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A study of low temperature heat capacity anomalies in bimetallic alloy
clusters using J-walking Monte Carlo methods

Gustavo E. Lopez® and David L. Freeman

Department of Chemistry, University of Rhode Island, Kingston, Rhode Island 02881
(Received 27 August 1992; accepted 28 September 1992)

Heat capacities are calculated as a function of temperature for bimetallic clusters composed
of six palladium and seven nickel atoms using Monte Carlo techniques both with and
without J-walking. By applying a simulated annealing strategy, the minimum energy
configurations at 0 K are identified for a series of interatomic interaction strengths.

A significant dependence of the spatial arrangement of atoms on the strength of the Pd-Ni
interaction is observed. Calculations of the heat capacity as a function of temperature

show the presence of a “melting” coexistence region similar to that observed in pure clusters.

For the alloy clusters, low temperature heat capacity anomalies are observed arising

from isomerizations that are reminiscent of order—disorder transitions known to occur in
some bulk alloy materials. These low temperature heat capacity anomalies are observable only

when the J-walking algorithm is vsed.

I. INTRODUCTION

An active field of research in recent years has been the
study of atomic and molecular clusters. Clusters are ubig-
uitous in nature and knowledge of their physical and chem-

ical properties leads to an understanding of such divergent .

areas as nucleation and crystal growth, phase transitions,
heterogeneous catalysis, and atmospheric phenomena.! In
this work we will focus on some of the properties of cluster
materials that are of importance to heterogeneous cataly-
sis. Many catalysts consist of clusters of metal atoms em-
bedded in a support material like silica. These dispersed
metal clusters make good catalysts because the largest frac-
tion of their atoms reside on the surface. The resulting
large surface to volume ratio of metal clusters is important
to their enhanced catalytic activity. The metal clusters that
make up catalytic materials can either be pure substances
or alloys. Alloy clusters have proved to be particularly
valuable as catalysts® because their reactivities can be con-
trolled by varying the alloy composition.

Because many heterogeneous catalytic reactions occur
at metal surfaces, much of the computational work on
metal alloys has focused on surface segregation phenom-
ena. The study of surface segregation is important, because
the actual surface composition governs heterogeneous re-
action rates. Of particular interest to the current work are
the previous calculations using Monte Carlo methods>*>®
which have attempted to predict or explain surface com-
position. These previous calculations have used a variety of
potentlal models ranging from nearest-nexghbor interac-
tions>® to Lennard-Jones forces.>* More recently, Foiles’
studied surface segregation in Ni—Cu alloys using embed-
ded atom potentials, and found good agreement with ex-
perimental data. In addition to previous studies on bulk
alloys, work on alloy clusters was carried out by Tsai,

2)Present address: Departamento de Ciencias y Tecnologia, Universidad
Interamericana, San Juan, Puerto Rico, 60919-1293.
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Abraham, and Pound.? Using Monte Carlo methods the
structure of Ar—Kr, Cu—Ni, Cu~-Ru, and Cu-Os clusters
were investigated. The intermolecular forces were modeled
by Lennard-Jones interactions, and emphasis was placed
on radial distribution functions and structure factors.

In the current work we present the results of calcula-
tions of the heat capacity of Pd4Ni; as a function of tem-
perature. We shall find that the heat capacity is a useful
and interesting probe of the structural properties of the
cluster. We have chosen to study palladium-—nickel clusters
because of available potential energy parameters”'® and the
importance of the particular alloy to catalytic reactions.!
In previous studies of the heat capacity of 13 atom single
component clusters, anomalies have been identified that
are associated with coexistence regions between solidlike
and liquidlike forms.'>!? These heat capacity anomalies are
associated with isomerization transitions and have been
interpreted in terms of melting.!? For alloy clusters we
shall find the same melting behavior. We shall also find
isomerization anomalies in the heat capacity at tempera-
tures significantly below the melting transition. These low
temperature heat capacity anomalies will be found to be
reminiscent of disordering transitions in bulk alloys.'* To
our knowledge, this type of tranmsition has not been ob-
served before in alloy clusters. We shall find that there are
significant quasiergodicity sampling difficulties in simulat-
ing the low temperature heat capacity. As in previous
work*1>1 the problem of quasiergodicity will be solved by
J-walking.

The contents of the remainder of this paper are as
follows. In the next section we outline the computational
approach to the calculation including a discussion of the
potential model used. We give results of simulated anneal-
ing studies of isomer structures in Sec. III, and in Sec. IV
we give the results of the heat capacity calculations. Fi-

- nally, in Sec. V we discuss the implications of our work.

© 1993 American Institute of Physics
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Il. THEORETICAL MODEL
A. Interaction potential

In this work we have simulated the properties of
nickel-palladium clusters using both the Lennard-Jones
(LJ) potential and an embedded atom'” (EA) potential to
model the intermolecular forces. Since the EA potential
introduced significant computational overhead into the cal-
culation, the bulk of the work was performed using the LY
model.

In the LY model, the interparticle interaction between
any two pairs of atoms, 7 and J, is described by the poten-
tial

V(l‘ij) =4€ij[ (O'ij/"ij) 12_ (Uij/"ij)G], . (1

where 7;; is the distance between atoms / and j. The
LennardJGmS parameters, €; and oy, between like atoms
have been taken from the work of Halicioglu and Pound.’
For the metals of interest in this work these parameters
are, €;=6030 K and 0;;=2.282 A for nickel and €;=4951
K and 0;=2.520 A for palladium. Although the standard
Berthelot—Lorentz combining rules!® have been extensively
used to describe the interaction of unlike species for the
rare-gases, the interaction between unlike metal atoms is
inherently more complex. To explore the sensitivity of our
eventual conclusions to the strength of the interaction be-
tween unlike atoms in the cluster, we have generalized the
combining rules for unlike atoms to be

(gii+03)
Uij=_L2—”,' - (2)
Ej=0O €€ 7 (3)

When a=1, Eq. (3) becomes the standard Berthelot—
Lorentz rule. When « differs from 1 the interaction be-
tween unlike pairs of atoms increases or decreases depend-
ing on the magnitude of a. As will be seen in the next
section, the structural behavior of the bimetallic clusters
considered here proved to depend sensitively on a.

It is well known that simple pairwise potentials do not
provide an accurate description of the interactions between
metal atoms where many-body effects play a crucial role.
Recently, Daw and Baskes!” have proposed a semiempir-
ical method for the computation of energies of metallic
systems. This interaction, called the EA potential, assumes
that the energy of the system is given by two contributions;
the energy necessary to embed an atom into the local elec-
tron density of the remainder atoms, and an electrostatic
interaction that is represented in a pairwise fashion. These
contributions are determined empirically by fitting several
parameters to properties of the bulk material. This poten-
tial has been applied to a wide variety of problems includ-
ing surface reconstruction studies,!® the investigation of
surface segregation in alloys,” and the study of liquids.?°
More recently, Vlachos, Schmidt, and Aris?! have used this
potential in the study of the structural behavior of small
nickel clusters. They found that for clusters of size n=2-7,
9-15, and 19, no significant structural differences were ob-
served between EA and LJ results. We have performed

1429

several exploratory calculations using this potential. As
will be discussed later, our results were in general agree-
ment with Vlachos ef al. for 13 atom clusters; no qualita-
tive differences between the structure of the LJ and EA
clusters were observed.

Physical clusters in the gas phase have finite vapor

pressures, and evaporation processes imply that the notion
of a cluster must be defined with care. We have adonted the

& LAuaol 1210sL VO QUILLIICK ivii Vaio. T ALGYU GuUpliLa wav

definition used by Lee, Barker, and Abraham? of confining
the atoms to a perfectly reflecting constraining potential of
radius R, centered on the center-of-mass of the cluster. For
all calculations performed in this work the constraining
radius was set to 30, where o; is the LY parameter for
palladium. This radius was large enough to allow free
movement of the atoms through physically significant re-
gions of configuration space but small enough to force any

1 tn tha nlngter in tima cralage charnt
evaporations to return to the cluster in time scales short

compared to the total simulation time.

B. Computational approach

In the calculations that are discussed in the next sec-
tion, we have investigated the configurations of the
icosahedral-like isomers of the alloy clusters, and we have
used Monte Carlo methods to investigate the thermody-
namic properties of the clusters. In addition to their intrin-
sic interest, the set of icosahedral isomers is important be-
cause in standard Metropolis Monte Carlo methods,?>?* it
is convenient to begin the simulations with the most stable
structures. The difficulties associated with finding absolute
minima for one component clusters are considerable. The
difficulty is more severe in alloys because of the signifi-
cantly larger number of isomers available. To obtain an
understanding of the isomeric structures, a simulated an-
nealing procedure based on Brownian dynamics was used.
This same method was used in previous studies of hydro-
gen fluoride clusters”® and argon clusters adsorbed on
graphite.!> In this approach, the motions of the particles
are propagated according to the Langevin equation

dv,

e YV,+ F1+‘_ F,, (4)
where ¥ is a friction constant, v; is the velocity of particle
i, m; is the mass of particle i, F, is the force on particle {
from the other particles, and F, is a random force. The
properties of F, and the method used to solve Eq. (4) are
given in Chandrasekhar’s classic review of Brownian mo-
tion.2® Equation (4) was solved at an initial temperature of
4951 K (the well depth of the Pd-Pd interaction potential)
for a warm-up period. At this temperature the system is
hot enough to behave as a liquid, hence allowing for a more
efficient sampling in the annealing procedure. This
warm-up period was followed by instantaneous cooling to
0 K. To increase the confidence that this procedure located
the absolute minimum in the potential energy surface, from
1000 to 2000 trajectories were calculated for each cluster
considered here.

J. Chem. Phys., Vol. 98, No. 2, 15 January 1993
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The constant volume heat capacity of clusters consist-
ing of n particles was calculated using the standard expres-
sion in terms of the energy fluctuations of the system
(VY —(¥)> 3nkp

-t 2 ®

In Eq. (5) V is the potential energy, T is the temperature,
and kp is the Boltzmann constant. Attempts were made to
evaluate the canonical averages appearing in Eq. (5) with
standard Metropolis Monte Carlo methods. 2 However, as
in single component clusters, quasiergodicity difficulties
were encountered.'® To solve the quasiergodicity difficul-
ties in the Monte Carlo simulations, we used the J-walking
method.® This approach is based on coupling the usual
Metropolis random walk with periodic jumps to another
random walker at a higher temperature. In the standard
Metropolis algorithm, a random walker samples configu-
ration space from an initial position x; to a final position x
with a probability of acceptance

p=min[1,q(xs|x)]1, (6)

where

SCxi|xp)plxg)
q(xflxl)_s(xflxi)p(xi)’ (7)
p(x) is the Boltzmann distribution, and S(x’|x) the sam-
pling distribution that is usually generated from uniform
deviates over a finite range.”’ In the J-walking technique
the sampling distribution for the jumps is the Boltzmann
distribution at a higher temperature 3,

Sy(x'|x)=Z""exp[—B ¥ (x")], (8)

where Z is the standard configurational 1ntegra1 Using Eq.
(8) g{x'|x) becomes

g(x'|x) =exp{(B,—B) [V (x") —V(x)]}. (9)

By periodically jumping to the high temperature distribu-
tion and using Egs. (6) and (9) to insure detailed balance,
ergodicity can be achieved in Monte Carlo simulations at
the low temperature. As we shall discuss shortly, the
J-walking algorithm proved to be valuable in the current
work.

. SIMULATED ANNEALING RESULTS

In this work we investigated the thermodynamic and
structural properties of Pd;Ni;. We chose a 13 atom cluster
because previous computational work 1213 6n single com-
ponent “magic numbered” clusters (e.g., 13) have found
anomalies in the heat capacity in the coexistence region.
The coexistence phenomena are caused by isomerizations
between several solidlike and liquidlike structures and are
similar to melting in bulk materials. As we shall see, in
addition to heat capacity anomalies that arise from solid—
liquid coexistence phenomena, additional peaks in the heat
capacity will be found at low temperatures from isomer-
izations to different icosahedral-like structures in Pd¢Ni,.

To gain more understanding of the low energy isomers,
simulated annealing was used to explore the potential en-

nd D, L. Freeman: A study

of low tempera

FIG. 1. The lowest energy structure of Pd¢Ni; for a

Q. In this com-

=1
pletely segregated structure with a mixing number of 16, the shaded
atoms are palladium and the unshaded atoms are nickel.

ergy surface. To describe the interaction energy between
unhke atoms, a was allowed to range between 0.95 and 1.1.

To characterize the arrangement of atoms in a specific
cluster, we defined the mixing number, M y, to be the num-
ber of Pd-Ni nearest-neighbor interactions in a particular
cluster. M was computed by counting the number of dis-
tinct Ni—-Pd interatomic separations that are < 1.50w;_pa-
This distance was chosen to allow for fluctuations in the
bond length around the equilibrium Pd-Ni distance. The
mixing number provides a measurement of the extent of
heterogeneity in the cluster. For example, in a 13 atom
icosahedral cluster there are a total of 42 bonds; if the
structure is completely segregated (Fig. 1) the mixing
number is 16, whereas for a completely mixed cluster My
is 26 (Fig. 2).

Figure 1 shows the minimum energy configuration for
the Pd¢Ni; cluster for ¢=1.0 obtained from the simulated
annealing procedure. It can be seen that an icosahedral-like
structure is obtained, similar to the one observed for pure
Ary; in the vapor phase.***® The arrangement of atoms
form a completely segregated structure with a mixing num-
ber of 16. Several minima were found in the potential en-
ergy surface for this cluster, all having icosahedral-like
structures, but with different mixing numbers. For exam-
ple, the second lowest energy equilibrium structure is a
slightly distorted icosahedron with a mixing number of 18.
The second and third columns of Table I show the total
energy and mixing number for the first five isomers for
a=1.0. It can be seen that for this sequence of isomers as
the total energy increases the mixing number also in-
creases. An understanding of the relation between M y and
energy can be attained with simple bond counting argu-

FIG. 2. The lowest energy structure of PdgNi; for ¢=1.06. In this mixed
structure with a mixing number of 26, the shaded atoms are palladium
and the unshaded atoms are nickel.

J. Chem. Phys., Vol. 98, No. 2, 15 January 1993
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TABLE I Total energy and mixing number for the lowest five equilib-
rium configurations of a Pd¢Ni, cluster obtained from simulated anneal-
ing using differing variables of a.

a=1.0 a=1.06
Isomer Energy® My Isomer Energy® My
1 -50.631 18 16 1 —52.233 46 26
2 —50.593 03 18 2 —52.162 41 24
3 —50.576 54 18 3 —52.152 31 24
4 —50.538 60 20 4 —52.154 06 24
5 —50.521 91 22 5 —52.095 09 22

*The total energy is expressed in units of €py_pq.

ments similar to those used elsewhere,”*? in rationalizing

the structures of pure clusters. In bond counting schemes
we take the contribution of one Pd-Pd nearest-neighbor to
the interaction energy to be 1.0 epy_pg, whereas Ni-Pd and
Ni-Ni near neighbors contribute 1.104 epy p4 and 1.218
€pg-rg» Tespectively. In the completely segregated structure
there are 16 Ni-Ni near neighbors, 16 Pd—Ni near neigh-
bors, and 10 Pd-Pd near neighbors, giving an interaction
energy of 47.152 e€pg_pg- On the other hand, the second
lowest equilibrium structure, having a mixing number of
18, has 15 Ni-Ni bonds, 18 Ni-Pd bonds, and 9 Pd-Pd
bonds, for an interaction energy of 47.142 €py_py. By sim-
ply combining the interaction energy contribution from
nearest neighbors one obtains the same qualitative results
as the detailed calculation. It is important to notice that the
difference in energy between the first five lowest energy
structures is small. For example, the difference between the
first and the second lowest energy structure is 189 K. This
small difference in energy suggests that at low tempera-
tures several icosahedral-like isomers, only differing in
mixing number, should be accessible by the system.

Figure 2 shows the minimum energy configuration for
the PdgNi, cluster for a=1.1. As in the previous case, the
lowest energy configuration has an icosahedral-like struc-
ture. However, in contrast to the case that a=1.0, this
cluster has a completely mixed structure, i.e., mixing num-
ber 26. Columns five and six of Table I show the energy
and mixing number for the first five lowest isomers for
a=1.1. For a=1.1 the energy gap between the different
isomers is larger than for a=1.0. Accessing these low lying
isomers at low temperature will be less probable. As op-
posed to the behavior observed for a=1.0, as the mixing
number decreases the energy of the bimetallic alloy in-
creases. Interestingly, these results show a strong depen-
dence between the mixing number and the value of . By
changing a by 10% a significant change in the qualitative
structural nature of the cluster alloy is observed.

To understand in more detail the dependence of struc-
ture on a, additional annealing studies were performed
using several a values ranging from 0.95 to 1.2. Figure 3 is
a graph of the mixing number of the lowest energy config-
uration obtained from simulated annealing as a function of
a. For values of a smaller than 1.0 the mixing number of
the lowest energy configuration is always 16, whereas for
values of a greater than 1.0225 the mixing number of the

26 T ¥ T T P T g T T

24 - A

22 | -

My

18 b

- 094 098 102 1.06 1.1 1.14

FIG. 3. The mixing number M of the lowest energy structure of Pd¢Ni,
as a function of a. The rapid change in M with « is apparent.

lowest energy configuration is always 26. Values of o be-
tween 1.0 and 1.0225 show intermediate mixing numbers
for the lowest energy structure. The transition between
completely segregated structures and mixed structures as a
function of « is remarkably steep.

Simulated annealing studies were also performed using
the EA potential. The results obtained were in qualitative
agreement with the LJ results obtained for a=1.06. The
lowest equilibrium structure found when the EA potential
was used was a slightly distorted icosahedron with a mix-
ing number of 26. Examination of the potential curve for
Pd-Ni using the EA potential showed that this potential is
similar to the simple LJ potential with «=1.06. Moreover,
examination of three-body effects using the EA potential
seems to suggest a small contribution to the energy. To
analyze the contribution of three-body effects we examined
how the interaction energy between two atoms was modi-
fied by the presence of a third atom. As the third atom
approached the other two in a direction perpendicular to
the diatomic bond, we observed that the energy varied by
only 10%. This same variation was found for pure metals
as well. Consequently, the qualitative nature of the ther-
modynamic properties obtained using either the LJ or the
EA potentials can be expected to be the same. Because the
computational overhead is high when the EA potential is
used, we used the LJ potential with a=1.0 and 1.06 in the
Monte Carlo simulations that follow.

J. Chem. Phys., Vol. 98, No. 2, 15 January 1993



1432

220 T T T T T T T T T

20011 -
180 | 4
160 .

140 1

T

< Cy >120

100 |

80

60

40 1

20

0 2 4 6 8 10 12 14 16 18 20
T x 10~2

FIG. 4. The constant volume heat capacity of Pd¢Ni; with a=1.0 as a
function of temperature calculated using Metropolis sampling. The curve
connecting the points represented by squares was generated using the
lowest energy structure as the initial configuration and the curve connect-
ing the points represented by diamonds used random initialization. The
large error bars at low temperatures with random initialization is a result
of quasiergodicity difficulties.

IV. MONTE CARLO CALCULATION OF THE HEAT
CAPACITIES

The heat capacity at each temperature was calculated
from 100 independent initialized walks, each consisting of
10° warm-up moves followed by 10° moves where data
were accumulated. Two different starting configurations
were used as input for the Monte Carlo simulation; the
lowest energy equilibrium configurations at 0 K, and a
randomly initialized cluster. The particles were moved us-
ing a Metropolis box size such that 50% of the moves were
accepted.

Figure 4 shows the heat capacity as a function of tem-
perature for the Pd¢Ni, cluster for ¢=1.0. The lower curve
(connecting points represented by squares) corresponds to
initialization from the lowest equilibrium structure and the
upper curve (connecting points represented by diamonds)
corresponds to a random initialization. It can be observed
that in both cases a coexistence region similar to the one
observed for pure argon'>!* is obtained. The maximum in
the coexistence region occurs at 1600 K. However, at low
temperatures, different behavior between the two initializa-
tions is observed. The lower curve shows no apparent
anomalies in the heat capacity; the usual monotonic de-
crease with increasing temperature is observed. The ran-
domly initialized curve shows large values and fluctuations

G. E. Lopez and D. L. Freeman: A study of low temperature heat capacity

of the heat capacity in the low temperature regime. It is
clear in the former case that improper sampling of config-
uration space severely affects the computation of the heat
capacity. From the simulated annealing results it is ex-

" pected that at low temperature several isomers should be

accessed. For inijtialization from the lowest energy config-
uration it was found that the average mixing number was
16. Hence, even starting with the lowest equilibrium geom-
etry at 0 K, quasiergodicity difficulties can be expected.
To eliminate quasiergodicity problems we have used
the J-walking method introduced by Frantz et al. B In this
approach the usual Metropolis random walker is coupled
with another walker at a higher temperature to which pe-
riodic jumps are attempted. The J-walker distributions
were generated in stages, just as in the previous work using
the J-walking method. An initial distribution was gener-
ated at T=2073 K from a long run consisting of 1X 108
warm-up moves followed by 5X 107 moves where a config-
uration was stored every 1000 moves. The high tempera-
ture and the large number of steps used to generate the
J-walking distribution ensure full sampling of configura-
tion space, hence reducing quasiergodicity. This distribu-
tion was used to generate additional J-walking distribu-
tions over the temperature range of 207 < T <2073 with a
mesh size of AT =207 K. For example, the 1866 K distri-
bution was generated from 5X 10° warm-up moves fol-
lowed by 5X 10® moves with a configuration stored every
100 moves and jumps attempted to the 2073 K distribution
every 10 moves. This resultant distribution was used to
generate the 1659 K distribution, and so on. The distribu-
tions were generated and saved in an external array. For
the range of 20< 7 <207 K a step size of A=20 K was
used in order to obtain appreciable overlap between the
low temperature and high temperature walkers. This di-
chotomy between two regimes of temperature will be dis-
cussed below. For the J-walking temperatures used in this
study, from 20% to 40% of the attempted jumps were
accepted depending upon the particular temperature range.
Figure 5 shows the heat capacity as a function of tem-
perature for the Pd-Ni bimetallic alloy with =1.0. The
lower curve (connecting points represented by pluses) rep-
resents initialization from the lowest energy configuration
using standard Metropolis sampling and the upper curve

(connecting points represented by diamonds) represents

random initialization with J-walking. It can be observed
that in the melting region, the behavior of both curves are
similar, although the J-walking generated curve is
smoother. Examination of the standard deviation in the
heat capacities as a function of temperature (Fig. 6) shows
a decrease in the fluctuations in the melting region when
J-walking is used. This behavior is similar to that observed
by Frantz et al.'® for an Ar, cluster. As previously stated,
at low temperatures the standard Monte Carlo results
show no anomalous behavior in the heat capacity. How-
ever, the J-walking curve shows a small maximum in the
heat capacity in the region of 42-207 K. As in the melting
region this anomaly in the heat capacity is caused by the
accessibility of high energy isomers in that temperature
regime.

J. Chem. Phys., Vol. 98, No. 2, 15 January 1993
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FIG. 5. The constant volume heat capacity of Pd,—Ni; with a=1.0as a
function of temperature. The curve connecting points represented by
pluses was generated using Metropolis sampling with the lowest energy
structure as the initial configuration and the curve connecting points
represented by diamonds was generated using J-walking with random
initializations. The melting anomaly is evident by the maximum at 1600
K and the mixing anomaly is evident by the maximum at 75 K.

To characterize this low temperature isomerization
phenomenon in more detail, the fraction of isomers with a
given mixing number was calculated. For this purpose we
have defined X to be the fraction of configurations in the
simulation at temperature T having mixing numbers asso-
ciated with the lowest energy structure. For a=1.0, X,
corresponds to the fraction of configurations with mixing
number equal to 16. For a=1.06, X; corresponds to the
fraction of configurations with mixing number equal to 26.
As stated before X was equal to 1.00 for all temperatures
below 415 K using standard Monte Carlo and initialization
from the lowest equilibrium structure. Figure 7 shows X,
as a function of temperature for two different values of a.
The data were accumulated using the J-walking Monte
Carlo technique in the same manner as in the computation
of the heat capacity as described above. For a=1.0 (lower
curve with points represented by diamonds), it is observed
that only at low temperature is X;=1.0. At a temperature
of 104 K other isomers are accessed, and X; decreases. In
the same range of temperatures where the anomalies in the
heat capacities are observed, a rapid drop in X, occurs.
Accessibility of high energy isomers with different mixing
numbers at low temperatures causes the anomaly in the
heat capacity.

As stated previously, the temperature step size that
was used to generate the J-walking configuration in the

[ 1.2 T T T T T T T T T ¥

a(Cy) 06} -

T x 1072

FIG. 6. The standard deviation of the heat capacity as a function of
temperature. The curve connecting the points represented by diamonds
was generated with Metropolis sampling using the lowest energy structure
as the initial configuration and the curve connecting the points repre-
sented by pluses was generated with J-walking using random initializa-
tions. The significant improvement in the fluctuations of the heat capacity
from J-walking is evident.

region where the low temperature anomaly was observed,
had to be reduced by about a factor of 10 to attain accept-
able overlap between the low temperature and the high
temperature walker. If the step size was not reduced the
acceptance probability was nearly zero. The overlap be-
tween the configurations in the J-walking algorithm can
provide information related to physical processes that
might be occurring in certain temperature regimes. '
Figure 8 shows the heat capacity as a function of tem-
perature for a=1.06. As in Fig. 5, the curve connecting the
points represented by diamonds is the Metropolis result
from an initialization to the lowest energy structure and
the curve connecting the points represented by pluses is the
J-walking result generated with random initializations. For
a=1.06 the difference in energy between the different iso-
mers is greater than when a=1.0. At low temperatures for
a=1.06 we observe a heat capacity anomaly occurring at a
higher temperature but with a smaller maximum that for
a=1.0. In examining the upper curve in Fig. 7 (with cal-
culated points represented by pluses), it can be noted that
although higher energy isomers are being accessed at low
temperature, the fraction in the ground state is larger than
when a=1.0 and X; decreases almost linearly with in-
creasing temperature. Consequenily the low temperature
anomaly in Fig. 8 is flatter and shifted to a higher temper-
ature than the low temperature anomaly depicted in Fig. 5.
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FIG. 7. The fraction of configurations having mixing numbers associated
with the ground state isomer as a function of temperature. The curve
connecting points represented by diamonds is for a=1.0 and the curve
connecting points represented by phises is for = 1.06. The rapid decrease
in X, with temperature for ¢=1.0 matches the low temperature heat
capacity anomaly in Fig. 5.

For a==1.06 there is not a rapid drop in X; with temper-
ature. The more gradual decrease for ¢=1.06 is caused by
the larger gap between the lowest energy isomer and the
higher energy isomers. ’ '

V. CONCLUSION

We have demonstrated the existence of low tempera-
ture isomerization transitions in alloy clusters where the
structural integrity of the cluster is maintained but the
connectivities of the constituent atoms are changed. These
isomerization transitions are reminiscent of order—disorder
transitions observed in some bulk alloy materials.'* It
would be of interest to examine the heat capacity of
palladium-nickel alloy clusters as a function of cluster size
to determine whether the low temperature anomaly ob-
served here would persist. Furthermore a study of the heat
capacity of a 50% mol mixture of palladium-nickel alloy
in the bulk using the same potential model used in this
work would show whether a disordering transition occurs
in bulk phases of this system. Work on these issues are in
progress.

The entropy change AS, associated with the low tem-
perature isomerization transition can be calculated from
the data given in Fig. 5 using the expression

T ACdAT

10
T (10)
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FIG. 8. The constant volume heat capacity of PdgNi; with a=1.06 as a
function of temperature. The curve connecting the points represented by
diamonds was generated using Metropolis sampling with the lowest en-
ergy structure as the initial configuration and the curve connecting points
represented by pluses was generated using J-walking with random initial-
izations.

where T is a temperature just above the low temperature
anomaly and AC, is the difference in the heat capacity
calculated with and without J-walking. The values of en-
tropy changes so calculated in other ordering transitions
can be used to generate physical models useful in the in-
terpretation of a transition.* Using trapezoid quadrature,
in our case we find AS,/k ;=4.8 for the case that a=1 and
AS,/k p=2.9 for the case that &=1.06. Because it was not
practical to locate all icosahedral-like structures with the
Brownian dynamics method used in this work, we did not
have sufficient data to explain the calculated values of the
entropy change for the transition with a simple model.
However, the magnitude of AS, is a measure of the signif-
icant number of isomers accessed by the J-walking calcu-
lation in the transition region.

It is important to recognize that the results reported in
this work are computations based on a simple potential
model of nickel-palladium alloy clusters. The intermolec-
ular forces in the real physical system can be expected to be
much more complex, and we make no prediction of any
heat capacity anomalies that might be present in the real
system. The significant sensitivity of the low energy struc-
tures to a suggests that the physical system may behave
differently than the calculations predict. However, low
temperature heat capacity anomalies similar to those found
here can be expected to occur in a variety of physical sys-
tems. The current calculations propose the kinds of cir-
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cumstances that the anomalies might be found to occur.
Continuing investigations seeking heat capacity anomalies
in other physical systems are in progress.
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