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A set of effective two-body and three-body empirical interatomic potentials are proposed for
describing the short-range structure of amorphous alloys of molybdenum and germanium.
Molecular-dynamics computer simulation calculations were performed for these alloys for a wide
range of compositions with use of these potentials. The resulting structures have radial distribution
functions, differential distribution functions, and partial distribution functions that are in very good
agreement with recent x-ray scattering experiments of Kortright and Bienenstock for all the composi-
tions studied. The experimental observation is confirmed that Mo atoms do not substitute into the
germanium random network at low Mo concentrations. The calculations predict that at low concen-
trations the metal atoms tend to cluster together and that they significantly distort the random
tetrahedral network of the germanium atoms in their vicinity.

I. INTRODUCTION

Most metal-metalloid glasses are prepared by rapid
quenching of a liquid and can be prepared as amorphous
materials only for a narrow range of concentration near a
eutectic composition of about 20 at. % metalloid atoms.
By means of vapor deposition, however, macroscopically
homogeneous amorphous alloys of molybdenum and ger-
manium can be prepared with compositions ranging from
pure amorphous Ge to 65 at. % or even higher atomic
fractions of Mo.! These alloys exhibit a rich variety of
structures and electrical properties over this range of con-
centration.

The x-ray scattering experiments of Kortright and
Bienenstock,""? which included anomalous scattering as
well as the usual radial distribution function (RDF) mea-
surements, suggest that there are three structural regimes
for these alloys. Region I ranges from O to less than 23
at. % Mo and is characterized by a gradual modification
of the random tetrahedral network (RTN) of Ge by Mo
atoms. Mo atoms do not substitutionally enter into the
tetrahedral random network of Ge but modify the struc-
ture in their vicinity. The average nearest-neighbor coor-
dination number is low (4-6). All the signs of tetrahedral
a-Ge are not present a 23 at. % Mo. Region II, from 23
to 50 at. % Mo, shows a consistent local chemical order-
ing similar to that of Ge-rich intermetallic compounds.
Region III, with greater than 50 at.% Mo, has the
structural characteristics of the dense random packing of
spheres, with higher coordination numbers (10-13).

An experimental study of the electrical properties of
this system by Yoshizumi et al.>* reveals that below 10
at. % Mo the system is a semiconductor and electron
transport takes place by the mechanism of variable-range
hopping. Above 10 at. % Mo the electrical properties are
those of a typical metal. Accompanying the gradual
structural modifications, the system undergoes two transi-
tions as the atom fraction of molybdenum is increased:
(1) from semiconductor to normal metal at about 10 at. %
Mo; and (2) from normal metal to superconducting metal
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at about 13 at. % Mo.

A more complete understanding of the relationship of
the structure and the electrical properties of these materi-
als would clearly be worthwhile. Modern structural mea-
surement techniques give useful but limited information
relevant to understanding the structure of an amorphous
material. The x-ray radial distribution function gives
averaged information about the surroundings of all atoms
as a function of distance. Anomalous x-ray scattering and
x-ray absorption fine structure can in favorable cases give
average information about the surroundings of the atoms
of a specific atomic species. A more complete under-
standing of the structure must be based on a theoretical
model that is consistent with the structural data.

A very promising way of constructing theoretical mod-
els for amorphous materials is to use molecular-dynamics
(MD) computer simulations based on a choice of intera-
tomic potentials. In this paper we report on the use of the
data of Kortright and Bienenstock to develop interatomic
potentials for the molybdenum-germanium system and a
molecular-dynamics model of the structure of the amor-
phous alloys as a function of composition. Interatomic
potential functions are the primary physical input to
molecular-dynamics calculations. Our goal was to con-
struct a set of empirical potential functions that were as
simple as possible and that would account for the struc-
tures of the materials reasonably well.

In the following, we discuss molecular-dynamics com-
puter simulation studies of the structures of amorphous
molybdenum-germanium alloys using a set of empirical
potential functions. Section II is devoted to the construc-
tion of the potential models. The molecular-dynamics
calculations and technical details of the comparison of the
theory with experiment are discussed in Sec. III. Section
IV discusses the results. Our conclusions are summarized
in Sec. V.

II. POTENTIAL FUNCTIONS

There are two types of interatomic potential functions
used in molecular-dynamics calculations, ab initio
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quantum-mechanical potentials and empirical potentials.
Ab initio potentials are obtained by fitting a functional
form to the results of quantum-mechanical calculations of
the total energy of a collection of atoms as a function of
their nuclear positions. Such potentials have been used
for more than a decade for molecular-dynamics calcula-
tions of liquids containing small molecules and ions, but
accurate ab initio potentials suitable for covalently bond-
ed materials like germanium have not been developed.
Empirical potentials are obtained by assuming a function-
al form that describes the physical features believed to be
important in the correct potential and then obtaining
values for the parameters in the function by using experi-
mental data. In the present work, we use empirical po-
tentials.

In any binary alloy there are three types of interactions
to be considered. In the system of Mo-Ge they are (1) in-
teractions among Ge atoms; (2) interactions among Mo
atoms; and (3) interactions between Ge atoms and Mo
atoms.

In principle, these interactions among atoms in a con-
densed phase might depend not only on the positions of
the atoms but also on the density and composition of the
material. This is commonly expected for metallic materi-
als, in which an important contribution to the interatomic
interaction comes from the interactions of the atomic
cores with the conduction electrons. However, the experi-
mental information available is not sufficient to determine
the potentials completely if we allowed the empirical po-
tentials to depend on composition and density, especially
in the absence of a theoretical model for such a depen-
dence. We therefore adopt, as a working hypothesis, the
assumption that the part of the potential that determines
the structure of these materials is independent of density
and composition. This then gives a smaller number of in-
teractions to be extracted from the data and our object is
to see if a physically reasonable set of potential functions
can be obtained that reproduces the structural features ob-
served in the condensed phases of Mo, Ge, and their al-
loys. Also since we are primarily interested in the struc-
tures of the materials, rather than their thermodynamic
and elastic properties, we ignore the volume dependent
contribution to the energy of metallic materials caused by
the conduction electrons, since at a given volume they
have no effect on the arrangement of the atoms. Our
hope is that the structure-determining interactions are
sufficiently insensitive to density and composition that this
scheme will be successful.

We have previously developed empirical potential func-
tions for condensed phases of pure germanium.’> They are
of the type developed by Stillinger and Weber® for silicon,
and they consist of short-ranged two-body and three-body
interactions. The two-body potential has a single
minimum representing the tendency for germanium atoms
to form chemical bonds with each other. The three-body
potential promotes the formation of 109° bond angles be-
tween the various bonds made by a germanium atom.
This stabilizes the diamond-lattice crystal structure. It
also inhibits the formation of more than four chemical
bonds by an atom, since bonding to more than four atoms
necessarily leads to some bond angles differing
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significantly from 109°. The parameters of the potential
were chosen to fit experimental data on crystalline and
amorphous germanium, including the density, cohesive
energy, and elastic constants of the crystal and the radial
distribution function of the amorphous solid obtained
from the x-ray scattering experiments. These potentials
for germanium were used in the present work on alloys.
The functional forms and parameters are given in the Ap-
pendix.

Empirical potentials for interactions among molybde-
num atoms have been proposed by van Heugten’ and by
Miller.® Both are pairwise additive two-body interactions.
The former was obtained from analysis of phonon disper-
sion curves for crystalline molybdenum, and the latter
was obtained from elastic constants and the vacancy for-
mation energy. We rejected the van Heugten potential be-
cause, at the experimental density of crystalline molybde-
num, it predicts a lower energy for the face-centered-cubic
crystal structure than for the body-centered-cubic struc-
ture, whereas the experimental crystal structure is bcc.
The Miller potential does give a lower energy for the bcc
structure at the experimental crystal density, but prelimi-
nary calculations that used it to model the molybdenum-
rich amorphous phases gave radial distribution functions
in significant disagreement with experiment. In particu-
lar, for 65 at. % Mo, the split second peak in the experi-
mental RDF is not reproduced and the height of the first
peak is significantly lower than the experimental result.
This suggests that the potential is not sufficiently repulsive
for distances less than the location of the first minimum.
To obtain a more repulsive potential, we multiplied the
Miller potential by a factor of 3.5 and were able to
get very satisfactory calculated structures for the
molybdenum-rich alloys. This rescaled Miller potential is
given in the Appendix and was used in all the calculations
presented here. It shares a desirable feature of the origi-
nal Miller potential in that it correctly predicts that the
lowest-energy structure for crystalline molybdenum at the
experimental density is bcc.

For interactions among Mo and Ge atoms, we at first
chose two-body potentials of the Stillinger-Weber type,
which allow the formation of a chemical bond between
the metal and metalloid. The important parameters of the
potential are the depth of the minimum of the potential
and the distance at which the minimum occurs. The
crystal structure of Mo;Ge is known.® We performed lat-
tice energy calculations for this crystal structure using our
Mo-Mo two-body interaction, our Ge-Ge two-body and
three-body interactions, and various choices of the Mo-Ge
two-body interaction. We determined what values of the
depth and location of the minimum in the Mo-Ge interac-
tion are consistent with having the known crystal struc-
ture be a local minimum energy structure for a crystal.
The range of acceptable values for the depth was quite
large, but the acceptable values for the location of the
minimum were restricted to a range between 2.57 and
2.82 A. The choices that satisfied this test were further
tested by performing molecular-dynamics calculations on
amorphous alloys over a wide range of Mo concentration
(2—-65 %). However, despite extensive attempts using
many different parameters for the Mo-Ge two-body in-
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teraction, we could find no such potentials that were satis-
factory in reproducing the experimental structure of these
amorphous alloys.

Figure 1 shows a comparison of the structures of amor-
phous alloys obtained from experiment and from a typical
calculation using only a two-body potential for the Mo-Ge
interaction. The model fails to reproduce the qualitative
features of the structural changes from the continuous
random network of Ge at low Mo concentration to the
dense random close packing at high Mo concentration.
The deficiency is particularly serious for small Mo con-
centrations. A spurious third peak, centered at twice the
Mo-Ge nearest-neighbor distance, develops too early as
the MO concentration is increased. This observation sug-
gests that for low MO concentrations a spurious close-
packing pattern of Ge atoms has developed around Mo
atoms, strongly distorting the continuous random network
of Ge. Analysis of configurations confirmed this conjec-
ture. The average Mo atom has a large number (12-13)
of nearest-neighbor Ge atoms. More than half of the Ge
atoms that are first neighbors of a Mo atom have five oth-
er Ge atoms surrounding them. The distorted structure
that is produced has a radial distribution function very
different from what is observed experimentally and an
average coordination number that is higher than the ex-
perimental values for low Mo concentrations. Therefore,
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FIG. 1. Comparison of radial distribution functions obtained
from a potential model with only a two-body potential for the
Mo-Ge interaction (solid lines) and those from x-ray scattering
experiments of Kortright and Bienenstock (dashed lines). The
MD calculated results have been convolutionally broadened us-
ing Eq. (8) for a proper comparison with the experimental re-
sults. The parameters of the broadening are a=0.01 A’ and
kmax=18.5 A All the curves are plotted on the same scale,
but they are offset vertically. The significant discrepancies be-
tween the experimental results and many similar MD results led
us to abandon the use of only two-body interactions for the Mo-
Ge interaction.
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we abandoned the use of two-body potentials alone to de-
scribe the Mo-Ge interaction.

A feature of the structure observed in these simulations
is that a germanium atom that is a near-neighbor of a
molybdenum atom also typically has four or five germani-
um neighbors. Germanium is expected to form at most
four covalent bonds, and these four bonds should be in
tetrahedral directions. If this tendency were strong
enough, it would prevent the kind of close-packing coordi-
nation that we saw around molybdenum atoms. We
suspected that this is the major physical element lacking
in the potential model. One way to strengthen the
tetrahedrality of the bonding of germanium atoms would
be to include in the potential a three-body interaction that
tends to establish a 109° angle between bonds made by a
germanium to another germanium and to a molybde-
num.'® Thus we decided to use a three-body interaction
of the Stillinger-Weber type is accomplish this.

The values of the parameters in this additional three-
body potential were chosen by performing molecular-
dynamics simulations of the amorphous alloys and see-
ing which sets of values led to structures in good agree-
ment with experiment. The most important parameter is
A, which represents the overall strength of this three-
body interaction. A value approximately half that for
the three-body germanium interaction was finally
chosen.

The final version of the potentials is given in the Ap-
pendix. All the results reported in this paper are associat-
ed with this set of potential functions, unless specified oth-
erwise. They led to structures that are in very good
agreement with the experimental data for the amorphous
materials over the entire composition range studied. A
detailed comparison of the theoretical and experimental
structures is given below.

In Fig. 2 we plot the three pair potentials for the Mo-
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FIG. 2. Pair potentials for Mo-Mo [Eq. (A2)], Ge-Ge [Eq.
(AD)], and Mo-Ge [Eq. (A1)] in reduced units. The unit of en-
ergy € is 1.93 eV, and the reduced unit of length ¢ is 2.181 A.
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Mo, Ge-Ge, and Mo-Ge interactions. The relative depths
of the three functions suggest that our model does not
favor separation into pure Ge and pure Mo phases. The
depth of the potential well for the Mo-Ge interaction
(E min=1.0€) is larger than the average of the Mo-Mo and
Ge-Ge interactions (E ,;, =0.81€ and 1.0e, respectively).

III. SOME TECHNICAL DETAILS
OF THE CALCULATIONS

A. Molecular-dynamics calculations

The molecular-dynamics calculations performed in the
current work used the velocity form of the Verlet algo-
rithm!! to integrate the classical equations of motion for a
collection of 216-300 particles in a box of constant
volume with periodic boundary conditions. The time step
used in the numerical integration was 0.00136 psec,
which is smaller than the reciprocal of the Debye frequen-
cy (on the order of 1-10 psec) of crystalline Ge.'2

In a typical calculation, a system with the desired num-
ber of Mo and Ge particles and with the desired volume
was thoroughly equilibrated for about 10000 time steps
(or 14 psec) at a high temperature of about 4000 K, well
above the melting temperature of molybdenum. The sys-
tem volume was chosen so that the density of the system
was equal to the experimental density of the amorphous
alloy of the same composition. The system was then
cooled from the liquid state to the amorphous solid state
using the method of stochastic collisions (at random times
particles were picked at random and their momenta were
replaced by momenta chosen at random from a
Boltzmann distribution at a low temperature). This pro-
cess usually took about 10000-20000 time steps (or
14-27 psec), and it was immediately followed by anneal-
ing (for about 5000 time steps) at the final temperature,
which is room temperature. Calculations of the radial
distribution functions of the samples were then performed
in a period of 5000 time steps. To test for system size
effects, similar runs were also performed for samples of
400-500 atoms at various concentrations and the radial
distribution functions were found to be in satisfactory
agreement with those of the corresponding samples of
smaller size.

B. RDF, PDF, DDF, and convolution broadening

The radial distribution functions we obtained from
simulation were compared with x-ray and anomalous x-
ray scattering results of Kortright and Bienenstock!? for
amorphous molybdenum-germanium alloys. In this sec-
tion, we describe the connection between the experimental
results they present and the theoretical results we calcu-
late.

In x-ray scattering experiments, the observed intensity,
in electron units, of the coherent scattering is related to
the atomic structure in the following way:

Iwh(q)=<zzf,-<q>fk(q)exp[—iq-(r,—rk)]> )
j k

Here the sums are over all atoms, and r; and f;(q) denote
the position and atomic scattering factor, respectively, of
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atom j. The scattering vector q has a magnitude of

| = 4 sinf
== >
where 6 is half the scattering angle and A is the wave-
length of the x rays. The angular brackets denote a time
average or ensemble average.

In principle, the atomic scattering factor f,(q) of an
atom of type a depends on the photon energy E of the in-
cident radiation, as well as the magnitude of the wave vec-
tor. It can be divided into an energy-independent part

f(?(q) and real and imaginary energy-dependent parts
fa(g,E) and f;'(q,E):

fol @, E)=fAQ) + falq, E)+if) (q,E) . (3)

The energy-independent part f2(g), is related to the
Fourier transform of the electron density of the atom. It
makes the major contribution to the f,(g,E) when the in-
cident photon energy is far from the absorption edge of
the a atom. The energy-dependent part, called the anom-
alous scattering factor, becomes significant only when
photon energies are near absorption edges.

In the theory of liquids and in analyzing computer
simulations, it is convenient to work with the pair-
correlation functions g, (r) defined so that p,g,,(7) is the
average microscopic density of b atoms a distance r away
from an a atom. Here p, denotes the average number
density of b atoms in the sample. These correlation func-
tions satisfy the symmetry property that gu,(r)=gp,(7),
and for an isotropic fluid or amorphous material they de-
pend only on the scalar distance r and not on its vector
direction.

The connection between the experimental coherent-
scattering intensity I°" and the theoretical pair-
correlation functions can be made by defining the follow-
ing partial structure factors:

4
Zpb f[gab(r)—l]r sin(gr)dr . (4)

9=|q @)

Sab(q)z

It follows from these definitions that the coherent-
scattering intensity for a two-component atomic material
is given by
I°%g)=w 44(q)[S44(q)+ 11+ w 45(q)S 45(q)
+wpp(q)[Spr(q)+1], (5)

where
wAA(q):fofi(q) ,
wap(q)=2x4Re[f%(q)fB(q)],

and

wBB(q):xBfI%(q) .

Here A and B refer to the two atomic species, and x 4 and
xp are their atom fractions.

In principle, by performing scattering experiments at
three different energies, three independent measurements
of I°®"(g) would yield information on the three partial
structure factors, which would then allow the three pair-
correlation functions to be determined. In practice, this
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procedure can not always be carried out because of the
sensitivity of the results to small amounts of random and
systematic error. Instead, the experimental data was
presented as radial distribution functions (RDF’s) and
differential distribution function (DDF’s), and only in
favorable cases as partial distribution functions (PDF’s).

The experimental RDF, as defined by Kortright and
Bienenstock, is obtained in the following way. Experi-
ments are performed for x-ray energies far from the ab-
sorption edges of the material. A total structure factor
S(q) is defined as

I°Mg) —([f(9)]*)]
(f(g))?

S(q)= [ ) (6)

where
(@) =x4lf 4@V +x5[f5(]
and
(f(@Y=[xafa(@)+xafB(®] .

The denominator in Eq. (6) approximately cancels the g
|
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dependence of the scattering factors in the numerator.
[This follows from the assumption that the g dependence
of the scattering factors of the two species are approxi-
mately the same, i.e.,

falq)=Z 4F(q)
and
fg(q)=ZBF(q) ’

where the same F(g) appears for both atomic species
and F(0)=1.] S(g) can be measured for a range of
values of g. In the work of Kortright and Bienenstock it
is multiplied by a Gaussian termination factor and the
product is inverse Fourier transformed to give the exper-
imental “radial distribution function” (RDF):

2r rk
ﬁexpt =4 2 Rl m
(r)=4mr‘p+ - fo gS(q)
X exp( —agq?)sin(gr)dg , (7)

where k,, is the experimental cutoff of g. If S(g) could be
obtained for all ¢ and if no termination factors were used,
RPY(r) would be simply equal to

R(r)
(x4Z 4+xpZp )2

Instead, R*P(r) is a convolution-broadened version of
R(r). More precisely,

2
expt, 2 _ ' '
REPYR)=47mrp |1+ rfr[g(r) 1]

X G (kp,a;r,r)dr' |,

(8)

where

g(r)=

and
km
G (km,a;r,r')= fo exp( —ak?)sin(kr)sin(kr’)dk .

Thus, R*?'(r) gives information about a weighted sum of
all the three pair-correlation functions for a two-
component system.

More detailed information about the structure is ex-
pressed by the differential structure factor (DSF) or
differential distribution function (DDF) as defined by
Kortright and Bienenstock. The experimental DSFSP is
obtained by measuring the coherent scattering intensities
both near and far from the absorption edge of atomic
species 4 and subtracting the results. After normaliza-
tion by a factor similar to the denominator of Eq. (6),
which approximately cancels the g dependence of the

_ 4mpr’[x3Z38aa(r)+2x 4xpZ 4 Zpg 4p(r)+x3ZBgps(r)]

I
scattering factors, and multiplication by a Gaussian ter-
mination factor, the result is Fourier transformed to r
space to give the experimental “differential distribution
function” for atomic species a. The idealized differential
distribution function in the absence of convolution
broadening is

2, [x4Z 4844(r)+x5Zpg 45(r)]

D4(r)=4
AT " (xAZA —f—xBZB)

The experimental differential distribution function is relat-
ed to the idealized DDF by a convolution broadening.

2
expt 4 2 1 ’
D (r)=4mrp +7Trfr[g,,(r)—1]
X G (kpy,a;r,r')dr' |,
where

_ :DA(")
—47Tr2p '

84(r)

The DDF for species B is given by the formula above
with 4 and B interchanged throughout. Thus each D™
gives information about a weighted sum of only two of
the three pair-correlation functions for a two-component
system.

In favorable situations, it is possible to perform three
independent scattering experiments (one near the absorp-
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TABLE 1. Comparison of molecular-dynamics (MD) and experimental (Expt.) structural data for

amorphous Mo-Ge alloys—properties of the RDF.

Mo r? R(r)° CN°
(at. %) MD Expt. Error? MD  Expt.  Error? MD  Expt. Error?
0 2.48 2.48 0.00 9.27 10.10 —8.22 4.01 4.00 0.25
2 2.52 2.50 0.80 8.51 10.20 —16.57 4.40 4.40 0.00
4 2.52 2.52 0.00 8.32 10.13 —17.87 4.70 4.80 —2.08
8 2.61 2.57 1.56 8.51 9.66 —11.90 5.40 5.20 3.85
14 2.71 2.64 2.65 11.60 11.20 3.57 6.30 6.00 5.00
25 2.74 2.70 1.48 13.40 14.60 —8.22 12.00 12.30 —2.44
42 2.76 2.72 1.47 17.10 15.90 7.55 12.00 12.40 —3.23
65 2.78 2.76 0.72 17.20 17.37 —0.98 13.10 13.50 —2.96

#Location of the first peak in the RDF in A.

®R(r) is in units of atoms/A. See Eq. (8) in the text.

“Nearest-neighbor coordination number, defined as the area of the first peak in the RDF, computed to a
distance of 3.0 A for samples of 0-14 at. % Mo and to a distance of 3.7 A for higher concentrations of

Mo.

dPercentage discrepancy between the MD and Expt. results.

tion edge of species A, one near that of B, and one far
from both edges) and analyze the results to obtain one or
more of the three structure factors S, S 45, and Spp.
The r space transform of the result can be used to con-
struct experimental ‘‘partial distribution functions”
7°*P' The idealized PDF in the absence of convolution
broadening is

73,-j(4)=47rr2pxjg,-j(r) ,

where i and j each can be 4 or B. [There are nominally
four such functions, but only three of them are indepen-
dent since 7 45(r) and Pp,(r) are simple multiples of
one another.] The experimental partial distribution
functions are related to the idealized functions by a con-

volution broadening:

2 [ rigytr—1]

. _ 2 <
Pf}“"(r)——47rr px; |1+ -

X G (kp,a;r,r')dr’ (10)

In molecular-dynamics (MD) calculations, the pair-
correlation functions g44(7), g 45(7), and gpp(r) are calcu-
lated for r <L /2, where L is the length of the simulation
box. To compare them with the experimental data, the
results are convoluted according to Egs. (8)-(10). (In per-
forming the convolutions, we assume that the various
pair-correlation functions are 1 for r > L/2. The calculat-
ed results for » < L /2 are not sensitive to the small errors
in this assumption.) The resulted RDF, DDF’s, and
PDF’s are then compared with the experimental results in
r space for values of r less than L/2.

IV. RESULTS AND DISCUSSION

The results of molecular-dynamics calculations using
the potentials described in Sec. II are given in Figs. 3-6
and in Tables I-1V, where they are compared with data
of Kortright and Bienenstock obtained from x-ray scatter-
ing experiments. In many respects, the theoretical results
are in excellent agreement with experiment. (1) The loca-

TABLE II. Comparison of molecular-dynamics (MD) and experimental (Expt.) structural data for
amorphous Mo-Ge alloys—properties of the Ge DDF.

Mo ry® DY CNg. 4
(at. %) MD  Expt. Error® MD Expt. Error® MD Expt. Error®
14 2.67 2.67 0.00 9.67 11.02 5.85 5.80¢ 6.65° —12.78
42 2.74 2.72 0.74 1599 15.59 2.57 8.56¢ 9.00°¢ —4.89
12.37¢  13.70¢ —9.68
65 2.71 2.72 —0.37 20.86  15.09 38.24 10.61°¢ 9.50°¢ 11.68
13.97¢  13.00¢ 7.46

#Location of the first peak in Dg. in A.

Dg(r) in units of atoms/A. See Eq. (9) in the text.

“Nearest-neighbor coordination number, defined as the area of the first peak of Dg., computed to a

distance of 3.0 A.

9Nearest-neighbor coordination number, as defined in footnote ¢, computed to a distance of 3.7 A.
“Percentage discrepancy between the MD and Expt. results.
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RDF

r (A
FIG. 3. Comparison of molecular-dynamics and experimental

radial distribution functions of amorphous Mo-Ge alloys. Solid
lines represent those from MD calculations and dashed lines
those from x-ray scattering experiments of Kortright and Bienen-
stock. The MD results have been convolutionally broadened us-
ing Eq. (8) for a proper comparison with the expenmental re-
sults. The ?arameters of the broadening are a=0.01 A’ and
kmax=18.5 A~ . All the curves are plotted on the same scale,
but they are offset vertically.

tion of the first peak of the experimental RDF moves
from 2.48-2.77 A as the concentration of Mo is in-
creased; a total change of about 11%. The corresponding
MD first peak locations differ from the experimental
values by at most 2.7%, with the average deviation being
1.4%. (2) The experimental coordination number (area
under the first peak in the RDF) changes monotonically
by a factor of 3.4, from 4.0 to 13.5, in going from pure Ge
to the 65 at. % Mo alloy. The MD coordination numbers
differ from the experimental ones by at most 5%. The
average deviation is 2.5%. (3) The height of the first peak
of the experimental RDF varies by a factor of 1.6 over
this concentration range, while the MD height of the first
peak is in error by at most 17%, with the average error
being about 9%. (4) As the composition is changed, the
overall shape of the experimental curves changes continu-
ously from that of tetrahedral random network for pure
a-Ge to that typical of the dense random close packing of
spheres for the 65-at. % Mo alloy. This structural change
is qualitatively well reproduced in the RDF curves ob-
tained from molecular dynamics. All these observations
strongly indicate that the short-range. order is well de-
scribed and the concentration dependence of the struc-
tures is well represented by the current potential model.
The conclusions are also confirmed by the satisfactory
agreement between the experimental and molecular-
dynamics differential and partial distribution functions.
The agreement is not perfect, however. For example,
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FIG. 4. Comparison of molecular-dynamics and experimen-
tal Ge differential distribution functions of amorphous Mo-Ge
alloys at 14, 42, and 65 at. % Mo. Solid lines represent the Dg.
from the MD simulation, and dashed lines are those from
anomalous x-ray scattering experiments of Kortright and
Bienenstock. The MD calculated results have been convolu-
tionally broadened using Eq. (9) for a proper comparison with
the experlmental results. The parameters of the broadening
are a=0.01 A’ and K max = 10.5 A", All the curves are plotted
on the same scale, but they are offset vertically.

there is a discrepancy between the MD calculations and
experiment in some of the details around the first
minimum and the second peak of the distribution func-
tions. These deficiencies might be overcome by incor-
porating a three-body interaction involving Ge-Mo-Mo
triplets, since the discrepancy occurs only for composi-
tions at which both Mo-Mo and Mo-Ge pairs make com-
parable contributions to the radial distribution functions.
Kortright! believes that Mo- Mo _near neighbors with a
long interatomic distance of 3.3 A are responsible for the
shoulders appearing in the experimental distribution func-
tions at the large-r side of the first peak for samples with
14-42 at. % Mo. However, we have little intuition about
what sorts of physically reasonable potentials would
correct these deficiencies. Moreover, the deficiences are
not expected to affect our structural interpretation of the
materials in a significant way, since the amplitudes associ-
ated with them are rather small and since the calculated
coordination numbers are in such good agreement with
experiment.

With the potentials that achieve agreement between
theory and experiment, the MD calculations further pro-
vide us with a detailed structural interpretation for the x-
ray scattering data. Analysis of the configurations ob-
tained from the MD calculations reveal that the Mo
atoms tend to cluster together at low Mo concentrations.
This is clearly seen from Fig. 7 where clusters formed by
Mo atoms are plotted. This clustering of Mo atoms
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FIG. 5. Comparison of molecular-dynamics and experimen-
tal Mo differential distribution functions of amorphous Mo-Ge
alloys at 14, 42, and 65 at. % Mo. Solid lines represent the
Dmo from the MD calculations, and dashed lines are from
anomalous x-ray scattering experiment by Kortright and
Bienenstock. The MD calculated results have been convolu-
tionally broadened using Eq. (9) for a proper comparison with
the experimental results. The parameters of the broadening
are a=0.01 A’ and K max = 18.5 A~'. All the curves are plotted
on the same scale, but they are offset vertically.

occurs despite of the fact that in our model the Mo-Mo
two-body interaction is less attractive than the Mo-Ge
two-body interaction. These clusters are in the form of
chains of Mo atoms that are occasionally branched and
that can form rings. This clustering is in striking resem-
blance with the hydrophobic interaction in aqueous solu-
tions, in which water forms a similar continuous
tetrahedral random network and solutes that interact
weakly with water tend to cluster together.

At low Mo concentrations, each molybdenum atom
appears to be caged by Ge atoms. To study the coordi-
nation of Mo at low Mo concentration, we have per-
formed simulations of samples containing a single Mo
atom or a pair of Mo atoms that are constrained to be
near neighbors. We found that there are, on average,
about 10 Ge atoms in the first coordination shell of each
Mo atom, very much like the situation in a Ge crystal
when a Mo atom is interstitially incorporated into the
diamond lattice of Ge. However, the presence of even
one Mo atom does have some effect on the local chemi-
cal ordering around Ge atoms. In a configuration with
one Mo atom, about 67% of the immediately neighbor-
ing Ge atoms are bonded to four other Ge atoms.
About 24% of the nearest-neighbor Ge atoms are five-
fold coordinated with other Ge atoms. Of the Ge atoms
that are the second-nearest neighbors of the Mo atom,
76% are bonded to four other Ge atoms, and 22% to
five. Similar bonding statistics are found in the
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FIG. 6. Comparison of molecular dynamics and experimen-
tal Mo-Mo partial distribution functions Pp,.m, for an amor-
phous Mo-Ge alloy with 65 at.% Mo. The solid line
represents the MD result, and the dashed line is the experimen-
tal result of Kortright and Bienenstock. The MD calculated
results have been convolutionally broadened using Eq. (10) for
a proper comparison with the experimental results. The pa-
roamleters of the broadening are a=0.01 A’ and k max =18.5

configurations containing a bound Mo-Mo pair. When
compared with the case in pure a-Ge, where 90% of Ge
atoms are fourfold coordinated and 10% of them are
fivefold coordinated, this observation strongly supports
the idea that Mo atoms are not substitutionally incor-
porated into the RTN of Ge. Furthermore, it indicates
that even a single-Mo atom or a pair of neighboring Mo
atoms tend to modify significantly the RTN of Ge in its
immediate vicinity while occupying interstitial-like holes
in the network.

As more Mo atoms are added to the RTN of Ge, the
influence of Mo atoms on the Ge network becomes
stronger. The percentage of fourfold coordinated Ge
atoms among the first- and second-nearest neighbors of
Mo atoms decreases from greater than 65% to about
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FIG. 7. Projections showing clustering of Mo atoms at 8
at. %. The three squares are views of the same configuration
along Z, Y, and X axes. All Mo atoms are shown but not the
Ge atoms. Lines are drawn between all pairs of Mo atoms that
are nearest neighbors in the sense of being less than 3.05 A
apart.
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TABLE III. Comparison of molecular-dynamics (MD) and experimental (Expt.) structural data for
amorphous Mo-Ge alloys— properties of the Mo DDF.

Mo re? Do CNy, ¢
(at. %) MD  Expt. Error® MD  Expt. Error® MD Expt.  Error®
14 2.78 2.70 2.96 2426 17.15 41.46 11.38¢ 8.60° 32.30
1320 10.50°  25.71
42 2.80 270 3.70 19.34  16.50 17.21 10.83¢ 8.70° 24.43
13.32¢  12.70¢ 4.88
65 2.91 2.82 3.19 18.04 19.00 —5.05 13.99¢  14.30° —2.17

?Location of the first pe%k in Dy in A.
"?Dmo in units of atoms/A. See Eq. (9) in the text.

CNo.:arest-neighb:)r coordination number, defined as the area of the first peak of Dy,, computed to a

distance of 3.0 A.

9Nearest-neighbor coordination number, as defined in footnote ¢, computed to a distance of 3.7 A.
‘Percentage discrepancy between the MD and Expt. results.

50% to less than 35% when the concentration of Mo
varies from less than 2% to 10% to greater than about
25%. Up to about 20 at.% Mo, the tetrahedral-like
characteristics remain in the distribution of the bond an-
gles made by two Ge-Ge bonds centered at Ge atoms
that are the neighbors of Mo atoms. The Mo atoms
cluster together and are no longer caged in the
interstitial-like holes formed by Ge. This picture is
much like that suggested by Kortright! that two distinct
local structures, a-Ge-like and Mo-modified structures,
coexist in region I on a very fine size scale. Analysis of
the distribution of bond angles made by all Ge atoms in-
dicates that the peak centered at ~ 109° becomes essen-
tially flat when the Mo concentration reaches 25%.
This agrees with the analysis of Kortright and Bienen-
stock who concluded, on the basis of distribution func-
tions, that tetrahedral a-Ge has disappeared by about 23
at. % Mo.

Kortright associated the Mo-modified structure with
that of the Ge-rich intermetallic compound MoGe,. The
picture of the Mo-modified structure that emerges from
the molecular-dynamics calculations has some similarities
to, but also some differences from, the structure of crys-
talline MoGe,. The important difference is that in MoGe,
there are no molybdenum-molybdenum distances of less
than about 3.5 A, whereas the molecular-dynamics model
of the amorphous material exhibits a clustering of the Mo
atoms. A similarity between the crystal and the amor-
phous material is that the coordination number of Ge
around Mo (out to a distance of 3.0 A) is between 7.9 and
9.4 in the amorphous material and 9 in the crystal.

The clustering of Mo atoms at low Mo concentrations

is remarkable since the two-body potential for the Mo-Mo
interaction is the least attractive of the three two-body in-
teractions and since the Mo-Ge attraction is stronger than
the average of the Mo-Mo and Ge-Ge attractions. Some
insight into the physical basis for the clustering can be ob-
tained by comparing the structures obtained from
different sets of potentials at the same composition. In
particular, for 8 at. % Mo, we performed calculations for
several different combinations of two- and three-body po-
tentials in searching for the best potentials presented here,
and some patterns emerged from the results. The two
most important features of the potentials that were varied
were the depth of the two-body Mo-Ge potential and the
strength of the three-body Ge-Ge-Mo potential.

If the depth of the two-body Mo-Ge potential is varied,
keeping the other features of the set of potentials un-
changed, the result was to change the average composition
of the nearest-neighbor shells of the two types of atoms in
the direction that one would expect. Namely, an increase
in the depth of the Mo-Ge interaction leads to an increase
in the number of Mo-Ge nearest-neighbor pairs. This is
accompanied however by a decrease in the number of
Mo-Mo and Ge-Ge near-neighbor pairs, and the total
coordination numbers of Mo and of Ge separately are not
appreciably changed.

If the strength of the three-body Ge-Ge-Mo interaction
is varied, the results are different. An increase in the
strength of this three-body interaction leads to a decrease
in the total coordination of Ge atoms, a decrease in the
total coordination of Mo atoms, a decrease in the number
of Mo-Ge near-neighbor pairs, an increase in the number
of Mo-Mo near-neighbor pairs, and no change in the

TABLE 1IV. Comparison of molecular-dynamics (MD) and experimental (Expt.) structural data for

amorphous Mo-Ge alloys—properties of the PDF.
Mo r a ?Mo-Mob

(at. %) MD Expt. Error® MD Expt. Error®
65 3.02 2.87 5.23 13.40 14.00 —4.29

*Location of the first peak in PDF in A.
°PDF in units of atoms/A. See Eq. (10) in the te

xt.

‘Percentage discrepancy between the MD and Expt. results.
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number of Ge-Ge near-neighbor pairs (corresponding to
an average of 4 Ge atoms in the first coordination shell of
Ge atoms).

The latter results can be interpreted simply in the fol-
lowing way. The three-body Ge-Ge-Mo interaction tends
to inhibit a high coordination of Ge around Mo. In par-
ticular, configurations in which two Ge atoms and one
Mo atom are all near neighbors of one another (which are
common at high density in the absence of the three-body
Ge-Ge-Mo interaction) are unfavored because the Ge-Ge-
Mo bond angles would be significantly less than 109°.
Hence, turning up this interaction will move some Ge
atoms out of the first coordination shell of Mo. This will
leave room for additional Mo atoms in the first coordina-
tion shell of Mo atoms, and in the high-density environ-
ment it is favorable for additional Mo-Mo near-neighbor
pairs to form. Even after this happens, however, the total
coordination number of Mo atoms is significantly less
than the values in the absence of the Ge-Ge-Mo three-
body interaction.

In other words, in a material that has a low Mo atom
fraction, the Ge-Ge-Mo three-body interaction promotes a
coordination number of Ge about Mo that is significantly
less than 12. The two- and three-body germanium in-
teractions promote a coordination number of Ge about Ge
that is 4, corresponding to the tetrahedral random net-
work. If the Mo atoms were randomly distributed in the
material, the overall coordination number would be too
low to fill the space efficiently (in effect, the entropy asso-
ciated with this way of filling space would be too low).
By having the Mo atoms cluster together, some of the en-
tropy associated with the randomness of the Mo atom po-
sitions is lost, but the resulting higher average coordina-
tion number leads to a more efficient filling of space, giv-
ing a net higher entropy to the material. This interpreta-
tion of an entropy-driven clustering bears strong resem-
blance to the usual interpretations of hydrophobic interac-
tions of nonpolar solutes in aqueous solution.

V. CONCLUSIONS

A potential model for amorphous molybdenum-
germaniums alloys has been developed using molecular-
dynamics computer simulations. The potential model
has five ingredients; a set of three two-body potentials
for the Mo-Mo, Ge-Ge, and Mo-Ge interactions and a
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TABLE V. Parameters for the Ge-Ge and Ge-Mo two-body
potentials o[see Eq. (AD)], in reduced units, (e=1.93 eV,
o=2.181 A.)

Ge-Ge Mo-Ge
4 4 4
q 0 0
a 1.8 1.8
A 7.049 556277 10.016 22
B 0.602 224 5584 0.9782331

set of two three-body interactions for the triplets of Ge-
Ge-Ge and Ge-Ge-Mo. The major features of the exper-
imental x-ray distribution functions are well reproduced
by molecular-dynamics calculations using these poten-
tials. The only major discrepancy between the MD cal-
culations and experiment is in some of the details of the
first valley and the second peak of the RDF. Part of
these deficiencies might be overcome by incorporating a
three-body interactions involving triplets of Ge-Mo-Mo.

The simulation also indicates that, at low concentra-
tions of molybdenum in germanium, the Mo atom is an
interstitial in the continuous random network formed by
germanium. As the Mo concentration is increased, the
molecular-dynamics model predicts that the Mo atoms
tend to cluster together forming chains, branched chains,
and rings of metal atoms embedded in a matrix of Ge
atoms, whose structure is strongly influenced by the metal
atoms.

The results of the molecular-dynamics calculations are
a detailed structural model of amorphous molybdenum-
germanium alloys as a function of composition. We
have performed tight-binding electronic structure calcu-
lations on these structures to shed some light on the con-
centration dependence of the electrical properties of
these materials, in particular the metal-insulator transi-
tion obtained at about 10% molybdenum. The results
will be published in a separate report.'?
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TABLE VII. Distances 7min in A and depths Enin in eV of
the minima in the two-body potentials
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Ge-Ge Ge-Mo Mo-Mo
Fmin 2.45 2.63 2.93
Emin 1.93 1.93 0.81
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APPENDIX: EMPIRICAL POTENTIALS FOR
MoGe ALLOYS

The Ge-Ge and Ge-Mo two-body interactions are de-
scribed by two-body functions of the type proposed by
Stillinger and Weber:®

A (Br ‘P—r”q)exp[(r,j—a)_l], r<a
ualry)= (A1)

(=193 eV and

0, r>a.

The parameters, in reduced units
o=2.181 Z\), are given in Table V.

The Mo-Mo two-body potential is a modification of
that of Miller.® It is given by

cexp(—dr), O<r <ry

u(r)= air3+bi72+cir+di, ri<r<rig, i=17

0, r>rg, A2)

with ¢ =1434.220 and d =4.861 989. The parameters as-
sociated with the polynomial functions are given in Table
VI. The parameters are in reduced units.

Each of three potentials has a single minimum. These
potentials are shown in Fig. 2. The locations of the mini-
ma and their depths are given in Table VII.

The three-body Ge-Ge-Ge and Ge-Ge-Mo interactions
are described by three-body functions of the type pro-
posed by Stillinger and Weber. In the Ge-Ge-Ge interac-

TABLE VIII. Parameters in the Ge-Ge-Ge and Ge-Ge-Mo
three-body interactions [see Eq. (A3)] in reduced units.
Ge-Ge-Ge Ge-Ge-Mo
A 31 16
Y 1.2 1.2
a 1.8 1.8

tion, for each triplet of germanium atoms such that one
atom (call it atom 1) is less than a certain cut-off distance
a from two other atoms (call them 2 and 3), there is a
contribution to the energy of the form:

us(r,s,t)=~Aexply(r —a)~'+y(s —a)~'J(cos6+1)*,
(A3)
where
cosO=(r24s2—t2)/2rs .

The values of the parameters in reduced units are given in
Table VIII. Here r is the scalar distance between atoms 1
and 2, s is the distance between atoms and 1 and 3, and ¢
is the distance between atoms 2 and 3. For each atom 1
and each unordered pair of atoms 2 and 3, there is one
such contribution, provided 1 is within a distance a of
both 2 and 3. (Note that when all three atoms are within
a distance a of each other, there will be three such
separate contributions, with each of the three atoms play-
ing the role of atom 1.) In the Ge-Ge-Mo three-body in-
teraction, for each pair of germanium atoms (call them 1
and 2) and each Mo atom (call it 3) such that atom 1 is
less than a cut-off distance a from both atoms 2 and 3,
there is a contribution to the energy of the same form as
given above, with parameters given in Table VIII. For
each ordered triplet of atoms, 1, 2, and 3, there is one
such contribution, provided 1 is within a distance a of 2
and of 3 and provided 1 and 2 are Ge atoms and 3 is an
Mo atom. (Note that when all three atoms are within a
distance a of each other, there will be two such separate
contributions, with each of the Ge atoms playing the role
of atom 1.)

Unless otherwise noted, all molecular-dynamics results
in this paper were obtained with this set of potentials.
The Ge-Ge two-body interaction and the Ge-Ge-Ge
three-body interaction are the same as those used in previ-
ous work on amorphous germanium.’
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