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Bulk ordering in Ag-Pd and other isoelectronic alloys is investigated theoretically by a number of first-
principles techniques. The electronic structure and total energy have been calculated by the Green’s function
Korringa-Kohn-Rostocker and full-potential plane wave methods. The effective cluster interactions of the
Ising-type Hamiltonian have been obtained by the screened generalized perturbation method. They reveal a
complex concentration-dependent ordering behavior in these alloys due to band filling and Fermi surface
effects. In particular we show that long-period superstructures are gradually stabilized by a great number of
relatively weak long-range effective pair- and three-site interactions, which can be seen as “collective” effect.
A similar complex concentration dependence is also found for surfaces of Ag-Pd alloys. The surface compo-
sition of the (111) and (100) surface of AgssPd,s, AgsoPdsy, and Agz3Pdy; alloys have been then investigated
by the surface Green’s function technique and the screened generalized perturbation method for the effective
interactions of the Ising-type Hamiltonian and the grand canonical Monte Carlo method for statistical thermo-
dynamic simulations at finite temperatures. We compare our results with experimental data and other theoret-

ical calculations.
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I. INTRODUCTION

A classical Ising Hamiltonian is a main tool in statistical
thermodynamic simulations of phase equilibria in alloys. It
gives a simple, convenient and clear representation of the
configuration energy of an alloy in terms of atomic distribu-
tion correlation functions and so-called effective cluster
interactions.' It is commonly believed to be physically
sound. However, this is far from obvious, since it is in fact
quite a primitive phenomenological model without any firm
physical ground, in spite of the fact that the cluster variables
provide a complete and orthogonal basis for the expansion of
the thermodynamic properties in terms of the corresponding
effective interactions.* In fact the latter is only valid if the
interactions are finite, which in its turn is entirely determined
by the corresponding physical laws, which do not guarantee
at all the existence of such a condition.

The point is that the effective interactions are expected to
reproduce the energetics of different systems, i.e., systems
having different electronic structure due to different arrange-
ments of atoms on the lattice. So, if there is indeed a classi-
cal Hamiltonian, which can reproduce all the changes of a
system, why do we need at all to solve the Schrodinger equa-
tion? On the other hand, if a classical description of the alloy
configurational degrees of freedom by the Ising Hamiltonian
is approximate, then how can one find an optimal set of
interaction parameters giving the best possible classical
Ising-type representation of a system, at least within a spe-
cific region of the configurational space?

The answer to this question is not clear at all, despite the
fact that first-principles investigations of the phase equilibria
in metallic alloys are becoming almost a routine exercise,’
and moreover there have recently been made several at-
tempts to solve this problem.5 In this paper we do not an-
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swer this question either, however, we will demonstrate and
argue along the line of Ref. 10, that the generalized pertur-
bation method (GPM),>!'!!2 based on the coherent potential
approximation (CPA), substantially simplifies the solution of
this problem by providing a physically transparent picture of
ordering, the knowledge of the most important interactions,
and a set of effective interactions, which accurately repro-
duces the configurational energetics of the system. Moreover,
we show that there are cases, where it is hardly possible to
solve this problem without some preliminary knowledge of
the effective interactions, given by the GPM or similar
methods. 314

The advantage of the GPM becomes obvious in the case
of inhomogeneous systems and surfaces in particular. The
main problem here is that the effective interactions become
position-(layer-) dependent and thus their number grows
sharply relative to that in the bulk. The structure inverse
method (SIM) or Connolly-Williams method!>!® has quite
profound practical restrictions in this case, since a substantial
number of supercells of a large size should be used in the
first-principles calculations to get the corresponding effective
interactions. Besides, the SIM severely suffers from a quite
arbitrary choice of a restricted set of the basis clusters in the
expansion and frequently from dubious implementations.

On the other hand, in the GPM all the interactions are
obtained straightforwardly and relatively independently of
the computational cost. In fact the GPM has been quite ex-
tensively used in the early days of the first-principles calcu-
lations of the surface concentration profiles.'”!8 However, it
has been later recognized that (1) GPM cannot be used for
calculations of the extensive properties (like on-site interac-
tions, chemical potentials and segregation energies),'” and
(2) it should be supplemented by an additional screened Cou-
lomb interaction term, taking care of the electrostatics.?0!
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As has been recently demonstrated, the screened GPM
(SGPM), which includes the corresponding screening correc-
tion, produces effective interactions yielding accurate con-
figurational energetics in the bulk and as well as at the sur-
face of metallic systems.!021.22

In this paper we apply the SGPM to bulk and surface
Ag-Pd alloys. On the one hand, this allows us to illustrate the
above-mentioned points and, on the other hand, to learn
something new about this system. There are several reasons
to expect that the SGPM should be fairly accurate for Ag-Pd
alloys. First of all, Ag and Pd are neighbors in the Periodic
Table and therefore the CPA error cannot be large. Second,
the size difference of Ag and Pd is comparatively small, so
the relaxation effects are practically negligible in this system.
This allows one to neglect these effects in thermodynamic
consideration without losing important physics (we will in-
clude them, however, when they are needed for reaching a
final verdict on stability issues).

According to the existing experimental information, Ag
and Pd form continuous fcc solid solutions over the whole
concentration range below the melting point.>3 Nevertheless,
the first-principles calculations have predicted the existence
of ordering tendencies in this system.?*2% In particular,
Miiller and Zunger® have found three ground state struc-
tures: L1, for AgsPd, L1, for AgPd, and the so-called L17 for
AgPd;, with transition temperatures 340, 320, and 270 K,
respectively. These results are in agreement with those by Lu
et al.** and Curtarolo et al.?® for the Ag-Pd alloys, although
Curtarolo et al.?® have found the L1, structure to be just
marginally stable compared to the DO,, structure for Ag;Pd.

In this paper we study the ordering trends in Ag-Pd alloys.
In order to have a more general picture we also investigate
the ordering behavior in alloys isoelectronic to Ag-Pd: Cu-
Pd, Au-Pd, Cu-Pt, Ag-Pt, and Au-Pt. We analyze the origin of
the ordering trends in terms of the effective interactions. Fi-
nally we calculate the surface concentration profiles and
chemical ordering for the (111) and (100) surfaces of
Ag75Pd25, AgSOPdSO’ and Ag33Pd67 alloys using effective in-
teractions obtained by the SGPM and on-site interactions
(surface segregation energies) from the corresponding sur-
face Green’s function calculations. The composition of the
(111) and (100) surfaces of Ags;Pdg; has been recently ob-
tained by means of the scanning tunneling microscopy
(STM) experiments.?” It has been established that the con-
centration of Pd atoms on the (111) surface varies in the
range of 5%—11% for temperatures 720-920 K, while the
(100) surface is entirely covered by Ag atoms. The STM is a
unique technique, using which one can practically make di-
rect observations of the surface structure, and therefore these
data can be considered as reliable.

II. METHODOLOGY
A. Electronic structure and total energy calculations

Several different first-principles techniques have been
used in this work. Most of the calculations have been done
by the bulk and surface Green’s function techniques in the
framework of the Korringa-Kohn-Rostoker (KKR) method
in the atomic sphere approximation (ASA)?®2?° combined

PHYSICAL REVIEW B 75, 054113 (2007)

with the CPA for treating random alloys as described in Refs.
30 and 31. We have also used the full potential projector
augmented wave method (PAW)3%33 implemented in the Vi-
enna ab initio simulation package (VASP)**% for the total
energy calculations of ordered alloys. In the PAW calcula-
tions the required convergence has been reached for the en-
ergy cutoff of 313.5 eV and the integration over the Brillouin
zone performed by means of the modified tetrahedron
method with up to 4913 irreducible k points depending on
the size and symmetry of the system.

All the KKR-ASA calculations have been done in the lo-
cal density approximation (LDA)* with the Perdew-Wang
parametrization for the exchange-correlation potential and
energy.’’ The partial waves in the KKR-ASA calculations
have been expanded up to [,,,=3 inside atomic spheres,
while the multipole moments of the electron density have
been determined up to /2 =6 for the multipole moment cor-
rection to the Madelung potential and energy. Let us state
again®! that it is impossible to get correct ordering energetics
in the KKR-ASA method without these multipole moment
contributions. At the same time, the correct account of these
contributions requires the knowledge of the states having
higher moments, therefore at least f states should be included
in the basis.”!

The core states have been recalculated after each iteration.
The number of k points for the Brillouin zone integration,
performed by means of the Monkhorst-Pack scheme,*® has
been varied depending on the size and symmetry of the sys-
tem and type of calculations in order to achieve the needed
accuracy, and it has been especially high in the calculations
of the energy difference of the long period superstructures
(see below) and the long-range effective pair interactions.

The surface energy calculations have been done by em-
ploying a semi-infinite geometry with 9 and 12 surface layers
for the (111) and (001) surfaces, respectively. The calcula-
tions of the GPM interactions for the first two surface layers
in the case of alloy surfaces have been done by the bulk
Green’s function technique for slabs consisting of seven
atomic and five vacuum layers for the (111) surface and six
atomic and six vacuum layers for the (001) surface.

B. Screened Coulomb interactions

The electronic structure of random alloys have been ob-
tained in the density-functional-theory-single-site KKR-
ASA-CPA calculations with the on-site Coulomb screening
potential, v (Ref. 21) defined as

scr

. q;
v;cr= - ezascr_lv (1)

S

where ¢g; is the net charge of the atomic sphere of the ith
alloy component, S the Wigner-Seitz radius, and o,
= a,(R=0) the on-site screening constant. The latter has
been determined from the screening charge around an “im-
purity” in an alloy,?2! which has been obtained in the lo-
cally self-consistent ~ Green’s function (LSGF)
calculations®*" of 864-atom supercells modeling random
A75B,s or AsoBs alloys.*1=43
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TABLE I. Effective charge transfer g.; and screening constants, ay., (R), on-site [R=(000)] and at the first six coordination shells in

different alloys.

(R)
Alloy Geit R=(000) (110) (200) (211) (220) (310) (222)
AgysPdys 0.069 0.161 0.2141 0.0418 -0.0112 -0.0006 0.0064 0.0080
AgssPdss 0.035 0.138 0.2384 0.0233 -0.0341 -0.0404 0.0046 0.0134
AgysPtys 0.111 1.249 0.0540 -0.0271 -0.0017 ~0.0020 -0.0033 ~0.0002
AgysPlys 0.156 0.886 0.1062 -0.0052 -0.0020 0.0068 -0.0020 0.0134
AusPds, 0.180 0.656 0.1517 0.0072 -0.0108 ~0.0105 ~0.0001 0.0026
AuysPd;s 0.167 0.695 0.1463 0.0015 -0.0131 ~0.0128 -0.0007 0.0031
AuysPlys 0.010 -2.513
AuysPtys 0.015 1.751
CusyPds, 0.309 0.815 0.1149 -0.0057 -0.0073 ~0.0069 -0.0015 0.005
CusyPts, 0.572 0.776 0.1233 -0.0021 -0.0072 -0.0040 -0.0006 0.0013
SS-LSGF 0.605 0.1569 -0.0017 -0.0158 ~0.0098 ~0.0005 0.0015

The screening charge has also been used to determine the
intersite screening constants, a,.(R), needed in the calcula-
tions of the electrostatic part of the SGPM effective pair
interactions, 22! i.e., the screened intersite Coulomb interac-
tions, which in the case of a binary A-B alloy can be defined

as

2
VR = P (R) 2 @
where ¢.;=q4—qp is the effective charge transfer in the case
of a binary alloy. The whole SGPM interaction is then

V,=V(R) = V""“(R) + V**(R), 3)

where V; is the SGPM interactions at the ith coordination
shell, given by set of vectors R, and V°"*/(R) the one-
electron contribution to the SGPM interaction.?2%-2!

In Table I we present the results for the on-site [R
=(000)] and intersite screening constants for Ag-Pd and al-
loys isoelectronic to Ag-Pd. In the last line of the table we
show the screening constants obtained in the LSGF calcula-
tions with a single-site local interaction zone (SS-LSGF).
They do not practically depend on the system under consid-
eration and can be considered as universal.”’ Only the inclu-
sion of the local environment and polarization effects
(through the multipole moments) makes the screening sys-
tem specific.

One can see that these effects lead to huge variations of
the screening constants including a quite strong concentra-
tion dependence. The largest deviations of the screening con-
stants from SS-LSGF values are found in the systems with
the lowest effective charge transfer, which are the Au-Pt al-
loys. In this case the formalism, developed for the screening
of monopole net charges of the atomic spheres, actually
breaks down, since the dominant contribution to the screen-
ing comes from monopole-multipole electrostatic interac-
tions. The on-site screening constants for the Au-Pt alloy
cannot be used in the usual single-site-DFT-CPA calcula-
tions, although they still satisfy the criteria of being the av-

erage on-site screening constants in the supercell of a ran-
dom alloy: (vi;,q)=€>a{q:)/ S, where (v}, ;) and (g;) are the
average Madelung potential and net charge of the ith com-
ponent.

In the Ag-Pd alloys the effective charge transfer is also
quite small (see g Table I), and this leads to the anoma-
lously low values of the on-site screening constant, .. We
have used these values anyway in our single-site-DFT-CPA
calculations, since the error in the contribution to the one-
electron potential should be small. Let us also notice a pro-
nounced sensitivity of the screening constants to the alloy
composition in alloys with small charge transfer effects.
Such a sensitivity originates from the concentration depen-
dence of the screening properties of alloys, when band struc-
ture changes from an active d-band in Pd(Pt)-rich composi-
tions to almost inert, impuritylike, in Ag (Cu,Au)-rich alloys
(see discussion below) indicating a quite complex
concentration-dependent character of bonding in these sys-
tems.

C. Statistical thermodynamic simulations

The atomic configurational energy of Ag-Pd alloys has
been mapped onto an Ising-type Hamiltonian with
concentration-dependent  effective cluster interactions,
which, when generalized for surfaces, can be written in the
following way:

~ 1 ~
1 2)
H= 2 V; )0',')\ + 5 2 V;)\r;p(l:j)a'i)\(fj)\/
28 NN
1 ~3)
+ - E Vg\}\,)\,,;t(ijk)a',-;\(rj)\/(rk)\n + oo (4)
NN kN
where we have used spin-variables o;,, which take on values
1 if site i in the N\ layer is occupied by Ag, and —1 if it is
occupied by Pd. Here ‘711) is the on-site interactions in the

Ath layer; V2

N the effective pair interaction of type p
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/ . 73
between A and N\’ layers; and V;)\,)\,,;t(ijk
of type t. Here we have used tilde to distinguish spin-variable
interactions from usual GPM interactions, V(”), defined in the

concentration-variable basis, ¢;=1/2(o;+1). They are related

to each other as V=2V,

As has been mentioned above, we use the concentration-
dependent form of all the effective interactions, but on-site.
The latter has been determined for each layer from the total
energy of the equiatomic homogeneous random alloy in the
surface region on top of the corresponding bulk alloy

EIOt{(AgSOPdSO) surface/ (AgCPdl—c)bulk}’ as

[7Et0t
W=—, (5)
(90')\

) the 3-site interaction

and normalized to have V;1)=0 for the deep bulklike layers.

The pair and multisite interactions in Eq. (4) depend in
fact on a particular concentration profile by definition.!”!8 As
will be shown below, the effective interactions in AgPd ex-
hibit concentration dependence. Therefore their values have
been redetermined in the Monte Carlo simulations following
the changes of the corresponding concentration profile.

The Monte Carlo simulations, based on the Metropolis
algorithm,* for bulk alloys have been performed for a simu-
lation box containing 6912 (12X 12X 12X 4) atoms. In the
case of alloy surfaces we have used the direct exchange
Monte Carlo (DEMC) method,* which is a grand canonical
ensemble technique directly simulating the exchange of at-
oms between the bulk and the surface region. The size of the
simulation box for surface calculations was 24 X24 in the
planes parallel to the surface and a thickness of 24 layers.

III. EFFECTIVE PAIR INTERACTIONS IN Ag-Pd

The change of ordering behavior in Ag-Pd alloys with Pd
concentration, found by Miiller and Zunger,25 from a domi-
nating k,=27/a(100) superstructure vector in Ag-rich alloys
to k,=m/a(111) at the equiatomic alloy composition and in
Pd-rich alloys, is, of course, not something completely unex-
pected. A similar behavior has also been observed experi-
mentally in the isoelectronic Cu-Pd and Cu-Pt alloys.*®*” On
the other hand, it is also well known that the (001)-type of
ordering in the Cu-rich Cu-Pd alloys is accompanied by the
formation of the so-called long-period antiphase boundary
structures or simply long-period superstructures (LPS) along
the [001] direction.

The latter are formed by periodic antiphase boundaries
along a (001) plane. If the distance between the boundaries is
aM, the LPS has a new periodicity 2aM along the [001]
direction, and they can be called LPS M. In the neutron
diffraction experiments for random alloys (above the order-
ing transition temperature) this type of ordering is seen as a
formation of an additional diffuse scattering peak at q,,
=27/ a(lOﬁ).3 The position of q,, in general depends on the
alloy composition and temperature. Although the concentra-
tion dependence is usually connected with Fermi surface
nesting,'3*8-39 the origin of the temperature effect is under
discussion.’!-33
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FIG. 1. (Color online) SGPM effective pair interactions in
Ag75Pdys, AgsoPdsy, and Ag,sPd;s ploted as a function of inter-
atomic distance, scaled by the lattice parameter, a.

As has been demonstrated in Ref. 10, the effective pair
SGPM interactions are long-range and they exhibit a quite
strong concentration dependence, reflected, for instance, in
the concentration-dependent Friedel-type modulations along
the closed-packed [110] direction. The three-site interactions
are also relatively strong and long range, at least in the Ag-
rich alloys. Therefore we have calculated the effective pair
interactions in the bulk Ag-Pd alloys at the first 300 coordi-
nation shells, which span a distance of 8.48 units of the lat-
tice spacing. We find that the behavior of the pair interactions
in Ag-Pd alloys is very similar to that in Cu-Pd: They are
very long-range and strongly concentration dependent.

This can be seen in Fig. 1, where we show the effective
pair interactions at the first 20 coordination shells for three
alloy compositions: Ag;sPdys, AgsoPdsy, and Ag,sPd;s (up-
per panel) as well as the effective pair interactions along the
closed packed [110] direction (lower panel). In the latter case
one can notice a substantial change with concentration of the
Friedel-type modulation of the effective pair interactions.
This is exactly what has in fact been observed in the case of
CuPd system in Ref. 10. Let us notice that there are more
than 280 coordination shells up to R=a(6,6,0) in total. Of
course, only part of them should be considered in the ener-
getics of ordering. However, the existence of so long-range
and non-negligible interactions clearly demonstrates the
practical problem of treating such systems even with the
classical Ising-type Hamiltonian.

The change of the ordering behavior with concentration
can be clearly seen in the Fourier transform of the effective
pair interactions, V(q), presented in Fig. 2. Here we show
V(q) in two (001) planes of the reciprocal space: one at g,
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FIG. 2. (Color online) Fourier transform of pair interactions in AgssPd,s (top panel), AggoPdyo (middle panel), and AgsoPds, (bottom

panel) in (001) plane at g,=0 (on the left-hand side) and ¢.=m/a (on the right-hand side).

=0 (on the left-hand side) and the other one at g.=m/a (on
the right-hand side). For the Ag;sPd,5 alloy the minimum of
V(q) is approximately at q,,=~27/a(1,0.18,0.0). The value
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is, of course, very similar to the case of Cu-rich Cu-Pd and
Cu-Pt alloys.

The behavior of V(q) changes quite rapidly with Pd con-
centration and already for Agy,Pd,, one can observe a cross-
over from the L1,-LPS-type of ordering to the L1,-type with
a superstructure vector q=27/ a(%%%) At the equiatomic al-
loy composition the local minimum along (1,4,,0.0) (I'-X
direction of the Brillouin zone) disappears completely and
the global minimum is at the L point, q=277/a(%%%). The
evolution of the ordering behavior with Pd concentration in
Ag-Pd alloys, presented in Fig. 2, is very similar to the one
in Cu-Pd and Cu-Pt found in diffuse scattering experiments
by Saha et al.*64

Qualitatively this picture remains unchanged after the in-
clusion of multisite interactions, and in particular 3-site and
4-site interactions, which basically only modify the values of
the ordering energies. Nevertheless, we should point out that
(like in the case of the Cu-Pd alloys'®) these interactions are
quite long-range and not negligible despite their relatively
small individual values. In the present work we have in-
cluded 81 3-site interactions, which comprise of all the 3-site
interactions up to the seventh coordination shell and a set of
more distant interactions along the closed-packed direction,
which are usually quite substantial in practically all the sys-
tems. We have also included 26 4-site interactions, which
comprise all the 4-site interactions up to the fourth coordina-
tion shell and some additional more long-range interactions.
However, in contrast to the 3-site interactions, they contrib-
ute very little to the energetics of ordering in this system.

IV. ORDERING IN Ag-Pd AND ISOELECTRONIC
ALLOYS

A close similarity of the ordering behavior in Ag-Pd with
Cu-Pd system is, of course, quite expected since Ag and Cu
belong to the same group of the Periodic Table. At the same
time other isoelectronic alloys, like, for instance, Ag-Pt,
show rather different pattern of ordering and alloying.>*>>
The origin of similarities and differences in the same type of
alloys is interesting, and therefore we investigate this prob-
lem here on the basis of the SGPM and total energy calcu-
lations of the following systems: Cu-Pd, Au-Pd, Cu-Pt, Ag-
Pt, and Au-Pt.

Since we are mainly interested in finding qualitative
trends, we, first, omit the problem of lattice relaxation ef-
fects, which is important in the Cu-Pd and Cu-Pt systems
only for quantitative considerations, and, second, ignore the
problem of finding the equilibrium lattice spacing, enthalpies
of formation and theoretical ground state structures. In fact,
all our KKR-ASA and SPGM calculations have been per-
formed for fixed Wigner-Seits radii: Swg=2.98 a.u. (a
=4.035 A) for Ag(Au)-Pd(Pt) alloys in the whole concentra-
tion range, and Syg=2.75, 2.79, and 2.83 a.u. (a=3.734,
3.778, and 3.832 A) in the case of CuyPd(Pt), CuPd(Pt) and
CuPd(Pt); alloys, respectively. Below we will demonstrate
that the type of ordering is insensitive to the lattice spacing.
This fact has also been established by Sluiter et al>> for
Au-Pd alloys.
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FIG. 3. (Color online) The ordering energies of the L1,-, DOy,-,
DOss3-, and LPS3-Ags;Pd from the SGPM 2-site interactions (top
panel) and 3-site interactions (lower panel), as a function of the
number of interactions taken in the corresponding summation.

In Table II we present the energies of several ordered
structures, relevant for our consideration, obtained by differ-
ent methods. The energies are shown relative to that of the
L1, structure in order to simplify the comparison. The agree-
ment between all the direct first-principles calculations is
very good, despite the fact the data from the literature are in
fact the differences between the enthalpies of formation of
the relaxed structures. It is obvious that lattice relaxations are
negligible for Ag(Au)-Pd(Pt) alloys. The important point
here is that the KKR-ASA method with the multipole mo-
ment correction for the electrostatic energy and potential
[KKR-ASA(+M)] yields very accurate results for the con-
figurational energetics on a fixed lattice. Therefore one may
expect that the SGPM interactions calculated by this method
can reproduce accurately the configurational energies.

Indeed, the results presented in Table II show that the
SGPM interactions yield the ordering energies in very good
agreement with the direct total energy calculations, except
for two cases: There is a quite big error for the V1 structure
in the case of Cu;Pd and Cu;Pt. We believe that the problem
in these two cases originates from strong multipole-moment
electrostatic interactions in the V1 structure due to the ab-
sence of the inversion symmetry on some Cu sites.

It should also be mentioned that by definition the GPM
interactions are those which are relevant for the configura-
tional energetics close to the random state, in which they are
derived. In other words, there is no reason to expect in gen-
eral, that they can reproduce exactly the energetics of or-
dered structures, whose electronic structure is substantially
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TABLE II. The energies (in mRy/atom) of A3B alloys relative to the energy of the L1, structure.

Structure Cu;Pd AgsPd AusPd Cu;Pt AgsPt AusPt Method
DOy, 0.76 0.01 -0.36 1.36 0.48 0.09 KKR-ASA(+M)
(LPS1) 1.06 0.37 -0.26 1.26 0.62 0.75 SGPM
0.03 -0.32 PAW
0.044 -0.3¢, —0.44 0.39¢ Others
DOy; 0.05 -0.23 -0.55 0.27 -0.06 -0.58 KKR-ASA(+M)
(LPS2) 0.01 -0.29 -0.64 -0.03 -0.32 0.0 SGPM
-0.25 -0.55 PAW
-0.604 Others
LPS3 -0.22 -0.40 -0.56 -0.07 -0.26 -0.63 KKR-ASA(+M)
-0.28 -0.52 -0.58 -0.26 -0.52 0.03 SGPM
-0.43 -0.56 PAW
L1} 2.57 0.41 1.25 3.24 -1.59 -0.92 KKR-ASA(+M)
2.61 0.29 1.06 3.25 -1.55 -1.51 SGPM
1.18¢ -1.55¢ Others
V1 5.42 1.34 3.38 6.66 -3.08 -1.92 KKR-ASA(+M)
7.22 0.52 3.19 11.52 -1.77 -2.49 SGPM
1.20° 3.164 -2.27¢ Others

4Reference 26.
PReference 25.
“Reference 55.
dReference 8.

different from that of the random alloy. Besides, there can be
structure-specific contributions to the total energy, which
originate from the actual symmetry of the ordered alloy, like,
for instance, electronic structure effects associated with long-
range order found by Johnson et al.’® However the latter
does not seem to be a problem in Ag-Pd alloys.

A. Trends in the ordering behavior

It is clear from Table II that all these alloys exhibit exactly
the same trend of the stabilization of the LPS based on the
L1, structure (let us notice, that the DO,, and DO,; struc-
tures can be considered as LPS1 and LPS2, respectively,
while the L1, structure as LPSc«). The LPS3 is the most
stable in the sequence of increasing value of M (the LPS4 is
less stable, than LPS3, in all the cases).”’ The difference
appears when we compare the relative stability of the LPS
with so-called L1] and V1 structures.’?> One can easily
identify two elements responsible for the differences in the
ordering behavior: Cu (versus Ag and Au) and Pt (versus
Pd).

It is interesting to notice that although the stabilization of
the LPS in the CusPd is quite well known, it has never been
predicted theoretically in the Ag;Pd, and only recently the
stabilization of the DO»s structure in AusPd has been found
in the ab initio calculations of Barabash er al.® The latest
theoretical works on these systems by Miiller and Zunger?
as well as by Sluiter et al.,’> which are based on the SIM for
the enthalpies formation, have completely failed in this re-

spect. Barabash et al.® have included the DO,, and DO,
structures in the set for the SIM, therefore it is rather an
observation, than a prediction. The reason, why the forma-
tion of the LPS is so difficult to predict on the basis of the
SIM, unless the corresponding structures are included in the
calculations, is the Fermi-surface nesting nature of the stabi-
lization of these structures,'3*8-0 which in terms of the Ising
Hamiltonian is driven by the long-range effective interac-
tions.

This point is demonstrated in Fig. 3, where the ordering
energy of the L1,, DO,,, DO,;, and LPS3 is plotted as a
function of the number of pair and three-site interactions
included in the corresponding summation. The LPS3 in the
Ags;Pd becomes stable only beyond the 70th coordination
shell of the effective pair interactions (top panel of the fig-
ure). It is worth noticing that also the multisite GPM inter-
actions cannot be neglected.

In the lower panel of the figure we show the contribution
to the ordering energy from 3-site interactions (the initial
energy is the ordering energy obtained from all the pair in-
teractions up to the 140th coordination shell). Again, like in
the case of CuzPd, we find that although the individual con-
tributions from 3-site interactions are relatively small, they
accumulate a substantial contribution to the ordering energy.
That is, this is a collective effect, which, as has been already
mentioned, makes even the classical Ising-type consideration
cumbersome. Now, if we also take into consideration the
nonlinear concentration dependence of all these interactions,
as pair, as well as multisite, it becomes clear that in the SIM

054113-7



RUBAN et al.

PHYSICAL REVIEW B 75, 054113 (2007)

TABLE III. The energies (in mRy/atom) of AB alloys relative to the energy of the L1, structure.

Structure CuPd AgPd AuPd CuPt AgPt AuPt Method
CH (“40”) -0.1 -0.7 -0.6 1.2 0.9 0.3 KKR-ASA(+M)
-0.2 -0.9 -0.4 2.9 1.7 1.0 SGPM
-1.0°% -0.78¢ 0.2¢ Others
L1, 0.2 -1.7 1.3 -3.6 -7.9 -4.0 KKR-ASA(+M)
-1.5 -1.9 1.9 -0.2 -5.6 -2.5 SGPM
-1.6% 1.2° 1.4¢ -2.1 -7.5 Others

4Reference 25.
PReference 58.
‘Reference 55.
dReference 8.

approach,32°3 where the cluster interactions are obtained
from a relatively small number of structures with a small unit
cell, there are simply no practical means to get the necessary
information about plenty of so long-range effective interac-
tions.

Let us note that the situation with the SIM becomes much
worse, when the enthalpies of formation of alloys over the
whole concentration range®?>3 are used for mapping onto
on Ising-type Hamiltonian. In this case the higher order
(multisite) cluster interactions should take care of the corre-
sponding concentration, volume and relaxation dependencies
of the lower order interactions. This means that the number
and the order of the concentration-volume-relaxation inde-
pendent interactions should be much greater than considered
in Fig. 3. The restrictions of the SIM imposed by both the

arbitrarily truncated basis of interactions and by the specific
finite set of structures used in the first-principles calculations
allow predicting only the ordered structures “adaptive” to
this set. If the LPS are not included in the basis, as in the
case of Ag-Pd alloys, they will be missed no matter which
algorithm is used to obtain the cluster interactions. Of
course, if the information about the competing LPS is
known, the corresponding structures can be directly included
in the basis,’ which solves the problem in this particular
case, but not in general.

In Table III we present the energies of equiatomic L1 and
CH or “40” (the definition of this structure can be found in
Ref. 24) ordered structures relative to that of the L1,. One
may notice that now the Ag-Pd and Au-Pd alloys exhibit
different types of ordering, although they behave very simi-

TABLE IV. The energies (in mRy/atom) of ABj3 alloys relative to the energy of the L1, structure.

Structure CuPd; AgPd; AuPd; CuPt; AgPty AuPty Method
DOy, 0.89 0.80 0.15 2.97 2.12 0.95 KKR-ASA(+M)
1.73 0.78 0.04 4.03 2.4 0.75 SGPM
0.03¢ -0.07°, 0.18° 0.64° Others
DOy 0.50 0.53 0.18 0.21 0.41 0.18 KKR-ASA(+M)
0.80 0.75 0.05 1.07 0.65 0.00 SGPM
0.23¢ Others
LPS 30.31 0.30 0.12 0.53 0.51 0.27 KKR-ASA(+M)
0.52 0.69 0.02 0.79 0.47 0.03 SGPM
L17 0.80 -0.40 1.19 0.66 -2.78 -0.96 KKR-ASA(+M)
1.26 0.04 0.93 0.15 -2.63 -1.51 SGPM
-0.34 PAW
-0.222 0.73% -2.41° Others
V1 3.79 0.56 291 7.71 -1.37 -1.20 KKR-ASA(+M)
4.81 0.30 2.40 8.82 -2.56 -2.49 SGPM
0.62 PAW
0.08% 3.450 -3.120 Others

4Reference 25.
PReference 35.
“Reference 8.
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FIG. 4. (Color online) The ordering energies of the LI,- and
L17-AgPd; from the SGPM 2-site interactions (upper panel) and
3-site interactions (lower panel), as a function of the number of
interactions taken in the corresponding summation.

larly in the case of AgsPd and Au;Pd alloys. Surprisingly
this is not the case for the Pt alloys. All of them seem to have
similar ordering trends: They prefer to form the L1, ordered
structure on the fcc lattice. One can also notice that the
SGPM interactions produce an error of the order of
1-3 mRy for the ordering energy of the L1, phase, which
has much lower symmetry than the other phases considered
here. Therefore there should be an additional structure-
specific contribution to the total energy from the multipole-
moment electrostatic interactions, unaccounted for by the
SGPM.

Finally, Table IV  shows the energies of
Cu(Ag, Au)Pd(Pt); ordered alloys relative to the energy of
the L1, structure. One can see that the formation of the LPS
is no longer favorable. At the same time the L1] structure
becomes stable in AgPd; and AgPt;. This result has been
predicted by Miiller and Zunger? for AgPds, while for AgPt;
it is at variance with the recent calculations by Sluiter et al.>>
The origin of this discrepancy is unknown. However, this is
not important since none of those structures is stable: This
alloy should undergo phase separation.>

The SGPM interactions do not predict correctly the stable
structure of AgPd;. However, it is worth noticing that the
energy balance between the L1, and L1 structures is quite
delicate, and any inaccuracy can affect the result. For in-
stance, the Ll’lr structure stabilizes with Pd concentration:
The SGPM interactions obtained for Ag,,Pd;g reverse the
stability in favor of the L17 structure. In Fig. 4 we demon-
strate the nontrivial behavior of the L1}-L1, energy differ-
ence as a function of the number of the pair- and 3-site
SGPM interactions (for the Ag,sPd;5 alloy composition). It is

PHYSICAL REVIEW B 75, 054113 (2007)

Cpipa)

FIG. 5. (Color online) One-electron part of the GPM effective
interaction at the first coordination shell (top panel) and the SGPM
interaction at the second coordination shell (bottom panel).

interesting to notice, that the contributions from the pair- and
3-site interactions to the energy difference of the L17 and L1,
structures are almost the same but have the opposite sign,
and while the pair interactions stabilize the L1] phase, the
3-site interactions stabilize the L1, structure (4-site interac-
tions give a very little contribution to the energy of both
phases).

V. ORIGIN OF ORDERING TRENDS

A. Nearest neighbor and next-nearest neighbor effective pair
interactions

As we have seen above, the Ag-Pd-isoelectronic exhibit
substantial variation of ordering behavior with alloy compo-
sition. We have also seen that the ordering energies are com-
plicated functions of pair and multisite interactions (Fig. 3).
Nevertheless the results presented above (apart from the for-
mation of the LPS, which can be viewed as modulated L1,
structures) can be qualitatively understood in terms of the
effecitve pair interactions just at the first two coordination
shells. These are the strongest interactions and therefore their
contribution to the ordering energy is dominating, at least on
a qualitative level.

The results for these two interactions are presented in Fig.
5. In order to simplify the comparison we present only the
one-electron part of the SGPM interactions at the first coor-
dination shell, V"¢, In fact it is dominating in all the sys-
tems due to small effective charge transfer, g.¢, except for
Cu-Pd and Cu-Pt (we will discuss the electrostatic contribu-
tion in Cu-Pt alloys later). At the same time, we consider the
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total SGPM interaction at the second coordination shell, V,,
since the electrostatic term gives a very small contribution
even in the case of Cu-Pd and Cu-Pd systems due to a small
value of the corresponding screening constant, a,.(200) (see
Table I).

One can see that the change of both interactions with
concentration is substantial and nonlinear (the latter may
give a hint about the order of multisite interactions, which
should be kept in the concentration-independent cluster ex-
pansion, needed to account for these concentration depen-
dencies). In general the concentration dependencies of the
interactions are very similar for all the alloys: An almost
monotonic decrease of V; and a pronounced maximum of V,
in the range of 30-40 at. % of Pt and 40-50 at. % of Pd.
The similarity is especially striking for V, in the CuPd-AgPd
and CuPt-AgPt systems.

At the same time it is easy to identify two elements,
namely Pt and Au, which introduce distinctive differences in
the concentration dependencies. First of all, the behavior of
V| in Pd alloys is different from that in Pt alloys: while V,
starts decreasing almost immediately with Pt concentration,
there is a plateaulike feature in Pd alloys up to about
40 at. % of Pd. One can also see, that the substitution of Cu
or Ag by Au also leads to different behavior in both cases:
Au-Pd and Au-Pt look more similar to each other than to
their Cu or Ag counterparts. One can speculate, that in the
case of Au the difference originates from the well-known
relativistic shift of the Au s-band, leading to an increase of
its “nobility.”>° The difference between Pd and Pt can prob-
ably also be partly attributed to relativistic effects.”® How-
ever, these are metals with an open d-shell and therefore the
behavior of d-states, i.e., the position and width of the
d-band, should play an important role.

B. Pd-Pd and Pt-Pt d-band mediated interactions

To clarify the role of the d-electrons in ordering behavior,
let us note that an effective pair interaction characterizes the
preference of the atoms of the same type to be at the corre-
sponding coordination shell, which is phenomenologically
expressed for an A-B alloys as V=v44+v88-208, where
vXY is the interatomic potential between X and Y atoms. In
the systems under consideration there are three different type
of interatomic interactions: between noble metals (Cu,A-
g,Au), between transition metals (Pd,Pt), and between noble
and transition metals. Although it is impossible to find the
leading pair interatomic potentials in general, it is most
likely that at the nearest-neighbor coordination shell the
strongest interaction is between transition metal atoms, origi-
nating from d-electron “Friedel-like” bonding. This should
be reflected as in the electronic structure of alloys as well as
in specific parameters characterizing d-band.

In Fig. 6 we show the total density of states (DOS) and
local DOS in the atomic sphere of Pd in Ag-Pd random al-
loys for eight different concentrations at the interval of
10 at. % of Pd. When the concentration of Pd is small, the
d-electrons of Pd practically do not participate in the bonding
forming an impuritylike state (bottom panel). The addition of
Pd to the alloy gradually increases the overlapping of local-
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FIG. 6. (Color online) The total density of states (top panel) and
local Pd DOS (lower panel) in Ag-Pd alloys.

ized d-states, thereby increasing the width of the d-band and
in its turn the interaction between Pd atoms. One can see,
that a well developed d-band of Pd is formed at about
40-50 at. % of Pd. This composition is exactly the one
where both V| and V, change their concentration behavior in
Cu- and Ag-Pd alloys. This is also the composition where the
enthalpy of mixing of random Ag-Pd alloys has a
minimum.”?

We do not show the DOS in Ag-Pt alloys due to a very
close similarity to that of Ag-Pd. The only difference is that
in Pt alloys a formation of common d-band occurs at about
30-40 at. % due to a broader in energy and less spatially
localized Pt d-states. This difference between Pd and Pt in
Ag alloys can be clearly seen in Fig. 7 where on the upper
panel we show the number of d-electrons in the atomic
spheres of Pd and Pt and on the lower panel the d-band
center positions (relative to the Fermi energy) as a function
of Pd(Pt) concentration. The position of the center of the
d-band, C; is also an important band-structure parameter,
which can be used for characterization of the bonding.>%-%
Although we do not have a model, which directly connects
C, with the effective interactions at different coordination
shells, it is obvious that the concentration dependencies of C,
in Fig. 7 and V, in Fig. 5 are very similar.

A simplified connection between C, and the interaction
between transition metal atoms can be established using the
formalism developed by Alexander-Anderson® and Heine®?
and adopted to the case of Green’s function KKR method by
Oswald et al.%3 and Hoshino et al.®* They have shown that
the interactions v between d-metal atoms, is given by the
corresponding intersite Green’s function, which should be
inversely proportional to the position of d-band center, C,,
i.e., v~ deﬁ, where I' is parameter related to the
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FIG. 7. (Color online) d-band parameters in Ag-Pd and Ag-Pt
alloys. Top panel: Number of d-electrons in atomic sphere of Pd
(the scale on the left-hand side) and Pt (the scale on the right-hand
side). Bottom panel: Center of Pd and Pt d-band in Ag-Pd(Pt)
alloys.

d-band width.®? This means that a relative change of the
interaction is approximately (in the lowest order) propor-
tional to the relative shift of the d-band center, AC,. This is
very similar to the Hammer-Norskov model,%* connecting
the shift of the center of the d-band of a transition metal
substrate with strength of the bonding of an adsorbate. This
model is widely used in the theory of catalysis.®>%°

Another important parameter is the number of d-electrons
in the atomic sphere of transition metal atoms. One can see
in Fig. 7 that the number of d-electrons in the Pd atomic
sphere is greater than that in Pt. The more d-states there are
in the atomic sphere, the stronger localization. With increas-
ing Pd (Pt) concentration the overlap between Pd(Pt) d-states
increases and less d-electrons remain localized in the atomic
spheres. This can be also described as a s—d charge transfer.
That is, probably, why V, is monotonously decreasing with
Pd (Pt) concentration: the more Pd or Pt there is in an alloy,
the stronger d-band bonding, which is reflected, in accor-
dance with the Friedel tight-binding model, in the decreasing
number of d-electrons.

This is also the reason why V| in Pt alloys is substantially
lower than that in Pd alloys: The bonding between Pt atoms
is stronger than that between Pd atoms. This is a combined
effect of broader d-band of Pt and less occupied d-states of
Pt atoms (see Fig. 7). This explains why there exists a pro-
nounced phase separation tendency in Ag-Pt and Au-Pt al-
loys, while Ag-Pd and Au-Pd alloys exhibit weak ordering.
The simple arguments presented above have been demon-
strated and explained by Hoshino et al.,®® who calculated 3d-
and 4d-impurity-impurity interactions in Cu and Ag for the
first two coordination shells. They also reported a strong ten-
dency towards phase separation in all the Ag-LTM alloys,
where LTM stands for all the late transition metals having
the number of d-electrons less than that in Pt and Pd. They
ascribed this tendency to the strong attractive interactions
between transition metal atoms.
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FIG. 8. (Color online) SGPM effective interaction in CuPt.

C. Screened Coulomb interactions in Cu-Pt and Cu-Pd alloys

So far we have neglected the screened electrostatic inter-
action at the first coordination shell. As has been mentioned
above it is quite small in all the considered alloys, except
Cu-Pd and Cu-Pt. As can be seen from Fig. 8, where we
show the fist two SGPM pair interactions in Cu-Pt as a func-
tion of Pt concentration, the screened electrostatic interaction
gives the dominant positive contribution to the nearest-
neighbor effective pair interaction. It actually originates from
a substantial size difference between the Cu and Pd(Pt) at-
oms, leading to a large value of the effective charge transfer,
qeir- In other words, the screened Coulomb interaction pro-
vides a very strong attractive force between Cu and Pd (Pt)
atoms at the first coordination shell, thus favoring alloying
and ordering.

This contribution is absent in the case of Ag(Au)-Pt(Pd)
alloys, so that other interatomic potentials become more im-
portant changing the alloying and ordering behavior. In par-
ticular, the phase-separation (or clustering, segregation) ten-
dency in Ag-Pt and Au-Pt alloys is due to the relatively
strong Pt-Pt interactions at the first coordination shell, as
described above. We would like to point out that the contri-
bution of the screened Coulomb interaction discussed here
has exactly the same nature as the electrostatic interaction
energy of two impurities derived using the Hellman-
Feynman theorem by Klemradt et al.,% although the latter
consider it as a repulsion of the atoms of the same type.

Let us now return to Fig. 8, where we show two sets of
the SGPM pair interactions at the first and second coordina-
tion shells. The first set, which is shown without indicating
dependence upon the volume, (), has been calculated at a
fixed Wigner-Seitz radius of 2.75 a.u. The second set of in-
teractions with volume dependence, V,({)), has been calcu-
lated at different Wigner-Seitz radii, changing linearly with
concentration from 2.72 a.u. for CugyPt;, to 2.83 a.u. for
CuyoPtg alloys. We also show two sets of the one-electron
part of the effective interaction at the first coordination shell,
V‘f“e'd, with and without volume dependence. It is clear that
both V"' and V,, for which the screening contribution is
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TABLE V. The energies of some ordered structures in terms of the first two effective pair interactions
relative to the ordering energy of the L1, (L1,) structure, which is —c(1-c)(2V;=3V,).

CH L1,

L1t \%!

AEOI‘d/C(l —C) —2‘/2

2(V,=3V,)

4 4V,~4
;(V1—3V2) Vi=4%2

small, are practically volume independent. In other words,
the volume dependence of V| originates from the screened
Coulomb interactions: The increase of volume with increas-
ing concentration of Pt leads to a decrease of g and Vi™. It
is also clear that the strong ordering tendency in Cu-Pt is due
to this electrostatic interaction, which makes V; large and
positive. Similarly the strong ordering tendency in Cu-Pd
compared to Ag-Pd is also due to electrostatic interactions
between Cu and Pd at the first coordination shell.

D. Ordering trends from the first two pair interactions

As has been mentioned above, all the variety of ordering
behavior, exhibited by the alloys isoelectronic to Ag-Pd, can
be qualitatively understood using the results for the first two
effective interactions only. In Table V we show the energies
of the CH, L1,, Ll;’, and V1 structures relative to that of L1,
(L1,) (as has been discussed above, the energetics of the LPS
is related to the long-range interactions due to the Fermi-
surface-nesting effects) in terms of the first two pair interac-
tions. If we use this simple estimate to find the most stable
structure among the structures listed above, we get the re-
sults presented in Table VI.

As one can see we get correct answers in all cases, except
AusPds,, which is stable in the CH structure, and CusyPts,
which is stable in the L1, structure. In those two cases more
distant effective cluster interactions are responsible for the
stabilization of the correct ground state structures. In particu-
lar Clark et al.%® have demonstrated that a van Hove singu-
larity is responsible for the L1, ordering in Cu-Pt and Au-Pt.
Let us also notice that at variance with our results Sanyal et
al.®® have recently found that the first two GPM pair inter-
actions stabilize the L1, structure of Cu-Pt. Their GPM cal-
culations have been performed without screened electrostatic

interactions by adjusting the atomic sphere radii of alloy
components to make thier average net charges vanish.

Nevetheless, it is clear that using just the first two effec-
tive interactions we can explain practically all the ordering
trends in the whole family of alloys isoelectronic to Ag-Pd.
In particular, stabilization of the CH, L1, and V1 structures
is a consequence of strong ordering (positive) interactions at
the second coordination shell. This is the case in all the sys-
tems except Au-Pd, where V, is very small and becomes
even negative in the case of Au,sPd;s.

VI. SURFACE SEGREGATION IN Ag-Pd

The surface segregation in Ag-Pd alloys has been previ-
ously investigated using first-principles calculations by sev-
eral authors, starting from the pioneering work by Abrikosov
and Skriver,?° followed by the work of Drchal et al.”% and
the most recent work by Ropo et al.”"" In all these calcula-
tions strong segregation of Ag atoms to the surface is ob-
tained, which is quite expected since Ag has much lower
surface energy than Pd. Such segregation behavior has also
been observed experimentally.?’-’”> What makes this system
quite interesting for a new theoretical investigation is the
existence of the STM data for the (111) and (100) surfaces of
Ag;3Pdg;.2” The STM images allow one to observe in situ
not only the surface alloy composition, but also the atomic
configuration or short-range order.

The key quantity, which determines the surface segrega-
tion phenomenon, is the surface segregation energy, defined
as the energy cost to transfer an atom of a certain type from
bulk into the surface layer. In Table VII we show our results
for the surface segregation energies of Ag for three different
facets of homogeneous random Ag-Pd alloys. In all cases the

TABLE VI. The effective pair interactions (in mRy) at the first two coordination shells in Ag(Cu,Au)-
Pd(Pt) alloys and the structure stabilzied by these interactions.

Alloy Vi Vs Structure Alloy Vi Vs Structure
Cll75Pd25 8.91 0.60 L12 CU75Pt25 15.19 3.02 L12
CusoPds, 7.57 1.53 CH CusoPts, 1271 2.66 CH
Cll25Pd75 5.73 0.33 L1 2 CUZ5Pt75 11.76 1.66 L1 2
Ag75Pd25 2.12 0.83 L1 2 Ag75pt25 -0.57 2.77 V1
AgsoPdso 1.19 1.59 L1, AgsoPtso ~2.57 2.67 L1,
Ag25pd75 -0.38 0.14 Vi Ag25Pt75 -3.15 1.43 L1 1
All75pd25 4.95 0.09 L1 2 AU75Pt25 -0.73 1.43 Vi
AU50Pd50 3.98 -0.01 Llo All50pt50 -2.32 0.68 L1 1
AU25Pd75 2.93 -0.56 L12 AU25Pt75 -2.81 0.16 Vi
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TABLE VII. Surface segregation energy (in eV) of Ag for (111), (001), and (110) facets in homogeneous Ag-Pd alloys. The values of the
corresponding surface energy differences of pure Ag and Pd are given in the parentheses.

Surface Ag Agy5Pdys AgsoPds Ags3;Pdg; Pd

fee(111) -0.20 (-0.27) -0.23 -0.24 -0.25 -0.31 (-0.33)
fce(100) -0.40 (-0.37) -0.38 -0.35 -0.34 -0.42 (-0.44)
fee(110) -0.52 (-0.54) -0.49 -0.44 -0.45 -0.53 (-0.63)

experimental lattice spacing has been used in the calcula-
tions. The results for pure Ag and Pd have been obtained in
the LSGF calculations of a single impurity in the bulk and in
the surface layer. We have used three different supercells of
size 6 X6X 15, 6 X6X 16 and 4 X8 X 24 for the fec(111),
fcc(100), and fec(110) surfaces, respectively, with five
vacuum layers in the case of fcc(111) and fce(100) surfaces,
and nine vacuum layers for the fcc(110) surface. The surface
segregation energies in the random homogeneous alloys have
been obtained by means of the surface Green’s function
techniques,?! with the chemical potentials obtained from the
corresponding bulk KKR-ASA(+M) calculations. The on-
site screening constants in all the layers have been fixed to
the corresponding bulk values. The latter is, of course, an
approximation. However charge transfer effects play a minor
role in the energetics of Ag-Pd alloys.

A. Surface segregation energies and effective pair interactions

As one can see from Table VII the concentration depen-
dence of the surface segregation energy is rather weak, and
partly this is a volume effect. The latter can be seen from the
surface energy difference of pure Ag and Pd given in Table
VII in parentheses, which are calculated at the corresponding
lattice spacing of Ag and Pd. The increasing surface segre-
gation tendency for more open surfaces is due to the fact that
surface energies are proportional to the “number of broken
bonds,”’+73 so the difference between the surface energies of
Ag and Pd is also increasing with reducing coordination
number of the surface atoms. A relatively weak dependence
of the surface segregation energy on the surface alloy com-
position has been demonstrated by Ropo et al.”?

Let us notice that the results in Table VII are slightly
different from those presented in Ref. 76 and Ref. 71, where
the surface segregation energy for the (111) surface is found
to be —0.26 and —0.28 eV, respectively. The difference from
the results of Ref. 76 comes from the fact that in Ref. 76 the
equilibrium LDA theoretical volume has been used, which is
slightly lower than the experimental one. Nevertheless the
overall conclusion is clear: The surface layer in AgPd alloys
should be strongly enriched by Ag, especially in the case of
more open surfaces.

In contrast to the surface segregation energies the effec-
tive pair and multisite interactions on the surface of alloys
exhibit a nonlinear concentration dependence similar to the
case of bulk alloys. Moreover they are concentration-profile
dependent. To demonstrate such a dependence we show in
Fig. 9 the values of the nearest neighbor effective pair inter-
actions in the first, V|_;.;, and second layers, V,_,.;, as well as
between the first and second layers, V., as a function of

the Pd concentration in the second layer for the fce(111)
surface of AgsoPdso. The composition in the first layer has
been fixed to AggoPd;o. One can also notice that, although
the composition of the surface layer is fixed, the value of the
effective pair interaction in this layer depends strongly on the
concentration in the next, subsurface layer.

Such a complicated concentration dependence of the clus-
ter interactions on the concentrations is very difficult to
model using a concentration-independent cluster expansion.
In Monte Carlo (MC) calculations of the surface concentra-
tion profiles we redetermined the effective cluster interac-
tions in accordance with the current values of the concentra-
tions during simulations. The on-site interactions were kept
fixed because, as has been discussed above, they turned out
to be very little dependent on the alloy composition near the
surface. We also restricted the number of interactions in-
cluded in the MC calculations: Only the first 10 effective pair
interactions and one 3-site interaction of the triangle of the
nearest neighbors have been considered. This is an accept-
able model since we do not consider any ordering phase
transitions or related effects.

In the case of Ag-Pd it is actually extremely difficult and
cumbersome to consider all the interactions needed for the
quantitatively correct description of ordering near the surface
at 0 K, especially for the Ag-rich alloys, where the LPS are
stabilized by long-range interactions. In the case of surface
alloys the number of interactions grows dramatically due to
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FIG. 9. (Color online) In-plane surface, V_;, interplane surface-
subsurface, V,_,, and in-plane subsurface, V,,, SGPM effective in-
teractions on the first coordination shell for fcc(111) AgsoPds alloy,
as a function of the Pd concentration in the subsurface layer. The
composition of the surface layer is is fixed to be AggoPdj.
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TABLE VIII. Ag concentration in the fist four layer of Ag;sPd,s, AgsoPds,, and AgssPdg; alloys on (111) and (001) surfaces at 800 K.
The results by Ropo et al. (Refs. 71 and 72) are given in parentheses. Experimental data from Ref. 27.

Surface Layer Agy5Pdys AgsoPds Ags;Pdg; Ags;3Pdgr-expt.
fee(111) 1 0.99 0.85 (0.85) 0.88 0.95

2 0.77 0.40 (0.39) 0.25

3 0.77 0.54 0.53

4 0.74 0.49 0.33
fce(100) 1 1.00 0.98 0.98 1.0

2 0.65 0.32 0.22

3 0.82 0.41 0.24

4 0.73 0.52 0.34

their layer and position dependence. Besides, the inclusion of
long-range layer-dependent interactions leads to a growth of
the number of nonequivalent or “surface” layers in the setup
for the Monte Carlo simulation box. At the same time, the
main purpose of these simulations is to find the high-
temperature concentration profile. In the bulk Monte Carlo
simulations, which were performed with the whole set of
interactions, we have found the ordering phase transitions at
about room temperature, very similar to the results by Miiller
and Zunger.”> These very weak ordering effects connected
with long-range interactions can be safely neglected at tem-
peratures above 700 K.

B. Results of statistical thermodynamic simulations

The results of our calculations for three different alloy
compositions, Ag;sPd,s, AgsoPds, and Agz;Pdg; and for two
different facets, (111) and (001), of the fcc lattice at 800 K
are presented in Table VIIL. In all the cases we find very
strong segregation of Ag atoms toward the surface. The (001)
is almost entirely covered with Ag atoms, which is in agree-
ment with the experimental data of Wouda et al.?’ More
pronounced segregation of Ag on the more open (001) sur-
face, than on the close-packed (111) surface, is the result of
the increased segregation tendency as was explained above.
One can also notice that in all cases except AgysPdys(111)
the second layer is enriched with Pd. This is an ordering
effect.

As a matter of fact the segregation energy of Ag into the
second layer of the (111) surfaces is also negative although
rather small, about —0.05 eV. Therefore the second layer in
these alloys should also be enriched by Ag in the absence of
ordering effects. However the strong surface segregation of
Ag and the ordering interaction at the second coordination
shell, lead to the Pd enrichment of the second layer. This is
exactly the type of ordering behavior which has been ob-
served in the case of bulk Ag-Pd alloys when the pair inter-
action at the second coordination shell becomes dominant
close to the equiatomic alloy composition (see Fig. 5). This
also explains why there is no such effect in the case of
Ag;sPdys(111): The interaction at the second coordination
shell is simply not strong enough for this alloy composition.

In this respect, very good agreement between our results
and results by Ropo et al.”> might seem puzzling, since Ropo

et al. have performed only single-site mean-field calcula-
tions, based on the minimization of the energy of random
inhomogeneous surface alloys. However, in fact, such calcu-
lations indeed capture the interlayer ordering tendency cor-
rectly. They completely neglect the intralayer ordering, but
this is not needed in the high-temperature consideration, far
above order-disorder phase transition where the short-range
order (SRO) effects are small and cannot influence the layer
composition.

The calculated surface composition of Ags;Pdg;(111) is
88 at. % of Ag, which is in fair agreement with the STM
experimental data by Wouda et al.,>” who found 95 at. % of
Ag at 820 K. The small difference can be due to theoretical
approximations (neglect of lattice vibrations, relaxations, dif-
ferent types of errors, etc.) as well as due to the fact that the
actual STM measurements have been done at low tempera-
ture and, although the bulk diffusion is practically sup-
pressed, some atomic rearrangements are still possible near
the surface during cooling from high temperatures.

Another piece of experimental information, which is con-
sistent with our results, is the ordering type of the SRO for
the first coordination shell on the surface. In particular, the
Warren-Cowley SRO parameter’’ in our calculations is about
—0.04, which indicates a pronounced ordering (the minimal
value of the SRO for the surface layer is about —0.13). The
effective interactions at the first coordination shell in the sur-
face layer is 3.04 mRy for the concentration profile at 800 K,
i.e., of ordering type. This is due to the Ag enrichment of the
surface layer, otherwise clustering behavior would be found:
The value of the nearest-neighbor effective pair interaction
for the homogeneous surface concentration profile in
Ags3Pdg;(111) is —0.74 mRy.

VII. CONCLUSIONS

The SGPM has allowed us to illuminate the origin of
similarities and differences in the ordering behavior in Ag-Pd
and isolelectronic alloys, as well as to explain systematic
failures of the SIM-type approaches (based on the total en-
ergy calculations of a predefined set of ordered structures) to
predict the LPS in the case of Ag-Pd and Au-Pd systems. Of
course, it is very unlikely that any of these ordered structures
will ever be formed in Ag-Pd alloys due to the very small
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values of the ordering energies and low order-disorder tran-
sition temperatures. Nevertheless, the ordering behavior in
Ag-Pd can be partly observed for alloy surfaces: Although
the segregation is overwhelmingly governed by the segrega-
tion energies, there are ceritain features, like the short-range
order in the layer or oscillating concentration profile, which
are entirely due to specific ordering in the system.

We have demonstrated that the tendency towards forma-
tion of the LPS is a common feature in the Pd(Pt)-deficient
region of the Ag-Pd isolelectronic alloys. The formation of
the LPS in the case of Ag(Au)-Pt is, however, hampered by
the strong Pt-Pt interactions, which substantially reduce the
effective interaction at the first coordination shell, making it
negative, and thereby completely destabilize the L1,-type of
ordering. This does not happen in the case of Cu-Pt system,
since, the interaction between Cu and Pt atoms at the first
coordination shell is strongly attractive due to the screened
Coulomb interactions.

PHYSICAL REVIEW B 75, 054113 (2007)

Another common feature in the ordering behavior of al-
loys isoelectronic to Ag-Pd is the tendency toward formation
of (111)-type ordered structures, like L1, (L1}, CH, or V1).
The tendency originates from a relatively strong ordering
interactions at the second coordination shell, i.e., large and
positive values of V,. It is especially pronounced in the case
of Cu-Pt and Ag-Pt alloys. In Pd-rich Ag-Pd alloys this type
of ordering leads to oscillating concentration profiles for the
(111) surfaces.
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