ZK9T®, 2012, rom 141, Bein. 6, crp. 1137-1143

© 2012

STRAIN RELIEF AND Pd ISLAND SHAPE EVOLUTION ON THE
PALLADIUM AND PALLADIUM HYDRIDE (100) SURFACE

S. V. Kolesnikov, A. L. Klavsyuk, A. M. Saletsky

Lomonosov Moscow State University
119991, Moscow, Russia

Received October 7, 2011

The mesoscopic relaxation of small Pd islands on Pd(100) and PAH(100) surfaces is investigated on the atomic
scale by performing molecular statics calculations. A strong strain and stress inhomogeneity in islands and
topmost layers of the substrate is revealed. An unusual size dependence of the shape of islands is discovered.

1. INTRODUCTION

The mesoscopic relaxation of small islands and the
underlying substrate atoms can play a crucial role in
thin film growth. Numerous interesting phenomena are
closely related to relaxation effects. A fast island decay
was discovered in homoepitaxial growth [1]. In-plane
lattice oscillations were observed during the heteroepi-
taxy and homoepitaxy [2]. Experiments on atom move-
ment on and near islands have shown the existence of
empty zones near the edges of islands [3, 4]. Phenom-
ena such as borrowing of small clusters [5] and unusual
magnetic [6] and electronic properties [7] of surfaces
and nanostructures cannot be completely understood
without taking the effects of mesoscopic relaxation into
account. From this standpoint, the understanding of
mesoscopic relaxation is of great importance for devel-
oping nanoelectronic and advanced magnetic devices.

During the last two decades, the mesoscopic re-
laxation of thin films and substrate layers was inves-
tigated for many metal and semiconductor systems
like Ni/W(110) [8], Ag/Pt(111) [9], Fe/Pd(100) [10],
Ge/Si(100) [11], etc. The most significant feature of
these systems is the insufficiency of the classical the-
ory based on the lattice mismatch between the film
and the substrate. Theoretical works using the tight-
binding (TB) approximation [12, 13], the embedded
atoms method [14, 15], and the density functional the-
ory (DFT) [16, 17] showed that the accurate description
of strain relaxation requires going down to the atomic
level.

Following theoretical works [12, 13|, we note some
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general peculiarities of mesoscopic relaxation: (i) the
mesoscopic misfit exists in both homoepitaxial and he-
teroepitaxial systems and depends on the size of na-
nostructures, (ii) small islands and the surface under
these islands are not flat due to the strain relaxation,
and (iii) the mesoscopic mismatch leads to a strongly
inhomogeneous stress distribution in the islands and in
the substrate. Recently, these statements were directly
proved in surface X -ray diffraction (SXRD) experiment
in [18, 19] for Co/Cu(100). However, some principal
questions like the effect of impurity atoms on strain
relaxation are not yet totally clear.

To investigate mesoscopic relaxation, we have cho-
sen Pd/Pd(100) and Pd/PdH(100) for several reasons.
The macroscopic misfit between palladium and palla-
dium hydride is not too large (~ 5.6 %) and is close
to the macroscopic misfit in the Co/Cu(100) system
(~ 2%) investigated in Ref. [12]. On the other hand,
the interaction between palladium and hydrogen atoms
is relatively weak and we can consider the strain relax-
ation of the Pd and H sublattices independently. More-
over, this investigation may be helpful for understand-
ing adsorption on the palladium hydride surfaces.

This paper has the following structure. In Sec. 2,
the computational method is described. In Sec. 3, we
present the results of theoretical studies of strain rela-
xations in Pd/Pd(100) and Pd/PdH(100) systems. Fi-
nally, in Sec. 4, we conclude the paper with general
remarks.

2. COMPUTATIONAL METHOD

To investigate the structural properties of Pd(100)
and PdH(100) surfaces, we use the Molecular Statics
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(MS) method. We can describe Pd and H atoms as
classical particles interacting via interatomic poten-
tials. In this paper, interatomic potentials are for-
mulated in the second moment of the TB approxima-
tion [20]. In the TB approximation, the attractive term
E% (band energy) contains the many-body interaction.
The repulsive part EY is described by pair interactions
(Born—-Mayer form). The cohesive energy E¢ is the
sum of the band energy and the repulsive part,

Ec =) (ER+FEp), (1)

i

1/2

Zf 56Xp[ 2qa5< —1>] , (2)

Ejp=3" A% exp l Pas (—B - 1)] (3)
J
where r;; is the distance between atoms i and j, «a
and 3 are types of atoms, {,3 is an effective hopping
integral, pog and g.3 describe the decay of the inter-
actlon strength with the distance between atoms, and
% and A9 op are adjustable parameters of the inter-
atomlc interaction. The interatomic potentials repro-
duce the bulk properties of Pd and PdH crystals, struc-
tural and energetic properties of clean and H-covered
Pd(100) and Pd(110) surfaces, and phonon spectra in
the bulk and at the surface of Pd-H systems [21-24].
This approach was recently applied to the investiga-
tion of the effect of hydrogen on the surface relaxation
of Pd(100), Rh(100), and Ag(100) [25]. We note that
the Hamiltonian underlying the energy expressions in
Eqs. (1), (2), and (3) describes the essential physics
governing cohesion in many solids [26].

To demonstrate that TB potentials can describe
the relaxation of small Pd islands on PAH(100) sur-
face with good accuracy, we calculate the first Pd—Pd
bond length r in the palladium dimer and in a Pdy
square island on the PdH(100) surface. We compare
these results with the calculations by the VASP code
[27-29] based on the DFT. The local density approxi-
mation (LDA) for the exchange-correlation functional
has been applied. To simplify the comparison of TB
and DFT results, we perform the calculations for iden-
tical small cells in both cases. The slab consists of four
layers with 18 Pd atoms and 18 H atoms in each layer.
Periodic boundary conditions are applied in the sur-
face plane. The palladium dimer (or the Pdy island) is
deposited on the top of the slab. Using the TB appro-
ximation and the VASP code, we find the first Pd—Pd

bond length 7'2 in the palladium dimer on PdH(100)
surface as ] 7 = 2.777 A and rPFT = 2.757 A. For the
first Pd-Pd bond length r4 in the Pdy square island
on the PAH(100) surface, the calculations based on the
TB approximation and the DFT also yield very close
results: 7] P = 2764 A and rPFT = 2.753 A. These
results indicate that the interatomic potentials in (1),
(2), and (3) give a good description of the relaxation of
small palladium islands on the PAH(100) surface.

To determine the hydrostatic stress Py = tr(o,3) in
the Pd islands and in the PdH(100) surface layer, we
perform calculations of the atomic level stress compo-
nents [30]:

a, B

7as(i) = g | B+ 32 (55| @
where (aff) = (2,9, z), m; and p; are the mass and mo-
mentum of atom ¢, f;; is the force acting on atom ¢ due
to atom j, and Qg defines the average atomic volume.

The relaxation of the PdH system is computed by
means of the MS using the interatomic potentials in
the TB approximation, where the positions of Pd and
H atoms and the forces f;; are determined in fully re-
laxed geometry. The slab consists of nine layers: two
bottom layers are fixed and periodic boundary condi-
tions are applied in the surface plane. The cutoff radius
for the interatomic potentials is set to 7.0 A.

3. RESULTS AND DISCUSSIONS

Relaxation of the Pd(100) surface was investigated
with the use of interatomic potentials (1), (2), and (3)
in Ref. [20]. We therefore start our investigation from
the relaxation of clean and Pd-covered PAH(100) sur-
faces. For the PdH crystal with a NaCl structure, the
interlayer distance in the (100) direction is dj 47 =
= 2.07A [20]. The hydrostatic stresses for Pd and H
atoms calculated with Eq. (4) are PPd = 0.49 eV /A3
and PT = —0.49 éV/A3. Considering the PdH crys-
tal as a combination of two sublattices, we can con-
clude that the Pd sublattice is under the tensile and
the H sublattice is under the compressive stress, and
hence the presence of hydrogen leads to embrittlement
of palladium. Relaxation of the topmost layers of the
PdH(100) surface leads to the modification of their in-
terlayer distances, the appearance of small spaces be-
tween Pd and H layers, and drastic changes in hy-
drostatic stresses of these layers. The values of relax-
ation parameters and hydrostatic stresses for clean and
Pd-covered PAH(100) surfaces are presented in Tables 1
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Table 1. Relaxation at clean and Pd-covered
PdH(100) surfaces. The parameters do, dy, d2, Ay,
and A are illustrated in Fig. 1

Parameters Clean Pd-covered
do, A - 1.91
dy, A 1.96 2.03
da, A 2.08 2.08
Ay, A 0.22 0.11
Ay, A —0.01 0.00

and 2. The parameters do, di, d>, Ay, and As are illus-
trated in Fig. 1. Our results for a clean PAH(100) sur-
face show that hydrogen atoms are pulled significantly
from the upper Pd layer, which leads to a drastic de-
crease in the hydrostatic stress of the topmost hydrogen
layer. At the same time, the upper Pd layer is shifted
toward the second layer and its hydrostatic stress in-
creases. Changes in the properties of the second PdH
layer in comparison with bulk layers are minimal. We
next consider the Pd-covered PAH(100). Pulling off the
topmost hydrogen layer form a clean PdH(100) sur-
face leads to an increase in the number of “dangling
bonds” [22] and, consequently, a decrease in the space
do between two topmost palladium layers and an in-
crease (&~ 20 %) in the hydrostatic stress of the upper
Pd layer. We emphasize that the discrepancy between
the distance dp and the distance between two topmost
layers in the Pd(100) surface is less than 0.01 A. The
distances d; and A; become closer to their bulk values,
while the hydrostatic stress magnitudes of both Pd and
H layers are essentially lower than their bulk values.
The parameters of the second PdH layer of Pd-covered
PdH(100) surface are quite close to their bulk values.
Comparing interlayer distances and hydrostatic stresses
in topmost layers of clean and Pd-covered PAH(100)
surfaces, we expect strong inhomogeneous strain and
stress distributions in the PdH substrate and the Pd
island near the edges of islands.

As was emphasized in Ref. [13], the relaxation of
edge atoms in mesoscopic islands can become the do-
minant process leading to the existence of a size-depen-
dent mismatch between the islands and the substrate
even in the case of a homogenous system. To illust-
rate mesoscopic relaxation in homogenous systems, we
present the shape and the atomic displacements in the
square Pdyg island on the Pd(100) surface and in the
substrate along the (110) direction (Fig. 2a,b). The
substrate atoms under the island are pushed down, and

Table 2. Hydrostatic stresses in the topmost layers

of clean and Pd-covered PAH(100) surfaces. P9 is

the hydrostatic stress in the Pd layer, Pf’dl and P;',I

are hydrostatic stresses in the topmost PdH layer, and

PP4 and P}, are hydrostatic stresses in the second

PdH layer. In the case of a clean PAH(100) surface,
the quantity P;’% is meaningless

Stress Clean Pd-covered
PP, eV/A3 - 0.63
PPd, ev/A3 0.51 0.38
PPd, eV /A3 0.43 0.48
PH eV/A? -0.03 —0.39
PH, eV/A3 —0.50 —0.49

Fig.1.  Schematic side view of the Pd-covered

PdH(100) surface showing the interlayer distances do,

dy, and d2, and spaces A; and A, between the Pd

and H layers. Big spheres represent Pd atoms and

small spheres represent H atoms. In the case of a clean

PdH(100) surface, the topmost layer is absent and the
parameter dg is meaningless

the island assumes a tent-like shape. The island locally
distorts the surface, which leads to a strongly inhomo-
geneous stress distribution in the island and in the sub-
strate (see Fig. 2¢). The stress in the island is tensile
and tends to increase from the edges to the center of
the island, while the substrate layer under the island is
under compressive stress.

Figure 3 shows the mesoscopic relaxation of the
Pdyg island on the PdH(100) surface. Comparison of
Figs. 2 and 3 yields the following interesting features.
The maximal displacement of Pd substrate atoms on
the PAH(100) surface is twice that on the Pd(100) sur-
face. At the same time, the displacements of hydrogen
atoms are even greater than the displacements of palla-
dium atoms. The space between Pd and H layers under
the island decreases and approaches the value A; for
the Pd-covered PAH(100) surface. Increasing the top-
most Pd layer distortion leads to a stronger inhomo-
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Fig.2. The Pdyg island on a Pd(100) surface and the top-
most layer under the island: (a) the shape of the island
and the substrate layer, (b) the vertical displacement of
atoms in the (110) direction, (c) the hydrostatic stress
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in Pd islands and rg is the first Pd-Pd bond length in
Pd (2.75A) and PdH (2.93A)

geneity of stress distribution under the island. But in
contrast to the Pd(100) surface, the substrate Pd layer
under the island is still under tensile stress, which is
compensated by the high compressive stress of the hy-
drogen layer (Fig. 3¢). The main cause of the increase
in the strain and stress inhomogeneity of the topmost
substrate layer is the appearance of a macroscopic mis-
fit between palladium hydride and clean palladium; an-
other cause is the more complex shape of the Pdyg is-
land on the PAH(100) surface. Figure 3b shows that
edge atoms of the island are pushed up, and the is-
land assumes a hat-like shape. The island is under a
high tensile stress, which increases from the edges to
the center of the island and can lead to the breaking of
large Pd islands on the palladium hydride surface.

In Fig. 4, we present the results for the size-depen-
dent mesoscopic mismatch of single-layer square islands
on Pd(100) and PdH(100) surfaces. We can see that
the mesoscopic mismatch exists for both heterogenous
Pd/PdH(100) and homogenous Pd/Pd(100) systems,
but in the case of Pd/PdH(100), the effect of the meso-
scopic mismatch is greater because of the existence of
a macroscopic misfit between palladium and palladium
hydride. As the size of the island increases, the effect
of edge atoms becomes less important and the average
relative Pd-Pd bond length r/ro approaches 1. Be-
cause the Pd-Pd bonds are significantly stronger then
Pd-H bonds, we suppose that the role of hydrogen in
the increasing mesoscopic mismatch is reduced to the
swelling of the palladium matrix and to an increase in
the lattice constant. The decrease of the average bond
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Fig.5. The average relative hydrostatic stress in

single-layer square palladium islands on Pd(100) and

PdH(100) surfaces. (P.) is the average hydrostatic

stress in the island and P, is the hydrostatic stress

in the Pd layer. In the case of the PAH(100) surface,

P,o = PP% = 0.63 eV/A% and in the case of the
Pd(100) surface, Py o = 0.21 eV/A?

length in the islands is associated with in-plane dis-
placements of the edge atoms toward the center of the
island, but relaxation also leads to a decrease in the av-
erage height of islands (the distance between the plane
of the island and the plane of the topmost Pd layer).
We find that the average height of an island decreases
with decreasing its size and is almost independent of the
concentration of hydrogen in the substrate; the discrep-
ancy between average heights for the Pdy island and the
Pd layer is ~ 0.1 A. A more interesting result is the size
dependence of the average relative hydrostatic stress of
palladium islands presented in Fig. 5. We can see that
the curves for Pd(100) and PAH(100) surfaces are very
close to each other. Therefore, the relative hydrostatic
stress in the palladium islands does not depend on the
concentration of hydrogen in the substrate. Hence, the
dependence presented in Fig. 5 allows predicting the
average hydrostatic stress for every square Pd island
on a PdH,(100) surface (z € [0, 1]) using only one pa-
rameter, the hydrostatic stress of the Pd monolayer.
The value of the hydrostatic stress of the Pd mono-
layer on the PdH, (100) surface lies in the range from
0.21 eV/A? (for clean Pd) to 0.63 eV /A3 (for PdH).

We now return to the question about the shape of
palladium islands. In Fig. 6, we compare the shapes
of small square palladium islands on Pd(100) and
PdH(100) surfaces. All Pd islands on the Pd(100) sur-
face presented in Fig. 6a have a tent-like shape. An
analogous result has been obtained for hexagonal Cu
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Fig.6. The vertical displacement d—dj of Pd atoms in

the Pdg, Pdle, Pd25, Pd36, Pd49, Pdgl, and Pd144 is-

lands in the (110) direction. (a) the case of a Pd(100)

substrate, (b) the case of a PAH(100) substrate. The

interlayer distance do = 1.91A is the same in both
cases

island on the Cu(111) surface [13]. Apparently, the
tent-like shape of islands is general for every homoge-
nous fcc metal system. The vertical distance between
the central Pd atoms in islands and the atoms of the un-
derlying substrate layer monotonically approaches the
interlayer distance dy = 1.91 A. The thickness of is-
lands also has a monotonic dependence on their size
(see Fig. 7a). Figure 6b shows that the shapes of Pd
islands are more complicated: the small Pdg and large
Pdy (N > 100) islands have a tent-like shape, the Pdyg
and Pd,5 islands have a plate-like shape, and the midd-
le-size Pdy (36 < N < 81) islands have an intermediate
hat-like shape. This complex size dependence leads to
a nonmonotonic increase in the thickness of Pd islands
on the PAH(100) surface as the size of islands increases.
The vertical distance d between central Pd atoms in the
islands and Pd atoms in the underlying substrate layer
also has a nonmonotonic size dependence: d increases
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Fig.7. The thickness dmaz — dmin of (a) palladium
islands on Pd(100) and PAH(100) surfaces and (b) the
topmost substrate layers under the island. dynq: and
dmin are maximal and minimal vertical coordinates of
Pd (or H) atoms in the islands or in the substrate layers

for islands from Pd4 to Pdsss; and becomes greater than
dy, but then d decreases and approaches dy from above.

To understand the origin of the size dependence of
shape of Pd islands on the PdH(100) surface, we have
calculated the thicknesses of the topmost Pd layer of
the Pd(100) surface and the thickness of Pd and H
layers of the PAH(100) surface under the Pd islands
(Fig. 7b). We can see a monotonic size dependence of
the thickness of palladium substrate under the islands
on the Pd(100) surface and an almost monotonic size
dependence of the thickness of the Pd layer under the
islands on the PAH(100) surface. At the same time,
the size dependence of the H layer thickness is strongly
nonmonotonic; extremums of this curve correlate with
modification of the shape of islands. Consequently, the
shape of Pd islands on a palladium hydride surface is
associated mainly with the Pd—H interaction.
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4. CONCLUSION

In summary, we have presented our results obtained
for Pd/Pd(100) and Pd/PdH(100) systems. In the
presence of impurity atoms in the substrate, the strain
and stress inhomogeneities of the topmost substrate
layer under islands are increased mainly because of the
appearance of a macroscopic misfit between the im-
pure and clean metal. The relative hydrostatic stress
in the islands does not depend on the concentration
of impurity atoms in the substrate, and it is possible
to predict the average hydrostatic stress for islands
using only one parameter, the hydrostatic stress of a
monolayer. Finally, we can assume that the shape of
Pd islands on Pd(100) and PdH(100) surfaces depends
only on the peculiarities of the interatomic interaction
and does not depend on the macroscopic misfit between
the substrate and sputtered metal.
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