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We present an atomistic simulation of the structure of transition-metal glasses based on inter-
atomic forces derived from quantum theory. Using the inter-atomic potentials calculated within
the hybridized nearly-free-electron tight-binding-bond theory introduced in the preceding paper,
we construct models for Ni-Y, Ni-Zr, Ni-Nb, Ni-Ti, and Ni-V glasses using a molecular-dynamics
quench. The results are in good agreement with the most accurate diffraction data. The analysis of
the simulation data demonstrates a clear trend from trigonal-prismatic to polytetrahedral local order
and from strong to moderate chemical order in the series Ni-Y, Ni-Zr, and Ni-Nb. Within a given
system, the trend is from trigonal prismatic to polytetrahedral, and towards increasing chemical
order with increasing Ni content. The correlation of the structural trend with the characteristic
variation in the electronic structure is established.

I. INTRODUCTION

The atomic structure of amorphous metallic alloys has
been a subject of intense research for many years.
Several distinct glass-forming alloy families have been
established:s s (a) the transition-metal —semimetal (or
"metalloid" ) systems (e.g. , Fe-B or Ni-P), (b) the
intertransition-metal alloys (e.g. , Ni-Zr or Fe-Ti), and

(c) the simple-metal glasses (e.g. , Mg-Zn or Ca-A1).
For amorphous materials diffraction studies lead to a
set of partial pair correlation functions, i.e. , to a one-
dimensional projection of a three-dimensional structure.
Hence a fundamental understanding of the amorphous
structure is possible only if the diffraction experiments
can be supplemented with accurate modeling struc-
tures. For the simple-metal glasses of type (c) quite suc-
cessful modeling studies using molecular-dynamics and
potential-energy-mapping techniques can be based on
interatomic force fields derived from pseudopotential per-
turbation expansions. Diffraction investigations and
modeling studies show that the structure of most simple-
metal glasses (Mg-Zn, Ca-Mg, Ca-A1, Mg-Ga, . . . ) is
rather well described in terms of polytetrahedral pack-
ing of atoms, modified by a certain degree of chemi-
cal short-range order, and by the necessity to accom-
modate atoms of different sizes. ' However, for al-
loys with a very large size difference between the atoms
such as Ca-Zn, computer simulations predicted a pro-
nounced topological short-range order which is best de-
scribed as trigonal prismatic (distorted trigonal prisms
of Ca, centered by Zn atoms), in analogy to the trigo-
nal prismatic structures of the crystalline intermetallic
compounds CasZn (Re3B type), CasZns (CrsBs type),
and CaZn (CrB type). Later this prediction was con-
firmed by diffraction experiments. Studies of the elec-
t.ronic properties ~ confirm and extend t,he results

of the structural investigations, so that for simple-metal
glasses today we have a detailed and realist;ic picture
of the structural and electronic properties based on in-
teratomic forces derived from quantum-mechanical con-
cepts.

The situation is entirely different for the metallic
glasses of types (a) and (b). For the metal-metalloid
alloys the remarkable coincidence between the formation
of glassy alloys and the formation of certain classes of
crystalline intermetallic compounds has led to the devel-
opment of stereochemically defined models. The crys-
talline borides, phosphides, silicides, etc. , of those transi-
tion metals which readily form glasses with boron, phos-
phorus, and silicon have structures based on a trigonal-
prismatic coordination of the metalloid by the transition-
metal atoms. This characteristic local unit persists over
a wide range of compositions and over a range of radius
ratios differing widely from the ideal ratio for an undis-
torted trigonal prism. Thus this type of topology seems
to be particularly stable. This has led to the proposal
that, in modeling the structure of the glassy phase, one
should proceed by a random packing of these trigonal-
prismatic units rather than of individual atoms. I ater
it was shown that computer-generated models based
on empirical pair forces can be made to possess a high
degree of trigonal-prismatic order by adjusting the ef-
fective atomic size difference and the short-range metal-
metalloid at traction.

For the intertransiton-metal glasses of type (b), at-
tempts have been made to extend the application of the
stereochemically defined models. However this turns
out to be rather difIicult, because, unlike the metal-
metalloid glasses, transition-metal glasses can be made
over a very wide range of compositions and for systems
with a strong (e.g. , Ni-Y) to weak (e.g. , Ni-Nb) chemi-
cal shor t-range order. Diffr action studies indicate a
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strongly varying degree of chemical as well as topological
order, leading to a structure which is far more complex
than that found in groups (a) or (c). Very recently24 2s it
has been shown that a reasonably accurate fit of the par-
tial structure factors of¹Tiand ¹iY glasses may be ob-
tained using a model of nonadditive hard or soft spheres.
It is quite surprising that introducing non-additivity [i.e.,
allowing for a distance of closest approach Ri2 for unlike
spheres which deviates from the average diameter of the
spheres, Ri2 g (Rii + R2q)/2] alone allows for a descrip-
tion of the most salient features of both the topological
and the chemical short-range order. However, it has to be
noted that this approach treats the glass as a supercooled
liquid and requires, beyond the fitting of the parameters
of the model, the choice of a closure relation defining a
set of integral equations for the pair correlation functions.
Moreover, there is no possibility to relate the dominant
nonadditivity parameter to realistic quantum mechanical
bonding forces.

In the preceding paper2s (hereafter referred to as I)
we have presented a novel hybridized nearly-free-electron
tight-binding-bond (NFE—TBB) approach to interatomic
forces in disordered transition-metal alloys. This ap-
proach combines the conventional pseudopotential treat-
ment of the s-electron contribution to the interatomic
forces with a tight-binding-bond approach to the
pair forces mediated by the d electrons. In the sim-
ple, albeit realistic, approximation of nearest-neighbor
d-d interactions and degeneracy of the five d bands the
bond order relating the covalent bonding forces to the
d-d transfer integral may be calculated analytically on
a Bethe-lattice reference system. We have shown that
the bond order depends strongly on the form of the d

band in the alloy. As the electronic density of states
changes from a common-band to a split-band form (e.g. ,
in the series Ni-M, with M =Pd, Rh, . . . , or Zr, and
Y or M =Co, . . . , or Ti), the pair forces in the alloy
change from a set of additive pair potentials to nonaddi-
tive potentials with a strong preference for the formation
of unlike-atom nearest-neighbor pairs and for bond dis-
tances in A—B pairs that are considerably shorter than
in average A—A and B—B bond lengths. This means that
the quantum-mechanically derived pair forces show all
the distinctive features that have been found to be nec-
essary for a realistic modeling of amorphous alloys.

In the second paper of this series we present a detailed
investigation of the atomic structure of amorphous Ni-
based alloys using molecular dynamics and the NFK-
TBB pair forces. Ni-based metallic glasses have been
selected for our study because only for the Ni alloys ac-
curate partial correlation functions and structure factors
are available from isotope-substitution experiments. A
comparison of theory and experiment at the level of com-
posite (neutron- or x-ray-weighted) structure factors only
would not be a sufBciently stringent test of the theoreti-
cal predictions.

Given a set of interatomic potentials, the structural
modeling proceeds by a simulated molecular-dynamics
quench. Detailed results are presented for Ni4p Ti6p,
NissV42, NissYs7, Ni Zri (x = 0.35, 0.50, 0.65), and
Ni Nbi (x = 0.44, 0.62). We find that the computer-

generated models describe the complex structure of the
amorphous transition-metal alloys very well. Most im-
portantly, they describe the characteristic trends in a se-
ries such as Ni-Y, Ni-zr, and Ni-Nb and as a function
of composition, and allow to relate it to the changes in
the electronic structure. On the basis of realistic three-
dimensional models, we can proceed to an analysis of
higher-order correlation functions. The investigation of
the total and partial bond-angle-distribution functions is
particulary fruitful. It is found that well-defined angu-
lar correlations exist in the glassy phase, that are very
similar to those in the corresponding crystalline phases.

II. MOLECULAR DYNAMICS MODELING

We have performed microcanonical molecular-
dynamics simulations of the liquid and glassy phases. For
the integration of the Newtonian equations of motion we
use a fourth-order predictor-corrector algorithm in the
Nordsieck formulation, with one iteration per corrector
step. A "net-cube approximation to the cut-off sphere"
(which is similar in spirit to the link-cell methodsi) is
used for finding the atoms within the interaction radius
around a given atom. 3 This technique has the advan-
tage that at a fixed interaction radius both the computer
time per integration step and the storage requirement
grew only linearly with the total number of particles in
the molecular dynamics cell.

Our simulations have been performed for N = 1372
atoms in the molecular dynamics cell, with a time incre-
ment of At = 10 s. With this value of At, the total
energy remains constant to within the four leading digits
over several thousand integration steps. The interatomic
potential is cut at a distance of about 25% of the cube
edge of the molecular dynamics cell. With this cutoff,
each interaction sphere contains about 100 atoms.

The simulation was started in the liquid phase. Typi-
cal runs took 4000—5000 steps for melting and equilibra-
tion and about as many for production. Pair correlation
functions are based on averages of over 40 independent
configurations taken at intervals of 100 time steps. For
a production of the glassy phase the system is first com-
pressed from the density of the melt to the higher density
of the solid phase, at the same time the temperature was
increased by 500 K to account for the higher melting
temperature of the compressed phase and the system is
reequilibrated. Alternatively, a new molecular dynam-
ics run is started for the high-density —high-temperature
melt. After equilibration, the results are perfectly undis-
tinguishable. For the quench, the temperature is lowered
quasicontinously in 8000 time steps to T = 273 K by scal-
ing the velocities in intervals of 20 time steps. This corre-
sponds to a quench rate of about T 10' I4 s '. After
quenching, the system is equilibrated for 2000 time steps,
and finally 4000 time steps and 40 independent configu-
rations are used for calculating pair correlation functions.
Bond-angle distributions are calculated for only a small
number of instantaneous configurations taken at larger
time intervals.

For a comparison of the molecular dynamics quench
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technique to other algorithms for modeling the structure
of amorphous metals, we refer to the work of Grabow
and Andersen. We agree with the authors that the
MD quenches lead to more realistic results than either
cluster-relaxation or energy-minimization techniques, as
they are not biased by the choice of starting configu-
rations or cluster-building algorithms. The MD result
depends on the interatomic potentials only.

III. NICKEL-BASED METALLIC GLASSES

In the following we shall describe the results for our
MD simulations for Ni-based metallic glasses. The amor-
phous structures display a considerable degree of both
topological and chemical order. We shall try to relate
this short- and medium-range order to the structures of
the crystalline intermetallic compounds. To prepare this
discussion, it is convenient to recall very briefly the avail-
able information on the phase diagrams and structures of
the crystalline intermetallic compounds.

A. Phase diagrams and crystal structures
of alloys of Ni with 3d and 4d metals

Table I lists the most important intermetallic com-
pounds formed by Ni with the early 31and 4d transition
metals from groups III to V (compiled after Pearson
and Villarsss). There is a clear tendency to form tetrahe-
drally close-packed compounds (of a Frank-Kasper-type
or based on the stacking of close-packed layers) in the
Ni-rich regime of all alloys, and at intermediate concen-
tration of the ¹iVand Ni-Nb alloys. Trigonal prismatic
phases and structures based on the stacking of square-
triangular nets of atoms are formed at smaller Ni concen-
trations in the Ni-Zr alloys. Thus there are two compet-
ing structural principles: polytetrahedral and trigonal-
prismatic packing. These two structural principles are re-
lated to the glass-forming ability in a distinctly different
way. This is illustrated very clearly in the Ni- Y phase di-

TABLE I. Crystal structures of intermetallic ¹iMcom-
pounds. Underlined: Structures built on the packing of tri-
angular prisms or on the stacking of square-triangular nets.
Italics: tetrahedrally close-packed structure (Frank-Kasper
phases) and structures built on close-packed layers.

agram (see Hansen ): the Frank-Kasper phases (Nii7Yz,
Nis Y, Ni7Y2, Nis Y, Niz Y) have high melting points, the
trigonal-prismatic phases are located close to a deep eu-
tectic minimum. The "easy" glass-forming region is cen-
tered around the eutectic. Note that in the Ca-Zn system
which has a very similar phase diagram, the close rela-
tion between the formation of trigonal-prismatic phases
and glass formation has been clearly established. On
the other end of the series, in the Ni-Nb and Ni-V sys-
tems we find only close-packed crystalline phases, and
the glass forming includes the homogeneity range of a
Frank-Kasper phase with a pronounced tendency to sub-
stitutional disorder (the p-phase NiNb, and the 0-phase
NiV. 39

B. Ni-Y glasses

We first present our results for amorphous Ni-Y al-
loys. This system is characterized by a very large ra-
dius ratio (Rv/RN; 1.4) and large differences in the
number of 1electrons and in the atomic d-electron eigen-
values. Therefore strongly nonadditive pair potentials
and very strong ordering effects are expected. The
pseudopotential- and tight-binding parameters for the
calculation of the NFE-TBB pair interactions are given
in Table I of I. The calculations have been performed for
the experimental density, see Table II (for those alloys
where no experimental data for the density are available,
we calculate the density according to Vegard's law). The
electronic density of states for the alloy Ni33Y67, calcu-
lated for a Bethe-lattice reference system, is close to the
split-band limit, see Fig. 1(a). The lower part of the
band is a nearly completely filled Ni band. The integra-
tion over the imaginary part of the off-diagonal Green's
functions G;s(E) [Fig. 1(b)] leads to large differences to
the bond orders 0;s (Table III) and to extremely non-
additive pair interactions C,I(R) [Fig. 1(c)]. The repul-
sive diameters DU of the pair interactions (measured in
terms of the position of the first node in the potential)
are DN;N; = 2.8 A, DN;v = 2.4 A, and Dvv = 3.6 A.

These values are very close to those obtained by Gazillo
et al.25 by fitting the partial structure factors of amor-
phous Ni33Y67 using a nonadditive hard-sphere reference
system (note that no adjustable parameter enters in the
calculation of the pair interactions of the alloy, all input

NiM3

NiMg

Ni2M3

NiM

NiqM

Ni3M

Sc
Y

Fe3C
NiTi3

Ni2 Y3
CsCl
FeB

Cup Mg
Cup Mg

Be3 Nb

Tl
Zr

NiTig
AlgCu

CsCl
CrB

Ni2 Ti
Cu2 Mg
Ni3 Ti
¹i3Sn

V
Nb

Cr3Si

Fe Cr

Fey W6

MoPt2

Al3 Ti
Als Ti/Ca3 Ti

Ni Mg

Ni33 Y67
Ni3q Zr6s

Nigp Zrgp

Ni6~Zr3~
Ni~. . Nb~6

Ni6g Nb38

N4p»6p
Ni58 V42

0.0388
0.0527
0.0584
0.0655
0.0672
0.0734
0.0668
0.0823

TM (K)
1923
1873
1973
1923
2073
2073
1973
2073

TABLE II. Input data for the molecular dynamics simu-
lations: number density n (A ) and temperature TM (K) of
the compressed melt before the quench.
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data being determined for the pure metals). In addition
to the nonadditivity of the diameters, there is a strong
attraction between Ni-Y pairs. The maximum depths of
the potentials are zN;N; ———5 mRy, cN;Y ———41 mly,
and evv = —26 mRy (cf. the bond orders given in Table

40
8
O

30
CC

S
20

Alloy

Ni33 Y6P

Ni35Zr65
Ni5oZr5o

Ni65Zr35

»44Nb56
Ni6gNb38
Ni4o Tiso
Ni58V42

eNi-Ni

—0.604
-0.591
—0.666
—0.794
—0.613
—0.724
—0.732
—0.751

ONi-M

—2.035
—1.971
—2.148
—2.338
—1.963
—2.212
—2.014
—2.188

OM-M

—1.385
-2.110
—2.123
—2.048
—2.662
—2.783
—2.154
—2.639

TABLE III. Bond orders 0;~ for covalent d-d interactions
in ¹iMalloys.
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FIG. l. (a) Total and site-decomposed electronic density
of states for ¹i33Yg7, calculated for a random Bethe lat-
tice. Solid line —total DOS, dashed line —partial Y DOS,
dot-dashed line —partial Ni DOS. (b) Imaginary part of the
oR'-diagonal Green's functions ImG;~(E), dashed line —Gvv,
dot-dashed line —GN;N;, solid line —GN;v. (c) Effective inter-
atomic potentials O;~(R). Same symbols as in part (b).

III), hence the covalent bonding forces lead to a strong
attraction between Ni and Y atoms.

The partial pair correlation functions g;z(R) and the
static structure factors S;z (q) are in very good agreement
with the experimental data of Maret et al ,

ss exc.ept for
some smaller differences in gN;N; at small Ni-Ni distances
(Fig. 2). The Bhatia-Thornton structure factors show
that the system is strongly chemically ordered, and there
is also a high degree of topological order (the density-
density structure factor SNN(q) is quite different from
that of a randomly close-packed system). The ampli-
tude of the density-concentration structure factor S~,(q}
indicates a strong coupling between chemical and topo-
logical ordering. The Ashcroft-Langreth structure fac-
tors S;z(q) are strongly anomalous. In SN;N;(q) the first

peak at q 1.87 A is a prepeak refiecting the chemical
short-range order (CSRO), the peak related to the Ni-Ni

nearest-neighbor distances is that close to q = 2.6 A

Note that there is no prepeak in the Y-Y structure factor.
SYY(q) is remarkable for the slowly decaying amplitude
of the higher-order oscillation.

The largest difference between t;heory and experiment
appears in the Ni-Ni structure factor and pair correla-
tion function. Note, however, that our simulation results
are considerably more realistic than either the nonaddi-
tive soft- and hard-sphere fits. 2s Both theory and exper-
iment show the same characteristic three-peak structure
in gN;N;(R) at distances between R = 2.5 A and R = 6
A, albeit with some differences in position and ampli-
tude. In making this comparison we should bear in mind
that the correlation function for the minority species is
the least accurately determined by experiment. At small
distances the results are quite strongly infIuenced by ter-
mination errors. The unphysical values of the experi-
mental gN;N;(R) for R ( 2 A are an indication of these
diSculties.

Given the pronounced structure in the correlation
functions and the strong correlation between the glass-
forming ability and the topology of the crystalline com-
pounds, it is of course tempting to compare the crys-
talline and amorphous phases. The glass Ni33Y67 has no
crystalline counterpart of identical composition. Crystal-
lization leads to the formation of trigonal-prismatic com-
pounds NiY3 and NigY3. In a trigonal-prismatic A3B
compound each A atom must belong on the average to
two A6B prisms. This can be achieved by sharing tri-
angular faces (as in the ResB structure), or by sharing
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an edge with one and a vertex with a second prism (as
in the FeaC and TiaP phases). The shared vertex is

also a capping atom for another prism, see Fig. 3(a). In
the Ni2Y3 structure, each Y atom is shared on the aver-
age with two other prisms by forming four-prism clusters
[F'g. 3(b)].

In the NiY3 compound there are no direct Ni-Ni neigh-
bors, in Ni2 Y3 each Ni atom has on the average 1.5 Ni
neighbors at a close distance of dN;N; = 2.52 A. through
face sharing. This coincides very well with the ¹iNi
nearest-neighbor distance in the amorphous phase, the
Ni-Ni coordination number is 0.8. In both crystalline
Ni-Y compounds there are well-defined Ni-Y distances of

dN, & ——2.74—2.90 A corresponding to the center-to-vertex

distance in the prisms, and Y-Y distances of d&&
—3.53—

3.61 A corresponding to the height and base edges of the
prisms and slightly larger distances of dvv —3.8 A to Y
atoms in adjacent prisms. Again there is a good corre-
spondence between distances and coordination numbers
in the crystalline and the amorphous phases [see Fig. 2(a)
and Table IV].

The good correlation between the glassy and crys-
talline structures holds for the more distant neighbors.
The second-neighbor Y-Y distance is given by the diago-
nal of the square face of the prism, d& &

——5.1 A. In the
~ (~)

Fe3C- and Ti3P-type arrangements, edge-sharing prisms
are rotated by 215', this leads to d(&)Y ——6.66 A. . Both
distances correlate quite well with the broad split second
peak in gvv(R) [Fig. 3(a)]. Gaskell has pointed out
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FIG. 2. Partial pair correlation functions g;~(R) (a),
Ashcroft —Langreth (b), and Bhatia —Thornton (c) structure
factors for amorphous Ni33 Y67 ~ Solid lines —molecular dy-
namics simulation, full dots —neutron-diffraction data (after
Maret et al , Ref. 23). The. vertical bars in part (a) mark the
interatomic distances in the crystalline structures (cf. text).

Yg Ni~

CrZ

FIG. 3. (a) Connection of trigonal prisms in the Re3B,
FesC, and TisP structure. (b) Four-prism groups (projected
as triangles) in the Ni2 Y3 structure. (c) Layers of trigonal
prisms (projected as triangles) in the CrB structure.
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¹iNi¹iY
Y-Ni
Y-Y

a-Ni33 Y67

0.8
7.2
3.6

11.4

c-Nip Y3

1.5
8.0
4.0

11.0

c-NiY3

0.0
6.0
2.0

12.0

TABLE IV. Coordination numbers in amorphous Ni33 Y6q

and in the crystalline compounds NiY3 and Ni~ Y3.

2
CQ
CO

p—

Ax 81-x

expt.-- theory

NI81819

NI6 ~836

that it is possible to differentiate between the FesC-type
and TisP-type arrangements through the distances from
a metalloid to a second-neighbor metal atom T(2) [see
p. 42 of Ref. 16 and Fig. 3(a)]. In the former case the
prisms are packed around a half-octahedron (0), in the
latter case around a tetrahedron (T). With the radius
ratio appropriate to Ni and Y (RN; jRY = 0.77 from the
distances in the first peaks in gN;N; and gYY) one finds

de;l~(T) = 5.56 A. and de;l&(O) = 5.91 A. . The correla-
tion with the first part of the split second peak in gN;Y is
slightly better for a FesC- than for a TisP-type arrange-
ment. The correlation with the NiqYs-type structure is
not so good. Sharing of square faces leads to a second-

neighbor Y-Y distance of diaz y 3dYY 6.25 A, and
this falls rather in between the two maxima of the second
peak in gYY.

Thus the analysis of the pair correlation functions em-
phasizes the similarity of the amorphous Ni-Y struc-
ture with the cementite (FesC)-type crystal structure
and hence with Gaskell's stereochemically defined mod-
els for the metal-metalloid glasses. This correlation has
already been pointed out by Steeb and Lamparter. ~ If
the gN;N;(R) and the gBn(R) correlation functions of¹i
Y and Ni-B glasses, respectively, are plotted with the
interatomic distances scaled by the shortest Ni- Y and
Ni-B distances, there is a striking coincidence between
the positions of the second and the third peaks in gN;N;
and the first two peaks in gBB (see Fig. 4). This shows
that transition-metal —metalloid (M-W) and transition-
metal-transition-metal (M M) glasses have sim-ilar struc-
tures based on trigonal-prismatic packing. The difference
is mainly in the degree of chemical order: in Ni-B there
are no direct B-B neighbors at all, while in Ni-Y a small
number of Ni-Ni contacts is allowed.

The topological short-range order is also evident from
the distribution of the bond angles. In a tetrahedrally
close-packed structure, the bond-angle distribution f(0)
has two peaks at the icosahedral bond angles (0
63.5' and 8 = 116.5'), i and this distribution is only

slightly changed if systems with larger size ratios are
considered. i~ For the Ni-Y glass the total f(8) differs

only slightly from this pattern, but characteristic differ-
ences are found in the partial bond-angle distributions
(Fig. 5). The bonds centered at Y atoms form angles
corresponding to those on the triangular and square faces
of a distorted prism (8 60', 0 90' —100') and to the
rotation of two edge-sharing prisms (8 145'). The
bond angles around the Ni atom in the glass correspond
to the Y—Ni —Y bond angles within a slightly distorted
tetrahedron (8 —75' and 0 135'). There are only a
few Ni-Ni-Ni triplets in the glass which form bond angles

0.5 1.0 1.5

0/R2

I

2.0 2.5

FIG. 4. Reduced pair correlation functions for the smaller
atoms (B, respectively, Ni) in transition-metal —metalloid and
Ni-M glasses. Distances are scaled relative to the shortest
Ni-B and ¹iMdistance, respectively.

total

X-Y-X

X-Ni-X

Qx

Ni-Ni-Ni

0. 5 0

cos 8

FIG. 5. Total and partial bond-angle distributions in

amorphous Ni33 Y67. All curves are normalized to the number
of bonds.

centered around 0 110', i.e., close to the Ni —Ni —Ni an-

gle in the four-prism group in the Nip Yq and also to the
bond angles along the chains in a CrB structure where

the trigonal prisms form layers.
The important point is that for the first time, a model

of amorphous structure with trigonal-prismatic short-
and medium-range order has been constructed on the ba-
sis of interatomic potentials derived from quantum the-

ory, and with no adjustable parameters. The observed
universality of the amorphous structure in M-M and M-

M glasses is important for understanding why a model
based on bond-order pair forces works so well. As angu-
lar forces derived from d-p or d-d interactions would be
very different, it is unlikely that angular forces are im-
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portant for stabilizing the trigonal prisms. Rather, the
local order is determined by the size ratio and, even more
importantly, by the strong nonadditivity of the inter-
atomic potentials. In that respect the analysis of Gaskell
et Irl. ~s 4z and of Gazillo et al.zs

supplement each other.
They are very important for understanding the success
of our NFE-TBB potentials.

C. Ni-Zr glasses

Ni Zrq glasses have been studied very intensively.
Partial correlation function and structure factors are
available for three different compositions: z = 0.65
(Ref. 22), z = 0.50 (Ref. 21), and z = 0.35 (Refs. 43 and

44). For all three metallic glasses, there exists a stable
phase of nearly identical composition: Ni2Zr (Cu2Mg-
type, cubic Laves phase), NiZr (CrB-type, trigonal pris-
matic), and NiZr2 (CuA12-type). The interatomic poten-
tials for this system have been discussed in detail in I.
Compared to Ni-Y the nonadditivity is slightly reduced.
The preferential Ni-Zr attraction is strongest in the Ni-

rich alloy, otherwise the potentials are only weakly com-
position dependent.

For the Ni35Zr65 glass two independent determinations
of partial correlation functions are available, one is based
on neutron diffraction using isotopic substitution, the
second on x-ray diffraction and neutron diffraction, and a
second x-ray experiment with partial "isomorphic" sub-
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stitution of Zr by Hf. The agreement between theory
and experiment is distinctly better if we use the isotopic-
substitution data (see Fig. 6), although the spikyness of
the experimental data leads to the suspicion that the
results are affected by termination errors. However, in
the significant features of all three correlation functions,
we find a full agreement between theory and experiment
[Fig. 6(a)]. We also note the similarity with the corre-
lation functions of amorphous Ni33Y57. These charac-
teristic details do not appear in correlation functions of
Wagner et al. ,

4 which show a chemical ordering that
is much weaker than in either the isotopic-substitution
experiment of Mizoguchi et al. or the simulation data
[Figs. 7(b) and 7(c)]. Ni35Zrs5 crystallizes in the CuAlz
structure, and the peaks in the partial correlation func-
tions show a reasonable correlation with the interatomic

distances in the crystal. Combined with the analysis we

presented in the last section, this should serve as a caveat:
such corrrelations are important, but they should cer-
tainly not be overinterpreted.

For the Ni50Zr5o glass, simulation and experiment are
in a nearly perfect agreement that extends to almost ev-

ery detail of the correlation functions and structure fac-
tors (Fig. 7). The only difference is that the simulation
results overestimate the degree of chemical order. This
is rejected mainly in the relative amplitude of peak and
prepeak in Sz„z„(q) [Fig. 7(b)]. We find a very remarkable
coincidence between the peaks in the correlation func-
tions and the interatomic distances in the CrB-type com-
pound NiZr. In the CrB structure, the trigonal prisms
form layers with the B(Ni) atoms centering the prisms ar-
ranged in zigzag chains. This feature is also reproduced
by the bond-angle distributions (Fig. 8). On the whole,
they are quite similar to the angular correlations in a-

Ni33Y57 (Fig. 5), the distribution of the Ni —Ni —Ni bond
angles show a pronounced peak at 0 110', i.e. , very
close to the chain angle of 8 = 112' in the CrB structure.
In addition, there is a 60' peak indicating the presence
of some tetrahedral complexes. The comparison of the
coordination numbers (Table V) confirms the similarity
of the crystalline and amorphous phase.

Given the good agreement between theory and ex-
periment for the Zr-rich glasses, the mismatch observed
between the calculated and experimental pair correla-
tion functions and structure factors for Nis5Zr35 is some-
what disappointing (Fig. 9). Upon closer inspection how-
ever, we find that the reason for this discrepancy is al-
most entirely in one of the three diA'raction experiments
used for the calculation of the partials: the interference
functions calculated for natural Ni and for the zero al-
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FIG. 7. Partial reduced radial distribution functions
G;~(R) (a) and static structure factors 8;~(q) (b) for amor-
phous Ni50Zrgo. Solid lines —theory, dashed lines —neutron-
diR'raction (after Ref. 21). The vertical bars in (a) mark the
interatomic distances in the CrB-type compound ¹iZr, the
height of each is proportional to the number of neighbors.

0. 5 0

cos 8
-0 5

FIG. 8. Total and partial bond-angle distributions in
amorphous NiqoZrqo. All curves are normalized to the num-

bers of bonds. Note that the peak in fN'-N'-Ni(e) coincides
with the angle in the Ni chains in the crystalline NiZr com-
pound.
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TABLE V. Interatomic distances and coordinations in Ni-Zr glasses and intermetallic com-
pounds (cf. text).

Ni3gZr6g

(NiZr3)
Ni-Ni
Ni-Zr
Zr-Ni
Zr-Zr

Theory

2.60
2.70
2.70
3.25

1.2
8.2
4 4

10.7

Glass
d (A)

Expt.

2.45
2.85
2.85
3 ~ 30

3.3
8.6
4.8

11.0

Crystal
d (A)

2.63
2.76
2.76

2.99-3.43

2
8
4
11

Nigp Zrgp

(NiZr)
¹iNi

Ni-Zr
Zr-Zr

2.68
2 ~ 75
3.50

2.2
6.1
7.8

2.63
2.73
3.32

3.3
6.7
7.8

2.62
2.68-2.78
3.27-3.44

Ni6~Zr

(Ni3Zr)
Ni-Ni
Ni-Zr
Zr-Ni
Z l'- Zl

2.55
2.65
2.65
3.55

5.6
5 2

9 ~ 6
6.6

2 ~ 52
2.67
2.67
3.28

6.0
5.0
8.8
5.8

2.45
2.87
2.87
3.00

6
6
12
4

'After Ref. 43 (Ni35Zr55), Ref. 21 (Ni50Zr50), and Ref. 22 (¹55Zr35).

loy agree well with experiment, whereas the interference
function calculated for Ni isotope shows pronounced
differences (Fig. 10). Given the neutron-scattering length
of b(soNi) = 0.28 and b(Zr)= 0.71 (Ref. 45), the weights
for the Bhatia- Thornton structure factors in this exper-
iment are mNN

—0.81, ~~, —1,62, m„= 0.81. With
these weighting factors, it is very surprising that the con-
tribution from the first two peaks in S„(q) (which is

directly measured in the experiment with the zero alloy)
should not appear more distinctly in the Ni-interference
function. This means that the experimental data should
be interpreted with some caution. The published phase
diagram for Ni-Zr shows no compound Ni2Zr, but Vil-
lars and Calvertss list a cubic (MgCu2-type) Laves phase
Ni2Zr. The correlation between the amorphous and crys-
talline phase is admittedly not quite as convincing as for
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FIG. 9. Partial correlation functions g;~(R) (a), Faber-Ziman (b), and Bhatia-Thornton (c) structure factors for amorphous

Ni55Zr35 Solid line —theory, broken line —experiment (after Ref. 22). The vertical bars mark the interatomic distances in the
MgCu2-type compound Ni2Zr.
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the more Zr-rich phases. The Laves phases are tetrahe-
drally close packed, and hence a strong similarity between
the amorphous and crystalline phases of NipZr would im-

ply a change in the short-range topology of the amor-
phous Ni-Zr phases as a function of composition. Sig-
nificant changes are found in the Zr-Zr correlation func-
tion, the difference between Ni65Zr35 and Ni5pZr5p being
much larger than between Ni5pZr5p and Ni35Zr65. gN;z,
is almost concentration independent. In gN;N; there is
a pronounced change in the amplitude of the first peak,
and in the relative position of the second and third peaks
(Fig. 11). In the angular correlations there is an apprecia-
ble change: the bond-angle distribution functions (Fig.
12) show that the surrounding of the Ni atoms is now

essentially icosahedral, whereas the bond angles around
the Zr atoms show a three-peaked distribution which cor-
relates rather well with that in the larger 14-, 15-, and
16-fold coordination Frank-Kasper-polyhedra, which

z1
CA

N2

1

2-

N1

0
0 2

/» ~ Q~f~
II

6 8
R (Aj

10 12

FIG. 11. Variations of the partial correlation functions

g;'(R) in amorphous ¹iZr alloys as a function of composi-
tion. Solid line —Ni35Zr65, dashed line —Ni5p Zr5p, dot-dashed
line —Ni65 Zr35.

~
0 ~i

"Ni

are the coordination polyhedra of the larger minority
atoms in the Frank-Kasper phases (only the polyhedron
with 16 vertices is found in the Laves phase).

Altogether we are led to the conclusion that the short-
range order is different in the Zr-rich and in the Ni-rich
glasses; Ni35Zr65 and Ni5pZr5p have a trigonal-prismatic
short-range order, while NissZr35 is rather polytetrahe-
dral. Some evidence that a change in the SRO occurs
around the equiatomic composition has already been pre-
sented by Buschow. 4 He showed that the concentra-
tion dependence of the wave number Qz of the principal
peak in the x-ray interference function is linear over wide
ranges of composition, but there is a distinct change of
slope around 55% Ni. The point is that we have been
able to show that these changes follow from a variation

eoN i

total

zero alloy
X-Zr-X

X-Ni-X

0 0 8 12 16
Ni-Ni-Ni

k (A')
FIG. 10. Neutron-diffraction interference functions from

amorphous Ni65 Zr35 prepared with natural nickel, the
Ni isotope and from the zero alloy with isotope mix-

ture Nip. 6y5 Nip. 385. Solid line —theory, dashed line—
experiment (after Ref. 22), see text.

05
cos 0

-0 5

FIG. 12. Total and partial bond-angle distribution func-
tions in amorphous Ni65Zr35 alloys.



13g CH. HAUSLEITNER AND J. HAFNER 45

of the pa&r interactions, i.e. , mainly from the variation of
t e bond order induced by the change in the electronic
density of states. (See I. Fig. 7 and Table III.)

D. Ni-Nb glasses

/
I %

I /'3

~/

in the nu
In I we have shown that with a decreasing d'ffing i erence

in e number of d electrons of the components, the
nonadditivit of h

'
y f the pair interactions decreases. The

pair interactions for NiqoNbqo is shown in Fig. 5(c) of
. Therefore we would expect a weaker CSRO and an

amorphous structure which is closer to a polytetrahe-
ra sphere packing. For Ni-Nb glasses, there have been

various attempts to determine partial structure factors
using anomalous x-ray diffraction 7 dan using neutron
diffraction and isotopic substitution. F' 13 d

14 hshow the partial reduced radial distribution functions
or i44Nb56 and Ni6~Nb38 glasses compared with the

neutron-diffraction data. Th e agreement between
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I . 14. Partial reduced rad'al d t 'bi is ri ution functions
in amorphous Ni«Nb&6. Solid line —theory, dashed line—
neutron diffraction (after Ref. 51).
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FIG. 13. Partial reduced radial distribution functions

amorphous Ni6& Nb38. Solid lin-- — theory, dashed line—
neutron diffraction (after Refs. 50 and 51).

FIG. 15. Total an partial bond-angle distributions in

amorphous Ni44Nb~6. Vertical bars indicate the bond angle

in an ideal icosahedron.
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TABLE VI. Coordination numbers in amorphous Ni44Nb56 and Ni62Nb38, and in the p-phase
cc Ni Nb

7l

a- Ni44 Nb56
Theory Expt.

p, -phase a-Ni62 Nb38
Theory Expt.

Ni-Ni
Ni-Nb
Nb-Ni
Nb-Nb

'7 9
8.1
6.4
8.4

3.3
8.7
6.8
7 4

5.15
6.85
8.00
7.00

5.1
6.0
9.8
6.5

4.5
5.8
9.5
5.1

After Ref. 51 (¹44Nbss), and Ref. 50 (NisQNb3s).

in the Gus Ti structure based on stacking of close-packed
layers. In the p phase, the larger atoms (Nb) are 12-,
14-, 15-, and 16-fold coordinated in the form of icosa-
hedra and Frank-Ikasper polyhedra, the smaller atoms
(Ni) have an icosahedral surrounding. The bond-angle
distributions (Fig. 15) and coordination numbers of the
crystalline and amorphous phases indicate that in the
glass we have again a dense, polytetrahedral packing.

Our results presented so far show that within the se-
ries of Ni-Y, Ni-Zr, and Ni-Nb amorphous alloys, the
NFE-TBB pair forces predict a gradual change from a
trigonal prismatic to a polytetrahedral topological short-
range order and a decreasing chemical short-range order.
We have also shown that as a function of composition,
a transition from prismatic to tetrahedral is predicted
with increasing Ni content. We now turn briefly to the
metallic glasses of Ni with 3d metals.

E. Ni-Ti glasses
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The main difference between the pair interactions in
Ni-Ti and Ni-Zr alloys arises from the smaller size and
from the smaller bandwidth of the 3d metal Ti as com-
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FIG. 17. Partial reduced radial distribution functions

G,~(R) (a) and static structure factors S;~(q) (b) for amor-

phous Ni40Ti60. Solid line —theory, dashed line —experiment
(after Ref. 20).
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TABLE VII. Coordination numbers and interatomic distances in amorphous Ni4o Ti60 and in
the crystalline compound NiTiz.

Ni-Ni
Ni- Ti
Ti-Ni
Tl-Tl

d (A)

2.63
2.50
2.50
3.06

Theory

1.8
8.1

5.4
9.5

Glass
d (A)

2.63
2.60
2.60
3.01

Expt.

2.3
7.9
5.3
8.1

Crystal

2.87
2.49—2.89
2.49-2.89
2.91-2.99

After Ref. 20.

pared to the 4d metal Zr. The nonadditivity of the Ni-Ti
pair interactions is even more pronounced than in Ni-Zr:
the Ni —Ti bond length is predicted to be smaller than ei-
ther the Ni —Ni and the Ti—Ti bond lengths, the attractive
part of the potential is strongest for Ni-Ti interactions
(Fig. 16).

The partial reduced radial distribution functions and
structure factors for Ni40Ti6O are shown in Fig. 17, to-
gether with the results of Fukunaga et al. Inter-atomic
distances and coordination numbers for the glass and for
the crystalline compound NiTiq are given in Table VII.
The agreement between theory and experiment is good
for the Ni- Ti correlations, but only fair for Ni-Ni and
Ti-Ti. Both the measured and calculated Ni-Ni distribu-
tion functions show the characteristic three-peak struc-
ture between R = 2 A, and R = 6 A that we had found in
Ni-Y and Ni-Zr glasses. However, whereas the calculated
amplitudes are predicted to be quite similar in Ni4p Tisp,
NispZrsp, Ni35Zlss and Ni33Ys7 the experimental re-

sults show some distinct differences: For NispZrsp and

Ni35Zrsz the experimental results agree with the theo-
retical predictions, those for Ni40Tl60 and Ni33Y67 are
different, but similar to each other. Note, however, that
the difference is only in the amplitude of the peak, but
not in their position. For distances larger than 6 A how-

ever, both the calculated and the experimental correla-
tion functions agree with those found in the Ni-Zr and
Ni-Y systems. It is not clear as yet whether these differ-

ences are real and point to a difference in the local order
of Ni-Zr glasses on one hand and ¹Yand Ni-Ti glasses
on the other hand. In any case, both theory and experi-
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FIG. 18. Partial structure factor SN;N;(q) for amorphous
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FIG. 19. (a) and (h) Ni-Ni and B-B correlation functions

in ¹iBand ¹i-Mglasses. Distances are scaled to the position
of the second peak (see text).
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ment agree in that the local order increases on going from
Ni-Zr to Ni-Y (i.e. , to a system with a larger difference
in the number of d electrons), and from Ni-Zr to Ni-Ti
(i.e. , from the 4d to the homologous 3d metal).

F. Ni-V glasses

Ni„Nb„

We complete our investigation with a brief look at
Ni-V glasses. No full set of partials is available, but
because of the very small coherent scattering length
of V (bv = —0.05, br'; = 1.03), a neutron-diffraction
experiment measures directly the Ni-Ni partial struc-
ture factor. Again the computer simulation compares fa-
vorably with experiment (Fig. 18). Compared to Ni-Nb
glasses of about the same composition we find a slightly
increased chemical order. Compared to Ni-Ti glasses the
local order is strongly reduced. Thus we find again the
same trends in the local order as a function of group-
number difference and on substitution of a 4d by a ho-
mologous 3d metal.

0. 5

cos 8

Ni 35zr„

N133Y,„

-0 5

IV. CONCLUSIONS

We have presented an atomistic simulation of the
structure of transition-metal glasses based on quantum-
mechanically derived interatomic forces. We have shown
that using our hybridized NFE-TBB pair interactions we

are able to construct models in good agreement with
the most accurate diffraction data. Moreover, the re-
sults of the simulations allow us to establish a clear
trend from trigonal prismatic to polytetrahedral topo-
logical short-range order and from very strong to moder-
ate chemical short-range order in the series Ni-Y, Ni-

Zr, and Ni-Nb. With increasing Ni content within a
given system the trend in the SRO is nuclear but the
CSRO increases. This trend is expressed most clearly in
the Ni-Ni correlation functions and Ni —Ni —Ni bond-angle
distributions. In Ni-Y glasses the positions of the first
three peaks in gg;g;(R) correspond almost exactly to the
peaks in the B-B correlation function in Nis4Bss (Ref. 54)
and NisyByg (Ref. 55), in the Ni-Nb glasses the form of
g~;~;(R) is much closer to the dense-random-packing of
hard spheres (DRPHS) limit [Fig. 19(a)]. The same tran-
sition from trigonal prismatic to random-close packed is
observed in Ni Zr~ ~ glasses with increasing Ni concen-
tration [Fig. 19(b)]. A corresponding trend is found in
the Ni —Ni —Ni bond angles (Fig. 20). In Ni-Y and Ni-Ti
glasses the bond angles are distributed around the chain
angle of the Ni chains in the trigonal-prismatic (CrB-
type) NiZr phase (similar bond angles are also found in
Ni2 Ys and other trigonal-prismatic phases). In Ni-Zr and
Ni-Nb glasses this distribution changes to one with three
peaks at the bond angles in an icosahedron (8 = 63.5',
0 = 116.5', and 0 = 180'), emphasizing the same trend
to a polytetrahedral local symmetry.

These changes may now be traced back to the variation
of the interatomic forces and of the electronic structure.
A pronounced nonadditivity of the pair interactions and
a strong short-range interaction between unlike atoms
lead to the formation of trigonal-prismatic clusters. As
the nonadditivity is reduced, icosahedral clusters are pre-
ferred. In this respect we agree with the analysis of Fu-

FIG. 20. Ni —Ni —Ni bond-angle distribu tions in Ni-M
glasses. The bond angles in the Ni chains of the NiZr crystal
and in a regular icosahedron are indicated.

jiwara et al. who showed that a strong, short-range M-
M potential stabilizes trigonal-prismatic clusters over an
octahedral arrangement, and also over an icosahedron at
small radius ratios. The origin of the nonadditivity is in
the strong covalent forces characteristic for alloys with a
split-band density of states. Ongoing work in our group
extends these investigations to Fe- and Co-based metallic
glasses.

The computer-generated structural models may serve
as the basis for the calculation of the electronic structure,
photoemission-, and x-ray spectra. Recent results on
Ni Zr~ glasses show that very good agreement with
experimental photoemission intensities can be achieved.
As in the atomic structure, we find a strong correlation
between the electronic density of states of the crystalline
and amorphous phases. This supplements the arguments
brought forward in the present paper.

Furthermore, the calculated density of states agrees
reasonably with the Bethe-lattice model in the calcula-
tion of the interatomic forces. This would suggest that
the interatomic forces, atomic, and electronic structures
are consistent.

Note added in proof Recently, . our modeling stud-
ies have been extended to Fe- and Co-based metallic
glasses. " Good agreement with diffraction data has been
achieved. These structural models have been used in
spin-polarized calculations of the electronic and magnetic
structures. The results show that ab initio calculations
of the magnetic phase diagram of amorphous alloys are
now feasible.
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