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We have calculated the electronic structure and segregation profiles of the (001) surface of random
Cu-Ni alloys with varying bulk concentrations by means of the coherent potential approximation
and the linear muffin-tin-orbitals method. Exchange and correlation were included within the local-
density approximation. Temperature e6ects were accounted for by means of the cluster-variation
method and, for comparison, by mean-field theory. The necessary interaction parameters were
calculated by the Connolly-Williams method generalized to the case of a surface of a random alloy.
We find the segregation profiles to be oscillatory with a strong preference for Cu to segregate towards
the surface of the alloy.

I. INTRODUCTION

Ever since Gibbs predicted the effect of surface segre-
gation at the turn of the 19th century, evidence for the
existence of this most important surface phenomenon has
been accumulating as may be seen, for instance, in the
survey by Johnson and Blakely. In particular, a substan-
tial amount of work has been devoted to the investigation
of surface segregation in random alloys of Cu and Ni, ow-

ing to the effect on the catalytic properties of this alloy
system. Based on these investigations, the consensus is
that copper has a strong tendency to segregate towards
the surface of the alloy at all bulk concentrations and
over a wide range of temperatures.

Although one may safely conclude that Cu segregates
to the surface of a Cu-Ni alloy, the actual shape of the
segregation profile is still under discussion. In particular,
one would like to know whether the concentration oscil-
lates as one moves away from the surface. Unfortunately,
the experimental data as well as the theoretical evidence
appear to lead to confIicting conclusions. One problem is
that the experimental determination of a concentration
profile is a very dificult task. 2 Moreover, some techniques
rely on indirect evidence in order to obtain the concen-
tration at subsurface layers which may cast some doubt
on the results. With respect to the theoretical investi-
gations of segregation profiles such undertakings require
time-consuming and accurate calculations of total ener-

gies. As a result one typically introduces a number of
simplifying assumptions whereby the conclusions drawn
from the results may be somewhat unreliable.

In Table I we have summarized the available infor-
mation concerning the shape of the segregation profile
in CuNi alloyss ~r and from this compilation one may
notice certain tendencies. Thus it appears that the ex-
periments which predict a monotonic concentration pro-
file are based on indirect evidence Moreo. ver, Watanabe
et al. ,

s for example, assumed a monotonic concentration
profile in order to interpret their experimental data. The
problems which occur in an indirect analysis may also
be illustrated by the example of Ling et aLs These au-
thors predicted an oscillatory segregation profile on the
basis of the relative intensities of the Cu and Ni peaks in
the measured ultraviolet photoelectron spectra. Later,
however, Durham et al. showed that this effect could
be caused by the surface electronic structure rather than
by the composition of the subsurface layers. In contrast,
it also appears &om Table I that the two experiments
which may be regarded as direct predict an oscillatory
Cu concentration.

The results of the theoretical calculations shown in Ta-
ble I are also at variance axnong each other. In this case
it may be significant to note that the methods which are
based on the one-electron contribution to the total en-
ergy predict a monotonic segregation profile whereas the
calculations which are based on the minimization of the
complete total energy of the system lead to an oscilla-
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TABLE I. The shape of the segregation pro6le in Cu-Ni systems obtained by diferent experi-
mental and theoretical techniques.

Method

AESb
AESb
UPS+AESb
FIM
XPS+AESb
ISSb
RSM'
QC'
QC'
MC+EAM'
TBIM'
MC'
MC+EAM'
FESM+EAM'
GPM+BW'
GPM+MC'

Concentration
depth profile
monotonic
monotonic
oscillatory
oscillatory
oscillatory?
oscillatory
oscillatory
monotonic
oscillatory
oscillatory
monotonic
monotonic
oscillatory
oscillatory
monotonic
monotonic

Cll
cbulk
at. %
0-100
0-100

10
5

5,50
40
5

0-100
0-100
0-100
0-100
0-100

60
0-100
25,75
0-100

Sample

polycrystal
polycrystal
(110)
(111)
(100),(111),(110)
polycrystal
(111)
(100),(111)
(100),(111)
(100),(111),(110)
(111)
(100),(111),(110)
(100)
(100)
(100)
(100)

Comments

indirect analysis
indirect analysis
indirect analysis
direct experiment
indirect analysis
direct experiment
with relaxation
without relaxation
with relaxation
total energy
one-electron energy
one-electron energy
total energy
total energy
one-electron energy
one-electron energy

Ref.

3
4
5

6,7
8
9
7
10
10
11
12
13
14
15
16
17

'Auger electron spectroscopy (AES); ultraviolet-photoelectron spectroscopy (UPS); time-of-Sight
atom probe field-ion microscopy (FIM); regular solution model (RSM); x-ray photoelectron spec-
troscopy (XPS); quasichemical approach (QC); ion-scattering spectroscopy (ISS); Monte Carlo sim-
ulations (MC); embedded atom method (EAM); tight-binding Ising model (TBIM); free-energy
simulations method (FESM); general perturbation method (GPM); Bragg-Williams method (BW).

Experiments.
'Calculations.

tory segregation profile for the (001) surface of Cu-Ni
alloys. It therefore appears that further calculations of
the shape of the segregation profile in these alloys are
highly desirable.

It is the aim of this work to perform local density
functional calculations of the electronic structure and
the segregation profile for the (001) surface of random
Cu-Ni alloys in the complete concentration range. For
this purpose we employ the self-consistent linear-muKn-
tin-orbitals coherent-potential (LMTO-CPA) technique
within the atomic sphere approximation (ASA), which is
based on the work of Andersen and co-workers. 6 The
present implementation of the method is described in Ref.
27, where it was used to calculate properties of surfaces
of uniform, unsegregated alloys. To calculate segregation
profiles and phase equilibria in alloys at finite tempera-
tures the LMTO-CPA technique must be supplemented
by the methods of statistical mechanics which allow the
determination of the free energy and the configurational
entropy. The basic feature of these methods is their phe-
nomenological treatment of the interatomic interactions
in terms of interaction parameters or effective potentials
of Ising-like Hamiltonians which may be obtained Rom
first-principles total energy calculations.

At present there exist two different schemes which
may be used to obtain the interatomic interaction pa-
rameters: the Connolly-Williams method2s (CWM) and
the direct configurational averaging represented, for
instance, by the widely used generalized perturbation
method (GPM). The main advantage of the GPM is its
ability to express the efFective interaction parameters in
an explicit and physically transparent form. This prop-

erty of the GPM is especially convenient in calculations
of interaction parameters in inhomogeneous semi-infinite
systems, such as surfaces of alloys, because even in this
case the expression for the effective potentials change
their form only slightly. The GPM has recently been
applied to the segregation problem by Dreysse et al M.
in the framework of tight-binding CPA and by Pasturel
et al. ~ within the more sophisticated LMTO-CPA tech-
nique.

While the GPM appears to be useful in the determi-
nation of effective interaction potentials they turn out to
be inconvenient in actual calculations of phase equilibria
in inhomogeneous systems. First of all, by de6nition the
GPM only takes into account changes in the one-electron
contribution to the total energy and does not account for
the direct electrostatic interaction between atoms caused
by charge-transfer effects. Therefore, the method is not
directly applicable to a large group of systems. Second,
since the effective potentials of the GPM are determined
on the basis of results for systems described by definite
external parameters such as volume and concentration,
they have a corresponding explicit dependence on these
parameters. In the case of an inhomogeneous system the
number of such parameters increases appreciably. For
instance, in the determination of the equilibrium concen-
tration profile for a surface the GPM potentials depend
explicitly on the concentration in each surface layer and
hence one must map out the GPM potentials over large
portions of this multidimensional space.

To avoid these problems we have in the present work
determined the interatomic interactions on the basis of
the Connolly-Williams procedure. In spite of the fact
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that the xnultisite interactions obtained in the CWM have
no explicit form and are not even uniquely de6ned, the
CWM has been widely applied in 6rst-principles calcula-
tions of phase diagrams of real systems and it has been
used successfully together with CPA total-energy calcu-
lations in a study of disordered Ni-Al alloys. For the
present purpose we generalize the CWM to treat the
case of an fcc (001) surface which will allow us to calcu-
late the concentration pro61e on the basis of the cluster
variation method (CVM). Since the Connolly-Williams
method takes into account the difference in the total en-

ergy of various compositions of the alloy surface it turns
out to be more reliable in the calculation of interaction
parameters than the methods which rely only on the one-
electron term.

E4AsA —Eb"ik, is less than 1 mRy per atom, or 35 mJ/m,
the cutoff at M = 4 is expected to lead to absolute er-
rors of this order. However, the error in the difference
between surface energies which is the important quan-
tity in the present application is typically much smaller
than 1 mJ/m2.

If we consider an in6nitely large region the last term
in (3) goes to zero. However, with M = 4 the number of
particles within the surface region is not conserved and
hence the term must be included in the calculation of
surface energies for alloys with segregation. In contrast
to the case of a pure surface ' or the surface of a uni-
forrnly random alloy, one must know not only the total
energy of the bulk but also the chemical potential. This
we find &om

II. SURFACE ENERGY OF AN ALLOY
WITH SEGREGATION

The energy p required to form a surface may be cal-
culated as the difference between the grand potential of
a semi-in6nite system of N atoms containing the surface
and the grand potential of the corresponding homoge-
neous system with the same number of atoms, i.e.,

'7 ~ ~bulk &

~Ebulk

dc
Cbi11jc

(4)

E,n,„=cE, + (1 —c)Eq&

where the energy of the Cu and Ni atoms are denoted E~
and E2, respectively.

i.e., as the concentration derivative of the bulk total
energy. Finally, in the case of a disordered alloy E~
and Eb„ik may be substituted by the single-site CPA
expression

where the grand potential for a two-component system is
given by

A=E —TS —) pN;,
i=1,2

(2)

III. CLUSTER-VARIATION METHOD
FOR fcc (001) SURFACES

in terxns of the internal energy E, the temperature T,
the entropy 8, the total number of the ith species in
the system N;, and the chemical potential p; of the ith
species.

If we assume a particular segregation pro6le by specify-
ing the concentration of the surface layers cA, the surface
energy at the temperature T = 0 may be found from (2)
to be

M M

Esurf —) [Ep Ep ] IJ1 ) [cA cbulk] &

where pi ———y2 for a two-component system. In (3)
EAAsA is the partition of the total energy into layer con-
tributions as allowed by the ASA, the sum in the first
term is over the vacuum region m & A & 0 as well as
over the alloy region 1 & A & M, and EA"" is zero in
the vacuum region and otherwise equal the total energy
per atom of the bulk with concentration cb„lk.

In the LMTO-CPA total-energy calculations we have
included two layers of empty spheres, i.e., m = —1, to
simulate vacuum, and four layers of alloy, i.e., M = 4, in
the self-consistency procedure. This may partly be xnoti-
vated by the fact that the state density of the third layer
as discussed in Sec. VI is practically identical to the bulk
state density. Since, in all the cases considered here, the
contribution to the surface energy &om the fourth layer,

In this section we present the cluster variation method
in a form which may be used to treat the case of an
fcc (001) surface of a random alloy. The CVM was first
formulated for this case within the tetrahedron approx-
imation by Kumar and Bennemann, who used it to
calculate the order-disorder transition in the (001) sur-
face of a Cu-Au alloy. Here we combine their formula-
tion with that of Kikuchi and Cahn, who developed the
CVM to treat (001) antiphase and interphase boundaries
in fcc based alloys. In addition, we shall take account of
the renorrnalization of the interaction parameters occur-
ring near the surface and introduce an additional term
into the CVM Hamiltonian which describes the interac-
tion between atoms in the surface layer and those of the
next-nearest-neighbor layer.

Consider the semi-in6nite structure which de6nes an
(001) surface of an fcc lattice and let the layers parallel
to the surface be numbered in increasing order from the
surface layer and into the bulk. Let all sites in each layer
be equivalent, i.e., neglect long-range order effects and
let layer number A = M + 1 be considered a bulk layer,
so that the chemical potential and other thermodynamic
properties of this and succeeding layers are considered to
have reached the bulk values.

Within our model the basic cluster is the tetrahedron
formed by two points in a particular layer and two points
in the nearest-neighbor layer as illustrated in Fig. 1.
Based on a single point in a given layer there are four
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4L P

0 6+1

layer A+ 1, appears in the specified tetrahedron.
The system has two kinds of pair clusters, i.e., those

connecting layers and those situated within layers. We
therefore introduce the pair correlation v,.k for pairs con-
necting the layers A and A+ 1 and y; for pairs within
the Ath layer. The probability of finding atom i in the
Ath layer is defined as x; and this number corresponds to
the composition within the layer. Because of geometrical
constraints the variables are related by the expressions

(4)

V (3)

++

ij g Zijkl ~ +i g Zijkl ~

k, l j,k, l

and, in addition, they obey the normalization constraint

).&,,~l =1
i,j,k, l

and the continuity relation

FIG. 1. (a) The tetrahedron of the four closest neighbors
belonging, according to the present convention, to (001) plane
A in the fcc lattice. (b) The six different types of interactions,
defined on this tetrahedron. The filled, half-filled, and open
circles denote the atoms of the layers A, A + 1, and A + 2

planes, respectively.

geometrically equivalent tetrahedra above the layer and
four equivalent tetrahedra below the layer with the ex-
ception of the surface layer which have only four tetrahe-
dra pointing towards the bulk. All tetrahedra are labeled
according to the number A of the layer closest to the sur-
face, Cu atoms are labeled 1, and Ni atoms 2. With these
definitions we introduce the basic variable zi kl of the
method which designates the probability that the config-
uration (i,j,k, t), where the first pair of indices refer to
atoms in the layer A and the second pair to atoms in the

I

@ = 2N) ) si klzi kl~

A i j,k, l

(9)

where c, kl is a four-body interaction parameter that may
be expressed in terms of one-, two-, three-, and four-site
interactions calculated by the Connolly-Williams method
to be described in Sec. IV. The factor of 2 reflects the
fact that, although each site in a given layer defines four
tetrahedra, each tetrahedron is shared by two sites and
hence double counted in the sum over A.

The configurational entropy of the system may be
given by

) z;,„=) z„',+'„,2 & a & M
m )fi

for all values of the indices (k, t).
If the number of sites in a layer is N the internal energy

of the system may be written as the sum over layers of
tetrahedron interactions

$'=Q~N —2 I z, .„+I y, + L vk + Lv) + Lvk + Lv)
i, l j,k j,l

—
—,

' ) r(*!")+)I(.,"') -4 ) I,(*,"')+)'1(z,'*') --, )'-k l

+k&N ) 2 ) L(z~sl) + ) L(& ) + ) L(p) l+') + ) L(v&) + ) L(v l) + ) L(v~a) + ) L(",, )
A=2 i,j,k, l i,k i, l j,l

) 1(x, )+) L(x, )+)'L(x„+')+)I(z, +
) —1), (10)

2 k l

where L(y) = p ln(rp) —
&p, i, j refer to atoms in the layer

A, and k, l to atoms in the layer A+ 1. The expressions
(9) and (10), together with the definition N; = N P& x;. ,
completely specifies the grand potential given in (2).

A simpler expression for the entropy may be obtained
within mean-field theory where one considers only the
one-site contribution and finds the well-known result

S = k~N ) cA inc~ + (—1 —c)i) ln(1 —cA). (11)

For comparison we have used both expressions for the
entropy in the segregation calculations.

The equilibrium concentration-profile may now be de-
termined by minimizing the grand potential 0 with re-
spect to the four-body variables zi.kl and maintaining
continuity and normalization by means of the Lagrange
multipliers cx)i(i, j) and AA, respectively. The minimiza-
tion produces the following set of equations:



SELF-CONSISTENT ELECTRONIC STRUCTURE AND. . . 11 387

,(1)
ijkl = exp[PA, /2+ a, (i, j)]

x exp( —ps,,„,+ 1/8p[p; + p,, + p), + pJ])

x yk& v;k v&t v'i v&k i

x [
(1) (1)]1/4[~(3) (2)]—&/s

= exp[PAA/2+ aA(i, j)]
x exp( p—s, J J + I/8 p[A + u,, + /JJ, + VJ])

X[ A A+1 A A A AJ1/2X yi~yk& v;kv~, v,&v, k

[
A A A+1 A+1 J

—3/8j / k

OU13 1 2+ Uissi3JJiy3 —(1+yi + JJ3)/
„BC1 T

t9U13+ &13yiy3 ~ ~J
Bci

bp. = (—1)' T ln A + F13(c3 —ci)/(2sisc3)

OU13 1 2+ U»c»yiys —(1+JJ1+ ys)/z„
OC3 T

U13+ &13y1y3
J(9C3

which determine the dependence of the multisite correla-
tions on the chemical potentials, interaction parameters,
and the temperature T = 1/k~P. The equations defined
by 1 & A & M must be solved iteratively together with
(6)

In the above equations we have included only nearest-
neighbor interactions. However, it may be necessary to
include also the effects of next-nearest neighbors. In tra-
ditional CVM these are accounted for by the higher-order
clusters, e.g. , in the form of the tetrahedron-octahedron
approximation. 3 Unfortunately, one then also has to in-
troduce further interactions defined, for instance, by ir-
regular tetrahedra and isosceles triangles and as a result
the number of interactions increases appreciably. For an
inhomogeneous system the number of interactions is al-
ready rather large and the tetrahedron-octahedron ap-
proximation would make the calculations even more com-
plicated. Therefore, in the present case we shall make use
of a less accurate but more efficient approximation.

We shall now show how the CVM may be modified in
the spirit of the so-called cluster field method ' (CFM)
in order to account for the next-nearest-neighbor interac-
tions between the first (surface) layer and the third layer
of the fcc (001) surface. For this purpose we introduce
the effective pair interaction U13, which depends only on
the compositioa of the first and the third layers. Since
any tetrahedron and any pair cluster of atoms in these
layers can have only one point in common, we are able to
consider their contribution to the statistical sum as inde-
pendent. Thus, when we solve Eqs. (12) by the natural
iteration method, we may include the U13 interaction
in the form of the following contributions to the chemical
potentials of the species in the first and third layers:

W

= (—1)'+ T ln A+ F13(ci —c3)/(2sisci)

where

A —ci + c3 1 + [1 + 2(F13 —1)(ci + c3 —2cics)

+(c3 —ci)'(sis —1)']'/',

yi ——A+ s»(c3 —c,)/[2s»(1 —c3)],

y2 = A + s13(ci —c3)/[2si3(1 —ci)],
e,3

——exp(U13/kT),

~, = 1+yi+ y3+ yly313)

(14)

cA
—= (zi) denotes the concentration of the first com-

ponent in layer A and () is the Gibbs average over all
possible configurations. The additional terms (13) and
(14) derived within the framework of the CFM incorpo-
rate only pair contribution since the point term is already
included in the CVM result.

IV. CONNOLLY-WILLIAMS AND KIKUCHI
INTERACTIGNS FGR fcc (001) SURFACES

M
E g + ) gcwM

A=1
(15)

where Eo is a free term which may be neglected in con-
ventional bulk calculations but becomes important for
finite systems and E~ is the contribution &om layer A to
the energy of the system. E& for a random alloy may
now be defined iu terms of the interaction parameters

In Sec. III we have used the Kikuchi interaction pa-
raineters in order to formulate the CVM for an fcc (001)
surface. However, in the traditional formulation of the
Connolly-Williams method one defines a different and
physically more transparent set of parameters. In the
present section we shall give the relations between the
Connolly-Williams and the Kikuchi interaction parame-
ters.

Let the arrangements of atoms in the semi-infinite fcc
crystal be specified by spin variables op„,which take on
the values +1 or —1 depending on the type of atom oc-
cupying site p in the layer A. In order to construct the
corresponding Hamiltonian we note that there is only one
kind of tetrahedra which connects the layers A and A+ 1
and that this tetrahedron has two points in each of the
layers. As illustrated in Fig. 1 one may therefore de-
fine six different kinds of interaction parameters which
are (1) VA, the one-site interaction in plane A; (2) VA

the two-site interaction in plane A; (3) VA, the two-site
interaction between atoms in the A and A + 1 planes;

(4) VA, the three-site interaction of two atoms in plane

A and an atom in plane A+ 1; (5) VA, the three-site
interaction of two atoms in plane A + 1 and an atom in
plane A; and (6) VA, the four-site interaction of atoms
in the tetrahedron between the A and A + 1 planes.

Similar to the actual first-principles calculations, one
may only treat a finite part of the system and the phe-
nomenological expression for the total energy is therefore
best expressed in the form
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{1) (2) 2 1 (2) 1 (2) (3)
EA ——VA oA+ VA o.A+ —VA 1 ~A ioA+ —VA+1 oAo-A+1+ —VA 1

o.
A 1o.A

2 + 2 + +

2 {3) 2 2 {3) {3) 2 1 (4) 2 2 1 ( )+ VA 1 o A —loA + VA o Ao A+1 + VA oAo A+1 + VA —1+A—1+A + VA ~A+A+1&—1++ g + ++ 2 2
(16)

~her~ oA = (OA~) = 2c~ —1 and for A = 1 the terms of

the form VA 1 must be excluded. The prefactor of each{A,)

term in (16) refiects double counting and a particular
partition of the totale energy into layer-dependent contri-
butions. Of course, the choice of partition is not unique,
especially for three-site interactions, and may only be
justified by experience.

The expression for the total energy in terms of the
Kikuchi variables has the form equivalent to (15)

1 r (1) (2) (2)
~1222 ~2122 ( VA+1 VA + VA+1

+ V(s) V(4))

1 (1)
( Vw + Vs+i + Vw Vw+

+ Va+~ + Vw+
—

VA++ + VA ),
(2) (3) (3) (4)

where

M

E=Ep+) E~,
1 (1) (1) (2) (2)

s2222 = —
( —V~ —V~+, + V~ + V

+VA+i —V~, —V~„+V~ )
(2) (3) (3) (4)

I, K X A A
EA = 2 g GijklzijA:l'

ijkl

It should be noted that Ef g E& because E& only
includes contributions &om the tetrahedra that connect
the layers A and A + 1. The relation between I, .

&&
and

VA may be found by expressing z, I,&
in terms of crA„,(a) ~ A ~

1.e. ,

x [1+ (—1)"+'~~„][1i(—1)'+'~~,]). (19)

When we note that i, j, k, and t designate types of atoms
and can only take on the values 1 or 2 we obtain the
following expressions for c, &&'.

(1) (1) (2) (2) (2), = —
(Vw +VA+, +Vs +Vs++Vs+
+V(si + V(si + V(4))

A+ A++ A

1 (1) (2) (2) (3) (4)
81112 —F1121 ——(VA + VA —VA+1 —+A —VA ),

1 (1) (1) (2) (2)= —(VA —VA+, + V~ —V~+,2
+V(2) V(3) + V(s) + V(4))

A+ A+ A++ A

1 (1) (2) (2) (3) (4)
a~2~~ —~2~~~ ——(VA+~ —V~ + VA+~ V~ —VA ))

A A A A
1212 1221 2112 2121

= —(
—

VA+~ —Vw + VA ),
1 (2) (2) (4)
2

(2o)

(1) (2) (2)
~2212 ~2221 ( A + A A+12

+ V(si V(4))
A++ A

V. DETAILS OF CALCULATIONS

The analysis of the short-range-order data for
Cu-Ni alloys as well as the eR'ective pair interaction
calculations~r 4P indicate (1) that the effective pair inter-
actions in these alloys depend strongly on the concen-
tration and (2) that the values of the first- and second-
neighbor pair interactions are practically equal and much
greater than all the other more distant interactions.
The first fact means that the concentration independent
Connolly-Williams three- and four-site interactions must
be comparable to the two-site interactions. The second
fact shows that the tetrahedron approximation is insuffi-
cient to determine the configurational properties of Cu-Ni
alloys.

In the present work we still apply the tetrahedron ap-
proximation to the semi-infinite system but add to it
the contribution &om the interaction between the sur-
face and the third layer as described in Sec. III. With
these approximations we obviously cannot obtain the cor-
rect equilibrium short-range atomic configuration in the
Cu-Ni alloys. However, usually short-range-order e8'ects
only slightly inHuence the thermodynamic properties.
Besides, the main aim of our calculations is the determi-
nation of equilibrium surface concentration profiles, and
for the Cu-Ni system as well as for most systems only
the first two layers exhibit a significant deviation from
the bulk concentration.

To obtain the multisite interactions we have performed
total-energy calculations for a series of random (001) sur-
faces of Cu-Ni alloys by means of the LMTO-CPA tech-
nique described in detail in Ref. 27. In these calculations
we treated the four outermost layers self-consistently as-
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TABLE II. The con6gurations used in the self-consistent LMTO-CPA calculations in order to
determine the 17 CVM and the additional 4 CPM interatomic interaction parameters. The con-
centration within the bulk and within all other layers were equal to the concentration of the third
layer.

A Concentration of Cu in at. Po

1 50 88 12 50 50 50 50 50 50 12 88 12 88 50 50 50 50 12 88 88 12
2 50 50 50 12 88 50 50 50 50 88 12 12 88 12 88 12 88 50 50 50 50
3 50 50 50 50 50 12 88 25 75 88 12 12 88 88 12 12 88 12 12 88 88

suming the concentration profiles specified in Table II.
We then proceeded to evaluate the CVM interaction
parameters by inverting the expansion (15) carried to
M = 4 under the simplifying assumption that fourth
layer may be considered to be a bulk layer whereby

tions was equal to 2.614 bohrs, which corresponds to the
calculated equilibrium bulk lattice spacing of a Cu50Ni50
alloy.

v(" —'v") v") = v(
3+ ' 3+ 3++' (21)

VI. ELECTRONIC STRUCTURE OF (001)
SURFACE FOR RANDOM Cu-Ni ALLOYS

All other interactions beginning from the fourth layer
are per definition equal to their bulk values which were
evaluated &om LMTO-CPA bulk calculations for cc„——
88'%%uo, 75'%%uo, 50%, 25%, and 12%. With the above assump-
tions the total number of different CVM interaction-
parameters is 17. However, in order to include the Uq3
interaction between the first and the third layers we need
the four additional parameters u( ) which enter the CFM
expression

U13 & 01&3 + &+ 0] 03 + &++alas + u ay031 (22)(2) (3) 2 (3) 2 (4) 2 2

In this section we present the calculated electronic den-
sities of states (DOS) for the (001) surface of random
Cu-Ni alloys. This system has recently been investigated
by Kudrnovsky et al.42 Here we will focus the attention
on the surface electronic structure as a function of sur-
face concentration and on the comparison with the ex-
perimental spectra obtained by ultraviolet-photoelectron
spectroscopy (UPS) by Yu et aL43

A. (001) surface of the uniformly random CusoNiso
alloy

where Oq and u3 are the averaged Ising spin variables for
the first and the third layers, respectively. When (22) is
added to the expansion (15) there are a total number of
21 interatomic interaction parameters to be determined.

We have tested the accuracy of the determination of
the Connolly-Williams interactions by performing total-
energy calculations for a number of additional choices of
concentration profile including sets with cc„"——100'%%uo

and cc„'"= 4'%%uo. In all cases the difference between the
interactions obtained were found to be similar to the con-
vergence of LMTO-CPA total-energy calculations, i.e.,

0.001 mRy. In addition, on the basis of the Connolly-
Williams parameters we repeated the surface-energy cal-
culations to be presented later in Fig. 5 and found that
the CWM expansion gave results which were indistin-
guishable from the LMTO-CPA results.

We should also mention that in the evaluation of the
Connolly-Williams interaction parameters by means of
(15) we have not partitioned the LMTO-CPA total en-

ergy into its layer contributions, although this is possible
within the atomic sphere approximation. This is impor-
tant because such a partition of the total energy is not
unique and, if it was carried out, one would not treat the
vacuum layers correctly.

Finally, we have found that the interaction parame-
ters in the Cu-Ni system are essentially independent of
volume in the range specified by pure Cu and Ni. There-
fore, we have calculated the so-called globally relaxed
interactions rather than the locally relaxed interac-
tions. The Wigner-Seits radius of all the CWM calcula-

In Fig. 2 we present the results for a uniformly random
Cu50Ni50 alloy as a function of distance &om the surface
where by uniformly random we mean that the concentra-
tions in all the atomic layers, including the surface layer,
are chosen to be the same as in the bulk. The results
show excellent agreement with the surface state densities
recently reported by Kudrnovsky et al.42 for the same
alloy composition. The bulk electronic structure for this
system has also been studied previously by means of the
CPA (Refs. 44 and 45) and our state density results for
the third layer of the semi-infinite crystal agree well with
these earlier bulk calculations. The bulk DOS is domi-
nated by two peaks which corresponds to the Cu d band

(—0.4 to —0.1 Ry below the Fermi energy) and Ni d band

(—0.3 to 0.0 Ry). As would be expected for a strongly dis-
ordered system there is no detailed fine structure. Even
when we go to the surface layer, this general structure of
the DOS does not change and the spectrum still consists
of two structureless peaks related to the d bands of Cu
(—0.3 to —0.05 Ry) and Ni (—0.2 to 0.05 Ry).

The band narrowing effect at the surface is clearly seen
both in the total DOS and in the DOS projected onto
the Cu and Ni atoms separately. The eKect is due to
the lower coordination number of the surface atoms. In
a simple nearest-neighbor tight-binding model the band-
width is proportional to the square root of the coordi-
nation number and a reduction of the width of about
g8/12 may therefore be expected on the (001) surface.
This is in fact rather close to what is obtained in the
calculation.
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The band narrowing at a surface leads to a shift in the
center of gravity of the d band. If the number of d elec-
trons nd at the surface remains close to the bulk value,
the shift of the correspondent d band center for the Cu or
Ni band may be estimated within the rectangular band
model47 to be 0.02'�(n~ —5), where Wz is a bulk band
width for the jth alloy component. Thus, for metals with
a more than half filled d band the shift is positive, in
agreement with our results for Cu and Ni. A more quan-
titative estimate may be provided by the LMTO band
center parameter C. We find that O'"' —C "' is 32
mRy for Cu d band and 27 mRy for Ni d band. As a
result the alloy d band is also shifted towards the higher
energies.

It is also seen that the DOS is almost completely bulk-
like already in the first subsurface layer due to an effi-
cient screening. Outside the surface the DOS exhibits
two peaks coming &om the Cu and Ni d states reaching
out into the vacuum region, where they, when decom-
posed in terms of partial waves in the atomic sphere out-
side the surface, show up mainly in the 8-projected DOS.

100
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l I I

b.
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o 50 -S+
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I

0
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C.

N 50-
O

10 S 1

0.0
-0.6 -0.4 -0.2 0.0
Energy relative to the Fermi level(Ry)

FIG. 2. Density of states for the (001) surface of a uniform
Cu&ONiss alloy. In (a)—(c) shown is the local DOS projected
onto the atomic sphere of the S + ith layer, where S is the
surface layer and a positive i designates the alloy region. The
total DOS is shown by a full line, the local Cu DOS by a
dashed line, and the local Ni DOS by a dot-dashed line. In
(d) the local DOS is shown projected onto the vacuum atomic
sphere in the S —1st layer. The total DOS is shown by a full
line, the partial s DOS by a dotted line, the partial p DOS by
a dashed line, and the partial d DOS by a dot-dashed line.

Note that the Ni states clearly dominate. This is due to
the fact that the Ni d states lie higher in energy than
those of Cu whereby the decay length for the Ni wave
functions into the vacuum region is longer.

In conclusion, it is seen that the electronic structure
when going from the bulk region to the surface of a uni-
formly disordered Cu-Ni alloys exibits the same general
trends as pure Cu and Ni. However, the presence of
surface segregation may radically change this situation,
as we shall discuss in the following section.

B. (001) surfaces of segregated Cu-Ni alloys

The results for the alloys with bulk Cu concentrations
of 50% and 10% and with different surface compositions
are presented in Figs 3a. nd 4, respectively W.e choose
these alloys in order to compare with UPS spectra. 43 In

b.
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FIG. 3. Density of states for (001) surface of a CusoNizo
alloy with a surface concentration of 75'%%uo Cu (left panel) and
96% (right panel). In (a)—(f) the local DOS projected onto
the atomic sphere of S+ith layer is shown (see caption of Fig.
2). The total DOS is shown hy a full line, the local DOS for
Cu by a dashed line, and the local DOS for Ni by a dot-dashed
line. The dotted line in (f) denotes the surface DOS for a Cu
overlayer. In (g) and (h) the local DOS projected onto the
vacuum atomic sphere of the S —1st layer is shown. In (i)
and (j) are shown the experimental UPS spectra in relative
units from Ref. 43.
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this comparison we neglect the eH'ects of matrix elements
and inelastic scattering but still expect the main features
of the electronic state density to be reBected in the UPS
spectrum.

As one may see from the 6gures, the agreement be-
tween the calculated densities of states at the surface and
the UPS spectra is indeed quite good [panels (e) and (i),
and (f) and (j) on Figs. 3 and 4]. The general structure
of the spectra both with respect to the positions of the
peaks and their changes in relative intensities with sur-
face composition is reproduced in the calculations. This
agreement may be viewed as a measure of the applica-
bility of the single-site CPA to the case of surfaces of
random Cu-Ni alloys.

A comparison of Figs. 2(c), 3(e), and 3(f) shows that
as the surface Cu concentration increases the intensity of
the Cu-related peak in the total density of states at the
surface increases at the expense of the ¹irelated state
density. This is a simple dilution eKect. The sharp peak
in the local density of states at the Ni atom is narrowed
and for a Cu surface concentration of 96% it has the
character of a virtually bound state at the energy —0.03
Ry. This narrow resonance was also found in dilute Cu-
rich alloys, and one consequence of its appearance is
that, as in the bulk case, one cannot use the rigid band
model to describe the surface electronic structure for
Cu-Ni alloys.

Energy relative to the Fermi level(Ry)

FIG. 4. Density of states for the (001) surface of a CuioNi90
alloy with a surface concentration of 100% Ni (left panel) and
35'%%uo Ni (right panel). The notation is the same as in Fig. 3.

The narrow resonance at the Ni atoms appears as a
shoulder in the total density of states in the high en-

ergy region and such a shoulder is indeed observed in
the UPS spectra of an annealed alloy with a bulk Cu
concentration of 50%. If we add a pure Cu overlayer to
the Cu50Ni50 uniform alloy the shoulder disappears as
indicated by the dashed curve in Fig. 3(f). Hence the
existence of this shoulder in the UPS spectrum for the
annealed sample indicates the presence of Ni atoms at the
surface. This in agreement with the segregation calcula-
tions to be presented in the next section which indicates
a small but finite concentration of Ni at the surface.

As for the Cu-related peak, it becomes a little wider at
the surface as the Cu concentration increases, and some
6ne structure begins to appear. This last efFect is a con-
sequence of the increased probability for a Cu surface
atom to be surrounded by mostly Cu neighbors. How-

ever, still the 6ne structure is not nearly as pronounced
as in a bulk Cu-rich alloy52 because of the much higher
concentration of Ni atoms in the subsurface layer.

Analogous changes in the electronic structure can be
seen for the alloy with a bulk Cu concentration of 10% as
the surface concentration of Cu increases. The DOS at
the surface for the nonequilibrium alloy with a pure Ni
surface is of course dominated by the contribution &om
the d electrons of Ni and the spectrum exhibits a well

developed 6ne structure similar to the one on a pure Ni
crystal. 5 As the surface concentration of Cu increases
up to 65%, the Ni DOS loses its fine structure and the
contribution &om the Cu d band appears in the total
DOS in complete agreement with the UPS data.

The density of states outside the surface, projected
onto the first atomic sphere above the surface, under-
goes changes very similar to those of the surface layer.
Note, however, that the relative intensities of the Cu-
and ¹irelated peaks are not proportional to the surface
composition due to the fact that the Ni d states pene-
trate further into the vacuum region. Again, the screen-
ing of the surface layer is seen to be very efKicient as we

go into the bulk of the crystal. Indeed, the electronic
structure in the third layer below the surface appears to
be completely independent of the surface composition.
Even the first subsurface layer is only slightly affected,
although one may see in Figs. 2(b), 3(c), and 3(d) that
the ¹irelated peak gets more narrow and its intensity is
increased slightly as the surface concentration of Cu is
increased for the Cu50Ni50 alloy. It should noted that in
these calculations we change only the surface composi-
tion which will only affect 4 of the 12 nearest neighbors
of an atom in the first subsurface layer.

One may conclude that surface segregation will be im-
portant for the electronic structure of random alloy sur-
faces. At the same time, the agreement between the
calculated density of states and the experimental UPS
spectra indicates that the CPA may be used to describe
surface properties of random Cu-Ni alloys with good ac-
curacy.

VII. WORK FUNCTION

In Table III we present the work function calculated as
a function of the surface concentration and compare it to
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TABLE III. Work function P of an fcc (001) surface of
Cu-Ni alloys for diferent concentrations.

27 '
I

'
I

'
I

'
I

kli

Concentration of Cu in at. %
Bulk Surface

50 100
50 75
10 65
10 0

P (eV)
Theory

5.3
5.4
5.5
5.8

Expt.
4.6
4.7
4.6
5.0

2.5)q

2.3

Reference 43.

experiments. 4s As expected, the work function decreases
with an increasing surface concentration of Cu, and these
changes are reproduced in the calculations with good ac-
curacy. The deviation between the calculated and the ex-
perimental absolute values is of the order of 15%, which
is typical in the present kind of calculations and may
be caused by inperfections at the surface as suggested in
Ref. 53.

VIII. SURFACE ENERGY FOR Cu&ONi50
WITH SEGREGATION

A. Layer dependence

Before we present the temperature dependent segrega-
tion profiles obtained by the CVM method we shall show

by direct surface-energy calculations that an oscillatory
concentration profile is to be expected. To do this, we
consider a 50% CuNi alloy and vary only the concentra-
tion of the surface layer. The surface energy of this sys-
tem calculated by (3—5) is shown in Fig. 5(a) from where
it is seen that the lowest surface energy is reached when
the alloy surface is fully covered by Cu. This means that
Cu will exhibit a strong tendency to segregate towards
the surface and is in complete agreement with the notion
that the element which has the lowest surface energy will

cover the surface of its alloys.
We then fix the concentration of the surface layer at a

100'%%up and proceed to vary the concentration of the first
subsurface layer. The results are presented in Fig. 5(b),
and they show that in this case the lowest surface energy
is found when the subsurface layer is completely depleted
for Cu. We point out that, although the variation of the
surface energy with concentration is much smaller for the
subsurface layer than for the surface layer, the minimum
at zero concentration is well within the numerical accu-
racy of the LMTO-CPA technique.

Although we have performed only a restricted vari-
ation of the surface energy within the space spanned
by the concentrations of the two topmost surface lay-
ers, the smooth variation of the calculated surface ener-
gies strongly indicates that the absolute minimum will
be found for ci ——100% and c2 ——0'%%up. Consequently, the
segregation profile in CuNi alloys should be oscillatory
rather than monotonic. As we shall see this expectation
is borne out by the segregation caculations to be pre-
sented in Sec. IXB.

I i I i I
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FIG. 5. The surface energy of the (001) surface of a ran-
dom Cu50Ni50 alloy as calculated by means of LMTO-CPA
(full line, filled circles). In (a) the concentration of the sur-
face layer is changed while the concentration of the subsur-
face layers is kept at 50'%% Cu. In (b) the concentration of
the first subsurface layer is changed while the concentration
of the surface layer is kept at 100'%%up and the concentration of
the remaining subsurface layers is fixed st 50'%%. The concen-
tration average (dashed line) of the surface energies for pure
Cu (open square) and Ni (open triangle) is also shown. The
dotted line in (b) represents the minimum surface energy in

(s), i.e., the surface energy of the alloy with 100% Cu in the
surface layer and 50'Po Cu in the subsurface layers.

B. Concentration dependence

It may seen from Fig. 5(a) that the calculated surface
energy depends essentially linearly on the concentration.
Now, the mixing enthalpy of the Cu-Ni system is found
to be small over the whole concentration range and
hence one may assume that the total energy per atom
of Cu and Ni is independent of alloy concentration. In
that case one gets for the chemical potential (4) simply

pq ——Ec"„"—EN", " and, if one assumes that the vacuum
contribution may be assigned to the surface layer, the
surface energy becomes

M

&. .r = ).[«(&a"—&c~'") + (I —«) (&A"' —@N"")
I

(23)

If all subsurface concentrations are fixed at the bulk value
of 50%, (23) leads to a surface energy which is linear in
ci. The self-consistent result shown in Fig. 5(a) deviates
only slightly &om this expected linear behavior, the de-
viation being a measure of the validity of the assumption
of concentration independent total energies for Cu and
Ni.

If the concentration of all surface layers is independent
of A and equal to a common value c, one obtains from
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(23) a surface energy which varies with c as the concen-
tration average of the surface energies of pure Ni and Cu.
As seen in Fig. 5(a), this is a reasonable approximation
for the random overlayer on Cu50Ni50. Here the devia-
tion from the concentration average is a measure of the
effect of alloying and the fact that the self-consistent re-
sult falls below the concentration average for c ) 80%
means that the tendency for Cu to segregate towards the
surface is enhanced by alloying.

In the case where only the concentration of the subsur-
face layer is changed [Fig. 5(b)j the variation of the sur-
face energy deviates somewhat from the expected linear
behavior, but still the variation is monotonic. In addition
the variation with concentration is quite weak, refiecting
the fact that the main contribution to the surface energy
in the ASA partition comes &om the surface layer and
the first vacuum layer. This is in agreement with the
observation that the state density of the first subsurface
layer shown in Sec. VI is close to the bulk result and
hence the difFerences E2" —E~„"i~and E2 ' —E~„'i~are
much smaller than the corresponding values for A = 1.

Finally, it is interesting to note that the surface energy
of the system of two Cu overlayers on top of the random
alloy, c2 ——100% in Fig. 5(b), is very close to the surface
energy of pure Cu. This refiects the fact that the Cu
atom on the surface of the alloy has exactly the same
environment as on the surface of pure Cu and that the
subsurface Cu atom in the alloy on the average has only
exchanged 2 of its 12 neighbors with Ni.

IX. INTERATOMIC INTERACTIONS AND
SEGREGATION PROFILE FOR Cu-Ni ALLOYS

A. Connolly-Williams parameters

The Connolly-Williaras interactions calculated on the
basis of the LMTO-CPA total energies are presented
in Table IV and the additional interaction parameters
needed in (22) as well as the free parameter in (15) are
given in Table V. We notice that essentially all the in-
teraction parameters in Table IV are of the same order
of magnitude. This may be understood as follows. Since
we treat completely random alloys, we cannot distinguish
contributions to the total energy from different shells, i.e.,
our V& and V& are equal to the sum of all pair inter-(2) (2)

actions in the layer A or between layers A and A + 1.
On the other hand, the effective pair interactions within
the first and the second coordination shells of the Cu-Ni
system are large but of opposite signs. ' Thus their
contributions to the total energy compensate and lead to

TABLE V. Additional interaction parameters used in Eqs.
(15) and (22) in degrees K.

~surf ~bulk—~0
9949.35 87.80

(3)
'KG+

84.45

(3)
~++

71.58 63.08

a relatively smaQ value for V& . Finally, the relatively
large values for the three- and four-site interactions re-
Hect the strong concentration dependence of the effective
pair interactions which is also observed in the analysis
of the experimental neutron scattering data4o and in the
calculations.

It may be seen in Table IV that the interactions viewed
as functions of the layer number A converge towards their
bulk values except for the four-site interactions where

V3 is relatively large. This is caused by the cutofF at
A = 4 and the assumptions (21) whereby part of the
total energy which is not accounted for by the other in-

teractions gets assigned to V3 in the Connolly-Williams
procedure. However, the exact value for this four-site in-
teraction has little effect on the calculated segregation
profiles.

The contribution to the total energy from the in-
terlayer interactions in Table IV may be discussed in
the light of (16). Thus the fact that Vz( ) is negative
means that the configurations with the same element in
both layers, i.e., either (o'i, o2) = (1, 1) (Cu, Cu, ...j or
(oi, o2) = (—1, —1) (Ni, Ni, ...) will be preferred. Fur-

thermore, the positive sign of V1 and V1 favors the
compositions (Cu, Ni, ...j and (Ni, Cu, ...), while the neg-

ative sign of V1 make all the compositions equally fa-

vorable. Since the values of V1 and Vj Vj + are cora-(2) (3) (3)
1+ 1+ & 1++

parable, the equilibrium surface concentration profile will

be determined by the large values of Vj and V2, which(1) (1)

favor Cu in the first layer and Ni in the second layer. As a
result, we may expect a strong segregation of Cu into the
surface layer and a weak segregation of Ni into the first
subsurface layer which of course is a direct consequence of
the concentration dependence of the LMTO-CPA surface
energies presented in Fig. 5.

It is interesting to note that our values for V1 and

V3 are close to those obtained in the GPM calcula-
tions 1800 K and —15 K, respectively, while V2

does not agree with the GPM results. The value for V1
obtained in Ref. 16 by the semiempirical tight-binding
method is approximately twice our result. However, al-
though the Connolly-Williams method itself has certain
deficiencies, it may be more realistic than the GPM, be-

TABLE IV. Connolly-Williams interactions for the Cu-Ni (001) surface in degrees K.

1
2
3
Bulk

(i) (i)

-2085.54
398.82
-25.39

V(&)

-198.12
75.51

-75.00
-10.11

y(2)
Ay

-108.97
6.96

-50.00
-20.21

~(3)
A+

36.30
36.65

129.74
95.82

y(3)
A++

61.27
108.71
129.74
95.82

y (4)

-75.89
62.17

346.30
124.12



11 394 49A. V. RUBAN pg gI

cause it is based
culation

on a series o
s.

accurate total--energy cal-

B. Segregation profiles for theor e (001) surface

In Fi'g. 6 we present the e uiliq
''

d
'

H

as obt db ofth
es an a variety of bulk

e generalized cluster vari t'

d1so
se a t t hb &

ure. nfortunatel

bl
r e entropy is more acc

ex-

theory.
ore accurate than mean-field

%e have compared the present se
concentrations with th e results of four

100

previous theoretical 1 ul
'

ica c ations in Fi
}i 11cha

'
e ermine se re ati

e

i 1 fi dthtn at the calculations
good agreement. It 'oo . is particularl r

ns are in surprisin 1ngy

h 11, o 1mp e e agreement withex er
a strong segregat fion o u towards

i experiments, predict

'd h fh
The outstan

'
tan ing question is the e

1
' '

h fi
present results a e

rs su surface la er. Iy . n this respect the

embedded atom t
agree with the calculcu ations based on th

g
It appears that to settle th'

e cannot at present a
e 1s

pp p
a variance with each o

en s

th' I t' du'tio nd
therefore examine th

'on an summarized in

techniques.
ine e approximatia ions of the calculationa

In the present technique the osc'

the subsurfaceace concentration is a di
e e oscillatory behavio fvior o

the signs and th
is a irect consequence of

e magnitudes of th

lt of th di t LMTOc -CPA sur
to H th C d
laayer cannot be attributed to som

e u epletion within th
ri ute to some unwarrant de approx-

80 -'

60

C=70%

C=50%

80

60

C=57%

o+

40
C=30%

40

20-
O
0

~
o

0)o 80

'\

60

C=10%

C=70%

C=50%

~ 20-
U
0
c'. 0

~ g5i ~ ~

0)o 80
0
O

60-

C=50%

C=80%

40 C=30%
C=73 9%

20 C=10% 20 C=75%

0
t

I

5
Layer

FIG. 6. Calculated e
001

a e equilibrium se re ag g o p

tions at tw
u- i a oys for various bulkulk Cu concentra-

h
h 04

c uster variation
present the results

on method while
present results bts o ained b th

the dot-dash d le Ines

h
xpression for

I

5
Layer

FIG. 7. Comparison
n resu ts at 800 Ki e circles, present

e segregation profil

oK(R f ) ; open diamonds EAM
'7

t i 1, LMTO-
circles TB-CPA-GPM e . 6 .

-CPA-GPM at . - o e
at 700 K (Ref. 16).



49 SELF-CONSISTENT ELECTRONIC STRUCTURE AND. . . ll 395

imation in the generalization of the Connolly-Williams
method to the case of an alloy surface. In the present
calculations, the main approximation, apart &om the
single-cite CPA, is the application of the atomic sphere
approximation. However, the surface Green's-function
tight-binding LMTO method on which the LMTO-CPA
is based gives surface energies for metals in the noble-
metal side of the Periodic Table which agree with those
of full-potential calculations to within a few percent.

It is perhaps significant that the calculations which
predict an oscillatory segregation profile, i.e., LMTO-
CPA and EAM, are based on total energies rather than
the one-electron energies used by GPM. However, to set-
tle this issue clearly more work is needed.

X. SUMMARY

We have combined a number of calculational tools into
a single scheme and used it to calculate physical proper-
ties of surfaces of random alloys at thermodynamic equi-
librium &om first principles. The scheme is based on the
cluster variation method with interaction parameters de-
termined by the Connolly-Williams method generalized
to the case of a surface. The underlying total-energy
calculations for a series of random alloys with speci-
fied bulk and surface-layer concentrations were carried
out within the local density approximation to density-
functional theory by means of the Green's-function sur-
face LMTO-CPA method in the atomic sphere approxi-
mation.

The technique is applied in the calculation of the elec-
tronic structure and the surface segregation profile of the
(001) surface of Cu-Ni substitutional alloys. The layer-
projected electronic state densities are presented for the
alloys with diH'erent bulk and surface compositions. The
band narrowing and the shift of the d-band center of grav-
ity were analyzed within the tight-binding model. The
calculated surface state densities are in good agreement

with the experimental ultraviolet-photoelectron spectra
with respect to the position, the bandwidth, and the rel-
ative intensities of the peaks.

The surface energy of a segregated Cu50Ni50 alloy is
calculated by means of the LMTO-CPA method as a
function of the surface and subsurface concentrations.
These direct calculations show that the surface energy
decreases with increasing Cu concentration in the surface
layer and increasing Ni concentration in the subsurface
layer. They strongly indicate that the segregation pro-
file of the (001) surface of random Cu-Ni alloys must be
oscillatory.

The calculated Connolly-Williams interaction parame-
ters for (001) surface indicate that the main contribution
to the total energy &om the surface and subsurface layer
comes &om the corresponding one-site interactions. In
addition, the signs of the one-site interactions are such
that one may expect strong segregation of Cu atoms into
the surface layer and a weaker segregation of Ni atoms
into the subsurface layer in complete agreement with the
LMTO-CPA calculations.

The segregation profile of the (001) surface of random
CuNi alloys is calculated by means of the cluster variation
method and is found to be oscillatory for all bulk con-
centrations. This result disagrees with recent GPM cal-
culations but is in complete agreement with total-energy
EAM calculations.
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