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Surface induced bond energy variations are incorporated as homoatomic interaction model in the statistical-
mechanical free energy concentration expansion method �FCEM� for the prediction of temperature dependent
segregation in alloys. This article focuses on the role of subsurface �and outermost� layer tensions in the
emergence of oscillatory segregation profiles even in alloys with weak mixing or demixing tendency. As a test
case for the proposed approach, surface segregation in Pt25Rh75�111� is computed by FCEM with Naval
Research Laboratory �NRL�-tight-binding �TB� data of surface-induced bond energy variations. A distinct
two-layer oscillatory profile is obtained in fair agreement with previously reported experimental data. Accord-
ing to TB data, such subsurface bonding effects are anticipated also for some other Pt-based alloys. The
FCEM/TB approach can be used also for predicting surface segregation phenomena in alloy nanoclusters.

DOI: 10.1103/PhysRevB.75.045415 PACS number�s�: 68.35.Dv, 05.70.Np, 68.35.Md, 68.47.De

Surface segregation, manifested as a deviation of the sur-
face composition from the bulk value, is very common in
metallic alloys. This enrichment in alloy constituent is not
limited to the outmost surface layer, where it reaches a maxi-
mum, but typically extends either monotonously or oscilla-
torically to subsurface layers. Such a composition gradient
can affect physical and chemical properties relevant to het-
erogeneous catalysis, oxidation, magnetism, adhesion, etc.
The term “surface segregation” usually refers to the free
�clean� surface, whereas under gaseous environment chemi-
sorption usually modifies the segregation characteristics.
This applies also to Pt-Rh dispersed material that is widely
used in the detoxication of car exhaust gases as a “three-way
catalyst.” Since the intrinsic and chemical driving forces op-
erate concomitantly, study of free surface segregation forms
a basis for the other case. Experimental measurement of
layer by layer compositions is quite tedious and is limited to
just a few dedicated techniques. This has motivated numer-
ous theoretical computational studies in this field.1

A combination of statistical mechanics and input energetic
parameters is often used for the prediction of surface segre-
gation and related thermodynamic properties in bulk alloys
and alloy clusters. A variety of theoretical approaches to the
surface energetics have been employed, ranging from simpli-
fied empirical bond energies2 to ab initio density functional
theory �DFT�.3 Also, semiempirical potentials, such as the
embedded atom method �EAM�,4–6 the effective medium
theory �EMT�,7,8 and the tight-binding �TB� based second
moment approximation �SMA� �Refs. 9 and 10� have been
used. Electronic structure approaches to surface energetics of
transition metals, based on parametrized TB Hamiltonians,
were first performed using a scheme based on a pure d band
model,11–13 and later used improved spd tight-binding meth-
ods �required for cases of almost filled or empty d band�.14

Being much less time consuming, TB electronic structure
calculations produce results in good agreement with ab initio
DFT on simple systems, and open up the possibility of study-
ing rough surfaces and clusters.15,16 Compared to computer
simulations, statistical-mechanical approximations based on
analytical expressions for the alloy free energy have some

advantages, such as much higher computing efficiency. In
particular, numerical minimization of the free energy with
respect to atomic site concentrations readily provides their
equilibrium values. In early works, the simple Bragg-
Williams �BW� approximation was used,17,18 while studies
that went beyond it include the Bethe or quasichemical
approximation19,20 and the cluster variation method
�CVM�,21–24 all reviewed in Ref. 1. More recently, the free
energy concentration expansion method �FCEM�, which is
more accurate than the BW method by including short-range
order,1 has proven to be effective in computations of tem-
perature and concentrations dependent multilayer surface
segregation, and in providing insight into the interplay of
surface segregation and atomic order in alloys.25–27 Obvi-
ously, the accuracy of the predictions depends significantly
on the reliability of the input energetics. Compared to rather
simplified empirical bond energetics used in previous FCEM
computations, the present work incorporates homoatomic
bond energies and their surface-induced variations, as ob-
tained recently by the Naval Research Laboratory tight-
binding method �NRL-TB�.28,29 This spd tight-binding
method uses a nonorthogonal TB Hamiltonian, which turns
out to be crucial for determining surface energies.14,30,31 In-
terlayer surface relaxation and energy for low-index faces of
Rh, Pt, and some other transition metals obtained using the
NRL-TB method are in a good agreement when compared to
DFT or experiment.28 The present version of the FCEM/TB
method is formulated as a tool for the prediction of tempera-
ture dependent layer compositions, while elemental surface
relaxations enter implicitly via the TB bond energetics.

Most recently, site compositions and thermodynamic
properties of Pd-Cu, Rh-Pd, and Rh-Pd-Cu nanoclusters
were computed by the same FCEM/TB approach, highlight-
ing the role of surface induced bond energy variations in
segregation and ordering phenomena.16 In view of the lack of
relevant experimental data concerning such cluster proper-
ties, it is desirable to test this approach in the case of com-
mon flat surfaces. Segregation to clean Pt25Rh75�111� surface
was chosen for modeling because of the availability of reli-
able, layer-by-layer experimental data,32,33 and results of
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comparative first-principle calculations.34–36 A small atomic
size mismatch ��3% � and the important role of subsurface
tension effects in this alloy system are additional reasons for
the choice. The following part clarifies relations between
bond energy variations and layer tensions, as well as their
effects on surface segregation.

Formulation and energetics

The surface energy of a solid containing N atoms is given
by

Es = E − Eb�N� , �1�

where E is the total energy of the system and Eb�N� is the
energy associated with equivalent number of bulk atoms. In
the nearest neighbor �NN� pair interaction model the surface
energy of elemental solid �I� can be expressed by a sum of
atomic site related contributions

Es
I = �

m

1

2��n

�m�
wmn

II − zbwb
II� = �

m

1

2��n

�m�
�wmn

II − �zmwb
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where �n
�m� goes over the NN of site m, �wmn

II =wmn
II −wb

II de-
notes the variation in the energy of bonding between sites m
and n relative to the bulk value �Fig. 1�, zb and �zm denote
the bulk coordination number and the number of broken
bonds for site m, respectively. As is quite common in the
segregation literature2,37 the term “tension” is used below
instead of “energy” �although strictly speaking the two terms
may differ somewhat for solid surfaces�. It is convenient to
define “m-site tension,” �m

I , “l-layer tension,” �l
I, and “total

surface tension,” �tot
I , according to

Es
I = �

m

�m
I = Nlayer�

l

�l
I = Nlayer�tot

I , �3�

where Nlayer is the number of atoms per layer.
It follows from Eqs. �2� and �3� that if subsurface sites

have no broken bonds, e.g., below the low index fcc�111�
and �100� surfaces, the corresponding tensions stem only
from alteration of the subsurface bonds, and are negative if
they strengthen ��wmn

II �0�. If subsurface bonds do not alter,
�tot

I coincides with the outmost layer tension, �1
I .

The present computations employ the full FCEM
formula27 for the alloy free energy, F, that contains energy
and entropy contributions. The former contribution com-
prises homoatomic interactions and mixing energy �including
short-range order�, that is related to the effective heteroat-
omic interactions, Vmn

IJ = 1
2 �wmn

II +wmn
JJ −2wmn

IJ �. The Vmn
Pt-Rh

value is relatively small, so the major energetic contribution
is expected to originate from homoatomic interactions.
Therefore, it is justified to focus first on this contribution

F̃ = �
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where cm
I denotes the concentration of constituent I at site m.

F̃ can be expressed by means of site or layer tensions defined
above
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where S denotes a reference alloy constituent �e.g., the sol-
vent�.

Within the NRL-TB formalism, the total energy of the
elemental system is decomposed into effective bond energies
between NN atoms according to Eq. �2� of Ref. 28. In the
present approach, these energies are employed as the wmn

II

values in Eqs. �4� and �5�, affecting the alloy surface and
subsurface tensions. As noted above, the combination of
first-principle computations of alloy structure energies with
the cluster expansion method was applied in studies of seg-
regation and relaxation in the Pt25Rh75�111� surface.34–36

While results similar to those described below were ob-
tained, no straightforward explanation of segregation profiles
by means of elemental bond energies is possible. The present
approach, on the other hand, provides some extra physical
insight and relates the “on-site” terms entering the cluster
expansion35,36 to TB-computed surface induced variations of
bond energies in elemental solids, contributing to layer ten-
sions in formula �5�. In particular, as explained below, the
subsurface will be enriched by the element that exhibits a
higher subsurface bond strengthening �namely, lower subsur-
face tension�. The neglect of alloying effects on homoatomic
bond energies, was verified for transition metals by elec-
tronic structure calculations,38 and is possible when higher
order effective interactions �triplets, etc.� are relatively
small.39

While constituent surface tension differences are known
for a long time among the main factors controlling surface
segregation in alloys,2,38 much less attention was paid to ef-
fects of subsurface tensions, often considered negligible.37,38

Segregation oscillations were commonly attributed to the
mixing tendency.1 In the case of Pt-Rh, however, oscillatory
profiles were explained by values of the on-site terms,35,36

and a similar conclusion can be deduced from computation
results of Ref. 34. The role of subsurface tensions was high-
lighted only in the case of oscillations predicted for Mo-W
�with weak demixing tendency�,40,41 but it was not verified

FIG. 1. Illustration of surface induced NN bond energy varia-
tions. Note that w is always negative, whereas �w can be either
negative �bond strengthening� or positive �bond weakening�. The
present two-layer model is based on tight-binding data28 for �w1-1

and �w1-2 �assuming negligible intrasubsurface layer and deeper
layer bond variations�.
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experimentally. In the present work, predictions of oscilla-
tory segregation driven by subsurface tensions are compared
in the next section to experimental data of highly sensitive
methods, LEED and MEIS, providing layer-by-layer
compositions.32,33 As expected from considerations related to
charge transfer from broken bonds, NRL-TB data for Ni, Cu,
Rh, and Pd, show that typically �but not in case of Pt� tran-
sition metal subsurface bonds strengthen28 �bonding between

layers 1–2, Fig. 1; since in the present case all layer sites are
equivalent, in the following all numerical subscripts denote
atomic layers�. Therefore, the corresponding low index sub-
surface tensions are negative, opposite to the outmost layer
surface tensions. Figure 2�a� illustrates the anticipated occur-
rence of an oscillatory segregation profile in a binary alloy
depending on the constituent bond energies and their relative
variations. In particular, as can be inferred from Eq. �5�, if
the subsurface tension of the segregating element is much
higher than that of the other constituent, a pronounced oscil-
lation is expected even in case of weak mixing tendency, as
discussed in the present study for Pt-Rh, or even in the case
of weak demixing tendency, as was predicted for Mo-W
mentioned above.40,41 Weakening of Pt subsurface bonds
compared to strengthening in many other transition metals, is
indicated indirectly by experimental LEED measurements
and calculated data for separations of the top two layers.28

Hence, significant effects of subsurface tensions on subsur-
face compositions are expected for Pt alloys in general, al-
though they can somewhat be obscured by mixing or demix-
ing tendency. In the Pt-Rh case the effect becomes most
evident, due to the very weak mixing tendency. �Other can-
didates having relatively small V include Pt-Pd, Pt-Au, and
Pt-Ru, but even Pd-Cu with moderate mixing tendency is
still expected to exhibit a significant subsurface tension con-
tribution to the Cu oscillatory segregation.16� According to
Eqs. �2� and �3� the pure Rh 1–2 interlayer bond strengthen-
ing and Pt bond weakening �Table I� result in a negative
�positive� Rh �Pt� subsurface tension �Fig. 2�b��. Thus, the
subsurface tension difference, ��2

Pt-Rh, is positive, resulting
in Pt subsurface depletion. On the other hand, the difference
of the outmost layer tensions, ��1

Pt-Rh, is negative, leading to
Pt enrichment, so that an oscillatory Pt segregation profile is
anticipated. Such bonding variation related energetic effects
are beyond the scope of simplified models based on empiri-
cal site energies42 or on scaling of pair interactions as the
inverse square root of coordination.43 As can be seen from
Table I, layer tension differences based on the present TB
data have the same signs as layer-dependent segregation en-
ergies of Pt, Esegr-1

Pt and Esegr-2
Pt , computed in Ref. 34, but are

larger.

Computation results vs experiment

It is instructive to compare two models of surface layer
energetics and to apply them to Pt-Rh:

�i� “Single surface layer tension model” �SL� using TB
computed total surface tension, but arbitrarily relating it to
the outmost layer only. It was employed in some theoretical

TABLE I. NRL-TB computed variations in Pt and Rh bond energies at the �111� surface relative to the
bulk values �based on Ref. 29 data� and the corresponding Pt-Rh tension differences �meV�. Values of
layer-dependent segregation energies of Pt computed in Ref. 34 by DFT-based cluster expansion are shown
for comparison.

Element �w1-1 �w1-2 ��1
Pt-Rh ��2

Pt-Rh ��tot
Pt-Rh Esegr-1

Pt Esegr-2
Pt

Pt −156 +60
−490 +140 −350 −281 +85

Rh −52 −32

FIG. 2. �a� Schematics of the energetic conditions for two-layer
�TL� oscillatory segregation at low index surfaces driven by subsur-
face tensions. �b� Schematics of Rh�111� and Pt�111� elemental en-
ergetics in the two-layer �TL� tension model �solid lines, �1, �2,
�tot�. Dashed lines depict the single-layer �SL� tension model.

MODELING EFFECTS OF SUBSURFACE TENSION ON… PHYSICAL REVIEW B 75, 045415 �2007�

045415-3



studies neglecting contributions of deeper layer tensions.37,38

�ii� The “two layer tension model” �TL� presented here,
using TB computed outmost and subsurface layer tensions.

Segregation profiles, based on the two models and com-
puted by FCEM using the NRL-TB bond energies, are shown
in Fig. 3 together with LEED data32 at 1373 K and MEIS
data33 at 1300 K. According to the TL model compared to
the SL model, even at these high temperatures two distinct
phenomena are exhibited by the outmost two layers �deeper
layer compositions remain nearly unchanged�: �i� Oscillatory
Pt segregation profile �subsurface layer depletion�, and �ii�
Extra Pt segregation at the outmost layer. As mentioned
above, the common origin of oscillatory surface segregation
does not apply to the Pt-Rh case, since the mixing tendency
in this alloy is very weak in the bulk44 and at the surface.35,45

In particular, using formation enthalpy calculated by means
of the linearized augmented plane-wave method,46 the het-
eroatomic effective interactions, included in the FCEM input
energetics, are estimated as V	4 meV only. However, due
to the quite appreciable value of ��2

Pt-Rh �Table I�, the sub-
surface oscillation persists up to quite high temperatures, as
obtained experimentally.

The origin of the outmost layer extra Pt segregation in the
TL model is simply related to 
��1

Pt-Rh
 being larger than

��tot

Pt-Rh
, since �tot
Rh��1

Rh and �tot
Pt ��1

Pt �Fig. 2�b��. Although
we refer to concentrations of the two outmost layers equili-
brated at two temperatures only, comparison of the compu-
tation results with the MEIS and LEED data clearly shows

that the TL model oscillation is more accurate than in the SL
model. Thus, the incorporation of the outmost and subsurface
layer tensions via NRL-TB data of bond energy variations,
yields the observed trends, namely, enrichment of Pt at the
outmost layer coupled with its significant depletion in the
subsurface layer, without any adjustable parameters and in
agreement with the predictions of Refs. 34 and 35.

The thermal evolution of the oscillatory layer concentra-
tions computed for Pt25Rh75�111� is shown in Fig. 4. Driven
by the underlying energetics, pure Pt surface layer and pure
Rh subsurface layer emerge at low temperatures. With tem-
perature increase, the oscillations gradually decrease by en-
tropy driven mixing. Since V is small, compositional oscilla-
tions in deeper layers �third and fourth� are much weaker
than the subsurface oscillation �second layer� stemming from
the surface-subsurface bond variations. In the SL model ig-
noring these variations, the subsurface oscillation due to V
only is much weaker than in the TL model at all temperatures
�Figs. 3 and 4�.

In conclusion, effects of surface induced homoatomic
bond energy variations on surface and subsurface segrega-
tion in alloys are elucidated theoretically and demonstrated
for Pt25Rh75�111� as a test case. In case of opposite sign of
the differences in the outmost vs. subsurface layer constitu-
ent tensions, significant oscillatory surface segregation can
arise even in alloys with a weak mixing tendency as Pt-Rh,
or even in weak demixing alloys. Key ingredients in the
proposed approach are input energetics based on NRL-TB
data that are used in conjunction with the FCEM statistical-
mechanical approximation in order to account also for the
configurational entropy and finite-temperature properties.
The high transparency of this approach furnishes physical
understanding of the relatively unfamiliar origin of oscilla-
tory segregation profiles. Reasonable agreement with the
available experimental data is obtained only for the two layer
tension model, indicating the potential validity of the
FCEM/TB approach, which can be extended, e.g., to model
computations of site composition related properties of alloy
nanoclusters.16 However, for higher accuracy further refine-
ment of the input energetics entering FCEM is needed, such

FIG. 3. FCEM/TB computed surface segregation profiles for
Pt25Rh75�111� vs experimental data �black squares� of LEED �Ref.
32� at 1373 K �upper panel�, and of MEIS �Ref. 33� at 1300 K
�lower panel�. Solid lines—the two layer tension model �TL�;
dashed lines—the single layer tension model �SL�.

FIG. 4. The FCEM/TB computed temperature dependence of
near surface layer concentrations �indicated by numbers� in
Pt25Rh75�111�. TL model—solid lines; SL model—dashed lines.
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as taking into account on-site TB integrals, which might con-
tribute to site tensions beyond �improved� pair bond ener-
gies. Likewise, studies of alloy systems having considerable
mixing or demixing tendencies and/or atomic size mismatch
should include TB computed heteroatomic bond energies in
different coordinations and alloy lattice relaxations. Further-
more, computations of bond energies beyond the NN contri-
butions are planned, possibly affecting also the compositions
of deeper layers. Yet, even in its present state, the FCEM/TB

approach can adequately account for certain aspects of sur-
face segregation in alloys.
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