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A nearly-free-electron model for explaining the relative stability of some metallic al-
loys against crystallization is proposed. Arguments are presented which show that in an
alloy the maximum stability corresponds to the composition for which the Fermi level
].ies at a minimum of the density of states. In this case any small enough perturbation
around this configuration will increase the total electron energy. This approach predicts
the correct composition range of metal glasses.

Although, in general, it is difficult to produce
metals in an amorphous form, ' there are certain
metallic alloys which are surprisingly good glass'
formers and remain relatively stable in the amor-
phous state. These materials are usually found
in alloys M, „X„(whereM is a transition or noble
metal, and X is an element of Group IV or V) with
the concentration, x, near the eutectic. ' Exam-
ples of such glass systems are Pd„,eSi~20' and
Au 7egoGe „„Si~oo~,.' The content of the metal in
these glass formers is generally in the region
75-80%. That the glass-forming tendency and

stability is dramatically increased near the eu-
tectic has been viewed' ' as a consequence of a
high reduced glass temperature, T„,=T,/T,
where T, and T are the glass and melting tem-
peratures, respectively.

However, the microscopic reason for this high
glass-forming tendency is not well understood.
Two possibilities have been advanced to account
for it. The first suggests that these glasses exist
essentially in a Bernal structure of close-packed
hard-sphere metal atoms with the smaLler atoms
stabilizing the system by filling the inherent
voids in such a structure. ' Among other accom-
plishments this explains why the metal content is
roughly 80%. Serious objections to such an ex-
planation have been raised based on detailed
studies of the effects of alloying with elements of
differing atomic radii. " The second model for
these glasses suggests that it is chemical bond-
ing that stabilizes the structure. " Recent x-ray-
photoemission measurements" have found no
evidence for such bonding in the particularly
stable" metallic glass PdQ 775Cu«, Si~„,. In this
paper we present an aLternative theory for under-
standing the stability of these glasses. In partic-
ular our model shows why increased stability
should occur with the metal content around 80%,
as well as elucidates one process by which the
glass-forming tendency may be enhanced (nuclea-
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tion rate suppressed) in metal alloys.
This model takes a completely different ap-

proach from those mentioned above. It treats
the alloy, which is after all a metal, as a nearly-
free-electron gas and employs many of the con-
cepts used in Ziman's theory of liquid metals to
describe the system. For simplicity throughout
our discussion we will treat these glasses as if
they were still in the liquid state which is a good
approximation since the glass has been obtained
from the liquid by cooling and has a structure
factor, S(q), similar to that of the liquid. There
are three important concepts which must be intro-
duced for the liquid metal. These are (a) the Fer-
mi momentum, kF, where in the amorphous liq-
uid state the Fermi surface is assumed to be
spherical; (b) the pseudo potential, v(q), which
gives the interaction of the free electrons with
the ionic cores; and (c) the structure factor, S(q),
which gives necessary information about the cor-
relation between the ionic positions. In a crystal
S(q) depends on the direction as well as the mag-
nitude of q since it is nonzero only when q is a
reciprocal-lattice vector. In an amorphous solid
or liquid, on the other hand, S(q) is spherically
symmetric. Of crucial importance in the liquid
is the relationship between 2h F and q~ [the value
of q for the first peak in S(q)]. For atoms with
valence z = 1, 2kF is less than q~ while it is gener-
ally accepted that for atoms with z = 2, 2kF 1.ies
slightly higher than q~. A schematic diagram of
a typical structure factor with lines indicating
the value of 2kF for a monovalent and divalent
atom is shown in Fig. 1(a).

To solve for the energy levels or the density of
states of this system we start with the free-elec-
tron states and use perturbation theory to arrive
at an expression very similar to that for a, crys-
tg as.
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where E~'=k'k2/2m and 0 is the volume. This
expression fails when l k+ q~ l

= lk l just as it does
in the crystal where a gap opens up in the energy
band at the zone boundary. ' Although for the liq-
uid we do not expect a gap, we do expect a simi-
lar decrease in the density of states at the ener-
gy E = (k'/2m) I 2 q~ P. We expect a substantial
change since in the liquid or gla'ss S(q) is spheri-
cally symmetric so that alL the states at lbl = &q~

(which also all correspond to the same unper-
turbed energy) are affected. This is to be con-
trasted to the case in the crystal where S(q) de-
pends on the direction of q and thus affects only

FIG. 1. (a) Schematic diagram of the structure factor
as a function of wave number. The dashed vertical
lines represent the values of 2k & for monovalent and
divalent metals. (After Mott and Davis, Ref. 13.)
(b) Schematic diagram of the density of states, D(E),
for three cases: Solid line is for a totally-free-elec-
tron model; dashed line is for the glass in the nearly-
free-electron model discussed in the text; dash-dotted
line is for the perturbed glass with a nonspherically
symmetric structure factor.

a fraction of the states with a particular magni-
tude I ql. In addition the larger the value of S(q)
at q~ is, the larger the perturbation will be and
the deeper we expect the minimum in the density
of states to be.

One effect of alloying a monovalent metal with
an element with higher valence is to shift the ef-
fective valence, zeff —zg(1 -x)+z,x. This in turn
shifts the value of 2kF through q~ for some value
of x. That this shift is a valid picture of what
happens upon aQoying is well substantiated as
will be discussed later. To get an idea of what
concentrations are needed for the situation 2kF
=q~ we take as a typical value z,~q=1.7. If we al-
loy Au (z, = 1) wi.th Si (z, = 4) we get a value for x
of 0.23 (Au~~Si~»). If we alloy Au with P (z, = 5)
we get a value for x of 0.18 (Au»P«, ). It is ]ust
at these concentrations when 2kF =q~ that the Fer-
mi energy, EF, will lie at a minimum of the den-
sity-of-states curve, D(E).

We shall now argue why such a system should
be more stable against crystallization than a sys-
tem for which 2kF &q~. Our argument will be
based on the fact that, even though the electronic
energy of the glass may be higher than that of the
crystal, the glass is still at a metastable mini-
mum of energy. If the system starts to crystal-
lize, as a result of a Quctuation in which the sys-
tem develops long-range order, S(q) is perturbed
and is no longer spherically symmetric. The ar-
gument that all the states with a given magnitude
of I q I

= 2q~ are affected is no longer valid. The
value of q~ will now depend on direction and will
consequently act to lower the density of states at
a different value of the energy for each direction.
The deep minimum at D(E F) is no longer expect-
ed I see Fig. l(b)]. Thus, as S(q) is perturbed we
find that the total energy of the system increases
as more electron states are moved up to E F
where they have higher energy. The glass is in
a metastable state since any perturbation will
destroy the spherical symmetry of S(q).

We have so far presented a model for the sta-
bility of certain metallic alloys in the glass form.
This model predicts stability for the system
M, „X„in the region x = 0.20. The choice of z,f f
= 1.7 is somewhat arbitrary but it is a reasonable
estimate (cf. Fig. 1). Using this value we find
that we can indeed predict increased stability in
the same concentration range as that observed ex-
perimentally. Of course depending on the details
of S(q) in each instance, q~ will coincide with 2k F
at different values of z,qf. However, for an alloy
where the interatomic distances do not significant-
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ly change with concentration the position of the
first peak in S(q) should remain unchanged as
well.

Although we have so far concentrated on the im-
portance of S(q) to the glass formation, the be-
havior of the pseudo potential is also important.
In the alkali metals v(q~) is small whereas for
transition metals, like copper, it is much larg-
er. '~ This increase is at least partially due to
the influence of the d bands which thus do play a
central role in the glass formation. For example
calculations of D(E) for Hg show a pronounced
minimum whereas for Al they show none at all."

We have made a number of other assumptions
in the course of constructing our model which
should be examined in the light of available exper-
imental evidence. The two main ones are (1) that
the effect of alloying can be treated as a rigid
shift of E F and A;F and (2) that the Group-VIII tran-
sition metals as well as the noble metals can be
treated as if they had only one free electron per
atom in the liquid, The two main conclusions of
the model that also would be considerably strength-
ened by experimental support are (i) there is a
decrease in D(E„)at the concentration where 2kF

=q~, and (ii) the glass transition temperature
does scale with the height of the structure factor
at q~. We will now present evidence to support
each one of these points.

The data on the resistivity of liquid metals and

alloys amply justify the first bvo assumptions.
In normal metals, according to Ziman, "the re-
sistivity is

(2)

As two elements are alloyed, one with valence 1
and the other with higher valence, Faber and
Ziman" predict that the resistivity will reach a
maximum when 2k F passes through q~. The fac-
tor qs in the integrand weights this integral to-
ward somewhat higher values of q, giving a larg-
er value for z, qq at the maximum resistivity than
the values of z, q~ considered above. The data for
many noble-metal alloys bear out this prediction"
and the idea of a rigid shift of the Fermi level
with alloying seems well founded. Busch and Gun-
therodt" also find that the transition metals can
be treated as if they had one free electron per
atom. Fe-Ge and Ni-Ge alloy systems have a
nmximum of their resistivity at a concentration
of germanium in the 30%%uo range, indicating, as
expected, that this concentration corresponds to
2PF =qp,
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FIG. 2. Height of the structure factor at its first
peak, S(q&), versus the glass temperture, T, for va-
rious alloys (Pt& „Ni )0 75PO &5. The values of x range
from x =0.20 to g =0.60. The data are taken from Refs.
7 and 19.

From other experiments we can find evidence
for the validity of the conclusions of the model.
The paramagnetic susceptibility is proportional
to D(E„)and we expect that if the density of
states decreases so will the susceptibility. In
fact a large decrease in magnetic susceptibility
is reported'8 for AgIn and related alloy systems
at the concentration where 2kF =q~. Finally there
is one piece of evidence that the stability of the
system does increase with an increase in the
peak height of the structure factor. Sinha and
Duwez" measured the structure factor for the
glass (Pt, „Ni„)~»P~»for various concentrations,
x, of Ni. In another study Chen' measured the
glass temperature, 7.'„for the same series of
alloys. In Fig. 2 we plot the values of T, versus
S(q~) for various concentrations x. We find that
the glass temperature does indeed scale with the
height of S(q~), and in the range studied, the vari-
ation is linear.

The evidence for the validity of this model has
come from a wide variety of measurements. Per-
haps its most attractive feature is that it starts
from a free-electron framework and does not
rely on chemical bonding to produce stability.
It is thus thorougly consistent with the photoemis-
sion measurements made on these glasses. It
also suggests that one should concentrate on the
measurements of liqui:d alloys in order to gain
insight into what makes these particular alloys
comparatively good g1.ass formers.

For an understanding of the properties of metal-
lic glasses we benefitted from discussions with
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The magnon dispersion curve of Gd metal has been determined from first principles by
use of augmented-plane-wave energy bands and wave functions. The exchange matrix ele-
ments I(k, k') between the 4f electrons and the conduction electrons from the first six en-
ergy bands were calculated under the assumption of an unscreened Coulomb interaction.
The results are in good overall agreement with experiment provided the I(k, k') are dimin-
ished by a constant scale factor of about 2 which may be caused by screening.

The s-d (or s-f in the rare earths) interaction
model has had great success in describing a vari-
ety of phenomena ranging from conduction-elec-
tron polarization effects to properties of local-

ized magnetic moments. The s fexchange int-er-
action I, &(k, k') between the localized 4f and the
conduction electrons in the rare-earth metals is
the basis of the indirect exchange mechanism of
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