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Electronic theory for surface segregation in Cu,Ni,_, alloy
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Surface segregation is studied for Cu,Ni,_, alloys using the tight-binding Hartree-
Hamiltonian and a mixed Bethe-lattice model to determine the electronic energy. Results
for the surface segregation at (100) and (111) surfaces of the alloy are presented and com-
pared with existing experimental results. Also, results are given for the temperature
dependence of the segregation. Furthermore, the effect of the surface segregation on the
local electronic density of states and on the surface core-level shifts is calculated on the

basis of our electronic theory.

I. INTRODUCTION

In recent years the surface composition of metal
alloys has been studied extensively. Particular at-
tention has been given to investigation of the sur-
face composition of Cu-Ni alloys.! ™ In these al-
loys strong segregation of Cu atoms to the surface
occurs. Obviously, such a segregation is of interest
with respect to a study of the catalytic activity of
such alloys.® Several theories of segregation in al-
loys have been proposed. Among the phenomeno-
logical theories, the pair bond models’ ! for the
interatomic interactions are most extensively used.
According to this model, the constituent having
the lower heat of vaporization segregates to the
surface. However, it has been recently shown!!~
that the use of surface energies to describe surface
segregation gives a better agreement for a large
number of systems including those with com-
ponents of appreciably different molar volumes.
Theories'""!>!% taking into account both bond
breaking and volume effects and including long-
range and short-range atomic order'® have also
been presented. Microscopic electronic theories of
segregation'’~!° presented so far use a tight-
binding-type Hamiltonian. In a recent theory,'
the tight-binding Hartree Hamiltonian with off-
diagonal disorder is solved self-consistently to
determine segregation in noble-metal alloys. It
should be noted that this theory predicts correct
segregation trends even for systems like Cu-Au al-
loy, the constituents of which differ appreciably in
their molar volumes. In this paper we apply this
theory to calculate surface segregation in
Cu, Ni;_, alloy. Moreover, to describe the alloy
system, we use for determining the electronic ener-
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gy, four different sets of transfer functions in
cluster-Bethe-lattice model (see Appendix A),
whereas in Ref. 19 only three such transfer func-
tions were used.

The surface segregation is determined by minim-
izing the free energy with respect to the alloy con-
centration. The minimization is perfomed with the
constraints that the total number of atoms and
electrons in the alloy is fixed. Thus, the segrega-
tion for (100) and (111) surfaces of Cu-Ni alloy, as
well as the temperature dependence of the surface
segregation is calculated and compared with exist-
ing experimental results. We demonstrate that the
surface segregation is clearly reflected in the sur-
face electronic-density of states (DOS).

Recently, there is increasing interest in the study
of the core-level-binding energy shifts in metals®®?!
and alloys.?>?} It has been pointed out that the
surface core-level binding energy-shifts (SCLS) in
alloys can be used to analyze the surface segrega-
tion in alloys. Therefore, in the present paper we
use the electronic theory presented here to calculate
the SCLS as a function of alloy composition in-
cluding surface segregation.

In Sec. II we outline the electronic theory for
surface segregation. In Sec. III we present for
Cu,Ni, _, alloys results on segregation and its
temperature dependence. Also, we discuss how
segregation affects the surface DOS. In Sec. IV we
discuss the effect of surface segregation on the
SCLS in Cu,Ni;_, alloys. Section V gives a dis-
cussion of our results. Details on the mixed
cluster-Bethe-lattice model, used to calculate the
local density of states (LDOS) are presented in the
Appendix A. In Appendix B the expression for
the SCLS for alloy is derived.
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II. ELECTRONIC THEORY FOR
SURFACE SEGREGATION

The internal energy E of the alloy is calculated
by using the tight-binding Hartree Hamiltonian
with intra-atomic electron-electron Coulomb in-
teraction U. We take only the d band into ac-
count, because the electronic DOS of Cu,Ni;_, al-
loy system at the Fermi-level is mainly of d char-
acter.”* The Hamiltonian is written as

H=73 €nic+ Y, tijcitycja ) (1)
io i£j
o
where
€o=€rn+Uln;_,) . (2)

Here, ciT and ¢; are usual creation and destruction
operators for electrons with spin ¢ in Wannier
state at site i occupied by (n;,) electrons. €, and
t;; are the single-site energy for the pure metal and
hopping integral between nearest neighbors, respec-
tively. €), can have values €5, for €%, if the site is
occupied by an A4 or B atom, respectively. The
hopping integral #; can have values ¢, tp, Or t4
depending on the type of atoms on sites i and j.
The alloy composition at the surface is determined
by minimizing the free energy F(x,x,, . ..,x;) of
the crystal with respect to the concentrations
X1,Xy,... of first, second, ... crystal layers paral-
lel to the surface. The constraints, that the num-
ber of atoms and the number of electrons are fixed,
are included in the free-energy expression using
Lagrange multipliers. Thus, we minimize the ex-
pression

?(xl,xz,...)=F(x1,x2,...)
2 x—v 3 (). Q)
A=1 A=1

Here, (n, ) denotes the average number of elec-
trons on an atom on Ath plane. The Lagrange-
multipliers u and v are related to the bulk parame-
ters of the alloy and are given by

_9F _oF _,
#*axb’ _a(nb)_ Fe

The free energy F(x;,x,,...) is given by

4)

F(xl,xz,,..)=2E;L(x1,x2,...)—TS, (5)
A=1

where E, is the internal energy of an atom in the

Ath layer parallel to the surface. In the present
model,

E
Ey=[ " Ep(E)E~EL . ©6)

Here, p,(E) is average LDOS in the Ath layer, Ex
is the Fermi energy, and Ee); is the correction term
in the energy for the Ath layer, due to Hartree-
Fock approximation and is given for an atom at
site i by

Ei)=5 3 (ip—el)(ny,) . 7

The temperature dependence of the internal ener-
gy is negligible and therefore not taken into ac-
count. The configurational entropy of the random
alloy system is given by

S=—kg > [xaInxy+(1—-x3)In(1—x,)] .
3

(8)

The LDOS is determined from the diagonal ele-
ment of the one-particle Green’s function G;; ,(E):

PAE)=—7"'Im S, G; (E), i=A,B .
’ 9)
The average LDOS is in the Ath layer given by
PAE)=x,p5(E)+(1—x, )p2(E) . (10)

The diagonal Green’s function G;; ,(E) is evaluated
by a mixed Bethe-lattice model,!® as described in
Appendix A.

Now, from Eq. (3) it is clear that an analytical
solution of the equation 0.7 /dx; =0 is not possi-
ble. Therefore, the equilibrium concentration
xg (=x) at the surface is obtained by minimizing
F(x1,Xy,...) with respect to x; numerically.

III. RESULTS FOR SURFACE SEGREGATION

The essential parameters needed for the calcula-
tion of the surface segregation of Cu are the band-
widths of the pure elements of the alloy, the mean
energies of the d band, and the number of d elec-
trons. The d bandwidths are taken to be 3.34 eV
(Ref. 24) for Cu and 4.3 eV for Ni. The difference
between the mean energies is taken as
eXi—€e2,=1.8 €V,** and the band fillings are taken
equal to 10 electrons per atom for Cu, and 9.4 elec-
trons?* per atom for Ni. The intra-atomic Cou-
lomb interaction U is taken to be 2 eV.

In Fig. 1 we present results for the surface con-
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Xp

FIG. 1. The surface concentration x; of Cu as a
function of its bulk concentration x; on (111) surface of
Cu,Ni,_, alloy at 400 and 500°C. Experimental values
refer to Brongersma et al.> Open circles: at 400°C,
Full circles: at 500°C; and Sinfelt et al. (Ref. 6) (trian-

gles).

centration x; of Cu at a (111) surface for the two
different temperatures 400°C and 500°C. As men-
tioned in the theory the calculation took into ac-
count intrasite electron-electron Coulomb interac-
tion U. The electronic charge transfer from bulk
to surface is calculated self-consistently. For com-
parison also results for U =0 are shown in Fig. 2.
The temperature dependence of the Cu concentra-
tion at the (111) surface of Cu-Ni alloy
(xp =0.107) is shown in Fig. 3 and compared with
the existing low-energy ion-scattering spectroscopy
(LEIS) results.® In Fig. 4 we compare the segrega-
tion on (111) and (100) surfaces of Cu-Ni alloy.
In Fig. 5(a) we show the total bulk DOS for
x; =0.62 For comparison results are shown for
xp,=0.62 obtained by Stocks et al.>* using coherent
potential approximation (CPA). One notes that de-
tailed structure in the DOS is not present in our
calculation, but the main features of the DOS com-
pare well. In Fig. 5(b) we illustrate how the sur-
face segregation affects the surface DOS. Instead
of curve 2, which would give the DOS in the ab-
sence of surface segregation, one obtains a DOS
shown by curve 1 as a result of segregation. In
Fig. 5(c) we show the surface DOS for two dif-

ferent surface concentrations. The full curve refers

to x;=0.91 and the dashed curve to x, =0.83.
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FIG. 2. The surface concentration x; of Cu as a
function of its bulk concentration x; on (111) surface of
Cu,Ni,_, alloy at 400°C. The full curve refers to the
Coulomb interaction U =2 eV and dashed curve to

U=0.

The corresponding bulk concentration is x, =0.2.
These two different surface concentrations x;
correspond to the two different temperatures
400°C and 500°C, respectively. In Fig. 5(d) we
compare the surface DOS for x;, =0.2, x3=0.91
(dashed curve) with that of pure copper (full
curve).

In Fig. 6 we show the SCLS (A3) for Ni as a
function of Cu concentration, calculated from Eq.
(15). These results together with the SCLS are dis-

cussed in Sec. V.

Xcu(BULK)=0.107
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FIG. 3. The surface concentration x; of Cu on (111)
surface of Cu,Ni,_, alloy with bulk Cu concentration
x,=0.107, as a function of temperature. Experimental
points are taken from Brongersma et al. (Ref. 3).
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FIG. 4. The surface concentration x; of Cu as a
function of its bulk concentration x;, at 400°C for (111)
surface (full line), and for (100) surface (dashed line).

IV. ELECTRONIC THEORY FOR SURFACE
CORE-LEVEL-BINDING ENERGY SHIFT (SCLS)

In the following we analyze the effect of surface
segregation on SCLS. This is of interest for an
analysis of surface segregation from SCLS data.
The SCLS for A and B in A, B;_, alloy can be
given as (see Appendix B)

AN(A)=EA*AB,_,)—E%A,A.B,_,) (11)
and
AS(B)=ESB*A,B,_,)—E%B,A,B,_,). (12)

Here, ES(A*,A,B_,) denotes the surface enthal-
py (difference in energy of an atom in the bulk and
in the surface) of A* in the alloy A, B,_,,A* (B*)
denotes the core-ionized A (B) atom. If 4 and B
are the neighboring elements in the Periodic Table,
then B* =4 (which is the case for Cu-Ni alloy).

Therefore Eq. (12) becomes

AY(B)=E%(4,4,B,_,)—E%B,A,B,_,) (13)
Now, in terms of the LDOS p ;) at surface

(bulk), the surface enthalpy can be written as

Ep

DENSITY OF STATES (ARBITRARY UNITS)

ENERGY (eV)

FIG. 5. Various results for the electronic density of
states at (111) surface of Cu,Ni,_, alloy. (a) shows the
total DOS in bulk for x;=0.62 (full curve). For com-
parison the dashed curve refers to CPA calculations by
Stocks et al. (Ref. 24) again for x;=0.62. (b) shows the
average DOS for x, =0.5. The dotted curve refers to
bulk DOS. Curves 1 and 2 refer to the DOS at the sur-
face for x;=0.95 and x,=0.5, respectively. Note,
x;=0.95 is the calculated surface concentration for
x5 =0.5. (c) shows the average DOS with x;, =0.2 at
surface with x;=0.91 (full curve) with x;=0.83 (dashed
curve). These two surface concentrations are calculated
x; for x, =0.2 at 400 and 500°C, respectively. (d)
shows the comparison of DOS at surface for x;, =0.2,
x;=0.91 (dashed curve) with that of pure Cu (full
curve).

ES EF A by A s b
(4,48, _)= [ (E—€)pMEME — [ " (E —€})pf(E)E —[El(4)—E&(A)] (14)

where E,.(4) denotes the correction term in energy for A atom due to Hartree-Fock approximation, given by

Eq. (7). Therefore, Eq. (13) can be written as
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E
AS(B)= f_FE(ApA(E)—ApB(E))dE —(n5e —nbel —nyeh+nhey)

—[ES(A)—EL(A)—ES,(B)+EL (B)],

where

Ap{(E)=pi(E)—p}(E)

Ep |
nis(b):f_wp;(b)(E)dE .

Equation (15) is used to calculate the SCLS for Ni
in Cu,Ni;_, alloy. A similar expression for SCLS
for Cu can also be written, but in the present for-
mulation it is not possible to calculate it, because
one needs the surface enthalpy of Zn (next higher
element of Cu) in Cu,Ni;_, alloy. A3(B) is.the
heat of segregation of A4 in the alloy 4,B;_.?

V. DISCUSSION

For simplicity, we have assumed in the calcula-
tion only the surface concentration to be different
from the bulk (the monolayer model). From exper-
iments>~> and the calculations based on bond-
breaking model,!? the concentrations in the second,
third,. . . layers are found to be very nearly equal
to the bulk value, and therefore the monolayer
model is a good approximation for Cu-Ni alloy.

As can be seen from Fig. 1, our surface segrega-
tion results are in good agreement with the results
obtained from the LEIS experiment,® which pre-
cisely measures the surface concentration. Figure
2 shows that our results obtained for U =0 are in
bad agreement with experiment. This indicates the
importance of Coulomb interactions between the
electrons. We find that due to U540, surface

>
@ 054
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n v
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FIG. 6. The surface core-level shift for Ni [AS (Ni)]
as a function of bulk Cu concentration.

(15)

segregation of Cu is enhanced. A similar effect
has also been obtained earlier.!®

Our results shown in Fig..4 indicate slight
enhancement of Cu surface segregation on the
more opened (100) surface as compared to a (111)
surface, a fact which is observed experimentally.?
From the results of DOS in Fig. 5 it is obvious
that with increasing concentration the peak in the
average DOS centered on Cu increases. Conse-
quently, one expects strong Cu peaks in the
energy-distribution curves of photoelectron emitted
from a Cu rich Cu-Ni alloy surface, as observed.?®
Figure 5(c) illustrates that with increasing tempera-
ture the Cu peak will decrease, since the Cu con-
centration on the surface decreases. Figure 5(d)
shows that in the case of very strong surface segre-
gation of Cu, the average DOS at the surface looks
almost similar to that of pure Cu.

In Fig. 6 we show the surface core-level binding
energy shift for Ni on (111) surface calculated
from Eq. (15). So far, no experimental results are
available. However, it is interesting to note that
the results of our self-consistent electronic calcula-
tion show a similar trend as those recently ob-
tained by Kumar et al.?? using a phenomenological
model. For transition metals, Desjonqueres et al.?!
have explained the origin of the SCLS as a conse-
quence of the atomic d-level shifts at the surface in
order to preserve charge neutrality. Though in our
calculation a somewhat different approach is used,
we also note that the change in atomic d levels ¢,
for Ni at the surface is similar to the curve shown
in Fig. 6. For small bulk Cu concentrations, a big
shift is observed in the surface-core-level of Ni,
which can be understood from the DOS curves
shown in Fig. 5. In the bulk there will be large
DOS near the Fermi energy, whereas at the sur-
face, because of small Ni concentrations, a small
DOS will be at Er. So, to preserve the charge neu-
trality Ni level should be shifted to higher energies.
As the bulk Cu concentration increases, the shift
reduces. This is because the surface DOS is ex-
pected to remain almost unchanged because of
small variation in surface concentration, as the
bulk concentration is increased.

As the surface composition is different in dif-
ferent crystal planes, the SCLS is also expected to
be different. In our calculation for surface enthal-
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pies, we have considered only d electrons. Howev-
er, there will also be some contribution from s elec-
trons, particularly important for Cu. Since in the
expression for SCLS only the difference in surface
enthalpies appear, we feel that this will get can-
celed, as the contribution of s electrons is almost
constant throughout the transition-metal series.
Finally, we have not considered the possibility of a
different s-d charge configuration at the surface.
This may lead to some change in SCLS.

The results of our simple tight-binding calcula-
tion are encouraging, as our calculated surface
composition is in good agreement with experiment.
As the importance of the SCLS in the study of
segregation has already been pointed out,”>?* we
suggest that experiments should be done to meas-
ure SCLS in alloys, to supplement already-used
techniques available in the study of surface segre-
gation.

81=tyu{ E —€) —(Z — 1)[xt 448, +(1—x)t455,]
8, =typ{ E —€)f —(Z — 1)[xt448,+ (1 —x)t,4585]
83=t4p{ E —€p—(Z —1)[xt48,+(1—x)tpp8,]
8s=tpp| E —€5 —(Z —1)[xt,458,+(1—x)t5p8,]
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APPENDIX A: DETERMINATION OF
DIAGONAL GREEN’S FUNCTION IN
MIXED BETHE-LATTICE MODEL

As discussed earlier by Kittler and Falicov,?’ in
the bulk of the alloy one has only four different
types of sites in the Caylee tree, since the branch-
ing ratios at a site depend only on the type of the
atom at that site and its parent atom. In the bulk,
the ratio of the Green’s function at a particular site
to that of its parent, depending upon whether the
link is made via an A-4, A-B, B-A, or B-B bond,
are denoted by 8, 6,, 83, and 8, respectively, and
are given by

b

(A1)

’

b

where Z is the coordination number in the bulk. Now, to describe the surface we need three other sets of
such transfer functions [Eq. (A1)], depending upon whether the link is made between two surface atoms, be-
tween a surface and a bulk atom, and vice versa. The corresponding sets of transfer functions are denoted
by (al’a2ia37a4)’ (Bl7ﬂ2’ﬂ39ﬂ4)1 and (yh’)/Z?’y3’7/4) and are given by

ar=tys{ E —€—(Zo—1)[x tqa1+(1—xtgpas] —Z [xt B +(1—x)t3B3]1} 7",

ay=(typ/ths)a ,

(A2)

as=tjp{ E —€4—(Zo—D)[x1tpay+(1—x)thgas] —Z [xtapBr+(1—x)tgpBsl} 7",

as=(tpp/tip)as .

Here, t;; denotes the hopping integral on the surface; Z, and Z; are the numbers of nearest neighbors in the
surface plane and between two adjacent planes, respectively. x and x; are the bulk and the surface concen-

trations, respectively.

Similarly, the set of transfer functions connecting a surface atom to a bulk atcm are given by

Bi=taa{ E —€4 —(Z; = DIxt 4471+ (1 =X)t4py3]—(Zo+Z | [Xt448+(1—x)145851}1 71,

Bo=(t4p/t44)B1 »

(A3)

Bs=tsp{ E —€3—(Z;— Dxtapys+(1—X)tppys] —(Zo+Z [ xt4p8,+(1—x)1ps84] } 7',

Bs=(tpp/t4p)Bs -
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and the set of transfer functions connecting a bulk-atom to a surface atom is given by

Vi=taal E —€4—Zo[x 101 +(1—x)tjpas]—(Z, — D)[xt 44B1 +(1—x)t4pB3]1} 7",

V2=(tap/tua)71 >

(A4)

V3=tsp{ E —€3—Zo[xthpay+(1—x)tppag] —(Z — D[xtBy+(1—X)tgpBs] } 7',

Ya=(tpp/t4p)73 .

These sets of nonlinear equations are solved iteratively. The one-particle Green’s-functtons in the bulk
[G58(E)] and at the surface [G5$(E)] are obtained using the relations

G’ (E)={E —&—Zo[xtyga1+(1—xtigas]—Z [xt 40P + (1 —x)t45B8] } 71,

(AS5)

G (E)={E —€3—Zo[x1tipay+(1—x)tppas] —Z, [xtapBo+(1—X)tgpBs] } 1,

Gg(’)b(E)z{ E —GZ _Z[xtAA81+( 1 —x)tABS3] }_1 ’
G& (E)={ E —e —Z [xt458,+(1—x)tp84] } 7',

These sets of equations (AS5) and (A6) are used to
determine LDOS at surface and bulk, respectively,
using Eq. (9).

APPENDIX B: EXPRESSION FOR SCLS
IN ALLOY

In deriving Egs. (11) and (12) we adopt the ap-
proach of Johansson and Martensson,?® in which
one assumes (i) that the final core-ionized state is
fully screened by valence electrons and (ii) the
screening charge distribution around the core-
ionized state is the same as that of a (Z +1) atom
where Z is the atomic number in the initial state.
The bulk core-level binding-energy of 4 component
in binary alloy 4, B;_, is written as?®??

Elp(A,A B _ )= —ELy (4% A4, B, _,)
+EY(4,4,B,_)+E,_,(4) .
(B1)
Similarly for B atom, one finds

E(?,F(B7AxB1—x)= —Egoh(B*’AxBl——x)

+E%(B,AB,_,)+E._,(B).

(B2)

Here, —E%, (4* A, B,_,) is the cohesive energy
of A* (core-ionized 4 atom) in the alloy. E,_,, is

(A6)

[

the excitation energy of the core-electron ¢ into the
valence electron v. Similarly, the core-level binding
energies for the surface atoms are written as

o F(A,dx By )=—E{n(A*A4, By_, )
+Econ(4,45 By _x )+E,_,(4),
(B3)
and
S F(B,Ay By )=—Ein(B*4, By_ )
+Econ(B,Ax By_x )+E._,(B) .
(B4)

The superscripts b and s in Egs. (B1)—(B4) refer
to bulk and surface, respectively. The SCLS of 4
is written as

AN(A)=Ep(4,A; B_x )—Egp(4,4,B,_y)
=ENA*A.B,_,)—E%A4,4,B,_,),
(BS5)
and similarly for B,
A3(B)=E*(B*A,B,_,)—E“B,AB,_,), (B6)

where E*(4,4,B;_,) denotes the surface enthalpy
of 4 in the alloy A, B;_,.
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