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Local electronic structure of amorphous metal alloys using cluster models. Evidence for specific
metalloid-metal interactions
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Although considerable effort has been expended over the past ten years on constructing structural models of
amorphous metal alloys, mostly through the application of "dense random packing of hard spheres" ideas and
extensions thereof, almost no theoretical effort has been devoted to understanding the local electronic structure and
chemical interactions among the various components in such alloys. The present work is part of a substantial effort
which is being made to rectify this situation. Detailed quantum-mechanical calculations are carried out on clusters
of atoms which simulate possible local environments in amorphous metal alloys. The clusters used are based on
simple Bernal polyhedra and distortions of these polyhedra. The materials being studied are the (Fe, Ni, 8, P) alloys.
In this paper, the simplest Bernal polyhedron, the tetrahedron, is considered as a first model for the local
environment in Fe4pNi4p8zp and Fe4,Ni4pP2p alloys. The tetrahedron contains two Fe atoms and two Ni atoms at the
vertices with either a 8 atom or a P atom at the center. Spin-polarized self-consistent-field-Xa —scattered-wave
calculations have been employed to investigate the electronic structure. It is found that there are considerable
bonding interactions between the metalloid atoms (8 or P) and the metal atoms of the clusters. Furthermore a
detailed analysis of the charge densities of these models leads to the conclusion that the 8 atom should have a
stronger interaction with the Ni atoms than with the Fe atoms, whereas the P atom should have a stronger
interaction with the Fe atoms than with the Ni atoms. A brief discussion of recent experimental data which supports
this conclusion is presented.

I. INTRODUCrION

Considerable evidence has been accumulated
over the last few years pointing to the existence
of definite chemical bonding effects between the
metalloid atoms (M) and the transition-metal
atoms (T) in amorphous alloys of the form
T„,„M„. For example, just recently such evi-
dence has been obtained from such disparate
sources as x-ray photoelectron spectroscopy of
the valence-band region of amorphous Fe-8 alloy, '
numerical calculations on the structure of binary
T-M alloys using dense random packing of hard
spheres (DRPHS) and relaxed models, ' and the
correlation of density measurements with other
physical properties for ternary alloys of the form
(T„~ rT „')„, M„with T =Mo, W, Ru and M

Such results clearly indicate the need for under-
standing the nature of these chemical interactions
at a very fundamental level in order to determine
the degree to which the various observed propex-
ties follow as a consequence of chemical-bonding
effects. The most fundamental approach is to
study the electronic structure of such systems
from a fuQy quantum-mechanical viewpoint. How-
ever, this is clearly impossible at the outset for
such a complicated system as an amorphous metal
if we wish to retain any rigorous theoretical ap-
proach. Thus we must be willing to accept what
at fix st sight might appeaI to be IatheI seveIe
approximations in order to make any progress

on the problem. The details of the approximations
wQl depend on which aspects of the electx onic
structure we wish to focus.

For those aspects of the electronic structure
of interest in this study, namely, the chemical-
bonding aspects, a model which focuses on the
bonding between a metalloid atom and its local
metal environment would appear to be most suit-
able. Within this context electronic-structure
calculations on clusters of atoms which simulate
the local environment about a metalloid atom
should yield valuable lnformatlon. However, the
obvious problem for amorphous materials is the
exact nature of the local environment, i.e. , how

does one choose the coordinates of the atoms in
the cluster T

For the case of metal-metalloid amorphous
alloys there appears to be a general consensus
that the Bernal polyhedx a offer a useful first ap-
proximation to the local atomic arrangement. In

the alloys of interest here, it will be assumed that
a 8 or P atom resides in the interstitial hole of
a Bernal polyhedron. This seems reasonable as
the size of these atoms is considerably smaller
than a transition-metal atom and further the
polyhedron Inight relax to better accommodate
such a metalloid atom. In this paper only the
smallest Bernal polyhedron, the tetrahedron, will
be considered in any detail, even though other
polyhedra may constitute more appropriate local
environments for a metalloid atom. It is clear
that a variety of local environments must be
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explored in order to arrive at a perspective which
one could consider to be general. However, the
reason for the initial focus on the tetrahedron is
simply that a number of important conceptual and
computational questions can be addressed with a
minimum of computational time and expense. The
most important question for this work is whether
there is theox etical evidence for significant bond-
ing between metalloid and metal atoms, and if
there is, to elucidate the nature of the bonding.

It should be mentioned that previous mork which
has employed molecular-orbital electronic-struc-
ture calculations in conjunction with clusters of
atoms representing a local region of a solid has
provided unique insight into a number of problems:
These include defects in semiconductors, 4 chemi-
sorption, ' magnetic impurities in metals, ' and
impurities at grain boundaries. '

II. RESULTS FOR TETRAHEDRAL CLUSTERS

The results of calculations on three tetrahedral
clusters will be discussed. These clusters are
Ni, Fe„Ni,Fe,B, and Ni, Fe,P, which are primitive
models for the alloys NlsoFe5op Ni~oFe4oBgop and

Ni«Fe~, p20, respectively. If one chooses a metal-
metal distance for the clusters appropriate to
bulk Ni or Fe, the metal-metalloid distance found
is 1.53 A, which is too short. Hence the cluster
was expanded to give a metal-metalloid distance
of 2.13 A, which is more consistent with known
distances in the crystaQine compounds Fe,P and
Ni, B.' Only the results of the clusters with the
larger metal-metalloid distance mill be discussed
in detail, although calculations on Ni, Fe, and
Ni, Fe,B clusters at the shorter distance were
also carried out and will be briefly mentioned.

In Fig. j., the geometry of the cluster is shown
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together with ihe coordinate system which will
be used to discuss the results. The Ni atoms are
contained in the yz plane and the Fe atoms in the
x~ plane. The electronic-structure calculations
employed the self -consistent-field-Xa -scattered-
wwe (SCF-Xc.-SW) method which has been de-
scribed in detail in the literature' and which has
been previously applied to a variety of problems
involving metal clusters. ' '"'" The present
calculations have been carried out within the
the spin-polarized framework in order t'o account
for the magnetic effects of Fe-Ni clusters. Some
details of the computations are discussed in the
Appendix.

In Fig. 2, the calculated valence orbital energy
levels of the Ni, Fe, cluster are presented. The
majority spin orbitals (spin up) and minority spin
orbitals (spin down) are shown separately. The
levels denoted by solid lines each contain one
electron; those denoted by dashed lines are un-
occupied. The molecular -orbital levels are
labeled according to the irreducible representa-
tions of the C,„point group under which their
corresponding orbital wave functions transform.
Groups of levels which are primarily associated
with Fe or Ni, i.e., whose wave functions are
primarily on the Fe or Ni atoms, respectively,
are indicated in the figure. From the figure it can
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FIG. 1. Cluster geometry and coordinate system
used for the Ni2Fe2M clusters.

FIG. 2. Ni2Fe2 orbital energy-]. evel diagram from
SCF-XQ.-S% spin-polarired calculation. Solid lines de-
note occupied orbitals, dashed lines are unoccupied.
Groups of levels whose corresponding molecular orbit-
als are largely localired on one type of metal atom are
denoted. The atomic 8 2p and P 3p levels are shown at
the right.
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be seen that there is a large spin polarization as.-
sociated with the Fe (i.e., a large splitting of the
spin-np and spin-down Fe levels) and only a small
spin polarization of the Ni levels.

The number of effective ferromagnetic electrons
per metal atom is given by (n -n )/N=n„where
n and n are the number of spin-up and spin-down
electrons, respectively (see Fig. 2), and N is
the number of metal atoms. The quantity n, is
related to the saturation magnetization at 0 K by
~,(a) =gt ,') g-n, ))s=stnsI)~ where I)3 is the Bohr
magneton, the g factor accounts for orbital con-
tributions, and X is the number of magnetic atoxns
per unit volume; n~ is referred to as the effective
magneton number. For the Ni, Fe, cluster, the
calculation yields a value of n~ =1.65 which is
the same as that of the bulk alloy Ni„Fe„." Such
close agreement is clearly accidental in this case,
although one might hope that such calculations
for the series, Ni, Fe„Ni,Fe,B, and Ni, Fe,P
would give a reasonable trend when compared
to experiment; this is discussed below. The
calculated value of n& for the smaller metal-metal
distance (i.e. , 2.49 A) is also 1.65.

Figure 3 shows the orbital energy levels which
arise from a calculation for the Ni, Fe,B cluster.
Again the levels which are predominantly Ni or

Fe in the content of their wave functions are so
labeled. Note that the effect of the B atom is to
spread out the levels as compax ed to those in
Fig. 2, where they are rather bunched together.
It should also be noted that the Ni levels are more
spx'ead out in energy than the Fe levels as a con-
sequence of the interaction with the B atom. This
suggests that the B may be intex'acting more
strongly with the Ni atoms than with the Fe atoms,
an effect which mill be discussed later. Two
valence levels are not shown in Fig. 3; they are
the 1a, and 1aI~ levels which occur at -11.0 and
-10.6 eV, respectively. These levels correspond
to the 2s level of B with a small admixture of Ni
and Fe 4s and M character.

The B 2P orbitals interact significantly with the
metal d orbitals and are responsible for lowering
the 5a, , 45, , 35, , 15, , 2a, , and 15, orbitals in
Fig. 3 as compared to their position in Fig. 2.
In Fig. 4, contour plots of the 1g~~ and 5a, orbitals
are shown, from which it can be seen that the
1a, level is predominantly B 2s although there is
a small bonding interaction with the Fe atoms
[see panel 4(b)], while the 5a, orbital shows a
bonding interaction between the B 2P and the
Ni. d orbitals and a nonbonding ox' slightly anti-
bonding interaction with the Fe atoms. The other
orbitals with significant B 2p character (noted
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FIG. 3. ¹i2FezBorbital energy-level diagram analo-

gous to Fig. 2. The levels which have orbitals contain-
ing significant B content ax e labeled. Note the large
spread of the Ni-like levels as compared to Fig. 2.

FIG, 4. Orbital contour plots of the 1+ and GQg orbit-
als of ¹impe28. The lfzg orbitals are predominantly of 8
28 character. The yz plane shows the interaction of 8
with the Ni atoms. The xz plane shows the interaction
of 8 with the Fe atoms. (See Fig, 1.) The contour val-
ues for all the orbitals shown in this paper start at 0.05
a.u. and increase in units of 0.05 a.u.
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ill Flg. 3) Rlso 11Rve bolldlng llltel'Rctlolls wltll tile
metal atoms.

The highest occupied levels fox' Ni, Fe,B are
the 65, and va~~ which have the same energy and
an occupancy of 0.6 and 0.4, respectively. For
this case n~ =1.71. No SCF solution was found

which had integral occupation numbers and si-
multaneously satisfied Fermi statistics. The
integral occupation number solution, which is
very close to the level diagram of Fig. 3, has
the 65, level empty and the Vaj~ containing one
electron with the 6b, level at a slightly lower
energy (0.15 8V) than the 78~) level (i.e. , Fermi
statlstlcs Rl"8 llot satlsf led). To deterlllllle reliably
such small differences in energy levels is beyond
the inherent accuracy of the -calculations and thus
one cannot really decide which is the more ap-
propx'iate solution. Fortunately, as far as the
chemical-bonding aspects are concerned, the two

solutions are virtually identical. The only sig-
nificant difference is clearly in the calculation
of the magnetic moment which depeDds vex'y

sensitively on the change in occupancy from 0.6
electron in a spin-up orbital and 0.4 electron in
R spin-down orb1tRl to oDe electron 1D R spin-down
orbital. Thus the value of n~ =1.38 is obtained for
the integral occupation case. These values of
n~ may be compared to the experimental value of
1.31 for the Ni„Fe„B„amorphous alloy. " The
calculated value of n~ for the short T-M distance
of 1.53 A is 0.83.

Figure 5 shows the computed orbital enex gy-
level diagram for the Ni, Fe,P cluster. Again the

energy levels ax'e labeled accox ding to their
dominant metallic character. The 1a, and 1a,
levels are not shown in the figure; they are sit-
uated Rt 11.81 Rnd -11.86 eV~ respectively.
These levels cox'I'espond to v11tually pure Rtomic
P 3s orbitals, as can be seen from Fig. 6. There
are three levels which contain predominantly
P 3p character; these are the 152, 1$~~, and 2a~~

orbitals (see Fig. 5). The P interaction with the
metal atoms appears to be much'more ionic in

character than for the ease of 8, i.e. , the orbitals
of Fig. 6 ax'e more heavily weighted on the P atom
than those of Fig. 4 are on the B atom. There
are nonetheless definite bonding interactions be-
tween the P 3P orbitals and the metal atoms. The
calculated value of n~ is 0.83, which may be com-
pared to the experimental value of 1.08 for the
Ni OFe«P» amorphous alloy. " For the case of
the Ni, Fe,P cluster there are no problems with
nonintegex' occupation numbers such as those
found for the Ni, Fe,B cluster. It should be em-
phasized again that the calculated values of n~
for such small culsters cannot be expected to be
vex'y accurate. The change of one majority spin
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FIG. 5. Ni2Fe2P orbital energy-level diagram analo-
gous to Figs. 2 and 3. The levels vrhose orbitals con-
tain significant P content are labeled.

electron to a minority spin orbital (or vice versa)
will change the calculated value of n~ by 0.55. It
is thus rather amazing that the calculated values
of n~ provide a reasonable trend when compared to
experiment. This is summarized in Table I.

IH. MSCUSSION

From the results in the last section, it is clear
that there are significant bonding interactions
between the p orbitals of B and P atoms and the
atomic orbitals of the transition-metal atoms.
One interesting question which conies to mind
with regard to analyzing these results is whether
there is a preferential interaction between a given
metalloid atom and the Fe or Ni atoms in the
cluster. If such prefex'ential intex actions do occur
they would have R profound effect on the conceptual
framework with which we view metalloid-tran-
sition-metal glasses. For T-T'-M systems, one
could no longer view- the metalloid atoms as simply
filling in the Bernal holes of a DRPHS structure
of metal atoms. Rather, one would have to admit
to the possibility of a local atomic scale chemistry
arising from such electronic interactions.

In RDRlyzlng the results of the slxnple cluster8
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interactions between metal atoms and metalloid
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where the P&(r) are the molecular orbitals of the
system, the n& are occupation numbers, and

pr(r ) is the total charge density. However, as
there are x'elatively few molecular ox'bitals which
describe the metal-metalloid interaction, it is
convenient to consider a partial charge density
or bonding charge density defined as

PIG. 6. Orbital contour plots of the 1~ and 2u~ orbit-
als of Ni2Fe2P. The 1m~ is almost pure P 28. The ys
plane shows the interaction of P with the Ni atoms. The
xs plane shows the interaction of P with the Fe atoms
(see Fig. 1). The contour values are as in I'ig. 4.

TABLE I. Effective magneton numbers.

Theory
Cluster

Experiment ~

Alloy Sg

Ni2Fe2
¹2Fe2B

¹i2Fe2P

1.65
1.38
1.71"
0,83
0.83

NispFegp

Ni4pFe4pB2p

1.65
1.31

~See Refs. 12 and 13.
~ Value obtained with nonintegral occupation solution.
'Value obtained for short metal-metalloid distance

(t.ss A).

considered in this work, it must be kept in mind
that they can only give a clue as to the nature of the
local chemistry. Much more work viill have to be
done on larger clusters and on differing local
environments to completely elucidate the local
chemistry. However, for qualitative discussions
about the natux'e of bonding interactions, such as
those presented here, one expects the results to
be rather insensitive to the details of assumed
cluster sizes and geometries. This statement is
made on the basis of numerous cluster studies of
other problems which have appeared in the lit-
erature. With this caveat stated, it should be
apparent, nonetheless, that such theoretical re-

pz(r ) = Z ~,4,*(r)4,(r ),
y(u)

(2)

where the sum is over only those orbitals which
contain appreciable (& 590) metalloid (M) character.

For the case of the Ni, Fe,B cluster, the orbitals

contribute to the bonding charge density p~. If
this charge density is plotted in the yz plane (see
Fig. l), which will be denoted as ps"', it should
show the metalloid bonding to the Ni atoms. On
the other hand, if it is plotted in the xs plane the
charge density p~' shouM show the metalloid bond-
1ng to the Fe atoms. In ox'dex' to see lf there ls
a preferential interaction, a difference density
&p~ can be obtained by aligning the metal atoms
from the hvo planes such that they coincide. Thus

~p~ ls defined Rs ~p~ =pp -p~ once the Dletal
atoms have been properly aligned. If there is a
preferential interaction between the B atom and
the Ni atoms, positive contour lines of &p~ should
surround the B atom as p~~' is in the Ni, B plane,
whereas negative contour lines of gapa should
surround the B atom if the preferential interaction
is between B and the Fe atoms (ps' is in the Fe,B
plane). A contour plot of ~e for the Ni, Fe,B
cluster is shown in Fig. V. The contours around
the B atom are positive indicating R preferential
8-Ni interaction.

The same procedure is used to compute &p~
for the Ni, Fe,P cluster. For this case the partial
summation defined in Eq. (2) involves only the
la, , la, , 15, , 2a, , and ib, orbitals. The contour
plot of &p~ is shown in Fig. 8. From this plot
it can be seen that the contour values ax'ound the
P atom are negative. This suggests a preferential
P-Fe interaction. However, in comparison to the
NiaFe, B situation, where positive contours of
&p~ surround both the B and metal sites, for the
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FIG. V. Plot of difference bonding charge density 4p&
for Ni2Fe28. See text for discussion, Positive contours
about 8 and transition-metal (Tl) sites show that there
is a preferential Ni-B bonding interaction. The charge-
density contour values start at 0.001 a.u, and double for
each successive contour value.

Ni, Fe,P situation the negative contours surround
only the P atom. A closer analysis of this latter
case shows that the charge densities in the Fe,P
and Ni P planes practically cancel each other for
the 1a, , la, , and 2u, orbitals. This leaves only
a difference of the 15, and 15, orbitals as being
the dominant contribution to the dy~ of Fig. 8.
The ibm~ orbital lies in the yz plane (Ni, P plane),
whereas the lb, orbital lies in the xz plane (Fe,P
plane). The fact that the former orbital has less
P character than the latter orbital, whereas the
former orbital has more Ni eharaeter than the
latter orbital has Fe character, leads to the form
of ~p ln Fig. 8.

Thus the evidence for a speeifie Fe-P interaction
is not as clear-cut as one might like for the
Ni, Fe,P cluster as a consequence of too few
orbitals being involved. This is a case where
results on a larger cluster would clearly be de-
sirable. However, in order to provide additional
information on Fe-P interactions and stay within
the framework of tetrahedral clusters, two ad-
ditional calculations have been performed. These
calculations are for the Ni4P and Fe4P tetrahedral
clusters, using the same interatomic distances as
for the previous clusters. In this instance a &p~
can be defined as p~(Ni, P)-p~(Fe, P). If 4p~ is
plotted in the same plane as done previously, the
contour plot of Fig. 9 is obtained. This clearly

FIG. 8. Plot of difference bonding charge density 4'
for Ni2Fe2P. Negative contours abmt P suggest a pre-
ferential Fe-P interaction. See text for discussion.
Contour values are the same as in Fig. V.

shows negative contours connecting the P atom
mith metal sites, a consequence of substantial
Fe-P preferential interaction. For these two
clusters more orbitals contribute to the deter-
mination of &p~ than those for the Ni, Fe,P cluster,

~0 /(

/

/

FIG. 9. Plot of difference bonding charge density &pp
obtained by subtracting bonding charge density of Fe4P
from the bonding charge density of Ni4P. See text, The
negative contours about P and the transition-metal (TM)
sites show a preferential Fe-P interaction. The contour
values are the same as in Fig. 7.
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and hence-the problems encountered for the latter
cluster do not ax'lse.

Recently experimental evidence for some sort
of chemical ordering between Ni and B has been
found for Ni Fe B alloys. ' It mas found from
differential scanning calorimetry (DSC) that for
the Fe,oo „B„alloy series, the temperature of
maximum heat evolution (T&), the temperature of
initiation of crystallization (T„), and the glass
transition temperature (T ) all increased with

increasing B content. However, . for the two series
of alloys (Fe,~i„)«B20 and (Fe, ,Ni, ,)», „B„it
mas found that all three temperatures decreased
as a function of increased Ni and B content, re-
spectively. It was concluded from these results
that a, chemical ordering occurs between the
nickel and boron atoms which decreases the
viscosity and hence the energy for hole formation.
Thus with increasing box'on and nickel content
T and T„are decreased.

The present theoreti. cal results suggest that the
nature of this chemical ordering is due to a
preferential bonding interaction between boron
and nickel atoms. Furthermore, the present
results suggest that a preferential iron-phosphorus
interaction also exists. Similar DSC experiments
fox' R d1ff616nt set of Rlloys Rx'6 nom b61ng CRxT1ed

out to see if there is corresponding evidence for
Rn iron-phosphorus chemical ordering.

Recent extended x-ray-absorption fine-structure
(EXAFS) experiments" on Ni«Fe«B2O and

N l40F640P2p alloy s have examined the fractional
change in thermal disorder with respect to a low-
temperature state. It was concluded from the
results for the Ni«F6~, B» glass that there was
a preferential coordination of the boron with
nickel which forms a mox e tightly bound shell
around the nickel atoms such that a dynamic
coupling of the nickel atoms with their local en-
vironment takes place. For the Ni«Fe«P2o alloy,
a similar analysis .led to the conclusion that there
mas a preferential coordination of P with iron.
Although these results provide rather indirect

evidence for preferential interactions, a more
detailed analysis of the EXAFS data nom under-
way" shouM provide more direct microscopic
1nfox'matlon.

Although the theoretical results thus far are
restricted to rather small clusters, they do
demonstrate the utility of such cluster investiga-
tions. Furthermore, the implications of such
calculations transcend the px'oblem of amorphous
alloys. They are of potential value in discussing
impurities which segregate to grain boundaries
as mell as other important problems in metals
physics. Such implications mill be discussed in
forthcoxning publications.
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APPENMX

In order to carry out an Xo.-scattered-wave
calculat;ion one must specify the following quan-
tities: the coordinates of the atoms, the sphere
sizes which characterize the muffin-tin potential,
the partial-wave expansions on the various atoms,
and the exchange factors or e.values for the
various atoms or regions of space. The coordi-
nates can easily be obtained from the information
on metal-metalloid distances for the clusters
which are presented in the main text. For the
other quantities, in the case of the metal-metal-
loid distance of 2.13 A, the outer-sphere radius
is 3.370 A, the metal-sphere radii are l.245 A,
and the metalloid-sphere radius is 0, 880 A; the
pax'tial-wave expansions have maximum / values
of 4, 2, and i for the outer sphere, metal atoms,
and met»lo1d atom, respectively; the atomic e
values are those tabulated by Schmax'z" and de-
noted by him as z„F, and the z values in the
inner- and outer-sphere regions are weighted

averages.
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