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Reverse Monte Carlo study of structure changes in amorphous Pds,Ni;,P¢ upon annealing
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Structure changes in amorphous Pds,Nis,P\¢ upon relaxation were modeled by means of reverse
Monte Carlo (RMC) simulations using neutron-diffraction data from M. Schaal, P. Lamparter, and S.
Steeb [Z. Naturforsch. Teil A 43, 1055 (1988)] as input for the RMC program. Two states after anneal-
ing (2 h at 570 K and 2 h at 607 K) and the as-quenched state were successfully modeled. The resulting
three-dimensional models of the structure were inspected for changes in the nearest-neighbor coordina-
tions (short-range order) and for changes at larger interatomic distances (medium-range order) upon re-
laxation. It was found that the short-range order is affected by annealing, resulting in, for instance, a
sharpening of the Voronoi volume distribution. These results were found to agree with interpretations
of experimental atomic mobility studies. The effect of annealing on multibody correlation functions for
medium-range distances is much less pronounced than that for the short-range distances, and the two
appear to be largely decoupled from one another. These results, together with the observed annealing
effect on the decay rate of the peaks of the reduced radial distribution function, suggest that medium-
range ordering is not merely a reflection of short-range ordering, but has its origin in a change in propa-
gation of disorder in the structure. Medium-range ordering can therefore be treated as a separate effect

1 NOVEMBER 199%4-11

of annealing.

I. INTRODUCTION

Changes in the structure of amorphous metals upon
annealing can be observed with neutron and x-ray
diffraction and the observed changes in the diffraction
patterns have been used to model structural relaxation.?
A detailed experimental study of structure changes upon
annealing has been performed by Schaal, Lamparter, and
Steeb® on amorphous Pds,Ni;,P;; using neutron
diffraction and isotopic substitution. According to their
analysis of the Ni-Ni distance distributions, structural re-
laxation in amorphous Pds,Ni;,P ¢ mainly involves a
redistribution of bond angles, appearing as changes in the
second distance shell, but leaves the nearest-neighbor dis-
tance distribution nearly unchanged. It is interesting to
extend the analysis of Schaal, Lamparter, and Steeb to
other nearest-neighbor correlations and study the effect
of annealing on the structure of amorphous Pds;Ni;,)P
in more detail. Furthermore, it is interesting to compare
the experimental diffraction results of Schaal, Lamparter,
and Steeb to other quantities measured during structural
relaxation. In particular, the question arises whether the
explanations given for the reduction of atomic mobility in
amorphous metals upon annealing are consistent with the
experiments of Schaal, Lamparter, and Steeb. The inter-
pretation of this effect usually involves a change in the
nearest-neighbor environment, e.g., a reduction of local-
ized defects, like free-volume fluctuations,* upon anneal-
ing. A realistic three-dimensional model of the structure
of amorphous Pd,,Ni;,P ¢ could clarify whether such in-
terpretations of atomic mobility data are consistent with
the above-mentioned diffraction experiments.

0163-1829/94/50(18)/13240(10)/$06.00 50

To overcome the limitations of the traditional methods
employed by Schaal, Lamparter, and Steeb to analyze the
diffraction data, we have performed an alternative
analysis of their data by means of reverse Monte Carlo
(RMC) simulations. The RMC technique originated with
McGreevy and Pusztai,” who were the first to extract a
three-dimensional model of liquid argon by simply fitting
a set of atomic positions to the results of the diffraction
experiment. Later, Pusztai,’ Keen and McGreevy,7 and
Iparraguirre et al.® successfully applied this technique to
metallic glasses. Not only are the pair-correlation func-
tions of these models in good agreement with the
diffraction experiment, but also multibody correlation
functions (i.e., involving the positions of more than two
atoms simultaneously) for the short-range distances, such
as the cosine of bond angles, Voronoi volume, and
nearest-neighbor distributions, agree with results of
molecular dynamics and Monte Carlo simulations.’ This
is of particular importance, since it means that RMC
models do give a complete picture of the characteristics
of the structure under investigation. It is therefore ex-
pected that the present analysis will provide realistic dis-
tributions of the multibody correlation functions and,
more importantly, the changes therein upon annealing.

The three-dimensional models also offer the possibility
to investigate correlation functions over distances that
correspond to the third, fourth, etc., peak of the pair-
correlation function. We have chosen to study this effect
of annealing separately from the effect on the short-range
distances, since the data of Schaal, Lamparter, and Steeb’
indicate that medium-range order is likely not solely
brought about by short-range interactions (see Sec. II),
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but has to be treated as a separate characteristic of the
structure. This conjecture is corroborated by empirical
studies of radial distribution functions of several metallic
glasses,'®!! and by the general conception of the glass
formation as being a competition between short- and
medium-range order. More details on the calculations of
this RMC study have been reported in Ref. 12.

II. THE DATA

Schaal, Lamparter, and Steeb® performed a neutron-
diffraction study on three different samples of amor-
phous, melt-quenched Pds,Ni3, P, composed with "Ni,
%Ni, and with a mixture of the ®Ni and ®*Ni isotopes,
having a zero scattering length (°Ni). The three data sets
that were used as input for the RMC programs are
presented in Fig. 1 as reduced radial distribution func-
tions G(r),

G(r)——f Q[S(Q)—11sin(Qr)dQ , (1)

with S(Q) the well-known structure factor, and r the in-
teratomic distance. S(Q) was measured over the range
3-160 nm~! for the momentum transfer Q. In a mul-
ticomponent metallic glass, G(r) is given by the sum of
the partial reduced radial distribution functions:

G(N=33 W,;G,(r), 2)
i

with W;; the weighting factors. Table I gives the weight-
ing factors for the three data sets (reproduced from Ref.
3). The partial reduced radial distribution function G;;(r)
is related to the partial number density pi;(r) of j-type

atoms at a distance r from an i atom by

pi;(r)

J

G;;(r)=4mr

“Po| > 3)

with p, the average number density and c; the molar frac-
tion of component j. A related function is
(r
b4 ij ( r ) = p”—() ’ (4)
€jPo
which is called the partial pair-correlation function. The
total pair-correlation function is given by the sum of the
partial pair-correlation functions [analogous to Eq. (2)].
Clearly, Fig. 1 shows that annealing for 2 h at 570 K
results in a G () similar to that after annealing for 2 h at
607 K, both quite different from the as-quenched G(r).
This makes this data set suited for a model study of struc-
ture changes upon annealing, since we expect to find
structural differences between models of the as-quenched
and annealed structures, and negligibly small differences
(i.e., only arising from statistical fluctuations) between
models representing the structure of amorphous
Pds;Ni;,P ¢ after annealing at 570 and 607 K. In this

TABLE 1. Neutron-diffraction weighting factors for the
Pd"*NiP, Pd*NiP, and Pd°NiP samples.

Sample Wpara Wpeani Wpar Wiini Wnie Wep
Pd™NiP  0.183 0.392 0.098 0.210 0.105 0.013
Pd®NiP 0412 0.240 0220 0.035 0.064 0.029
Pd°NiP 0.623 0.000 0.333 0.000 0.000 0.044
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way, the two annealed structures offer an indication of
the uncertainties in the results.

It appears from Fig. 1 that the higher-order coordina-
tion shells are much more affected by annealing than the
first coordination shell. However, changes in the first
coordination shell do occur and they can be character-
ized, for instance, by the Wendt-Abraham parameter RV

(Ref. 13) according to
&omin

RO )

g max

ﬁ(k)

with g{¥) and g¥), the values of the pair-correlation func-

tion at the kth minimum (not counting the minimum at
r=0.2 nm) and the kth maximum, respectively. The
Wendt-Abraham parameters for kK =1 are given in Fig. 2
and indicate that the nearest-neighbor distances in the
as-quenched structure are more dispersed than in the
structures after annealing. Both annealing treatments re-
sult in roughly the same RV

To investigate the effect of annealing more precisely,
we plot in Fig. 3 for the natural Ni sample the difference
in the pair-correlation functions Ag(r),

Ag(r)=gan(r)—guq(r), (6)

with g,,(r) and g,,(7) the total pair-correlation functions
of the annealed and the as-quenched sample, respectively.
In Ag(r) one observes that, upon annealing, the first peak
in g(r) shifts to a higher value of r (visible in the strong
oscillations for 0.2 nm<r<0.3 nm), almost without
becoming sharper (Fig. 1), and the other minima and
maxima in g(r) become sharper without shifting along
the r axis. The difference in behavior of the first peak and
the higher-order peaks suggests that the changes in the
higher-order coordination shells are not merely a
reflection of the changes taking place in the first coordi-
nation shell."* It is more likely that the changes in the
higher-order coordination shells also involve changes in
the diffusive propagation of order in the structure, i.e., in
the way in which local environments interconnect. This
can be investigated by calculation of the decay rate of the
peak heights of the reduced radial distribution function
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FIG. 2. Wendt-Abraham parameters R‘" [see Eq. (5)] for the
three different samples in the as-quenched condition and after
annealing at 570 and 607 K.
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FIG. 3. The differences in the pair-correlation functions for
the natural Ni sample in the as-quenched state and after anneal-
ing at 570 and 607 K [see Eq. (6)].

G(r). It has been shown'! that the peak heights of quite
a number of metallic glasses decay approximately ex-
ponentially with r{¥ according to

G(r'*®=aexp(—pr¥), @)

with a a constant, r*’ the normalized peak position of
the kth peak (¥’ =7 /r()), and B the decay rate, which
is considered a measure of the diffusive propagation of or-
der in the structure. Figure 4 shows, in agreement with
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FIG. 4. Logarithm of the maxima G(7'¥') versus normalized
peak position r{ for the three different samples in the as-
quenched and annealed conditions.
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what is found for other metallic glasses,'®!! that the
height of the first peak does not fit into this exponential
decay model, but that the decay from the second to the
seventh peak is roughly exponential. The decay rate B
shows a pronounced reduction upon annealing (from
0.6310.02 for the as-quenched samples to 0.39+0.02 and
0.3410.01 for the samples annealed at 570 and 607 K, re-
spectively). This reduction of B is considerably larger
than observed for other metallic glasses upon annealing'!
and it covers the major effect of annealing on the medium
range order of amorphous Pds,Ni;,P,s. It suggests that
the changes in the medium-range order upon annealing
originate from changes in the propagation of order in the
structure, rather than being directly related to changes in
short-range order. This consideration makes it still more
unlikely that the effect of annealing at medium-range dis-
tances is solely the result of the sharpening of the short-
range order.

III. RMC PROCEDURES

In general, reverse Monte Carlo calculations are car-
ried out by randomly picking an atom of a three-
dimensional model of the structure, moving the atom in a
random direction, and comparing the pair distances of
the new model with the diffraction data.’ If the model
shows a better agreement than before, the displacement is
accepted; if not, the displacement is accepted with a cer-
tain probability which prevents the configuration of being
trapped in a local minimum. The calculation is complet-
ed once a measure of the goodness of fit reaches a
minimum. Further details and a review of the method
can be found in Ref. 15.

Ideally, a study of the structure of a three-component
metallic glass would require six independent measure-
ments with considerably different weighting factors as in-
put for the Reverse Monte Carlo simulation. Neverthe-
less, just as in a recently reported case for a binary glass
with two experimental functions,!® the present RMC
simulation of a ternary glass using only three experimen-
tal functions yields consistent and meaningful results.
Besides experimental diffraction data, knowledge of the
density of the amorphous samples is of importance for
the construction of an RMC model of the structure of
amorphous Pds,Ni;,P,,. However, the density of the
samples was not exactly known, and we have therefore
calculated the density on the basis of the scaling relations
of the density reported for metallic glasses.!” This result-
ed in a density of 75.0 atoms/nm?, i.e., 9.26 g/cm>. This

hard-sphere
Monte-Carlo
model

\
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density is slightly lower than the density determined from
the diffraction data (°Ni sample p,=85, *Ni sample
po= 280, and natural Ni sample p,=78 atoms/nm?). How-
ever, RMC test runs at p,=80 atoms/nm? did not result
in an acceptable fit to the diffraction data.'? Furthermore,
although it was realized that the density of an amorphous
metal typically increases 0.2% upon annealing (this value
was found for amorphous PdNi4P,, as measured by the
Archimedes method;? the detection limit by diffraction
corresponds to a much larger density change'®), all the
simulations were carried out with p,=75 atoms/nm>,
since the density change was considered too small to be
important.

Our simulations started with the production of a hard-
sphere packing of 266 Pd, 164 Ni, and 82 P atoms in a
cubic box of 6.827 nm>. Explicit values for the closest
approach distances (A;;) were determined by carrying out
test runs, which resulted in Apyps=0.25 nm,
Apgni=0.22 nm, Ap;p=0.21 nm, Ay;n;=0.24 nm,
Anip=0.21 nm, and Ap =0.30 nm.!?> Subsequently, re-
verse Monte Carlo simulations were carried out with
periodic boundary conditions and the three measured
pair-correlation functions as input for the RMC program.
This was done for the three as-quenched pair-correlation
functions as well as for the two data sets taken after an-
nealing. Upon reaching the best fit, the edge length of
the simulation box was doubled to 3.794 nm, resulting in
a volume of 54.613 nm® containing 4096 particles. After
further RMC calculations satisfactory fits were reached.
Visual inspection of the three-dimensional models
showed some remnants of the original simulation box
size, but this spurious quasiperiodicity did not show up in
the calculations of multibody correlation functions. The
above procedure resulted in three models [hereafter
designated as g(r) models] of the structure of amorphous
Pds,Ni;,P, different from each other only because of the
difference in the pair-correlation functions of the as-
quenched and annealed samples. Figure 5 gives a
schematic representation of the models obtained in this
study; the g(7) models are shown in the second row.

In order to investigate the influence of the #ype of
fitting function for the reverse Monte Carlo simulation,
additional calculations were carried out where we used
G(r), S(Q), and I'(») as input for the RMC program.
['(r) is defined by I'(r)=G(r)/|G|,® where |G| denotes
the average over r of the absolute value of G (r), and was
chosen to account for the uncertainty in the normaliza-
tion of the measured diffraction intensities. In the case of

FIG. 5. Generation scheme of

as-quenched 570K 607 K the models of the structure of
g(r)-model g(r)-model g(r)-model amorphous Pd,Ni;,P .
as-quenched as-quenched as-quenched 570K 570K 570K 607 K
T(r)-model G(r)-model S(Q)-model I'(r)-model G(r)-model S(Q)-model G(r)-model




13244

Nig,B,, studied by Iparraguirre et al.,® the renormaliza-
tion factors proved to be a rather substantial 1.05 to 1.20,
in the present case the normalization corrections were
roughly 1.08, i.e., the experimental |G| were 8% too
large. This explains why the density calculated from the
diffraction data is (roughly 7%) too high.

These additional runs were carried out with the g(r)
models rather than the hard-sphere packing as starting
model (see the third row of Fig. 5). This implies that the
resulting models [hereafter designated as G(r) models,
S(Q) models, and I'(r) models] are not truly independent
of one another, but reflect the structural differences re-
sulting from the (rather arbitrary) choice of input data.
It will be shown that these differences are smaller than
the differences in the structure resulting from the anneal-
ing treatment.

IV. RESULTS

An indication of the fit quality of the model calcula-
tions (see Fig. 5) is given in Fig. 6, where G(r) models are
shown for the as-quenched and annealed samples with
the °Ni composition. Clearly, the G (r) models agree very
well with the experimental data, and, in particular, the
changes in the experimental G (r) upon annealing are well
reproduced. Table II gives E? values {with
E*=(1/N)SM G 41c(7r) — G peas(r)]* and N the number of
data points} for G(r) models of the structure of amor-
phous Pd,Ni;,P . It is important to note that all fits are
of similar quality, making spurious structure differences
resulting from different fit qualities unlikely. The quality
of the g (r), S(Q), and I'(7) models is similar.

Based on the weighting factors for the three different
samples (Table I), the uncertainty in the P-P and Ni-P
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TABLE II. Fit qualities (E?) for the G(r) models.

as-quenched 570 K 607 K

Sample nm™* nm* nm™*
Pd™NiP 164 171 221
Pd®NiP 155 123 113
Pd°NiP 227 241 177

partial pair-correlation functions is much higher than in
the other four and these will therefore not be discussed.
Moreover, the Pd-P partial pair-correlation function
shows a sharply split first peak,'? which changes dramati-
cally upon both the 570 and the 607 K annealing treat-
ment. Such a big change seems to be an artefact of the
limited input for the RMC program.

The three remaining partial pair-correlation functions
(Pd-Pd, Pd-Ni, Ni-Ni) will be analyzed further in this
work, and these partials are shown in Fig. 7. Upon an-
nealing they behave similarly to the measured total
G(r)s, i.e., a small change in R and a considerable
change in the decay rate B (roughly a reduction of 20%).
To investigate the effect of annealing on the structure of
amorphous Pds,Ni;,P ¢ in more detail, we have calculat-
ed multibody correlation functions for the short- and
medium-range distances involving only metal-metal
correlations. The results will be discussed in Sec. V.

V. DISCUSSION

A. Short-range order

We have characterized the short-range order in the
models of the structure of amorphous Pds,Ni;,P ¢ by us-

FIG. 6. G(r) for three °Ni samples (as-
quenched and annealed at 570 and 607 K), cal-
culated (dotted lines) and measured (Ref. 3).
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FIG. 7. Gpd_pd(r), Gpd_Ni("), and GNi.Ni(r)
for the G(r) models of the as-quenched and an-
nealed states.
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ing various well-known tools for the structural analysis of
nearest-neighbor topology. In general, nearest-neighbors
are defined as atoms having pair distances smaller than
0.35 nm. Note that, as stated in the previous section, we
will only consider metal-metal correlation functions.

In Fig. 8 the distribution of nearest Pd neighbors
around Pd atoms in the G(r) models of the as-quenched
and annealed structures is given. It can be seen that the
effect of annealing on the nearest-neighbor distribution is
very small. Neighbor distributions calculated for Pd
atoms in other models of the structure [e.g., S(Q) mod-
els] are virtually identical to the ones shown in Fig. 8.

600 —r—————r————————
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: SR s
- Ra— =-—annea
500 | _F= .
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[ T I ]
o 400 -1 ] -
[ ] B 4
0 o -
c s ]
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I ]
200 |- _
100 ]
o L A ke A b
o] 10 15
nearest neighbours
FIG. 8. Nearest-neighbor distribution for Pd atoms in the

G(r) models of the as-quenched and annealed states.

Also the nearest-neighbor distributions of other elements
show very small changes upon annealing.

The distribution of cosines of bond angles shows a
more pronounced effect of annealing. Cosine distribu-
tions are three-atom correlation functions which can be
calculated by defining a bond as the vector joining two
neighboring atoms. The cosine is taken of the angle 6 be-
tween the two bonds of a triplet of atoms. Figure 9
shows the distribution of cosines of the angle 6 between
the two bonds of Pd-Pd-Pd triplets in G (r) models of the
as-quenched and annealed structures. This distribution is
much the same as for other metallic glasses, and sharpens

175 = .
[ —os—quenched ]
| — —annealed at 570 K N 1

150 [ - —annealed at 607 K 1 ]

125 |
100 f

75

occurences

50 |

-0.5 0.0

cos®

FIG. 9. Cosine distribution of bond angles for Pd triplets in
the G (r) models of the as-quenched and annealed states.
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upon annealing.'? It shows that the effect of annealing on
the structure (both for annealing at 570 and 607 K) is the
increase of the number of Pd triplets with bond angles of
60° or 110° at the cost of triplets with bonds of 80° or
140°. The increase of 60° triplets suggests that annealing
does affect the nearest-neighbor shell, apparently in a way
that does not show a clear effect on the distance distribu-
tions. The same results were found for the other models
and triplets.

It is interesting to extend the analyses of short-range
ordering to other multibody correlation functions and in
particular to those who can be compared to interpreta-
tions of atomic mobility in metallic glasses. Two candi-
dates are relevant: the nearest-neighbor-shell roughness
distribution and the Voronoi volume distribution.

The partial kth-shell roughness of an i-type atom is
defined as the variance of the distances of the neighbors
of type j, "

""=—~2<m (ry )2, (8)

j 1=1

with n; the number of neighbors of type j in the kth shell
around the i-type atom under consideration, 7; the neigh-
bor distances, and the brackets { ) indicate the average
over the n; neighboring atoms. The nearest-neighbor
Pd-Pd roughness distribution (i.e., kK =1) is given in Fig.
10. Clearly the distribution, which on average involves
n;~T7 neighboring atoms, sharpens upon annealing, and
the annealing treatment at 570 K has the same effect as
the treatment at 607 K. Also the total roughness distri-
bution, i.e., I counting over all neighbors of the central
atom, changes in a similar manner. In order to show that
the trend observed in the roughness is truly significant, in
Fig. 11 the distributions for £} p, in the different models
of the structure of the as-quenched sample and the sam-
ple annealed at 570 K are given. It can be seen that, to
within the statistical errors, the different models for a
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FIG. 10. First-shell roughness distribution for Pd atoms in
the models of the as-quenched and annealed states.
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FIG. 11. First-shell roughness distribution calculated for Pd
atoms in four different models of the structure of amorphous
Pd;,;Nis3,P ¢ in the as-quenched state and after annealing at 570
K.

particular structure result in the same roughness distribu-
tion.

The above results are consistent with the argument
brought forward in Ref. 19 that the number of dissipation
sites for vacancies is lower in the annealed than in the
as-quenched structures, since sites with high values of &
collapse more easily than sites with a more spherical
shape. This implies that if diffusion in metallic glasses is
mediated by vacancies in thermal equilibrium, and if the
production sites for these vacancies are the same as the
dissipation sites, the present observation implies a lower
atomic mobility in the annealed states, in agreement with
the experiments.?®

Another multibody correlation function that can be
compared with interpretations of atomic mobility is the
Voronoi volume distribution, since this distribution is
closely related to the free-volume model of atomic trans-
port in amorphous metals.?! In the free-volume model,
the probability P(v,) of finding an atom with a Voronoi
volume v larger than a critical value v, is given by

—v
P(o)=—L—ex 9)
with v, =v —uv, the free volume of a particular atom, v, is

the volume of atoms in the reference structure, where no
mobility is possible, (v, ) is the average free volume, i.e.,
the average of v—v, for v >v,, and p is the fraction of
atoms with v,>0. Defects are localized around atoms
for which v, exceeds a critical value v*. We have calcu-
lated the distribution of v by using the so-called radical
method for the Voronoi tesselation for a multicomponent
system? (with rpy=0.140, ry;=0.125, and rp=0.090
nm). Figure 12 shows the Voronoi volume distribution of
Pd atoms in the models of the as-quenched and annealed
structures. The distributions sharpen somewhat upon an-
nealing. A clear effect is found in the tail (upper part of
Fig. 12), which is important for atomic mobility. To cal-
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culate (v f) we fit Eq. (9) to the high-volume tail of the
Voronoi-volume distribution. Systematic deviations from
an exponential behavior [Eq. (9)] appear in all three cases
at v<17.6X10"> nm? leading to the choice
v, =17.6X1073 nm’. The average free volume changes
from (v;)=0.58 X 107> nm® for the as-quenched sample
to {v;)=0.31X10"> nm? for the annealed states. For
the Ni atoms, the average free volume reduces from
(v;)=0.49X107* nm® to (v;)=0.41X10"> nm’, with
v,=13.4X1073 nm>. The numbers for the Ni atoms are
more uncertain than those for the Pd atoms since the 607
K annealing treatment revealed a systematically smaller
effect of annealing on the average free volume for the Ni
atoms than the 570 K annealing treatment.

The reduction of the average free volume of roughly
45% for Pd and 15% for Ni is in good agreement with
measurements of atomic mobility in amorphous
Pd ,NiyP,,, where a reduction of 25-30% in free
volume is found upon annealing.?’ In these experimental
studies of atomic mobility (v,)/v* is determined. The
experimental values (as quenched: (v ' ) /v*=0.04, an-
nealed (vf>/v‘=0.03) and the present results provide
an estimate of v*, the minimum volume of a defect. For
Pd, v* lies between 10 and 15X 103 nm?, for Ni between
12 and 13X1073 nm3, i.e., v* is a volume that can be
looked upon as a vacancy. The consistent behavior of v,
the good agreement with the experimental study of atom-
ic mobility, and the reasonable size of the Pd and Ni de-
fects give substantial support to the free-volume theory.
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FIG. 12. Voronoi volume distribution for Pd atoms in the
models of the as-quenched and annealed states.
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B. Medium-range order

Figure 3 shows that the changes in the relative number
density Ag(r) slightly decrease with increasing 7, and it is
therefore expected that the effect of annealing on the
multibody correlation functions also slightly decreases
with increasing r. An example of a multibody correlation
function that can be calculated for medium-range dis-
tances is given in Fig. 13, where we show the reduced
partial radial distribution function of Pd atoms and Pd
vertices in G(r) models of as-quenched and annealed
states. A vertex is the point where four Voronoi polyhe-
dra meet, i.e., the center of mass of four nearest-neighbor
Pd atoms. For a consistent picture, we plot Gpg vertex(7)
for pair distances larger than the first minimum in
Gpgpa(r), since for these distances the correlation is a
five-atom correlation. Clearly, there is no effect of an-
nealing, contrary to what is expected from Fig. 3.

There is a small effect of annealing on the roughness of
the structure at medium range. This is shown in Fig. 14
where the average roughness of the 4th shell (calculated
for atoms between the position of the fourth maximum
and the following minimum) is plotted versus the 4th
shell Wendt-Abraham parameter &) The relation be-
tween the Wendt-Abraham parameter and the average
roughness is very weak. Such a weak relation is also
found when the second shell roughness and Wendt-
Abraham parameter are evaluated, but, as expected, a
rather strong relation is found for the nearest-neighbor
shell (lower frame of Fig. 14). Apparently, the qualitative
difference between the effects of annealing on the short-
range (peak shift) and medium-range (peak-height in-
crease) pair distances (Fig. 3) is connected to a quantita-
tive difference between the effect of annealing on the
short-range and medium-range distances for the multi-
body correlation functions.

The latter point is also illustrated by a set of trial runs
to let RMC (although in an unphysical manner) perform
the transition from the as-quenched to the annealed
structure. Figure 15 shows the result of an RMC simula-
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FIG. 13. Calculated partial G(r) for Pd atoms and Pd ver-
tices in the G(r) models of the as-quenched and annealed states.
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tion in which the g(r) model for the as-quenched state
was taken as the starting configuration and G™(r),
G%(r), and G%r) for the 570-K state as experimental
data. The dotted line in Fig. 15 shows that for » > 0.6 nm
a good fit could be reached, but for » <0.6 nm the order
as present in the as-quenched state could not be
significantly changed in the RMC procedure. This indi-
cates that medium-range ordering can occur separately
from short-range ordering. In fact, medium-range order-
ing comes about rather easily (the average displacement
per atom from the as-quenched state to the state given by
the dotted curve in Fig. 15 is only 0.014 nm) employing
random moves of single atoms, but the structural relaxa-
tion effects on the short-range order could not be mim-
icked by moving the atoms one by one.

VI. CONCLUSIONS

The RMC technique has provided models that reflect
the changes in the structure of amorphous Pds,;Nis;P ¢
upon annealing. The suggested sharpening of the cosine
distribution of bond angles, conjectured by Schaal, Lam-
parter, and Steeb® on the basis of a traditional analysis of
the radial distribution functions, does indeed appear in
these model calculations. Moreover, in addition to these
findings, the RMC calculations lend strong support to a
reduction of the roughness of nearest-neighbor shells and
of a reduction of the free volume in the structure, which
is in good agreement with reductions expected on the
basis of atomic mobility measurements.

Besides short-range ordering, the medium-range order
in the structure of amorphous Pds,Ni;,P ¢ increases upon
annealing. The diffraction data indicate a qualitative
difference between the effect of annealing on the short-
and medium-range distances, and the change in the decay
rate of the peaks in G (r) suggests that the medium-range
order has to be treated as a separate effect of annealing.
This conclusion is confirmed by the calculations of multi-
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sample (full line) and a sample annealed at 570
K (dashed line). The dotted line is G(r) for a
model obtained by performing RMC on the
as-quenched G(r) model, using the radial dis-
tribution functions for the 570 K state as in-
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put, up to 28 moves per atom.
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body correlation functions, which show a quantitative
difference between first and higher-order correlations.
We therefore suggest that medium-range order is likely
not solely brought about by short-range interactions, but
has its origin in a change of propagation of order in the
structure, and is a separate effect of annealing.
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