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Order~-disorder transitions at and segregation to the (001) surface of Ni-Pt alloys have been investigated by a recently
developed free energy simulation method, where the atomic interactions are described using the embedded atom method (EAM)
potentials. On the Ni-rich side of the phase diagram, we observe a second order, order~disorder phase transition on the (001)
surfaces at temperatures well above the bulk phase transition temperature. At the transition temperature, the first (002) atomic
plane changes from a disordered plane to an ordered one with the o2 X 2) pattern. The second {002) plane changes from a
disordered plane to a nearly pure Ni plane. Subsequent planes retain their essentially bulk-like, disordered structure, We also
observe first order, order—disorder surface phase transitions on the Pt-rich side of the phase diagram. At the transition
temperatures, the first and third (002) planes become nearly pure Pt and the second plane becomes nearly pure Ni. The effect of
the surface transitions on the thermodynamic properties of the surfaces, such as enthalpy and vibrational and configurational
entropy, are also investigated. It is shown that the ordering surface transition upon cooling the Ni-rich sample is enthalpically
driven. The present simulations also show the importance of including atomic vibrations in surface segregation studies. Atomic

vibrations have been typically omitted in previous lattice gas descriptions of surface segregation.

1. Introduction

Structure and composition of surfaces in alloys
are of great importance in catalysis, corrosion,
etc. The properties and behavior of surfaces are
sensitive to variations in the properties of the
bulk material. Nonetheless, the structure and
composition of surfaces can be very different
from those in the bulk due to the different atomic
environment at the surface. The change in atomic
environment may lead to surface relaxation, re-
construction, segregation, and phase transitions.
For example, the (001) surfaces in Au-rich Cu;Au
[1] and stoichiometric Cu;Au [2] alloys have been
observed to remain ordered at temperatures
above the bulk order—disorder transition temper-
ature, where the bulk alloy is disordered. Surface
phase transitions associated with surface miscibil-
ity gaps have been observed at the (111) surfaces
of Ag-Cu [3,4] alloys. Several calculations [5-11]
have been performed to investigate surface segre-
gation in binary systems. Many of these studies
were based on the lattice gas model, which as-

sumes fixed bond strengths, all atoms at perfect
crystal locations and ignores the vibrational ef-
fects on the surface segregation. In these studies
the surface relaxation is either ignored or is in-
cluded simply as a variational parameter. In this
study, we employ a recently developed [12] free
energy simulation method and the embedded
atom method (EAM) interatomic potentials [13]
to study the behavior of (001) surfaces in two
Ni-Pt alloys. Within the framework of the free
energy simulation method, the atomic vibration,
atomic relaxation, and atomic site occupancies
are all consistently determined from the EAM
description for the atomic interactions.

Surface segregation in the Ni-Pt binary alloys
has recently received extensive experimental at-
tention [14-18)]. The (001) and (111) surfaces of
the alloy with equal Ni and Pt content was experi-
mentally found to be strongly enriched in plat-
inum, while the next atomic plane under the
surface is enriched in nickel [14,16]. Deeper
atomic planes were found to have essentially the
bulk composition. On the other hand, the same
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experimental techniques have shown the reverse
segregation tendencies at the (110) surface; the
first plane becomes strongly enriched in nickel
while the second plane is enriched in platinum.
Similar surface segregation behavior has been
observed in the 10% platinum alloys. All of these
measurements were made on samples which were
annealed at temperatures well above the critical
temperature for this alloy (918 K). There have
been several theoretical studies of surface segre-
gation in the Ni—Pt binary system [5,9] which are
in reasonable agreement with the experiments.
However, in many cases these simulations were
not performed in the same region of the phase
diagram as the experiments. In some of these
studies [9], the simulations were performed within
the two phase region of the phase diagram (for
the interatomic potentials employed) with the
bulk artificially constrained to be disordered. It
were these results which were compared with the
experimental data corresponding to equilibrium
at temperatures much higher than the bulk or-
der-disorder temperature.

In the present paper we examine the order-—
disorder phase transitions at and segregation to
(001) surfaces in the Ni-Pt alloy system using
EAM potential for Ni—Pt binary alloys. Care was
taken to guarantee that the simulations were all
performed within the correct region of the phase
diagram for these interatomic potentials. A series
of simulations were performed in both Ni and
Pt-rich alloys at a series of temperature from
much above T, to very close to the two phase
region. In the following section, we describe the
free energy simulation method and present the
equilibrium phase diagram for the EAM Ni-Pt
alloy system. The effects of atomic vibration and
surface relaxation on the surface segregation are
presented in section 3. We show, in section 4,
how the (001) surface segregation changes as the
bulk phase transition temperatures are ap-
proached.

2. Method

The local harmonic (LH) model [19] has been
applied with considerable success to perfect and

defected single component solids [20,21]. In this
model, the classical vibrational contribution to
the free energy for a single component system is
given by

A kT% il g 1
voBT len 2mkgT |’ (1)

where kgT is the thermal energy, & is Planck’s
constant, N is the total number of atoms in the
system, and w;;, w,,, and w;; are the three vibra-
tional frequencies of atom i. These frequencies
may be determined in terms of the local dynami-
cal matrix of each atom D,z = (3°E /8x,, 3x,5),
where the x,; correspond to displacements of
atom i in some coordinate system.

In order to study binary alloys within the frame
work of the LH model, an effective atom is as-
signed to each atomic site which has an effective
mass m; =x,(i)m, +x,({)m,. Here, x,(i) is the
probability that atomic site { is occupied by an
atom of type “a” and, correspondingly, x,(i) =1
—x,(i) is the probability that the same atomic
site is occupied by an atom of type “b”. The
vibrational contribution to the free energy is de-
termined from the appropriately averaged local
dynamical matrix (for details see ref. [12]). The
configurational entropy is written using the
Bragg—-Williams or point approximation as

N
Se=—kg X {x,(i) In[x,(1)]

i=1

+xy(1) In[xb(i)]}' (2)

In the simulations described below, we employ
a reduced grand canonical ensemble, where the
total number of atoms remains fixed but the
relative quantities of each atomic species varies.
The appropriate thermodynamic potential for this
type of ensemble is the grand potential and is
given by

N
Q=A+Ap Y x,(i)

i=1

N
—E+A,~ TS+ Au L x,(i), (3)
i=1
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where A is the Helmholtz free energy, E is the
static energy (obtained via an interatomic poten-
tial), and Ay is the difference in chemical poten-
tial between atoms of type “a” and “b”. Given
Ap, the equilibrium concentration at each site
can be determined by minimizing {2 with respect
to the site concentrations x,(i).

Surface free energy in this ensemble is defined
by the following equation:

Y(Bp, T) = [2(Ap, T) — Q2 (Au, T)] /A,
(4)

where (2 and (2 are grand potential energies of
the surface and perfect system, respectively. The
surface free energy is normalized by the surface
area, A,.

The geometry of the simulation cell used in
this study is described in detail elsewhere [19].
Parallel to the surface, periodic boundary condi-
tions are employed. The simulation cell in the
plane of the surface was 4a; X 4a,, where a, is
the equilibrium lattice parameter. The simulation
cell is bonded to an infinite block of structurally
perfect crystal far from the surface. In the direc-
tion perpendicular to the surface, at least 10
(002) planes were allowed to relax. The lattice
constant and site concentrations in this block are
held fixed during the course of simulation and
have the same values as those determined at the
desired temperature and chemical potential dif-
ference for the bulk phase.

In the present simulations, the atomic interac-
tions were modeled using the well known EAM
alloy potentials (see ref. [13] for details). These
potentials were fit to bulk thermodynamic, va-
cancy formation energy, and dilute heat of solu-
tion data. The solid portion of the calculated
phase diagram for the Ni-Pt alloy system deter-
mined using the EAM interatomic potentials and
the free energy simulation, described above, is
shown in fig. 1. We note that the phase diagram
for the Ni—-Pt model system is not in quantitative
agreement with the experimental phase diagram.
This is partly due to the assumptions made in the
approximation of the free energy and errors in
the EAM description of the atomic interactions.
The predicted structure for the Ni,Pt phase is
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Fig. 1. The solid regions of the bulk Ni-Pt phase diagram
determined using the free energy simulation method employ-
ing EAM potentials.

L1, (Cu;Au), in agreement with experiment. The
model correctly predicts the absence of the Pt;Ni
phase. However, the model predicts that the sta-
ble Ni-Pt phase is B2 (CsCl) rather than the
experimentally observed L1, (CuAu) structure. In
this study, we are interested in understanding the
surface segregation and surface phase transition
behavior in a binary alloy as one approaches the
two phase regions on both the Ni-rich and the
Pt-rich sides of the model phase diagram from
high temperature. Therefore, while the results for
the Ni-rich side of the Ni-Pt phase diagram
should be reliable, the data obtained on the Pt-
rich side of the diagram should be viewed more
as a model study and only compared with experi-
ment with due caution.

3. Atomic vibration and surface relaxation effects
on segregation

Before we consider the variation in the surface
segregation with temperature specially as one ap-
proaches the bulk two phase regions, we first
examine the effect of atomic vibration and sur-
face relaxation on surface segregation. As men-
tioned above, most previous theoretical studies of
surfaces segregation in alloys neglected both
atomic vibrations at finite temperature and/or
surface relaxation. However, both of these effects
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Table 1

Pt atomic site concentrations on the top six (002) planes x,, and changes in the interplanar spacing 4,, ,,, for a Ni-Pt alloy with

10% Pt in the bulk at 1500 K

Pt atomic site concentration (% Pt)

Changes in interplanar spacing (%)

X1 X2 X3 X4 Xs Xe 4 Ay Ay
Case A: unrelaxed 24.05 7.01 10.97 9.72 10.08 9.98
Case B: positions 23.61 5.23 11.14 10.59 10.16 10.09 -0.74 -0.30 +0.16
Case C: vibrations 11.97 9.58 10.09 9.98 10.00 10.00
Case D: fully relaxed 11.94 9.35 10.17 10.00 10.02 10.01 -022 0.00 +0.03

The data labeled case A is determined with all of the atoms frozen at their T=0 K atomic positions and atomic vibrations are
ignored. The data in case B was determined by minimizing the free energy with respect to atomic positions and site concentrations,
however, the vibrational contribution to the free energy was omitted from the free energy. Case C is identical with case A, except
that atomic vibrations are included in the free energy expression. The data in case D was determined by relaxing the free energy
(including the atomic vibration contribution) with respect to atomic positions and site concentrations.

are fully accounted for in the Monte Carlo stud-
ies (see, for example the Cu-Ni alloy surface
segregation study in ref. [6]) in which all of the
atoms are free to move in throughout all of phase
space. We have previously demonstrated [12] that
the segregation profiles determined for several
different surface orientations in Cu-Ni using the
approximate free energy simulation method are
in very good agreement with the more accurate
Monte Carlo results using the same interatomic
potentials.

In order to determine the effect of atomic
vibration and surface relaxation on the (001) sur-
face segregation profile, we have performed a
series of calculations at bulk compositions of xg
= 10% platinum at 1500 K employing different
constraints: case A — no atomic relaxations and
no atomic vibrations, case B — with atomic relax-
ation but without atomic vibrations, case C — with
atomic vibrations but no atomic relaxations, and
case D — with atomic relaxation and atomic vibra-
tions. The composition profile is determined by
minimizing the grand potential, with respect to

Table 2

the site concentrations for cases A and C, and
with respect to the site concentrations and atom
positions for cases B and D. If atomic vibrations
are not included, the vibrational term in the
grand potential A, is set to zero. Table 1 shows
the Pt concentration (at%) on the top six (002)
planes and the change in the interplanar spacings
4,,+, (between the nth and n+ 1st atomic
planes) that occurs upon relaxation. Comparison
of the results from cases A and B show that
atomic relaxations do not significantly change the
segregation profile. This is particularly important
since the difference in the segregation to the first
layer (x; —xp) between the unrelaxed and fully
relaxed cases is of order 700% (cf. cases A, B and
D). Similarly, we find that the changes in the
interplanar spacings when the atomic positions
are relaxed but the atomic vibrations are not
included are also in poor agreement with the fully
relaxed (position and vibrations) surface (cf. cases
B and D). Comparison of cases A and C demon-
strate that inclusion of the vibrational entropy
has a profound effect on the equilibrium segrega-

As in table 1, but for the (111) surface of Ni-Pt where the bulk Pt concentration was 10% and T = 1500 K

Pt atomic site concentration (% Pt)

Changes in interplanar spacing (%)

X X2 X3 X4 Xs Xe 4 Ay 43
Case A: unrelaxed 36.23 2.44 14.46 7.97 10.96 9.59
Case B: positions 35.30 1.06 11.33 10.11 9.97 10.00 —1.11 —1.00 +0.16
Case C: vibrations 12.62 8.69 10.53 9.93 10.05 9.99
Case D: fully relaxed 12.71 8.39 10.44 9.92 10.01 10.00 —-0.12 -0.16 +0.03
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tion profile. Furthermore, the excellent agree-
ment between the segregation profiles for cases C
(with atomic vibrations) and D (fully relaxed),
further demonstrates that inclusion of the vibra-
tional entropy is the key and that surface relax-
ation has little effect and could be ignored in
determining surface segregation profiles. These
results further suggest that ignoring atomic vibra-
tions can lead to very large errors in determining
the degree of segregation.

We have also carried out a set of similar
calculations for (111) surfaces in the Ni—Pt alloy
system at the same temperature and bulk compo-
sition as for the (001) surface, reported above.
The results for the segregation profiles and the
change in the interplanar spacing are summarized
in table 2. Again, comparison of the different sets
of data clearly show that the effects of surface
relaxation on the segregation profiles is negligible
and inclusion of the atomic vibrations is crucial in
obtaining reasonable segregation profiles. In fact,
the effects of atomic vibrations is even more
pronounced on the {111) than it is on the (001)
surfaces.

4, (001) surface thermodynamics and
composition

4.1. Ni-rich alloys

The ordered alloy with the highest Ni concen-
tration is Ni,Pt (see fig. 1), which has the L1, or
Cu;Au structure. This structure is isomorphic
with the face centered cubic lattice, where Pt
atoms occupy the corners of the cubic unit cell
and Ni occupies the faces. Alternatively, this
structure may be described as consisting of four
interpenetrating simple cubic lattices. We find
that the stable (001) surface at low temperatures
consists of two interpenctrating square lattices
¢(2 x 2); one is Ni-rich while the other is Pt-rich.

At the highest temperature studied, T = 1500
K, the segregation profile for the (001) surface in
the xp = 5% Pt bulk composition alloy shows that
the first {(002) plane is enriched in platinum with
an average composition of 8.1% Pt (see fig. 2a).
The Pt concentration on the second (002) plane is
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Fig. 2. (a) The variation of the average (002) atomic plane Pt
concentration as a function of plane number (distance from
the surface) for 5% Pt and T =1500 K. (b) The average
sublattice concentrations on the first (002) plane as a function
of temperature for xp=35% (circles) and xg=1% Pt (di-
amonds). The large and small symbols represent concentra-
tions on two different sublattices of the (001) surface plane.
The inset shows the top four (002) planes of the disordered
{a) and ordered (b) surface phase. The grayness represents
the average site concentration which may vary from black to
white corresponding to pure Ni and Pt, respectively.

L

slightly enriched in nickel with an average Pt
concentration of 4%. More deeply buried (002)
planes have essentially the same composition as
the bulk (5% Pt). As the temperature is de-
creased from 1500 to 900 K in 50 uniform tem-
perature increments at fixed bulk composition in
the 5% Pt alloy, the segregation to the first (002)
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plane increases to approximately 20% and all of
the sites on the surface have the same composi-
tion: the (001) surface is compositionally disor-
dered in this temperature range. At 900 K, the
second (002) plane concentration is approxi-
mately 1% Pt and the third (002) plane is about
6% Pt and the subsequent planes are at the bulk
composition. In general, as the temperature is
lowered from 1500 K to 900 K, the Pt concentra-
tion on the first (002) plane and the Ni concen-
tration on the second (002) plane increase (see
fig. 2b).

When the temperature is decreased to below
900 K, we observe two distinct site concentrations
on the surface. These two types of atomic sites
are arranged in a c(2 X 2) (ordered mixed layer)
structure in which the corners of the squares are
all alike and are Ni-rich, while the center atomic
sites are indistinguishable and are Pt-rich. There-
fore, the surface undergoes a phase transition
from the disordered (1 X 1) structure to the or-
dered c(2 X 2) structure as the (001) surface is
cooled through 900 K. At 800 K, the Pt concen-
trations on the two sublattices of the first (002)
plane are about 1% and 58%. Subsequent de-
crease in temperature to 700 K (the calculated
bulk phase transition temperature for 5% Pt is
approximately 700 K — see fig. 1) does not quali-
tatively change the segregation profile. At 850 K
and below, the second (002) atomic plane exhibits
nearly uniform concentration, somewhat enriched
in Ni. By the third (002) plane, the Pt concentra-
tion approaches its bulk value — however, it ex-
hibits inequivalent site concentrations in the same
pattern as the surface. Beyond the third (002)
plane, the site concentrations are essentially at
their bulk values and no in-plane variations are
observed. The concentration distribution within
the first three (002) planes at 900 K> T > 700 K
is reminiscent of the L1, ordering in the bulk
below its order—disorder temperature (~ 700 K).

Fig. 2b also shows the results of simulations
performed at a bulk concentration of 1% Pt. At
this bulk composition, we find a similar (002)
surface phase transition from the disordered high
temperature phase to a ¢(2 X 2) ordered surface
at low temperature. This surface phase transition
occurs at T = 800 K, as compared with the bulk
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Fig. 3. Surface free energy as a function of temperature for
xg=15% Pt ((0) and (+)) and xg=1% Pt (¢ and (x)). The
(+) and (X) correspond to data obtained on cooling, while
the (O) and (<) correspond to heating.

ordering temperature of approximately 525 K in
the 1% alloy.

In order to determine the surface phase transi-
tion temperatures more accurately and to identify
the order of the surface phase transitions we have
calculated the surface free energies of the two
competing surface phases (when they are either
stable or metastable). We note that the disor-
dered phase observed at low temperatures is the
undercooled high temperature surface phase and
it remains stable against infinitesimal spatial con-
centration fluctuation, i.e. it is truly metastable.
In fig. 3, we show the variation in the surface free
energies for the ordered and disordered surfaces
with decreasing and increasing temperature for
both 5% and 1% Pt bulk compositions. Based on
figs. 2 and 3 surface phase transition tempera-
tures are determined to be about 875 and 775 K
for the 5% and 1% Pt bulk composition, respec-
tively. Since the slopes of the surface free energy
curves for the two competing surface phases are
indistinguishable at the transition temperatures,
we conclude that this order—disorder surface
phase transition is second order. On cooling
through the surface transition temperature, we
find that it is possible to obtain a metastable
disordered phase. However, heating through the
transition temperature, we find that the low tem-
perature ordered phase is not even metastable.
The lack of a metastable phase on both sides of
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the transition temperature indicates that this is
not a first order transition and the presence of a
metastable phase on one side of the transition
temperature is not inconsistent with a second
order transition.

4.2. Pt-rich alloys

As discussed in section 2, the EAM Ni-Pt
alloy potentials do not yield the experimentally
observed NiPt structure. While use of the EAM
interatomic potentials predicts that the B2 (CsCl)
structure is stable, the experimentally observed
structure NiPt is L1, (alternating Ni and Pt (002)
layers in a nominally fcc lattice). Our simulations
on Ni-rich Ni-Pt alloys indicated that the ob-
served surface phases that occur close to, but
above, the two phase region are intimately re-
lated to the phases present in the lower tempera-
ture two phase region. Therefore, the applicabil-
ity of the simulation results on the Pt-rich side of
the phase diagram must be viewed with due cau-
tion. Nonetheless, we note that in some closely
related alloy systems, e.g., in CuPd, the B2 is the
stable structure. As a result, we believe that the
results obtained on the Pt-rich side of the Ni-Pt
phase diagram should be viewed as prototypical
of a different class of order—disorder transitions
than we observed on the Ni-rich end of the phase
diagram, where both the ordered and disordered
phase share the same fundamental lattice type —
fcc. This other class of order-disorder surface
phase transitions is one from a disordered high
temperature phase (fcc) to an ordered low tem-
perature phase with a different fundamental lat-
tice type (i.e., the B2-CsCl structure shares the
same fundamental lattice type with a bce crystal).

Fig. 4 shows the variation of the platinum
concentration on the first and second (002) planes
with temperature at x5 =95% Pt and x5 =99%
Pt, as the temperature is reduced from the high
temperature disordered phase towards the two
phase region of the phase diagram (see fig. 1).
The concentrations within each (002) plane are
uniform. For the x5 = 95% Pt alloy at 1500 K, we
observe the nickel concentration on the first and
second (002) planes increases by 3 and 5.5%,
respectively, while it is decreased on the third
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Fig. 4. The average concentrations on the first two (002) plane
as a function of temperature for xy=95% (circles) and
xg=99% Pt (diamonds). The large and small symbols repre-
sent concentrations on the first and second (002) plane, re-
spectively. The inset shows the top four (002) planes of the
disordered (a) and ordered (b) surface phase. The grayness
represents the averaged site concentration which may vary
from black to white corresponding to pure Ni and Pt, respec-
tively.

(002) plane by 0.5%. The compositions of subse-
quent (002) planes are essentially the same as in
the bulk. As we decrease the temperature from
1500 to 1050 K in 50 increments, the segregation
profile remains essentially unchanged except that
the nickel concentration on the second (002) plane
increases and becomes larger than that on the
first (002) plane at ~ 1200 K.

With further decreases in the temperature be-
low 1050 K, we observe that the Pt concentration
on the second (002) plane drops from nearly 83%
at 1050 K to only 0.3% at 1000 K. When the Pt
concentration on the second (002) drops, the first
and third (002) planes become nearly pure plat-
inum and the fourth (002) plane becomes slightly
enriched in platinum with no significant changes
in the concentration of the subsequent planes.
Subsequent decreases in the temperature down
to 650 K do not result in significant further
changes in this segregation profile. Below 1050 K,
the concentration profile on the first three (002)
atomic planes that we observe are compatible
with the concentrations on the (002) planes of the
equilibrium B2 and with the L1, structure. Ac-
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Fig. 5. Surface free energy as a function of temperature for

xp=95% Pt ((0) and (+)) and xg=99% Pt ((<) and (X))

The (+) and (Xx) correspond to data obtained on cooling,
while the (©) and (¢) correspond to heating.

companying this phase transition from the disor-
dered to ordered surfaces in the Pt-rich alloys, we
also observe a discontinuous change in the spac-
ing between the first and second (002) atomic
planes and between the second and third (002)
planes.

We have performed a series of similar calcula-
tions in the xp=99% Pt alloy. The behavior
observed in this alloy is essentially the same as in
the x5 = 95% Pt alloy (see fig. 4) and the order—
disorder transition occurs near 850 K.

The variation of the surface free energy with
temperature is shown in fig. 5 for bulk composi-
tions of 95% and 99% Pt. Two sets of calcula-
tions were performed: by heating the system from
well below the equilibrium transition temperature
(where the surface is ordered) and by cooling the
sample through the surface order—disorder tem-
perature starting at very high temperature (where
the surface is disordered). The surface transition
temperatures, defined as the points where the
surface free energy curves for the two competing
surfaces cross, are 1100 and 850 K for bulk con-
centrations of 95% and 99% Pt, respectively. The
discontinuity in the slopes of the free energy
curves at the order—disorder temperature indi-
cates that this is a first order phase transition at
both bulk compositions examined. This is consis-
tent with the observed variation in the (002) plane

concentrations (fig. 4) with temperature — a dis-
continuous change in the order parameter (site
occupancies) is indicative of a first order phase
transition. On cooling the 95% Pt (99% Pt) sys-
tem from the disordered state, we find that the
surface does not become ordered until ~ 900 K
(~ 675 K). On heating the 95% Pt (99% Pt)
system from the ordered state, we find that the
surface does not become disordered until ~ 1175
K (~ 975 K). This hysteresis on temperature cy-
cling is another clear indication of a first order
surface phase transition.

5. Discussion and conclusions

The surface phase transitions observed in the
Ni-Pt binary model system are intimately related
to the phases present in the two phase regions for
the same bulk composition. For the ordered sur-
face phase on the Ni-rich side of the phase dia-
gram, the concentrations of the two sublattices on
the first (002) plane are 69.70 and 0.35% Pt when
the bulk composition is 5% Pt at 750 K. All of the
atomic sites on the second (002) plane have an
average composition of 0.1% Pt, while the aver-
age compositions on the two sublattices present
on the third (002) plane are 6.4 and 5.5% Pt. The
(001) surface ripples, with the Ni-rich sites being
Qisplaced towards the bulk by approximately 0.031
A more than the Pt-rich sites at 750 K. The
ordering and concentrations on the first two (002)
planes are similar to the two different (002) planes
in the Ni;Pt L1, ordered phase (see inset in fig.
2b). Although the composition of the two sublat-
tices represented on the third (002) plane are
very close, they are not identical and are ar-
ranged such that the Pt-rich site on the third
(002) plane is consistent with the L1, ordering
observed on the first and second (002) planes.
The surface ordering is essentially limited to the
first two (002) planes and does not grow until the
two phase region of the bulk phase diagram is
reached. In order to examine the stability of the
width of this ordered surface region, we per-
formed a series of simulations at 750 K and
xg=>5% Pt in which we started with different
numbers of ordered (002) planes (consistent with
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Fig. 6. The surface free energy and its enthalpic H, entropic —TS and segregation components —Au Ax,, as a function of
temperature for (a) xg = 5% Pt and (b) x5 = 95% Pt.

the L1, ordering) at the surface. We found that
when these structures were relaxed, the resultant
concentration distributions were the same and
were consistent with those reported above. There
is some experimental evidence [16] which shows
partial compositional ordering on the (001) sur-
face with x5 =10% Pt which is similar to the
surface ordering reported above.

The ordered (001) surfaces observed in the
Pt-rich side of the phase diagram are also closely
related to the corresponding two phase region.
As discussed above, the EAM potentials for Ni—Pt
alloys do not predict the correct structure for the
NiPt phase. At 750 K and x5;=95% Pt, the

50 — T

NA
g -0 .
=
g -150 N
S
vy 200 _
i
-250 -
-300 _
s b e L e b
600 800 1000 1200 1400 1600
T(K)

concentrations within each (002) plane near the
ordered surface are uniform and the first four
(002) plane compositions are 100.00, 0.01, 99.96,
and 96.13% Pt. The concentrations on the first
two (002) planes of the ordered surface are simi-
lar to those observed in the equilibrium NiPt (B2)
ordered phase (see inset in fig. 4). When the
ordering occurs, the interplanar spacing between
the top two (002) planes decreases significantly
(~13% of the bulk fcc lattice constant). This
pronounced decrease in the interplanar spacing
can be attributed to the difference in the lattice
constants of the NiPt alloy in the ordered (B2)
and disordered fcc phase. The [100] and [010]
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Fig. 7. Total entropic contribution to the surface free energy and its vibrational and configurational components as a function of
temperature for (a) xg = 5% Pt and (b) x5 = 95% Pt.
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directions in the ordered surface become the
[110] and [110] orientations in the fcc structure of
the bulk, respectively.

In order to identify the driving force for the
observed surface phase transitions we compare
the contributions of the surface enthalpy, en-
tropy, and segregation to the surface grand
potential free energy, {2, at temperatures
immediately above and below the transi-
tion temperature. The surface entropy, S.,.=
—(302,,+/9T),,, is calculated numerically by per-
forming simulations at fixed Au at different tem-
peratures. Fig. 6 shows the variation in the grand
potential free energy and its different compo-
nents with temperature for the 5% and 95% Pt
bulk compositions. At the surface order—disorder
phase transition for the Ni-rich compositions, the
slopes of all three components of the surface free
energy (i.e., the surface enthalpy, the surface
entropy, and the energy due to the platinum
segregation to the surface) change discontinu-
ously due to the second order character of the
transitions (see figs. 6a and 7a). The surface
entropy and the energy due to the platinum seg-
regation to the surface, —Ap Ax g, (Ax g IS
the total segregation to the surface region), in-
crease the surface free energy as the system is
cooled. On the other hand, the surface enthalpy
decreases the surface free energy on cooling. The
rate of decrease of the surface enthalpy and the
rate of increase of the surface entropy and the
energy due to Pt segregation, all increase sharply
as the system is cooled through the order—dis-
order transition temperature. Therefore, we con-
clude that the surface order—disorder phase tran-
sitions on the Ni-rich side of the phase diagram is
essentially enthalpic in nature. A similar analysis
of the surface free energy near the order—dis-
order transition on the Pt-rich side of the phase
diagram (see fig. 6b), shows that both the surface
enthalpy and total entropy favor a disordered
surface whereas the energy due to the Ni segre-
gation to the surface region favors surface order-
ing.

The surface entropies, in both the Ni-rich and
Pt-rich alloys, do not favor the surface phase
transitions when the temperature is lowered, as
described above (see fig. 6). Since the configura-

tional entropy of a disordered surface is larger
than that of an ordered surface, the configura-
tional surface entropy also does not favor the
ordering of the surface transitions. In order to
determine the effects of the vibrational entropy
on the surface phase transitions, we examine the
variation in both the vibrational and configura-
tional entropic contributions to the surface free
energy as a function of the temperature (see fig.
7). It is evident that on both sides of the phase
diagram, that the surface vibrational entropy also
favors disordered surfaces.

As was shown in the previous section, the
(100) surface order—disorder transition tempera-
tures for both the Ni- and Pt-rich alloys are well
above the bulk order—disorder transitions. A pre-
vious study [8] of a stoichiometric A;B alloy
(performed using a lattice gas model and the
cluster-variation method), showed that the (100)
surface may order at a temperature well above or
below the bulk order—disorder transition temper-
ature depending on the strength of the ordering
tendency in the bulk. However, that study ne-
glected the effects of atomic vibrations and sur-
face relaxation. While their conclusion [8] that
the (100) surface may order above or below the
bulk transition temperatures should remain valid,
inclusion of the atomic vibrations and surface
relaxation may significantly change the magni-
tude of surface order—disorder transition temper-
atures.

The results presented in section 3 demonstrate
that the effects of neglecting atomic vibrations in
the surface segregation calculations are very seri-
ous and would lead to erroneous results. The
effects of neglecting surface relaxation, on the
other hand, is rather small. One of the effects of
including atomic vibration in Monte Carlo or
molecular dynamics simulations, or including it in
an approximate form such as in this study, is the
variation in lattice constant with temperature. In
an attempt to determine whether the main effect
of atomic vibration on the surface concentration
profile can be captured by simply rescaling the
lattice constant to its appropriate, finite tempera-
ture value we rescaled all of the atomic positions
of the cleaved, unrelaxed crystal by the T = 1500
K equilibrium lattice constant (which was deter-



114 R. Najafabadi, D.J. Srolovitz / Order—disorder transitions at and segregation to (001) Ni—Pt surfaces

mined including atomic vibrations). The equilib-
rium concentrations were determined by minimiz-
ing the grand potential with respect to the atomic
site concentration with the atoms fixed at these
positions. The resultant Pt concentrations on the
first through fourth (002) atomic plane at T =
1500 K and xgz=10% Pt were 8.50%, 11.07%,
9.79% and 10.05%, respectively. Comparison with
the fully relaxed concentration profile (including
atomic vibration and atomic relaxation — case D),
presented in table 1, shows that including the
thermal expansion by rescaling the lattice con-
stant does not capture the effects of atomic vibra-
tion on the segregation profile. In this case, we
find that the nickel concentration on the first
(002) plane increases by 1.5% and on the second
plane decreases by 0.4%, while the equilibrium
segregation determined with the full relaxations
(case D) show the reverse segregation tendency:
i.e., the nickel concentration on the first (002)
plane is decreased by 2% and on the second
plane it is increased by 0.65%. Similar calculation
on the (111) surface at 1500 K and xy = 10% Pt,
where atoms were fixed at the fcc lattice positions
corresponding to the bulk lattice constant at 1500
K, shows the Pt concentrations on the first four
planes are 7.07%, 11.56%, 9.64% and 10.14%.
Again, comparison with the data in table 2 (case
D) further demonstrates that the effects of atomic
vibrations on the surface segregation cannot be
absorbed by a simple lattice constant rescaling
procedure. While simply rescaling the atomic co-
ordinates by the finite temperature lattice param-
eter does not yield the proper segregation profile,
it does reasonably predict the overall magnitude
of the segregation (compare these results with
case A).

A major point that has been ignored in several
of the previous surface segregation studies, is that
the calculations should be carried out at tempera-
tures and bulk compositions corresponding to
points in the single phase regions rather than two
phase regions of the phase diagram. The segrega-
tion profiles reported earlier [9], employing the
same EAM potentials used in the present study,
were determined at points in two phase regions
of the EAM phase diagram. Indeed, the author
of ref. [9] recognized that those simulations had

the fundamental flaw that the bulk concentra-
tions were oscillatory far below the surface.

In summary, we have investigated the order—
disorder phase transitions and segregation at the
(001) surface of a series of Ni-Pt alloys using
EAM interatomic potentials and a recently intro-
duced free energy simulation method. On the
Ni-rich side of the phase diagram, we observe
second order surface order—disorder phase tran-
sitions in which the first (002) plane becomes
ordered with the ¢(2 X 2) pattern and the second
plane becomes nearly pure Ni. On the Pt-rich
side of the phase diagram, we observe first order
surface order—disorder phase transition in which
the first and second (002) planes become nearly
pure Ni and nearly pure Pt, respectively. In both
cases, the surface order—disorder phase transi-
tion occurs well above the bulk phase transition
temperatures. The present simulations have also
demonstrated the overriding importance of in-
cluding atomic vibrations in analyses of surface
segregation.
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