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Self-consistent-field X a scattered-wave molecular-orbital calculations have been performed on a 19-atom
cluster of cobalt. One of the results of this calculation is that a non-space-filling configuration with lower
total energy than the hcp structure exists. Furthermore, this stable noncrystalline structure has two nearly
degenerate electronic configurations. It is shown that transformations between the two configurations pro-
vide a fully consistent model for the recently observed first-order structural phase transformation in
cobalt-rich metallic glasses. It is further shown that the structural phase transformation from hcp to fcc
crystalline cobalt can be interpreted as resulting from a Jahn-Teller process and is unrelated to the amor-

phous transformation.

INTRODUCTION

Recently Corb, O’Handley, Megusar, and Grant! have ob-
served what appears to be a temperature-dependent, first-
order structural phase transformation in a cobalt-rich metal-
lic glass. Though the concept of distinct amorphous phases
may at first seem surprising, phase separation? and polymor-
phism® have been observed in amorphous metal alloys.
Furthermore, noncrystalline condensed phase systems have
been successfully modeled as resulting from the packing of
non-space-filling structures.*> Consequently, distinct non-
space-filling structures could give rise to distinct amorphous
phases. Additionally, the preference for a non-space-filling
geometry over one that results in a crystal structure is a
consequence of a local minimization of free energy.’ Clus-
ter calculations provide information regarding stability and
bonding on a local level, and so provide an ideal vehicle for
studying amorphous systems’ and in particular their possible
structural phase transformations.

We will show that the molecular-orbital structure obtained
in this calculation on an fcc cluster is not the most stable
and that the cluster can lower its total energy by undergoing
a Jahn-Teller distortion. The nature of the distortion can be
determined by looking at the degenerate wave function at
the Fermi energy that enables the Jahn-Teller distortion.
The atoms of the cluster will move so as to increase bond-
ing interactions or decrease antibonding interactions while at
the same time breaking the degeneracy of the orbital at the
Fermi energy. There are two such distortions for this clus-
ter: the first of these is a distortion that will result in a clus-
ter with a symmetry that allows for the formation of the hcp
crystalline structure; the second and more stabilizing of the
two favors a cluster with a symmetry that is incompatible
with any crystalline structure. Clearly the second of these
two distortions could only occur in the amorphous phase.
We also argue that, when the energy of vibrating nuclei is
sufficient to produce an orbital degeneracy at the Fermi en-
ergy, a phase transformation will occur. Simple symmetry
arguments are used to determine if a vibration of any ampli-
tude is expected to produce such an orbital degeneracy. We
begin by analyzing the Jahn-Teller distortions which will sta-
bilize the starting cluster.
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CALCULATIONS

A 19-atom cluster was chosen to model the local environ-
ment of both crystalline and amorphous cobalt systems.
This cluster has the cubo-octahedral configuration of the 12
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FIG. 1. The energy eigenvalues for the Co,g cluster. This calcu-
lation was done in spin-polarized mode. The levels at the right are
one-electron energy levels corresponding to the spin-up electrons;
while the levels to the left correspond to spin-down electrons.

1097 ©1984 The American Physical Society



1098

near neighbors and 6 second neighbors in fcc cobalt. This
cluster was chosen over other possible configurations be-
cause of its high symmetry and because the results of vari-
ous magnetic measurements on cobalt-rich metallic glasses
indicate that the coordination of the cobalt atoms is approxi-
mately the same as that observed in crystalline cobalt.?
Consequently, we expect the subtle changes in local order to
be deducible from calculations on any twelvefold-
coordinated cluster.

Figure 1 shows the energy eigenvalues resulting from a
self-consistent-field Xa scattered-wave molecular-orbital
(SCF-X a~SW MO) calculation on the 19-atom cobalt clus-
ter already discussed. This calculation was carried out in the
spin-polarized mode resulting in different energy eigen-
values for the spin-up and spin-down levels. The difference
in occupancy of the spin-up and spin-down levels results in
a net excess of 29 electrons in the spin-up levels. This
represents a bohr magneton number of 1.52 per Co atom.
fcc (Ref. 9) and hep (Ref. 10) cobalt both have a magnetic
moment 1.7u 5 per Co atom;’ this value includes orbital and
conduction-electron contributions to the magnetic moment.
Measurements of the orbital contributions indicate a 34 spin
moment of 1.56u 5 per Co atom.!! The bandwidth resulting
from our calculation is 95% of that obtained from band-
structure calculations which agree well with experimentally
determined density of states.!! These results indicate that
this 19-atom cluster is a remarkably fine model for densely
packed Co.

RESULTS
The ground state

The triply degenerate 65, (Fig. 1) orbital is the highest
occupied molecular orbital and has a partial occupancy of
one electron. The cluster can therefore lower its total ener-
gy by undergoing a Jahn-Teller distortion which reduces its
symmetry to eliminate the degeneracy at the Fermi level.
This distortion must be accomplished by minimizing anti-
bonding and/or maximizing bonding interactions of the 67,
orbital. Figure 2 shows a contour plot of the 6¢,; orbital in
a [100] plane. This orbital is antibonding between the cen-
tral cobalt atom and its first coordination sphere; all other
interactions are very weak and nonbonding. The distortion
that will result in lowering the total energy of this cluster
will, therefore, be one that will weaken the first-neighbor
antibonding interactions. While a dilation of the cluster
would weaken these antibonding interactions this distortion
does not lower the symmetry of the cluster and, therefore,
does not remove the degeneracy at the Fermi energy. Such
a distortion, therefore, would not be a Jahn-Teller distor-
tion.

Figure 3 shows a three-dimensional representation of the
bonding between the central cobalt atom and the first neigh-
bors in the 6¢,, orbital. This figure is drawn to emphasize
that the 12 lobes of the dy, dx, and d,, orbitals on the cen-
tral cobalt atom point toward the 12 nearest neighbors (the
vertices of a cubo-octahedron), with the lobes of one phase
(positive or negative) lying in a plane terminating at the
vertices of a regular hexagon while the lobes of the other
phase terminate at the vertices of a triangular antiprism.

Figure 3 shows that the eight triangular faces of the
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FIG. 2. A contour plot of the 65, orbital in the xy plane (all per-
pendicular planes are equivalent). The dotted lines indicate the neg-
ative phase of the wave function.

cubo-octahedron formed by the d lobes on the central cobalt
atom are of two types: one type (two faces) in which the
lobes are all of the same phase (homophasic), and the other
type (six faces) in which the lobes are of different phases
(heterophasic). Certain rotations of three first neighbors off
one of these eight triangular faces can result in a lessening
of the antibonding interaction in the 6¢5 orbital.
(Throughout this paper we refer to symmetry-lowering dis-
tortions as rotations. This is not meant to imply that these
rotations are the required paths for a transformation, rather
only that a rotation will carry the atoms to the correct low-
energy positions.) However, depending on the type of the
triangular face normal to which the rotation is occurring,
there will be two very different types of stabilization. The

FIG. 3. A representation of the 6¢,, orbital. Note that there are
two different types of triangular faces, two in which all of the lobes
are of the same phase, and six in which the lobes are of different

phases.
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rotation shown in Fig. 3 for one of the two homophasic
faces will stabilize the cluster by diminishing three antibond-
ing interactions. The rotation of this type that will maximal-
ly stabilize this cluster is a 60° rotation. The resulting
molecular orbital will be one in which the lobes on the tri-
angular plane of atoms off one of the two end faces of the
triangular antiprism have been rotated to a position in which
they are staggered with respect to the lobes on the central
cobalt atom. The resulting configuration is representative of
hcp cobalt; the weakening of antibonding interactions ac-
companying the rotation will lead to a contraction along the
¢ axis, as is observed in hcp cobalt, and result in a ¢/a ratio
of less than 1.63. We believe that this Jahn-Teller distor-
tion accounts for the relative stability of hcp cobalt over fcc.

A rotation about one of the six heterophasic faces will
again lessen three antibonding interactions; however, in this
case the rotation will also result in the formation of two
bonding interactions. The rotation that leads to the maxi-
mal stabilization of the cluster is no longer a 60° rotation
because a greater rotation willl strengthen two bonding in-
teractions. The most stable rotation will be one that mini-
mizes the total energy of the one antibonding and two
bonding interactions, and can be shown by simple argu-
ments to be between 60° and 120°, 60° + &. (This rotation
will be indistinguishable from a rotation of between 0° and
60°.)

Because this non-60° rotation results in the formation of
two bonding interactions as well as diminishing three anti-
bonding interactions off each of the six faces, it is probably
more stable than the rotation that simply reduced antibond-
ing interactions off each of two faces. However, & not equal
to zero will destroy the threefold axial symmetry of the
bonding off these heterophasic faces; the two atoms forming
bonding interactions will be drawn toward the central cobalt
atom more so than the atom still subject to antibonding in-
teractions. The resulting cluster will be one with a sym-
metry that does not fill space and therefore will not occur in
crystalline cobalt. That a rotation for which & does not
equal zero is indeed more stable than the space-filling 60°
rotation is suggested by the fact that in isolated inorganic
molecules this partial rotation has been observed.!? In
Co(II) ions coordinated by the hexadentate ligand Pcc BF,
the rotation angle is 58° (8= +2°). This is a highly rigid
ligand which should favor the trigonal prismatic conforma-
tion; the small Jahn-Teller induced rotation is most remark-
able. Other less rigid hexadentate ligands such as (py)stach,
(py)stame, and (py)stren show an increasing deviation from
the trigonal prismatic coordination, respectively, while still
not adopting the octahedral coordination. Thus we believe
this non-space-filling distortion of the cluster to be one
mechanism stabilizing the amorphous state.

Figure 4 shows the calculated eigenvalues for the fcc clus-
ter and the estimated relative energies of the orbitals near
the Fermi energy for its two derivative structures discussed
above. The levels resulting from the hcp distortion of the
starting cluster are shown to the left of Fig. 4 while the
results of the crystalline-incommensurate rotation are shown
to the right. The distortion that leads to the hcp structure
reduces the symmetry of the cluster to D3, and splits the 75,
orbital into ones with symmetry of a{ and e’ while the origi-
nal e, orbital is unchanged, being designated an e’ orbital in
the new symmetry. We estimate this e’ —a; splitting from
the temperature of the crystalline hep to fcc transformation.
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FIG. 4. Center: nearly degenerate e, and ?,; levels near the Fer-
mi energy calculated for the fcc cluster. The ¢y levels are occupied
by only one electron. Left and right: The estimated positions of
the energy-level shifts near Er as a result of the proposed Jahn-
Teller distortions. A more stabilizing Jahn-Teller than D3, distor-
tion is possible and results in the crystalline incommensurate struc-
ture of nearly D3 symmetry (see text). The e’-aj splitting for D3,
symmetry is estimated from the temperature (400°C) for the hcp to
fcc transformation.

The incommensurate rotation, shown to the right of Fig.
4, destroys all the symmetry of the original cluster, but for
the sake of clarity we will refer to the resulting structure as
nearly D; and thus the ?,, orbital at the Fermi energy can
be estimated to be split into an a; and an e orbital. The e,
orbital in the original cluster again is unsplit and becomes
an e orbital in the reduced symmetry. The original e, orbi-
tal will be unaffected by either rotation and is therefore lo-
cated approximately 465 K above the highest occupied
molecular orbital (HOMO), as per the calculation on the
19-atom cluster.

Phase transformations

As we discuss elsewhere,!® a phase transformation can oc-
cur only when a vibration induces a degeneracy at the Fermi
energy. Briefly, when the energy of some vibrational mode
is equivalent to the energy saved as a result of molecular-
orbital splitting, in this case the Jahn-Teller splitting, then
the total energy of the cluster is no longer lowered by a dis-
tortion. One can show that this is the maximum energy
that can be stored in this mode. Consequently, the energy
of this mode must be converted to potential energy by re-
storing the cluster to its high-symmetry configuration before
the temperature can be increased. One can find this point
in the one-electron approximation by modeling the cluster
at the end points of a molecular vibration. Here all of the
kinetic energy of this particular vibrational mode has been
stored as potential energy in the electronic wave functions.
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When the energy of the molecular vibration is equal to that
saved by the molecular-orbital splitting, solutions to the
one-electron electronic Hamiltonian will result in a degen-
eracy at the Fermi energy. The problem of calculating
transformation temperatures can be reduced to finding the
vibrations necessary to produce a degeneracy at the Fermi
energy. We begin with the phase transformations that are
anticipated for the hcp structure as the temperature is in-
creased.

Inspection of Fig. 4 will show that the first degeneracy an-
ticipated as a result of vibrational distortion is one between
the a; and the e’ orbitals of the D3, cluster. However, in-
spection of correlation tables'* indicates that it is impossible
to produce a symmetry-required degeneracy (as long as we
restrict ourselves to one of the 32 crystallographic point
groups) between these two orbital. The next possible de-
generacy would be one between the a; orbital and the e’ or-
bital. The vibration that results in a degeneracy between
these two orbitals is one that results in a cluster symmetry
of Oy, i.e., a vibration that negates the initial Jahn-Teller
distortion. We believe that this is the process that leads to
the hep to fcc transformation. (It is for this reason that the
e’-a{ splitting, and not the e’’-ai splitting, was approximat-
ed as 675 K.)

More direct arguments suffice to explain the phase
transformations in the amorphous states. In the cluster
with nearly D; symmetry resulting from the crystalline in-
commensurate Jahn-Teller distortion the first possible de-
generacy is between the a; and the e orbital. It is no longer
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required that we restrict ourselves to crystallographic point
groups. A vibration that results in a local icosahedral sym-
metry (I or I,) allows a degeneracy between these two orbi-
tals.’ By dilating the resulting cluster with I or I, symmetry
so as to adjust relative bonding interactions, it will always be
possible to produce a degeneracy between the a; and the e
orbital. These observations lead to the suggestion that at
about 450 K a vibration of sufficient amplitude carries the
crystalline incommensurate cluster with nearly D3; symmetry
into another crystalline incommensurate cluster with 7 or I
symmetry. We believe that this is the first-order amor-
phous structural phase transformation that has been ob-
served.

In contrast to the model proposed so far for this amor-
phous transformation,’ !¢ our calculations indicate that the
electronic mechanism for the transformation is not the same
as that which promotes the hcp to fcc transformation in
crystalline cobalt. Rather, a different orbital degeneracy was
required in the amorphous phase. Our calculation therefore
suggests that not all substances which undergo crystalline
solid-solid phase transformations will have corresponding
phase transformations in their amorphous counterparts.
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