagram of atomic-shift com-
ponents perpendicular to a column-axis direction in the formation
of a column from the distorted bcc structure. Atomic positions in

the �a�–�k� layers in Fig. 5 and the traces of the �1̄10�bcc, �011̄�bcc,

and �101̄�bcc planes are depicted in the diagram. Atoms in the A and
A2 layers sit on the red cross points: that is, a position of a column
axis. Relatively, larger shifts of atoms occur in the lower C2 and
�B1+C1� layers.
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on this fact, these two types of atomic displacements as well
as the displacement for the CN16 polyhedron are schemati-
cally shown in Fig. 7; this figure also shows atomic bonds
that are shorter than 0.237 nm, indicated by both the thick
black lines and the black elongated triangles.10 We first focus
on two types of displacements for the formation of a CN12
polyhedron. One displacement shown in the upper diagram is
mainly characterized by both the introduction of one vacancy
in two A2 layers and a relatively large shift along a column
axis for an atom left in one of the layers. For the other
displacement depicted in the middle, the absence of the A1
layer, which is caused by the introduction of a vacancy, re-
sults in very large shifts of three atoms in the lower C2 layer.
As for the CN16 polyhedron in the lower diagram, the poly-
hedron is formed not only by the very large shifts of the

atoms in the C2 layer but also by the markedly very large
shifts of six atoms associated with the collapse of the B1 and
C1 layers. The most important point found in the diagrams is
that these quite large and very large shifts result in the
shorter bonds indicated by both the thick black lines and the
black elongated triangles. Among these shorter bonds, those
indicated by the thick black lines are involved only in the
CN16 polyhedron, while the others shown as black elongated
triangles play the role of bonds connecting two neighboring
columns. The shortest bond with a length of about 0.227 nm
is obviously involved in a CN16 polyhedron, and there is no
shorter bond found in the two kinds of CN12 polyhedra.
Based on the presence of the shorter bonds in the CN16
polyhedron, it is probably that the primary structural unit of
the R structure is a CN16 polyhedron, instead of a CN12 one,
as found in the case of the � structure.11

We finally discuss the origin of the appearance of the
CN16 polyhedron with shorter bonds as the primary struc-
tural unit of the R structure. As was mentioned above, the
shorter bonds are produced by the large atomic shifts asso-
ciated with the introduction of a vacancy and the collapse of
two layers in the distorted bcc structure. We then estimate the
reduction percent of a bond length in the bcc-to-R structural
change. For the bcc lattice with a parameter a=0.292 nm, the
shortest bonds along the �111	bcc directions have a length of
about 0.253 nm. A reduction in bond lengths from
0.253 to 0.237 nm is then calculated to be 100� �0.253
−0.237� /0.253
6.3%. Of particular note is that the shortest
0.227 nm bond in the R structure is reduced by a surprising
10.3%. This large reduction suggests that the shorter bonds
in the R structure have a covalent character, just like atomic
bonds forming CN12 polyhedra in the Laves and �
structures.11,14–16 In other words, the appearance of the CN16
polyhedron in the atomic column is associated with the for-
mation of covalent bonds in transition-metal alloys. In addi-
tion, it is likely that the formation of covalent bonds in the
CN16 polyhedron may attribute to the stability of the R
structure, presumably via an opening of a band gap or
pseudo gap at the Fermi level EF. The presence of such a gap
induced by hybridization has recently been discussed in re-
lation to the stability of crystal structures in alloys, such as
Al-based icosahedral quasicrystalline approximant crystals
and the triclinic Al2Fe phase.17–19 Although defining the de-
tails of the relationship between the formation of covalent
bonds in a CN16 polyhedron and the stability of the R struc-
ture is a task for the future, the R structure is believed to be
the example where the CN16 polyhedron can be identified as
the primary structural unit of an alloy crystal structure.

V. CONCLUSIONS

The experimental results present here revealed that the
bcc-to-R structural change occurred via initial and interme-
diate transitional states. In the initial stage, atomic columns
consisting of both CN12-polyhedra and CN16-polyhedron
pairs were first formed independently. The orientation rela-
tionship obtained between the bcc and R structures indicated
that the CN12 and CN16 polyhedra in an atomic column
could be formed by the introduction of both atomic vacan-
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A2

distorted
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FIG. 7. �Color online� Three-dimensional schematic diagram
showing atomic shifts for the formation of the CN12 and CN16
polyhedra involved in an atomic column of the R structure. In the
diagram, lattice points in the distorted �222�bcc layers before atomic
shifts indicated by the red arrows are depicted in the left side, while
the right-side diagram shows the atomic positions in two CN12 and
one CN16 polyhedra formed after the shifts. The notable features
before the shifts are that there are vacancies marked by the open
squares in the A1 layers and that one vacancy should be present at
one of the two green squares in the A2 layers. One atom left in the
A2 layers is shifted along the green arrow. Further, in the right
diagram, the thick black lines and the black elongated triangles
indicate bonds shorter than 0.237 nm, which are produced by the
large atomic shifts. These shorter bonds should have a covalent-
bond character.
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cies and simple atomic shifts. That is, the introduction of
vacancies plays an essential role in the atomic-column for-
mation in the R structure, while no vacancy is needed for the
�-structure column consisting of only CN12 polyhedra. In
addition, the atomic shifts in the bcc-to-R structural change
result in the formation of a CN16 polyhedron with shorter
bonds as the primary structural unit of the R structure. The
shorter bonds should have a covalent character. The appear-
ance of the CN16 polyhedron with shorter bonds in the R

structure must be directly associated with the formation of
covalent bonds in transition-metal alloys.
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