
VOLUME 93, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S week ending
8 OCTOBER 2004
Role of Strain and Ligand Effects in the Modification of the Electronic
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Periodic density functional calculations are used to illustrate how the combination of strain and
ligand effects modify the electronic and surface chemical properties of Ni, Pd, and Pt monolayers
supported on other transition metals. Strain and the ligand effects are shown to change the width of the
surface d band, which subsequently moves up or down in energy to maintain a constant band filling.
Chemical properties such as the dissociative adsorption energy of hydrogen are controlled by changes
induced in the average energy of the d band by modification of the d-band width.
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Numerous surface science studies have shown that the
chemisorption properties of supported monolayers of one
metal on another metal can be dramatically different than
those of the parent metals [1–3]. There are two primary
mechanisms for modification of the chemical properties
of these surfaces. First, the average bond lengths between
the metal atoms in the supported monolayer surface are
typically different than those in the parent metals, re-
sulting in changes due to strain. Second, heterometallic
bonding interactions, termed the ‘‘ligand effect’’, between
the surface atoms and the substrate can result in modifi-
cation of the surface electronic structure, thereby chang-
ing the surface chemical properties. However, it has
been difficult to separate the strain and ligand effects,
even in surface science studies, because they usually
occur together. In other words, one typically observes
the cumulative effect of the two phenomena. One notable
recent success was the deconvolution of these two effects
for heteroepitaxial layers of Pt on Ru(0001) using a
combination of experiments and theory [4], but this
work succeeded only in explaining the behavior of a
single system.

Mavrikakis et al. used density functional (DFT) cal-
culations to show that strain modifies the chemical
properties of surfaces by changing the average energy of
the d band [5]. DFT was also recently used to illustrate
the ligand effect, by showing that the presence of sub-
surface 3d metals in Pt(111) surfaces broadens the Pt
surface d band. The width of the surface d band was
found to be proportional to the interatomic matrix ele-
ment that describes bonding interactions between the d
orbitals of the Pt surface atoms and the d orbitals of the
subsurface 3d metal atoms [6]. As a consequence of the
band broadening, the average energy of the d band moved
down in energy in order to conserve the d-band filling,
resulting in modifications of the surface chemical
properties.
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In the current Letter, we present a simple explanation
for the electronic modifications induced by strain and li-
gand effects in bimetallic surfaces, as well as the effects
of these modifications on the chemical properties of these
surfaces. We will show that the width of the d band is
modified by both strain and the ligand effect, and that the
effects of these two mechanisms are cumulative. The
d-band width is found to be proportional to the inter-
atomic matrix element describing bonding between the
d orbitals of an atom and the d orbitals of its nearest
neighbors. The average energy of the d band is increased
or decreased depending on whether the band becomes
narrower or wider due to the combination of strain and
ligand effects to maintain a constant d-band filling.
Finally, changes in chemical properties of these bimet-
allic surfaces due to the combined strain and ligand
effects can be traced to changes in the average energy
of the surface d band associated with the changes in
d-band width.

The supported monolayer calculations were performed
using DACAPO on three layer slabs of the closest-packed
surface for the substrate crystal structure [fcc(111),
bcc(110), or hcp(0001)]. The surface layer of the slab
was replaced with the monolayer metal in the bulk trun-
cated position. In our notation, PtW designates a pseudo-
morphic monolayer of Pt on a W(110) surface, NiRu
designates a pseudomorphic Ni monolayer on Ru(0001),
and NiPt designates a pseudomorphic Ni monolayer on
Pt(111). Relaxation of the slab was allowed in some cases,
and the effects of this are discussed later. The slabs were
periodically repeated in 2� 2 super cells, and the ionic
cores were represented by Vanderbilt ultrasoft pseudopo-
tentials. The Kohn-Sham one-electron orbitals were ex-
panded using planewaves up to a 350 eV cutoff energy.
The Brillouin zone was sampled either by a Chadi-Cohen
grid of 18 k points or a 4� 4� 1 Monkhorst-Pack grid.
The trends and conclusions in this work were independent
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of this choice. The PW91 functional was used to describe
exchange and correlation. Properties of the d band were
calculated by projecting the Kohn-Sham orbitals onto
spherical harmonics centered on the atomic sites.

We first examine whether the formation of the bimet-
allic surfaces alters the filling of the surface d band.
Changes in the d-band filling would indicate charge
transfer between the two metals, and could be one of
the mechanisms for chemical modification. In all cases,
the change in d-band filling was typically less than 2% in
magnitude on formation of the bimetallic surface. We
interpreted these as negligible changes. Furthermore,
the magnitude and sign of the change is basis set depen-
dent; the magnitudes decrease and the sign can change if
a cutoff radius is used to limit overcounting from neigh-
boring sites. Thus, these changes may not be meaningful,
aside from the observation that they are small. We also
found that the d-band filling does not change when strain
is artificially introduced despite strain-induced changes
in the d-band width.

As shown for a rectangular band model, if the d-band
filling remains constant but the d-band width changes,
then the average energy of the d band (the d-band center)
must change to conserve both the d-band filling and the
total number of d states [6]. Figure 1 shows the correlation
between the root mean squared (rms) d-band width and
the d-band center for both unrelaxed and relaxed slabs.
The slope of the correlation is nearly �1, as predicted by
the rectangular band model. Thus, as the d band becomes
wider it moves down in energy, and as it narrows it moves
up in energy. The nonzero intercept is likely an artifact of
the gaussian broadening used in the projection of the
density of states onto atomic orbitals to account for the
finite number of k points used in the calculations. This
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FIG. 1. Correlation between the root mean squared (rms)
d-band width and d-band center for bimetallic surfaces.
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prevents the d-band width from going to zero in the
atomic limit as it should.

The width of the d band can be related to the inter-
atomic matrix element that describes bonding between an
atom and its environment [7]. The matrix element de-
scribing the bonding interactions between the d states on
two atoms of type one and type two is given by [7]

V�1;2�
ddm � �ddm

�h2�r�1�d r�2�d �3=2

md51;2
; (1)

where m is the mass of an electron, and r�i�d is a character-
istic length for metal i that is related to the spatial extent
of the d orbitals of that metal, which was obtained from
the Solid State Table in Ref. [7]. The general trends in this
Table show that r�i�d increases from right to left and from
top to bottom among the transition metals in the Periodic
Table. Alternatively, r�i�d can be shown to be proportional
to the linear muffin tin orbital (LMTO) potential parame-
ters by r�i�d / M2=3

id / �s5i�
Andersen
d �1=3 [8,9]. Here Mid is an

intra-atomic matrix element, si is the experimental
Wigner-Seitz radius and �Anderson

d is a potential parame-
ter, both of which can be found in Ref. [10]. Ruban et al.
reported coupling matrix elements V2

ad, which are pro-
portional to M2

id, between an adsorbate state and a metal
d state for all of the transition metals [9]. Thus, Eq. (1) is
seen to be equivalent to Eq. 6 in Ref. [9], but applied
specifically to the coupling between two d-states. d1;2 is
the internuclear distance between atoms 1 and 2. �ddm is a
dimensionless proportionality constant that is formally
related to the type of dd orbital bonding interaction, such
as Vdd�, Vdd�, or Vdd�. We are primarily interested in the
proportionality between the interatomic matrix element
and the d-band width, so we take �ddm to be unity for
convenience, and thus treat all of the possible interactions
in a lumped manner.

Equation (1) was previously used to describe the ligand
effect in Pt-3d sandwich structures [6]. In that work, d12
represented the interlayer spacing between the surface and
subsurface layers. In this work, we expand upon this idea,
recognizing that the ligand effect is incorporated into the
numerator of Eq. (1) through the r�i�d of each metal, and
that strain is incorporated into the denominator through
the distance between the atoms. We further develop the
model by treating the interactions of a surface atom with
all of the nearest-neighbors individually, including the
subsurface nearest neighbors, so that the matrix element
associated with a given surface atom is given by

Vi � 7:62
XNN

j�1

�r�i�d r�j�d �3=2

d5ij
; (2)

where �h2=m � 7:62 eV �A2.
According to tight binding theory, the d-band width

should be proportional to the matrix element given by
Eq. (2). This is illustrated in Fig. 2, where the rms d-band
156801-2
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FIG. 2. Correlation between the rms d-band width and the
matrix element. Black symbols indicate a Ni atom, gray sym-
bols indicate Pd, and white indicates Pt. Data points labeled
NiPt2.xx refer to Ni/Pt bimetallic surfaces with nearest neigh-
bor distances of 2.77 or 2.83 Å [11]. Details for the Pt-3d
surfaces can be found in Ref. [6]. The keyword ‘‘Uniform’’
indicates the structures were strained uniformly in the unit cell
lattice vector directions, otherwise, the structure was strained
only in one lattice vector direction. A sheet is a single atomic
layer, a slab is three layers thick and separated by five equiva-
lent layers of vacuum. The monolayers are described in the text.
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FIG. 3. Correlation between the dissociative adsorption en-
ergy of H2 on bimetallic surfaces and the d-band center of those
surfaces.
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width of a large number of geometries of both pure and
bimetallic Ni, Pd, and Pt-containing structures is plotted
against their respective interatomic matrix elements.
These structures include a variety of forms of strain,
including isotropic and anisotropic strain, pseudomorphic
monolayers of Ni, Pd, and Pt on Nb, Ta, Mo, W, Re,
Ru, Ir, Os, Ni and Pt, surface and subsurface alloys
(from Ref. [11]), bimetallic sandwich structures (from
Ref. [6]), and a variety of coordination environments
(sheets, slabs, and solids). Clearly, the d-band width is
closely related to the interatomic matrix element that de-
scribes the bonding interactions between the d orbitals of
the atom and its nearest neighbors. We can now provide a
quantititative understanding of the role of strain. In ten-
sile strain, dij is larger than in the parent metal, resulting
in a smaller interatomic matrix element, and a narrower
d band that is higher in energy than the parent metal. In
compressive strain, dij is smaller than that of the parent
156801-3
metal, resulting in a larger interatomic matrix element,
and a wider d band that is lower in energy than that of the
parent metal.

We conclude by showing how these electronic structure
modifications are manifested in modifying the chemical
properties of bimetallic surfaces. The adsorption energies
and dissociative reaction barriers of many small mole-
cules such as CO have been correlated with the average
energy of the surface d band of pure metal surfaces [12]
and of alloy/overlayer surfaces [13]. We have calculated
the dissociative adsorption energies for hydrogen on many
of the bimetallic monolayer systems previously described
in this work. In all of these calculations, the bimetallic
slab was allowed to relax to the lowest energy geometry.
The positions of the slab ions were subsequently frozen in
their relaxed positions, and a H atom was placed in a
three-fold site and allowed to relax to the lowest energy
geometry. The dissociative adsorption energy was calcu-
lated as �Hdiss;ads � Eslab;H � Eslab � 1=2EH2

. The disso-
ciative adsorption energies are plotted against the d-band
center of the surfaces in Fig. 3, where an obvious trend
between the dissociative adsorption energy of hydrogen
and the surface d-band center is observed. Thus, the
chemical properties of these bimetallic surfaces, which
include both strain and ligand effects, are modified by
changes in the d-band center of the surface.We would like
to note that a better correlation between hydrogen adsorp-
tion energies and the d-band center can be obtained if a
cutoff radius is introduced in the projected density of
states. However, the cutoff radius is arbitrary, so we
have not presented these results.

Figure 3 contains bimetallic surfaces in which strain
and the ligand effect work in opposite directions. For
156801-3



TABLE I. Comparison of interatomic matrix elements and
the DFT d-band width.

V WDFT

Ni 0.23 1.89
NiPt 0.17 1.35
NiRu 0.27 1.76
NiW 0.28 2.00
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example, a Ni monolayer on W(110) is under substantial
tensile strain (>10%) compared to Ni(111), resulting in a
narrowing of the d band. However, there is a substantial
broadening of the Ni d band due to the strong bonding
interactions with the W substrate. The net result is a Ni
d band that is broader and lower in energy than that of
Ni(111) and that the dissociative adsorption energy of H2

on Ni/W(110) is lower than that on Ni(111). For a Ni
monolayer on Ru(0001), the tensile strain is similar to
that on W(110), but the ligand effect is weaker.
Consequently, the band sharpening effect due to strain
is nearly balanced by the broadening due to the ligand
effect, and the calculated electronic and chemical prop-
erties of Ni/Ru(0001) are nearly identical to those of
Ni(111). Finally, for a Ni monolayer on Pt(111), the tensile
strain is again similar to that on W(110) or Ru(0001), but
here the ligand effect is the weakest. Consequently, strain
dominates the modification with the net effect of narrow-
ing and raising in energy of the Ni d band, which results
in a stronger adsorption energy on this surface. The inter-
atomic matrix elements for each Ni surface and the cor-
responding d-band widths are tabulated in Table I. If one
uses these matrix elements to predict the band widths
using the fit in Fig. 2, one finds the bimetallic band widths
are overestimated by 10%-20%. The reason for this is
clear from Fig. 2, in which nearly all of the Ni-containing
points fall below the best fit line. This suggests that
element-specific fits may give better predictive results.

Finally, the trends reported in this work hold for both
unrelaxed and relaxed calculations. Allowing slabs to re-
lax had a dramatic effect on the electronic structure and
adsorption energies in some cases, but we found that both
properties changed consistently, effectively moving up or
down the trends accordingly. These findings are easily
understood by realizing that relaxation of the slab
amounts to changing the internuclear distances of the
atoms in the slab, and that these changes are accounted
for by the interatomic matrix elements in the denominator
of Eq. (2). Thus, upon relaxation the interatomic matrix
elements change, resulting in a change in the d-band
width with a concomitant change in the d-band center
and corresponding adsorption energy. A similar analysis
could be done to estimate the effects that a surface
reconstruction could have on chemical reactivity.

In conclusion, the formation of a bimetallic surface
results in changes in the surface d-band width due to
the combination of strain and ligand effects. Both of these
effects are manifested in the interatomic matrix element
describing bonding interactions between an atom and its
nearest-neighbors. The d-band width and d-band center
are highly correlated to each other due to the fact that the
d-band filling changes negligibly upon the formation of
these bimetallic surfaces. Consequently, when the com-
bined effects result in a broader d band, the average
energy of the d band decreases. In contrast, when the
combined effects result in a more narrow d band, the
156801-4
average energy of the d band is increased. Finally, a
reasonable correlation between the dissociative adsorp-
tion energy of hydrogen and the surface d-band center has
been demonstrated. The correlations described in the
current Letter could be used as a first step towards pre-
dicting the properties of other bimetallic systems or
identifying bimetallic systems with desirable electronic
or chemical properties without the need to perform ex-
pensive first-principles DFT calculations. This could fa-
cilitate narrowing the focus of future studies on
bimetallic or alloy surfaces.
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of Condensed-Matter Theory, edited by F. Bassani,
F. Fumi, and M. P. Tosi, (North-Holland, Amsterdam,
1985), Vol. LXXXIX, p. 59-193.

[11] J. R. Kitchin, N. A. Khan, J. G. Chen, M. A. Barteau, T. E.
Madey, and B. Yakshinsky, Surf. Sci. 544, 295 (2003).

[12] J. K. Nørskov et al., J. Catal. 209, 275 (2002).
[13] B. Hammer, Y. Morikawa, and J. K. Nørskov, Phys. Rev.

Lett. 76, 2141 (1996).
156801-4


