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Due to the lower compressibility of the close-packed crystallographic planes compared to the less close-
packed ones, the open free surfaces of the late transition and noble metals are generally expected to become
thermodynamically stable with increasing pressure. Surface segregation in concentrated alloys and heteroepi-
taxial growth are possible mechanisms to create additional lattice strain around the surface layer and, thus, alter
the surface stability at ambient conditions. Here we demonstrate this phenomenon in the case of PdAg random
alloys by performing ab initio density functional calculations for the surface energy and stress. Our findings
reveal anomalous surface stability, so far experienced only in some magnetic transition metals, and exception-
ally large excess surface stress as an indicator for surface reconstruction.
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Metal surfaces play the key role in catalytic, tribological,
epitaxial growth and nanocluster phenomena, and therefore
their experimental exploration and theoretical description
have always been in the focus of materials science.1–3 The
surface chemistry is the primary effect governing the surface
reactivity, whereas the surface morphology, surface orienta-
tion and flatness, degree of roughness, and surface recon-
struction are of fundamental importance on the constitution
and reactivity of metallic nanoparticles, on atomic friction
and interfacial cohesion, as well as on epitaxial
heterostructures.4,5

The thermodynamical stability of different crystallo-
graphic surfaces is determined by the surface energy ���,
defined as the surface excess free energy per unit area. Ex-
cept for the body centered cubic �bcc� nonmagnetic transi-
tion metals and some alkaline metals, the surface energies of
metals exhibit a strong orientation dependence.6–8 According
to the simple broken-bond model, the close-packed surfaces,
i.e., those with the lowest roughness,9 should possess the
lowest surface energy. This trend is well obeyed by the face
centered cubic �fcc� transition and noble metals.6 The only
striking anomalies that have been found so far are in bcc Cr
and Fe, where surface magnetism stabilizes the �100� facet
instead of the close-packed �110� facet.10,11

Another fundamental surface parameter is the surface
stress ���, representing the atomic-level in-plane force acting
in the surface region.1,2,12,13 It plays a decisive role in a wide
variety of surface phenomena.2 In particular, the excess sur-
face stress ��−�� is identified as the driving force for the
reconstruction in the microscopic modeling.1 According to
the continuum model by Herring14 and Cammarata,15 the sta-
bility criterion for metal surfaces requires that the absolute
value of the excess surface stress should be at least one order
of magnitude smaller than the elastic strain energy associated
with the surface reconstruction. Recently, Kwon et al.13 pre-
sented a systematic theoretical study of the surface energy
and stress of 4d transition metals. In good agreement with

observations, the calculated excess surface stresses for all the
�111� and �100� fcc surfaces were found to be small, predict-
ing the stability of these 4d transition-metal surfaces.

In this Rapid Communication, using a computational ap-
proach based on first-principles alloy theory, we investigate
the above surface properties in the case of late transition-
metal alloys. For concreteness, we consider the palladium-
silver alloy forming continuous solid solution in the fcc
structure. However, the disclosed phenomena are expected to
be valid for any binary transition-metal solid solution and
also epitaxial heterostructure with sizable lattice mismatch.
By computing the surface energy and surface stress of PdAg
random alloys as a function of bulk composition, here we
demonstrate that lattice strain can reverse the usual surface
anisotropy, and can lead to anomalously large excess surface
stress.

The present calculations were carried out using the den-
sity functional theory16 formulated within the local density
approximation17,18 for the exchange-correlation functional.
For nonmagnetic late-transition metals and transition-metal
surfaces, this approximation turned out to be superior com-
pared to the gradient corrected functionals.6,19,20 The Kohn-
Sham equations were solved using the exact muffin-tin orbit-
als �EMTO� method,21–24 and the substitutional disorder was
taken into account using the coherent potential approxima-
tion �CPA�25,26 as implemented in the EMTO-CPA method.27

The order-disorder transition temperature in PdAg has been
predicted to be around 340 K in Ag-rich alloys and 240 K in
Pd-rich alloys.29 Calculations based on the screened general-
ized perturbation method30 have shown that above these tem-
peratures, the surface of PdAg is adequately described by the
present single-site mean-field approximation.

Our study focuses on the �111� and �100� surfaces of the
fcc PdAg alloys. The two surfaces were modeled using slabs
consisting of 8 atomic layers parallel to the �111� and �100�
crystallographic facets, respectively. The slabs were sepa-
rated by vacuum layers having a width equivalent with four
atomic layers. First, the intralayer and interlayer ��ij, i, and j
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are the layer indices� lattice constants were fixed to the cor-
responding bulk values obtained from the theoretical cubic
lattice constants �Table I�. Then, the relaxed surface geom-
etry was determined by optimizing the distance between the
top layer and the subsurface layer ��12� while keeping all the
other positions unchanged. The EMTO-CPA calculations28

were performed for pure Pd and Ag, and for Pd1−cAgc alloys
with c=0.1,0.2, . . . ,0.7. The concentrations of the four cen-
tral layers from the slabs were fixed to the corresponding
bulk value. For the concentrations of the top layer �c1� and
subsurface layer �c2� we used the previously determined low-
temperature values,31 which have been found to agree well
with the experimental data.32 Since at temperatures below
�600 K, the two fcc surfaces in question have similar con-
centration profiles, here for both facets we used the average
values c1=1 and c2 listed in Table I as a function of c.

Surface relaxation. The surface energy of a close-packed
metal surface shows a weak layer relaxation dependence. At
the same time, the surface stress has been found13 to depend
nearly linearly on �ij, which makes the geometry optimiza-
tion an indispensable first step in stress calculation. The
present theoretical top-layer relaxations, defined as �12
���12

s −�12
b � /�12

b , with �12
s and �12

b being the equilibrium sur-
face and bulk interlayer distance, respectively, are displayed
in the inset of Fig. 1. The �111� surface shows small outward
relaxations characteristic to the close-packed surfaces of Pd
and Ag,13 with a slight maximum near c=0.1. The �100�
surface exhibits a more nonuniform behavior: it relaxes in-
ward in Pd- and in Ag-rich PdAg alloys, but in Pd-rich alloys
we can see almost zero or slightly positive relaxation. The
obtained trend for �12�c� is a direct consequence of the lattice
mismatch strain. Due to the �4% difference between Pd and
Ag lattice constants, the pure Ag surface layer on PdAg sub-
strate is subject of an increasing strain as going from the Ag
end to the Pd-rich end. In the Pd-rich alloys, part of this
strain can be released by outward surface relaxation, which
increases the average volume of the surface Ag atoms.

Surface energy. The surface energy was obtained from the
difference between the slab and bulk grand potentials, viz.

� =

Es�c1,c2,c� − 8Eb�c� − �b�
i=1

2

�ci − c�

2A
. �1�

Here Es�Es��12
s � is the equilibrium slab energy, the bulk

energy Eb refers to one formula unit, A is the surface area,
�b=�Eb�c� /�c is the bulk effective chemical potential, and
the factor 2 appears because of the two surfaces per slab.
Since we are mostly interested in the difference between �100
and �111, in Eq. �1� the entropy terms have been omitted. The
numerical error in the calculated �, estimated from the finite
slab size and Brillouin zone sampling, is less than 10 mJ /m2.

Figure 1 shows the surface energy difference ����100
−�111 as a function of bulk Ag concentration. The present
surface energies for Pd and Ag are 2.37 and 1.42 J /m2 for
the �111� surface, and 2.43 and 1.43 J /m2 for the �100� sur-
face. Thus, for the end members, the �111� facet is found to
be the stable surface, in good agreement with former
studies.6,13,33 With Pd addition, we find that the �100� facet is
stabilized against the most close-packed �111� facet. Taking
into account our numerical uncertainties, we come to the
unexpected conclusion that in Pd-rich PdAg alloys the �100�
facet is the thermodynamically most stable surface. This
finding has important consequences in surface physics. In
terms of equilibrium crystal shape,6 for instance, the surface
energy anisotropy reversal means that in Pd-rich PdAg nano-
crystals the relative weight of the �100� facets, compared to
that of the �111� facets, is significantly higher than in Pd- and
in Ag-rich PdAg particles.

In order to understand the origin of the anomalous surface
stability in PdAg alloys, we investigate the role of lattice
strain on the surface energy of pure fcc Ag. For this study,
we used ideal bulk terminated slabs, i.e., neglected the top

TABLE I. Calculated bulk lattice constant �a in Å�, theoretical
equilibrium Ag concentrations in the subsurface layer �c2� �Ref. 31�,
and the excess surface stress �in mJ /m2� for the �111� and �100�
facets of PdAg alloys as a function of Ag content in the bulk �c�.
Asterisks mark the surfaces which are estimated �Ref. 15� to be
unstable against reconstruction.

c a c2 ��−��111 ��−��100

0.0 3.854 - 1.07 0.54

0.1 3.867 0.00 2.01* 1 .98*

0.2 3.884 0.00 1.67* 1 .63*

0.3 3.899 0.00 1.32* 1 .29*

0.4 3.913 0.00 1.02 1.02

0.5 3.928 0.02 0.80 0.63

0.6 3.943 0.41 0.78 0.49

0.7 3.958 0.57 0.64 0.46

1.0 4.016 1.00 0.41 0.16
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FIG. 1. Difference between the surface energies for the �100�
and �111� surfaces of the PdAg alloys as a function of bulk Ag
content. Negative numbers indicate that the �100� facet is more
stable than the �111� facet. The approximate stability fields of the
two surfaces are indicated by arrows. Inset shows the top-layer
relaxations for the �100� and �111� facets as a function of bulk Ag
content.
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layer relaxation. In the lower panel of Fig. 2, we compare the
total energies for the �111� and �100� Ag slabs and Ag bulk
plotted as a function of relative volume. In this figure, the
bulk energy refers to the same number of atoms as the slab
energy, so the difference between the slab and bulk energies
gives twice the surface energy per atom, 2�A. Since there are
missing bonds in the slabs compared to the bulk, the slab
“bulk” moduli are smaller than the true bulk modulus, result-
ing in decreasing surface energies with compression. The
effect is more pronounced for the �100� facet because this
facet has more broken bonds than the �111� one. This differ-
ence yields a decreasing ��A�100− ��A�111. When expressed
per unit surface area �upper panel, Fig. 2�, the surface energy
difference �� becomes negative around V /V0=0.96 and
reaches −35 mJ /m2 near V /V0=0.884 corresponding to the
volume of pure Pd. We note that by taking into account the
surface relaxation, the difference �� would become even
more negative, since relaxation decreases �100 more than
�111. Therefore, in pure Ag, compressive lattice strain en-
hances the stability of open �100� surface. The above mecha-
nism is expected to be present in all late transition and noble
metals, and we suggest that this is the main effect respon-
sible for the stability of the �100� surface in Pd-rich alloys.

Surface stress. For the high-symmetry �111� and �100�
surfaces, the surface stress was derived from the scalar
Shuttleworth equation �=�+�� /��, where � is the in-plane
lattice strain.33,34 Equation �1� becomes cumbersome when
calculating � against lattice distortion. This can be avoided
by introducing the following approximation: �
��Es�c1 ,c2 ,c�−8Eb�c̄�� / �2A�, where c̄ is the average con-
centration from the slab. Note that this expression becomes
exact for c�0.5 and in the limit when the number of atomic
layers from the slab tends to infinity. For the present slabs,
the actual error introduced by this approximation is below
the numerical accuracy of our calculations.

The calculated surface stresses are compared to the corre-

sponding surface energies in Fig. 3. For Pd and Ag, the
present surface stress values are 3.44 and 1.83 J /m2 for the
�111� facet, and 2.96 and 1.60 J /m2 for the �100� facet.
These figures are slightly larger than the former theoretical
data33 obtained using the same density functional approxima-
tion. The deviation is due to the layer relaxation neglected in
Ref. 33.

For both surfaces the excess surface stress, listed also in
the last columns of Table I, reaches exceptionally large val-
ues in Pd-rich alloys. In fact, similar high 	�−�	 has been
obtained only for the �110� surface of fcc Rh �2.27 J /m2�
followed by that of Pd �1.37 J /m2�.21 It is clear that the
anomalously large surface stress in PdAg alloys is due to the
homogeneous lattice strain effect discussed above in connec-
tion with the surface relaxation and surface energy. In order
to see whether the obtained stress is sufficiently large for the
surface reconstruction to occur, we estimate the elastic stain
energy associated with surface reconstruction as15 Estrain�c�
=G�c�b�c�, where G is the shear modulus and b=a
2 /2 is
the Burgers vector for Pd1−cAgc. For simplicity, we assume
that the shear modulus varies linearly with c between GPd
=50 GPa and GAg=33 GPa. Using the theoretical lattice con-
stants �Table I�, for the elastic energy we obtain 14.0, 13.5,
13.1, 12.7, and 12.3 J /m2 for c=0.0, 0.1, 0.2, 0.3, and 0.4.
Compared to the excess surface stress values �Table I�, we
find that ��−�� /Estrain�0.1 for 0	c	0.4. That is, accord-
ing to the Cammarata model,15 our data indicates that in
Pd-rich alloys both the thermodynamically unstable �111�
and the stable �100� surfaces show instability against recon-
struction. This prediction is in line with the c�2
2� patterns
observed on the �100� surface of PdAg.32

In summary, using the PdAg system we have demon-
strated that lattice strain can reverse the usual surface energy
anisotropy, stabilizing an open facet relative to the close-
packed surface. Furthermore, we have shown that in Pd-rich
alloys, the exceptionally large surface excess stress exceeds
the elastic threshold characteristic for PdAg surfaces, thus
predicting mechanically unstable �111� and �100� alloy sur-
faces. Since there is no a priori reason for restricting the
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FIG. 2. Upper panel: Surface energies for the �111� and �100�
surfaces of Ag as a function of volume. Lower panel: Total energies
for the �111� �circles� and �100� �squares� slabs of Ag and for bulk
Ag �triangles� as a function of relative volume V /V0. V0 is the
equilibrium volume of bulk Ag.
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FIG. 3. Surface energy and stress for the �111� and �100� sur-
faces of fcc PdAg alloys as a function of bulk Ag content.
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disclosed phenomena to PdAg system, we conclude that a
wide field of surface science and nanotechnology could sub-
stantially benefit from our discovery. In particular, the sur-
face anisotropy reversal has significant impact in catalytic
applications, where in general the open surfaces are consid-
ered to be more reactive than the close-packed ones,3 as well
as in nanopattern fabrication and surface-tailoring in metal
clusters. The lattice strain-driven anomalous surface stress
and surface reconstruction appear to be the most influential
on the epitaxial growth of metallic and/or magnetic
multilayers.4,5 Revealing and understanding these phenom-

ena is vital to having full control of the final performance of
epitaxial heterostructures.
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