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Highly Strained Structure of a Four-Layer Deposit of Pd on Ni(110):
A Coupled Theoretical and Experimental Study
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The structure of a four monolayer deposit of Pd on Ni(110) has been determined by a combination of x-
ray diffraction experiments and density-functional theory calculations. This Pd film presents, after
annealing at 500 K, a (N X 2) reconstruction associated with a large enhancement of its catalytic activity.
The N superstructure, along the dense [110] direction, comes from periodic edge dislocations initiated by
a vacancy in the first Pd layer. In the perpendicular direction, the doubling of the period originates in a
pairing-buckling displacement of the rows. This study evidences a new Pd atoms arrangement with quasi-
four-fold hollow sites on the surface, which could play an important role in the exceptional catalytic

activity.
DOI: 10.1103/PhysRevLett.89.146106

Bimetallic surfaces have a great interest for several
applications ranging from magnetism to heterogeneous
catalysis [1] . In the latter field, particles combining two
transition metal atoms have often shown an enhanced
activity for catalytic reactions, compared to pure metals
[2]. Recent experiments have shown that Pd ultrathin films
on a Ni(110) substrate can present a strongly enhanced
activity for the catalytic hydrogenation of butadiene, a
doubly unsaturated hydrocarbon. The maximum activity,
2 orders of magnitude larger than for pure palladium, is
obtained with a 4 ML (monolayer) Pd film annealed at
500 K [3].

Two reasons are generally put forward to explain the
modified activity of bimetallic surfaces [4—7]: the specific
geometry and the modified electronic structure. The deter-
mination of the atomic arrangement at the catalyst surface
is, hence, a major step. In the case of the annealed 4 ML Pd
deposits, STM images exhibit a periodic wavelike struc-
ture, with a parameter of about 20 A long and perpendicu-
lar to the [110] direction of the Pd film [8]. Moreover,
LEED patterns indicate a (N X 2) reconstruction; x-ray
diffraction has given N = 10-12 and showed that the (N X
2) superstructure involves the whole Pd film and even
concerns the Ni substrate [9]. The large misfit (10%)
between the bulk lattice parameters of Pd and Ni induces
a large compressive strain in the Pd film which reconstructs
to partially relax it. On one hand, first x-ray analysis
explained the doubled periodicity, according to a P2mm
symmetry, by a sequence of atomic planes with, alterna-
tively, row pairing (horizontal displacements) and row
buckling (vertical displacements) [9]. On the other hand,
density functional theory (DFT) calculations of the 1 ML
film indicate that the compressive stress can be released by
the formation of periodic vacancies along the [110] row,
which can generate a N period [10,11].
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The high complexity of the 4 ML deposit arises from the
large reconstruction unit cell, hence the huge number of
parameters to manage in fitting the experimental data.
Solving the structure calls for a collaborative effort be-
tween experimental and theoretical approaches. From the
theoretical point of view, this structure is close to the limits
of the systems that can be handled at the DFT level: the unit
cell is composed of 190 atoms and 1900 electrons.
Previous theoretical studies of metallic films have been
devoted to monolayers [12], and there is little information
on multilayer systems.

The experiments were carried out at the SUV station of
the French CRG-IF beam line (BM32) of the European
Synchrotron Radiation Facility (ESRF) at Grenoble. The
chamber (base pressure : 2 X 107'9 mbar) allows simulta-
neous in situ x-ray diffraction and molecular beam depo-
sition [13]. The Ni(110) substrate was cleaned by cycles of
Ar sputtering and annealing at 850 °C. The Pd film was
evaporated with a growth rate of 0.2 ML/ min and then
annealed at 500 K. The structure was determined by x-ray
diffraction with photon energy at 18 keV with a grazing
incidence angle. The truncation of a periodic crystal gives
rise to a rodlike distribution of the scattered intensity
perpendicular to the surface, with a maximum surface
sensitivity away from the 3D Bragg peaks [14]. In the
present case, a new set of rods, parallel to the substrate
ones, appears corresponding to the (N X 2) reconstruction
where N was found equal to 11.

The Ni bulk lattice parameter is @ = 3.523 A. The (110)
rectangular surface mesh is described by a/~/2 along the
close-packed [110] (X), a along the [001] direction (Y),
and a/~/2 perpendicularly to the surface (Z). For the (11 X
2) reconstruction, we have built a large superstructure unit
cell with two rows of 11 Ni atoms. Accordingly, the
fundamental rods of the Ni substrate are at multiples of
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11 in H with K even. For palladium, the bulk lattice
parameter is 3.89 A; this corresponds to H close to 10
and K close to 1.8. For the 4 ML system, x-ray diffraction
reveals no trace of superstructure at K = 1.8, which in-
dicates a mean inter-row distance in the Pd film equal to
that in the Ni substrate. This distance being 10% lower than
in bulk Pd, the Pd film is strongly strained by the epitaxial
stress. The reduction of the measured (HKL) intensities
and the structural analysis were done using the Anarod
package available from ESRF [15], which we modified to
deal with the present complex reconstruction.

The calculations of the structure were performed using
the plane-wave DFT code VASP [16]. The Pd deposit on Ni
is represented by periodic slabs. In the growth direction,
the slabs are formed by five layers of Ni and four layers of
Pd and are repeated in a supercell geometry with at least
8 A of vacuum between them. The three first Ni layers are
maintained frozen to the Ni bulk sites and all the above Pd
and Ni layers are allowed to relax, DFT calculations of the
bulk lattice parameter yield 3.53 A for Ni, close to the real
value, but 3.97 A for Pd, slightly larger than the real
one (3.89 A). Hence, the compressive stress for Pd at
the interface will be somewhat overestimated in the
calculations.

A previous study has shown that the epitaxial 1 ML
deposit can release the stress by the creation of periodic
vacancies in the Pd layer in the [110] direction [10]. In the
same way, the 4 ML structure is expected to reconstruct in
order to release a large part of the epitaxial stress. To
investigate this potential reconstruction, we first studied a
11 X 1 unit cell, where the Pd stress release is allowed by
the transition from 11 Ni atoms per row at the interface to
10 Pd at the surface. The optimization of this 4 ML system
leads to a periodic edge dislocation, initiated at the inter-
face by a vacancy in the first layer of Pd. The Burgers
vector is in the [110] direction, one of the favored direc-
tions for dislocation in fcc metals, and dislocation lines run
in the [001] direction. The formation of this array of
dislocation greatly increases the stability of the surface
(134 meV by Pd atom) as compared to the purely 4 ML
epitaxial film. This result is consistent with the Frank and
van der Merwe model [17], which predicts dislocative
relaxation in annealed epitaxial films for a misfit over 9%.

For the periodicity doubling in the [001] direction of the
(N X 2) reconstruction, the pairing and buckling mode
deduced from x-ray data may lead to two different surface
terminations: paired or buckled rows. We calculated a 1 X
2 unit cell with each of these two surface terminations.
Both structures are more stable than the pure epitaxial
deposit, the paired surface being, however, 107 meV
more stable than the buckled one.

The 11 X 2 structure was calculated by combining the
pairing-buckling mechanism, with a paired row termina-
tion and the previous 11 X 1 dislocative model. The opti-
mal 11 X 2 calculated structure is shown in Fig. 1. It
is 7 meV by Pd atom more stable than the 11 X 1 structure.
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FIG. 1. Side views of the (11 X 2) structural model, (a) in the
(X, Y) plane and (b) in the (Y, Z) plane. Pd planes are indexed
from 1 to 4 and Ni ones from —1 to —5. The Burgers vector B
associated with the dislocation is presented.

The total energy released from the 4 ML epitaxial deposit
is huge with 141 meV by Pd atom.

In the final step, a set of parameters was designed in
order to describe the main characteristics of the structure.
This set was refined by fitting the x-ray experimental
structure factors, starting from the value of the optimal
DFT model. The best fitted x-ray structure factors are
compared to the experimental ones in Fig. 2. The reliability
of the fit is remarkably good owing to this very complex
structure. Indeed, disorder was only accounted for by an
anisotropic Debye Waller factor which does not include,
for example, defects in the periodic dislocations arrays or
staking fault in the buckling/pairing plane sequence.

Let us now analyze the main features of this relaxed Pd
film. The reconstruction in the [110] direction is clearly
related to the atomic size misfit, which is accommodated
here by a transition from 11 Ni atoms in the substrate (Ni-
Ni distance: 2.49 A) to 10 Pd atoms in the Pd layer 1 (Pd-
Pd distance: 2.75 A experimental, 2.81 A calculated). At
the interface, Pd layer 1 and Ni layer —1, atoms are not
equidistant along the X direction [Fig. 3(a)]. The structure
can be viewed as a dislocation initiated at the interface by a
Pd vacancy. Compared to the bulk distance, most Pd atoms
are submitted to a compressive strain, except those near the
vacancy which are under tensile strain. The distributions of
interatomic distances deduced from fitting experimental
data and from calculations are quite similar. In the Pd
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FIG. 2. Comparison of the fitted and experimental structure
factors (a) in the plane L = 0.32 and (b) along the substrate rods
(02), (11 0), and (11 2) and the superstructure rods (0 3), (10 0),
and (10 2).

layer 1, it varies from 3.05 A near the vacancy to 2.59 A far
away. Because of the strain at the interface, the displace-
ments are just in opposite directions in Ni layer —1 and in
Pd layer 1. The deformation in the Ni substrate side rapidly
decreases with the distance from the interface [Fig. 3(b)].
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FIG. 3. (a) Variation of the interatomic distance along X for Ni

layer —1 (gray) and Pd layer 1 (black). The arrow points to the
vacancy. (b) Maxima of the tensile or compressive strain along X
versus the plane index. For the Pd film, the positive values
(tensile strains) correspond to atoms close to a vacancy plane,
and the negative ones (compressive strains) to atoms in between
two vacancies. The behavior is opposite for the Ni substrate. The
bulk value is 2.49 A in the Ni side, 2.75 (fit-exp), and 2.81 A
(DFT) in the Pd side.
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The amplitude of the strain is slightly more pronounced in
the experimental fit, with a deformation extending to the
third Ni substrate layer (not included in the calculation).
In the outermost Pd layer 4, the experimental amplitude
of the deformation along the rows vanishes. The remaining
2.5% compressive strain in the calculations is just an
artifact arising from the (small) discrepancy between the
DFT calculated and the real bulk Pd parameters. The N =
11 mesh periodicity along [110] (and the associated dis-
tance between periodic dislocations) ensures a bulk Pd-Pd
distance at the surface, with a complete relaxation of the
interfacial stress. Therefore, in the [110] direction, the
dislocation-based relaxation mechanism is efficient, and
Pd bulk distances are reached in the film fourth layer.
Things are completely different in the [001] (Y) direc-
tion, perpendicular to the rows with a period dou-
bling induced by a pairing-buckling type deformation
[Fig. 1(b)]. Figure 4 shows the top and side views of the
atomic arrangement given by the calculation and fitted
from the experimental data, which are in excellent agree-
ment. A striking aspect is the exceptionally large pairing
deformation at the surface Pd layer 4, with an average shift
of 0.34 A for each row. The result is the clear formation of
a new bond with quasi-four-fold hollow sites at ths: (110)
surface and an average Pd-Pd distance of 2.88 A. This
represents a very large contraction of the inter-row spacing
[35% compared to the case of a (110) surface of Pd]. A
strong buckling amplitude (0.5 A) is induced in the Pd
layer 3, the higher row being just below the larger gap in
the pairing plane. Pairing and buckling alternate with a
decreasing amplitude from the surface to the Ni substrate
(let us emphasize that the pairing deformation in the Pd

a) Top view (b) Side view
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FIG. 4. Atomic positions fitted (circles) and DFT calculated
(triangles); all the units are in A; the black arrow points to the
vacancy. (a) (X, Y) projection for the two Pd pairing planes, the
scale is identical for X and Y (only half of the unit cell is shown
along X), and the gray arrows give the shift direction relative to
the reference Ni(110). (b) (X, Z) projection of the Z displace-
ments relative to the averaged position of each Pd plane; in Pd
layer 1 and Pd layer 3, the two rows, at Y = % and %, are split but
in opposite directions.
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layer 2 is opposite to the one of the surface Pd layer 4).
Pairing is still measurable in the Ni layer —1 with an inter-
row spacing of 3.34 A instead of 3.52 A (pure Ni).
Actually, the reconstruction along Y is not independent
of that along X: the pairing is slightly modulated
along the rows (about 7%) with a weaker pairing above
dislocations.

In the [001] (Y) direction, the compression at the inter-
face is kept up to the Pd layer 4, via the buckling/pairing
row reconstruction, inducing a complete change of the
surface atom coordination. In reaction to this lateral com-
pression, the film expands in the vertical direction (e.g.,
Pd2-Pd4 spacing 3% larger) compared to Pd(110). This
expansion does not fully compensate the lateral compres-
sion, and hence the Pd atomic volume is reduced in the
film by 7% (5%) from the experimental (calculated)
coordinates.

In addition, the rows are corrugated perpendicular to the
surface, with a depression above the vacancies [Fig. 4(b)].
It is generated in the Pd layer 2, just above the vacancy, and
propagates to the surface. The corrugation amplitude
reaches 0.14 A (10% of the interplane distance) and very
nicely explains the periodic wavelike structure observed in
the STM image [8].

Interdiffusion could also play an important role in the
interfacial stress release mechanism. Experimentally, the
fit is improved if we allow a partial occupation of the sites
in Pd layer 1 by Ni atoms. In this buckled layer, the optimal
configuration corresponds to the upper row mainly occu-
pied by Pd atoms, and the lower one mainly by Ni. Beyond
this layer, no significant interdiffusion has been evidenced.

Two different mechanisms are active for this 4 ML Pd
film on Ni(110) substrate, in order to release the interfacial
stress. Periodic vacancies are created along X at the inter-
face, resulting in an efficient relaxation and a recovery of a
bulklike parameter for Pd in the dense row direction al-
ready in the film fourth layer. The mechanism in the
perpendicular direction is very different: the substrate
mean inter-row distance is preserved up to the outermost
layer 4 but with a very strong pairing-buckling reconstruc-
tion. This generates a very compact structure with a re-
duced atomic volume for Pd compared to the bulk. The
main outcome, however, is the creation of a new surface
structure on this highly strained Pd film. The pairing dis-
tortion is so large that new Pd-Pd bonds are created,
resulting in quasi-four-fold hollow sites at this Pd(110)
surface. This is completely unusual for (110) surfaces.
For example, it is well known that hydrogen atoms can
induce a pairing row reconstruction on a Pd(110) surface
[18], topologically similar to the case shown here, but with
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a much reduced amplitude and a spacmg between paired
rows of 3.23 A, compared to 2.88 A in our case. It can be
suggested that such a new surface and coordination for Pd
atoms at the film interface is an important insight for the
understanding of the exceptional catalytic activity exhib-
ited by this system.
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