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First-principles study of surface segregation in Cu-Ni alloys
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A method coupling electronic structure calculations with Monte Carlo simulations has been devel-
oped to determine surface compositions in Cu-Ni alloys. The calculations are based on an effective
Ising model with parameters as defined within the framework of the generalized perturbation method
and as calculated by means of the tight-binding version of the linear-mufFin-tin-orbital method.
Properties of Cu-Ni bulk alloys are discussed in terms of bulk effective interatomic interactions.
The composition profiles are obtained for the fcc (001) surface for three bulk compositions, namely,
Cu75Ni25, Cu50Ni50, and Cu25Ni75. The major role played by the layer-dependent site-diagonal
terms in the Ising model is emphasized. Our results are found to be in agreement with available
experimental data.

I. INTRODUCTION

In view of the technological importance of metallic al-
loy surfaces for catalysisl and problems of corrosion,
the phenomenon of surface segregation has been the sub-
ject of many theoretical and experimental stud-
ies. Qualitatively, surface enrichment and the expected
ordering or clustering can be understood in terms of
the variations in the electronic structure upon alloying
and the presence of an abrupt boundary, in terms of
which the surface has to be viewed. For bulk solids,
ordering and clustering phenomena are currently stud-
ied within a microscopic theory based on a generalized
three-dimensional (3D) Ising model. Two types of ap-
proaches have been developed to calculate the parame-
ters entering the 3D Ising model. The first one is the
so-called Connolly-Williams inversion s and the closely
related renorrnalized interaction method. These meth-
ods use standard Ob initio band-structure techniques as
applied to a suitably chosen set of periodic crystal struc-
tures, whose total energies are mapped onto the param-
eters of the Ising model. In the second approach, the en-
ergy of the completely disordered state as calculated by
means of the coherent potential approximation~e (CPA)
is the starting point. The Ising model parameters or ef-
fective cluster interactions are then calculated using the
embedded cluster method or the generalized pertur-
bation method (GPM), ~ i7 whereby the explicit expres-
sions for cluster interactions provide a physical insight
into the problem of ordering.

Only recently attempts were made to generalize the
GPM theory also to the case of alloy surfaces. In
the very first studies an empirical tight-binding model
was applied which used the recursion method and
described the semi-infinite solids by a finite cluster.
Recently a method for the calculation of the pa-
rameters for the SD Ising model for semi-infinite dis-
ordered alloys within the GPM approach, based on
the first-principles tight-binding linear-mufBn-tin-orbital
(TB-LMTO) method, s was developed. The first appli-
cation of this method was the explanation of the origin of
the formation of ordered surface alloys on clean transition
metal surfaces. In this paper segregation phenomena,
namely the enrichment of the surface layer by one of the
alloy components, are studied. In order to determine
the surface concentration and the concentration profile,
a multilayer treatment of surface segregation is required.
This can be achieved by using mean-field approximations
such as the Bragg-Williams approximation or more ac-
curately the cluster variation method ' or Monte Carlo
simulations. s 7 In the present paper Monte Carlo simu-
lations are performed to study the surface segregation in
Cu-Ni alloys. The paper is organized as follows. In Sec.
II we summarize the essential features of the 3D Ising
model for a semi-infinite disordered alloy. In Sec. III fol-
lows a discussion of the applied Monte Carlo simulation
technique. The predictions of the method for the ther-
modynamics of bulk Cu-Ni alloys are presented in Sec.
III A, while in Sec. IIIB the surface composition profiles
of the fcc (001) face of Cu-Ni alloys as a function of the
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bulk concentration are given and compared with avail-
able experimental results.

II. FORMALISM

The method of how to describe the electronic struc-
ture of a semi-infinite disordered alloy with concentration
inhomogeneities near the surface was described in detail
elsewhere. so s Here we just summarize its basic features.
The alloy disorder is included via the CPA generalized to
inhomogeneous systems with only two-dimensional trans-
lational symmetry using the first-principles TB-LMTO
method. Due to the semi-infinite nature of the problem,
in principle all layers can have different physical prop-
erties. In order to overcome this difficulty, we assume
that from a certain layer on, the electronic properties of
all subsequent layers are identical to those of the corre-
sponding infinite systems, namely either to a homoge-
neous alloy or to the vacuum. The semi-infinite alloy is
thus considered to be divided into three regions: (i) a
homogeneous bulk alloy, (ii) a homogeneous vacuum re-
gion represented by empty spheres and characterized by
fiat potentials, and (iii) an intermediate region consisting
of several (M) atomic layers, where all inhomogeneities
(chemical or electronic) are located, and which contains
also a few layers of empty spheres of the vacuum-solid
interface. The combined effect of alloy disorder and of
the semi-infinite geometry requires the use of a surface
Green's-function formalism. O

The Green's function g(z) = [P(z) —S) i is defined
in terms of the potential function matrix P(z) and the
structure constants matrix S. The potential functions,
which characterize the scattering properties of individ-
ual sites at positions R, are random but site-diagonal
quantities. The structure constants S, which describe
the intralayers and interlayers coupling, are nonrandom
site off-diagonal quantities. In the so-called tight-binding
muffin-tin-orbital representation ~ the interatomic cou-
pling is extremely short ranged, which greatly simplifies
the theoretical treatment.

The semi-infinite homogeneous alloy or the vacuum can
be represented by a single quantity, the surface Green's
function (SGF) by which the problem of an infinite num-

I

ber of layers can be reduced to a problem of a finite
number of layers, namely to the intermediate region. The
SGF, the central quantity of the present formalism, can
be calculated effectively by means of short-ranged struc-
ture constants.

The site ofF-diagonal elements of the configurationally
averaged Green's function within a given layer as well
as in between different layers essentially determine the
parameters of the Ising model

A,i(T = 0, Ep) =— (2)

onto the Hamiltonian in Eq. (1). The integrated density
of states N(E) for a particular configuration of the al-
loy within the TB-I MTO-CPA formalism is given by the
expression

1
N(E) = ——lim Im Tr —1n P(z) +1ng(z))—

7c b~O+ 2 dz

(z = E —i6), (3)

where the first term compensates the extra singularities
in ln g(z) which originate from the poles of P(z). By de-
composing the Green's function g(z) into its diagonal and
off-diagonal parts with respect to lattice sites, the usual
GPM expansion of Eq. (3) yields for the Ising Hamilto-
nian parameters the following expressions:

&' = Eo+ ).).DR,gR, + —).) .&R'~. gg, qR
R CL iCX'

(n, n = A, B),
where Eo is the configurationally independent part of the
alloy ~~t~r~al energy, DR is the on-site ~~~rgy, an

7

are the pair interatomic interactions.
A particular configuration of the alloy is characterized

by a set of occupation indices g~, where g~ ——1 if site R
is occupied by an atom of type o, , and g~ ——0 otherwise.
The parameters of the Ising model are found within the
GPM by mapping at T = 0 the grand canonical potential
A,i(T = 0, EF) of the electronic subsystem (where E~ is
the Fermi energy),

EF

ADR ———Im tr
7r

EF ([»m» ( 1+ 9'a. (z) —&~(z) 1 yR.a.(z)) I
dE,

p~p+
(4)

and

VR~' = —Im tr
7r

( .
lim ln[ 1 —Q(z) yRR (z) tR'(z) yR R(z)[ ~

dE.
0+

(5)

In Eqs. (3)—(5), Tr denotes the trace in configurational and angular momentum space, while tr means the trace over
the angular momentum space only. The quantity y~~ (z) is the conFigurationally averaged Green's function between

the sites R and R, which in general belong to difFerent layers. For a particular site R in a given layer p, t~(z) is
the on-site element of the single-site t matrix. The quantity PR, (z) is the (nonrandom) configurationally averaged
coherent potential function, which is site diagonal. The coherent potential function

'P&(z), p = 1, 2, . . . M in the intermediate region
P~(z) or P"(z) otherwise,
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has in general different values for the layers in the in-
termediate region. In (6) indices b and v refer to the
bulk alloy and the vacuum region, respectively. In the
intermediate region (1 & p ( M) the coherent potential
functions P„(z) are found from a set of coupled inhomo-
geneous CPA equations. so si

In principle, one can start from the inhomogeneous
reference medium 'P„(z) as defined by Eq. (6), and vary
then the concentration profile according to the Monte
Carlo simulation. In this manner, complete consistency
between the reference medium and the Monte Carlo sim-
ulations can be achieved. This approach will be the
subject of the forthcoming study. Here we limit our-
selves to the simple but plausible case, when the reference
medium refers to a homogeneous bulk alloy, i.e. , where
'P„(z) = 'P (z) for each layer p in the intermediate region
and where 'P~(z) is found from charge self-consistent TB-
LMTO-CPA calculations for the bulk alloy. This descrip-
tion is along the lines of the tight-binding Ising model
approach 5 developed by Treglia and co-workers.

Using the transformation to the lattice gas model,
gR: 1 g~: g& ) and limiting the expansion to single-
site and pair interactions, the Ising Hamiltonian less a
constant [see Eq. (1)] can be written as

I 1
H =) &RnR+

2 ).&R,,R na. qR, ,
R. R,R

where

v =D" —D„+ ) [v", —v, ],
R gR

AA BB AB BA
VRR —VRR i + Vii ii i —Vii R I Vii ~i

The quantities V~~ are the so-called renormalized ef-
fective pair interactions (REPI). The unrenormalized ef-
fective pair interactions (EPI) correspond to the first-
order expansion of the logarithm in Eq. (5). In a simi-
lar way, triplet and higher multisite interactions can be
defined. ' The quantity 'VR is the renormalized effec-
tive level or point-cluster energy, which contributes sig-
nificantly to segregating processes in inhomogeneous sys-
tems. 2=Pp

(10)

The present Monte Carlo simulations do not include
displacements from the positions of the two-dimensional
coherent lattice. In order to reduce the numerical effort,
a three-dimensional fce rigid lattice is simulated with a fi-
nite number of atoms. Periodic boundary conditions are
imposed in two directions parallel to the surface. In gen-
eral the number of atomic layers in each computational
cell depends on the crystal face. For the fcc (001) surface
we have used eight layers each containing N„= 15 x 17
atoms (the total number of atoms in the computational
cell in N = 8 x N„). A few simulations with thicker
slabs or larger surface areas were performed and the re-
sulting surface compositions proved to be the same as
for the above size. The simulation proceeds as follows.
The starting configuration C~i& is constructed in a ran-
dom way with respect to the bulk composition. In a
repetitive manner, we first pick randomly an atom in a
given configuration C~"l and select, again randomly, one
of its nearest neighbors. Secondly, we study the varia-
tion of the total energy of the system, EE, due to the
interchange of these two atoms. Two cases are possible
according to the sign of AE, namely, (i) AE ( 0: the in-
terchange of two atoms is energetically favorable and rep-
resents the new configuration C~"+i&; and (ii) DE ) 0:
the interchange is not necessarily energetically favorable.
The two atoms are only interchanged to form a new con-
figuration C~"+ l if exp ( AE/kT) —) 7, where ~ is a
random number (w c [0, 1]).

This procedure is repeated by choosing a new central
atom and the system approaches the thermodynamical
equilibrium if the number of interchanges is suKciently
large. The two planes furthest from the surface serve
as a reservoir of atoms having the average bulk compo-
sition. To determine the equilibrium, the average value
of a thermodynamical property is generally not sufhcient
and an error estimation, like a standard deviation, must
be provided. In order to avoid correlations in the various
steps of the Markov chain the output parameters can be
defined as

III. MONTE CARLO CALCULATIONS

Once the effective Ising model has been defined, ther-
rnodynamic theories such as a mean-field Bragg-Williams
approximation, the cluster variation method, or the
Monte Carlo simulation technique can be applied. Mini-
mizing the resulting free energy with respect to the con-
centrations in the various layers under the constraint of
a fixed bulk concentration leads in the Bragg-Williams
approximation to a set of coupled equations for the
layer-dependent concentrations. Such equations have
been used by several authors; ' ' ' however, improve-
ments in the free-energy minimization scheme, based
on the cluster variation method or the Monte Carlo
method, 6' are now straightforward and permit the cal-
culation of the short-range ordering within the surface
layers below the bulk disordering temperatures.

where c„ is the concentration of A atoms in the pth plane,
and v~ = jX, N is the number of atoms in the computa-
tional cell.

The value of po must be large enough to eliminate the
inHuence of the initial configuration and m, the number
of iterations, is chosen as large as possible to reduce the
standard deviation defined as

p.p+m

The values used for the present results are m = 200K
and po ——80¹It should be noted that this choice of
computational parameters depends on the temperature
at which the simulation is performed, whereby near the
critical temperature these values have to be substantially
increased.
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A. Bulk Cu-Ni alloys

In the past, the Cu-Ni system was very often consid-
ered to be a classical example for a substitutional solid
solution since it seemed to exhibit complete miscibility
over the whole range of concentrations, and also since
Cu and Ni differ little in their atomic volumes. It has
been shown experimentally, ss however, that Cu-Ni alloys
in fact tend to phase separate at temperatures below 700
K and also for high Ni concentrations. The latest assess-
ment of the Cu-Ni phase diagrams places the critical
point of the miscibility gap at 65.6'P&& Ni and 627.5 K.
In particular interest for our study is the analysis of the
experimental neutron scattering data in Cu-Ni alloys3~

by means of the cluster field method (CFM), ss which
showed that the first and second nearest-neighbor (NN)
pair interactions have about the same amplitude but are
of opposite signs with the erst NN pairs being negative.
Morever, the CFM interactions exhibit a strong variation
with composition with a distinct maximum occurring at
about 60'%%uo of Cu atoms. From the theoretical point of
view, the Cu-Ni system has several attractive features:
the elastic contributions are small and so are the rela-
tivistic efI'ects for the valence-band structure. In addi-
tion, magnetic interactions are negligible at least for Cu-
rich compositions. Because of the available experimental
evidence, we have also calculated the efFective cluster in-
teractions for the bulk alloys CuzsNi7s, CuMNiM, and
Cu75Ni25. In these calculations the maximum angular
momentum was restricted to two and the atomic sphere
radii of alloy components were chosen such that these
spheres are approximately charge neutral. The Brillouin
zone (BZ) integrations were carried out over the full BZ
(2048 k points). All calculations are performed in the
complex energy plane and then analytically continued to
the real axis. In accordance with the experimental lat-
tice constants, the alloy lattice parameters are linearly
interpolated between the equilibrium lattice parameters
of pure elements.

We found that both the REPI's and EPI's for Cu-Ni
alloys are in very good quantitative agreement with each
other. In Table I, the EPI's are compared with the CFM
interactions. As one can see, the first and second pair
interactions indeed have about the same amplitude but
opposite signs just as the CFM interactions. However,

the first NN interactions are more negative on the Ni-
rich side than on the Cu-rich side, which contradicts the
CFM results, but is in agreement with those experimen-
tal data that locate the miscibility gap towards the
¹irich side. The maximum for the CFM interactions at
about 6070 of Cu atoms has been interpreted in terms of
the crossing of the d-band edge by the Fermi level. How-
ever, the consequences for the pair interactions are far
from being obvious. As in the CFM we also find that
the more distant interactions are negligible. It can be
stated therefore that the bulk EPI's as obtained by our
TB-LMTO-GPM calculations appear to be quite reason-
able. A calculation of the bulk phase diagram based on
these parameters will be presented elsewhere.

B. fcc (001) Cu-Ni alloy surfaces

The surface segregation in Cu-Ni alloys has been the
subject of intense theoreticals and experimental
studies. It is now agreed that Cu segregates to the sur-
face upon annealing in the temperature range of about
600—900 K, even at the ¹irich end for which the situ-
ation seemed to be controversial, i4 is whereby the Cu
segregation is not sensitive to orientation of the sur-
face. In the present paper the (001) face of the fcc
alloys Cuq5Ni75, Cu50Ni50, and Cu75Ni25 is considered.
The BZ integrations were performed over the full sur-
face BZ using 400 k~~ points. All Monte Carlo simula-
tions have been performed at 800 K. This temperature is
within the range of temperatures at which various exper-
imental studies were performed. io is For the vacuum-
solid interface a hard-wall-like boundary condition was
assumed. We also performed calculations corresponding
to an imagelike barrier as derived from self-consistent
surface calculations. The corresponding results for the
Cu-Ni system indicate that the Ising model parameters
are not very sensitive to the actual form of the surface
barrier.

We have calculated all REPI's up to the distance of
fourth NN in an fcc lattice within a given layer as well
as in between various layers near the surface. Due to
the fast convergence of the layer Green's functions to
the bulk Green's function, one can identify27 the first,
second, and fourth NN REPI's in the fourth layer, and

TABLE I. Comparison between CFM effective pair interactions (Ref. 36) and calculated GPM
efI'ective pair interactions as a function of the Cu concentration. The values V», V2, and V3 refer to
first, second, and third nearest-neighbor pair interactions. All values are in mRy per atom.

20
25
30
44
50
52
60
70
75

VCFM

-1.86

-1.72
-1.77

-1.63
-2.25
-2.37

VCFM
2

1.67

1.33
0,96

1.13
3.96
3.38

VCFM
3

-0.47

-0.01
-0.02

-0.62
-0.88
-0.64

VGPM
1

-1.37

-0.96

-0.45

VGPM
2

0.51

1.10

1.06

VGPM

0.00

0.08

0.28
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FIG. 1. Renormalized efFective pair interactions for the
(001) face of CuspNi5p. The positions of atoms forming a pair
are specified by the layer indices p, q (index 1 refers to the
surface) and by the type of neighbors (first to fourth nearest
neighbors) .

the third NN REPI's between the third and fourth layers
with the corresponding bulk values.

The REPI's for the (001) surface of CuMNiM, pre-
sented in Fig. 1, show a fast decrease with distance in
all layers including the surface layer. Note that contrary
to qualitative conclusions made on the basis of a sim-
ple empirical tight-binding model, 2s the first NN surface
REPI just like for Pd-Rh and Ag-Pd systemss" is not
dominating. The values of the effective triplet interac-
tions are generally small compared to the REPI's, which
in turn simplifies considerably Monte Carlo studies. The
values of the point-cluster energies are often considered
to be decisive for the segregating phenomena at the alloy
surfaces. ss In Fig. 2 the difFerence (D„—Db) between the
point-cluster energies in the pth atomic layer in the in-

FIG. 3. The Cu concentration profile for fcc (001)-
Cu5oNi5o vs the layer index as obtained from the Monte Carlo
calculations. Layer 1 corresponds to the surface while the
concentrations in layers 7 and 8 were kept frozen to the bulk
concentration: point-cluster and pair interactions (full line);
point-cluster interactions only (dashed line).

termediate region and the bulk layer is shown. We found
a quick convergence of these on-site energies to the bulk
value, but the most important result is that the difFerence
at the surface layer is large as compared to the REPI's
values. This result confirms the decisive role played by
these quantities in the segregation process. Another im-
portant feature is a weak concentration dependence of
the (D„—Db) values. Roughly speaking, as shown in
Ref. 25, this difFerence is proportional to the difference
in the surface tension of the pure constituents. All these
facts allow one to simplify further the Monte Carlo cal-
culations. As mentioned in Sec. II, in a proper treat-
ment of the segregation process, both the REPI's and
the point-cluster energies, and the concentration profiles
should be determined in a self-consistent manner. Be-
cause the REPI values are an order of magnitude smaller
than the point-cluster energies, their concentration de-
pendence can be neglected. To confirm this assumption,
in Fig. 3 the concentration profile of the (001) surface

I I I I
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O 20
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100
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point cluster energies (mRy/atom)

FIG. 2. The difference (D„—Db) of the point-cluster en-
ergies between the pth atomic layer (index 1 refers to the
surface) and the bulk layer b for fcc (001) Cu-Ni alloys.

FIG. 4. The surface compositions vs bulk composition for
fcc (001) Cu-Ni alloys at T=800 K: (~) surface layer; (k)
second sample layer; (~) third sample layer. Experimental
results: (o) Ref. 16, T=880 K; (A) Ref. 13, T=823 K; (Cl)
Ref. 12, T=773 K. The lines shown serve as a guide for the
eye.
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of CuMNiM is shown with and without the contribution
from the pair interactions. One can see that the con-
centration profiles are quite similar, emphasizing the role
played by the point-cluster energies. Both calculations
predict a strong Cu segregation but they show small dif-
ferences in the shape of the segregation profile. A strong
correlation between the (D„—Db) values and the segre-
gation process is noticeable: the segregation is large for
layers where the differences (D„—Db) are large as com-
pared to the REPI's. The values of (D„—Db) quickly
approach zero deeper inside the bulk where the concen-
tration profile approaches the bulk concentration.

The calculated concentrations in the first three layers
of the (001) surfaces for the above three alloys are plotted
as a function of the bulk concentration in Fig. 4 and com-
pared with available experimental data. Our results are
in a very good quantitative agreement with most exper-
imental results, which all show a strong Cu segregation
at the surface, independent of the bulk composition and
the surface orientation. Our results do not indicate the
possibility of a crossover of the surface segregation to Ni
enrichment at Cu composition higher than 80% as ob-
tained by the time of fiight atom probe measurements. is

GPM technique has been used to evaluate the layer-
and concentration-dependent effective levels and effective
cluster interactions. The Monte Carlo simulations indi-
cate the crucial importance of the on-site terms in the
Ising model for the segregation process. For the Cu-Ni
system, we found that starting from Ising model parame-
ters corresponding to the homogeneous reference medium
(bulk compositions in all layers including the surface) the
results are in very good agreement with available exper-
imental data.

The present version of the theory can be generalized by
including the effect of layer relaxations at the surface, or
by taking into account relativistic effects. It can be used
to clarify even more subtle effects of surface segregation
such as the anisotropy in the Cu-Pt alloysss with respect
to different orientations of the surface. This anisotropy
could be a consequence of a strong competition between
surface segregation and bulk ordering tendencies. Yet
another interesting application concerns the problem of
the surface-induced ordering or disordering in the fcc-
binary alloys.
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