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The mesos opi relaxation of small Pd islands on Pd(100) and PdH(100) surfa es is investigated on the atomi
s ale by performing mole ular stati s al ulations. A strong strain and stress inhomogeneity in islands and
topmost layers of the substrate is revealed. An unusual size dependen e of the shape of islands is dis overed.
general pe uliarities of mesos opi

1. INTRODUCTION

The mesos opi

relaxation of small islands and the

underlying substrate atoms

an play a

ru ial role in

thin lm growth. Numerous interesting phenomena are
losely related to relaxation ee ts. A fast island de ay
was dis overed in homoepitaxial growth [1℄.

In-plane

latti e os illations were observed during the heteroepitaxy and homoepitaxy [2℄. Experiments on atom movement on and near islands have shown the existen e of
empty zones near the edges of islands [3, 4℄. Phenomena su h as borrowing of small
magneti

[6℄ and ele troni

and nanostru tures

lusters [5℄ and unusual

properties [7℄ of surfa es

annot be

ompletely understood

without taking the ee ts of mesos opi
a

ount.

relaxation into

From this standpoint, the understanding of

mesos opi

relaxation is of great importan e for devel-

oping nanoele troni

and advan ed magneti

devi es.

During the last two de ades, the mesos opi

re-

laxation of thin lms and substrate layers was investigated for many metal and semi ondu tor systems
like Ni/W(110) [8℄, Ag/Pt(111) [9℄, Fe/Pd(100) [10℄,
Ge/Si(100) [11℄, et .

The most signi ant feature of

these systems is the insu ien y of the

lassi al the-

ory based on the latti e mismat h between the lm
and the substrate. Theoreti al works using the tightbinding (TB) approximation [12, 13℄, the embedded
atoms method [14, 15℄, and the density fun tional theory (DFT) [16, 17℄ showed that the a

urate des ription

of strain relaxation requires going down to the atomi

mesos opi

relaxation: (i) the

mist exists in both homoepitaxial and he-

teroepitaxial systems and depends on the size of nanostru tures, (ii) small islands and the surfa e under
these islands are not at due to the strain relaxation,
and (iii) the mesos opi

mismat h leads to a strongly

inhomogeneous stress distribution in the islands and in
the substrate. Re ently, these statements were dire tly
proved in surfa e

X -ray dira

in [18, 19℄ for Co/Cu(100).

tion (SXRD) experiment
However, some prin ipal

questions like the ee t of impurity atoms on strain
relaxation are not yet totally
To investigate mesos opi

lear.
relaxation, we have

ho-

sen Pd/Pd(100) and Pd/PdH(100) for several reasons.
The ma ros opi

mist between palladium and palla-

 5:6 %) and is

dium hydride is not too large (
to the ma ros opi

lose

mist in the Co/Cu(100) system

 2 %) investigated in Ref. [12℄.

(

On the other hand,

the intera tion between palladium and hydrogen atoms
is relatively weak and we

an

onsider the strain relax-

ation of the Pd and H sublatti es independently. Moreover, this investigation may be helpful for understanding adsorption on the palladium hydride surfa es.
This paper has the following stru ture. In Se . 2,
the

omputational method is des ribed. In Se . 3, we

present the results of theoreti al studies of strain relaxations in Pd/Pd(100) and Pd/PdH(100) systems. Finally, in Se . 4, we

on lude the paper with general

remarks.

level.
2. COMPUTATIONAL METHOD

Following theoreti al works [12, 13℄, we note some

To investigate the stru tural properties of Pd(100)
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and PdH(100) surfa es, we use the Mole ular Stati s
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an des ribe Pd and H atoms as

lassi al parti les intera ting via interatomi
tials.

In this paper, interatomi

poten-

potentials are for-
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r2 in the palladium dimer on PdH(100)
r2T B = 2:777 Å and r2DF T = 2:757 Å. For the
PdPd bond length r4 in the Pd4 square island

bond length
surfa e as
rst

mulated in the se ond moment of the TB approxima-

on the PdH(100) surfa e, the

tion [20℄. In the TB approximation, the attra tive term

TB approximation and the DFT also yield very

EBi (band energy)

ontains the many-body intera tion.

The repulsive part

ERi is des

(BornMayer form).

The

ribed by pair intera tions

EC

ohesive energy

is the

sum of the band energy and the repulsive part,

=

EC
8
<X

EBi =

:

ERi

=

j

X

ERi + B

X

j

A

exp

"

rij

and

are types of atoms,

1

;

1

is the distan e between atoms

p

and

q



;

;
i

and

atomi

A0

(3)

and

j,

des ribe the de ay of the inter-

are adjustable parameters of the interpotentials repro-

du e the bulk properties of Pd and PdH
tural and energeti

properties of

stress

P = tr(

) in

the Pd islands and in the PdH(100) surfa e layer, we
al ulations of the atomi

level stress

2

(2)

is an ee tive hopping

intera tion. The interatomi

potentials in (1),

ompo-

nents [30℄:

a tion strength with the distan e between atoms, and

r0

To determine the hydrostati

rystals, stru -

lean and H- overed

Pd(100) and Pd(110) surfa es, and phonon spe tra in

3


X
i pi + 1
rij fij +rij fij 5 ;
(i) = 10 4 pm
i 4



(4)

j

!#

rij
r0

p

where

integral,

rij
r0

exp 2q
0

results indi ate that the interatomi

(2), and (3) give a good des ription of the relaxation of

perform

"

2

(1)

!#91=2
=

lose

= 2:764 Å and r4DF T = 2:753 Å. These

small palladium islands on the PdH(100) surfa e.


Ei ;

i

r4T B

results:

al ulations based on the

where

( )  (x; y; z), mi and pi are the mass and moi

mentum of atom , fij is the for e a ting on atom
to atom

j , and

0 denes the average atomi

The relaxation of the PdH system is
means of the MS using the interatomi

i due

volume.

omputed by
potentials in

the TB approximation, where the positions of Pd and
H atoms and the for es fij are determined in fully relaxed geometry. The slab

onsists of nine layers: two

bottom layers are xed and periodi

boundary

tions are applied in the surfa e plane. The
for the interatomi

ondi-

uto radius

potentials is set to 7.0 Å.

the bulk and at the surfa e of PdH systems [2124℄.
This approa h was re ently applied to the investiga-

3. RESULTS AND DISCUSSIONS

tion of the ee t of hydrogen on the surfa e relaxation
of Pd(100), Rh(100), and Ag(100) [25℄. We note that

Relaxation of the Pd(100) surfa e was investigated

the Hamiltonian underlying the energy expressions in

with the use of interatomi

Eqs. (1), (2), and (3) des ribes the essential physi s

in Ref. [20℄. We therefore start our investigation from

governing

the relaxation of

ohesion in many solids [26℄.

To demonstrate that TB potentials

an des ribe

the relaxation of small Pd islands on PdH(100) surfa e with good a
bond length

r

ura y, we

al ulate the rst PdPd

in the palladium dimer and in a Pd4

square island on the PdH(100) surfa e.
these results with the

We

ompare

al ulations by the VASP

ode

lean and Pd- overed PdH(100) sur-

fa es. For the PdH

rystal with a NaCl stru ture, the

interlayer distan e in the

= 2:07 Å [20℄.
atoms
and

P

H

h100i

The hydrostati

dire tion is

= 0:49

dH
dPbulk

=

stresses for Pd and H

al ulated with Eq. (4) are

tal as a

[2729℄ based on the DFT. The lo al density approxi-

potentials (1), (2), and (3)

PPd

= 0:49 eV/Å3

3
eV/Å . Considering the PdH

ombination of two sublatti es, we

an

ryson-

lude that the Pd sublatti e is under the tensile and

mation (LDA) for the ex hange- orrelation fun tional

the H sublatti e is under the

has been applied.

hen e the presen e of hydrogen leads to embrittlement

To simplify the

and DFT results, we perform the
ti al small

ells in both

omparison of TB

al ulations for iden-

of palladium. Relaxation of the topmost layers of the

onsists of four

PdH(100) surfa e leads to the modi ation of their in-

layers with 18 Pd atoms and 18 H atoms in ea h layer.

terlayer distan es, the appearan e of small spa es be-

Periodi

tween Pd and H layers, and drasti

boundary

ases. The slab

ompressive stress, and

onditions are applied in the sur-

fa e plane. The palladium dimer (or the Pd4 island) is

drostati

hanges in hy-

stresses of these layers. The values of relax-

deposited on the top of the slab. Using the TB appro-

ation parameters and hydrostati

ximation and the VASP

Pd- overed PdH(100) surfa es are presented in Tables 1

ode, we nd the rst PdPd

1138
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Relaxation at

1.

lean and Pd- overed
d0 , d1 , d2 , 1 ,
are illustrated in Fig. 1

Table 2.
Hydrostati stresses in the topmost layers
Pd is
of lean and Pd- overed PdH(100) surfa es. P;
0
Pd and P H
the hydrostati stress in the Pd layer, P;
1
;1
are hydrostati stresses in the topmost PdH layer, and
Pd
H
P;2 and P;2 are hydrostati
stresses in the se ond
PdH layer. In the ase of a lean PdH(100) surfa e,
Pd is meaningless
the quantity P;
0

PdH(100) surfa es. The parameters

and

2

Parameters

Clean

d0 , Å
d1 , Å
d2 , Å

Pd- overed
1.91

1 , Å
2 , Å

1.96

2.03

2.08

2.08

Stress

0.22

0.11

P;Pd0 , eV/Å3
P;Pd1 , eV/Å3
P;Pd2 , eV/Å3
P;H1 , eV/Å3
P;H2 , eV/Å3

0:01

and 2. The parameters

0.00

d0 , d1 , d2 , 1 , and 2 are illus-

trated in Fig. 1. Our results for a

:::

lean PdH(100) sur-

Clean

Pd- overed
0.63

0.51

0.38

0.43

0.48

0:03
0:50

0:39
0:49

fa e show that hydrogen atoms are pulled signi antly
from the upper Pd layer, whi h leads to a drasti

de-

rease in the hydrostati stress of the topmost hydrogen

d0

layer. At the same time, the upper Pd layer is shifted
toward the se ond layer and its hydrostati

stress in-

reases. Changes in the properties of the se ond PdH
layer in
next

∆2

d2

omparison with bulk layers are minimal. We

onsider the Pd- overed PdH(100). Pulling o the

topmost hydrogen layer form a

lean PdH(100) sur-

fa e leads to an in rease in the number of dangling
bonds [22℄ and,

d0

∆1

d1

Fig. 1.
S hemati side view of the Pd- overed
PdH(100) surfa e showing the interlayer distan es d0 ,
d1 , and d2 , and spa es
1 and
2 between the Pd
and H layers. Big spheres represent Pd atoms and

onsequently, a de rease in the spa e



between two topmost palladium layers and an in-

 20 %) in the hydrostati

rease (

stress of the upper

Pd layer. We emphasize that the dis repan y between
the distan e

d0

small spheres represent H atoms. In the ase of a lean
PdH(100) surfa e, the topmost layer is absent and the
parameter d0 is meaningless

and the distan e between two topmost

layers in the Pd(100) surfa e is less than 0.01 Å. The
distan es

d1 and 1 be

while the hydrostati

ome



loser to their bulk values,

stress magnitudes of both Pd and

H layers are essentially lower than their bulk values.

the island assumes a tent-like shape. The island lo ally

The parameters of the se ond PdH layer of Pd- overed

distorts the surfa e, whi h leads to a strongly inhomo-

PdH(100) surfa e are quite

lose to their bulk values.

geneous stress distribution in the island and in the sub-

Comparing interlayer distan es and hydrostati stresses

strate (see Fig. 2 ). The stress in the island is tensile

in topmost layers of

and tends to in rease from the edges to the

lean and Pd- overed PdH(100)

enter of

surfa es, we expe t strong inhomogeneous strain and

the island, while the substrate layer under the island is

stress distributions in the PdH substrate and the Pd

under

island near the edges of islands.
As was emphasized in Ref. [13℄, the relaxation of
edge atoms in mesos opi

islands

ompressive stress.

Figure 3 shows the mesos opi

relaxation of the

Pd49 island on the PdH(100) surfa e. Comparison of

an be ome the do-

Figs. 2 and 3 yields the following interesting features.

minant pro ess leading to the existen e of a size-depen-

The maximal displa ement of Pd substrate atoms on

dent mismat h between the islands and the substrate

the PdH(100) surfa e is twi e that on the Pd(100) sur-

even in the

To illust-

fa e. At the same time, the displa ements of hydrogen

relaxation in homogenous systems, we

atoms are even greater than the displa ements of palla-

ase of a homogenous system.

rate mesos opi

present the shape and the atomi

displa ements in the

dium atoms. The spa e between Pd and H layers under

1 for

square Pd49 island on the Pd(100) surfa e and in the

the island de reases and approa hes the value

substrate along the

The

the Pd- overed PdH(100) surfa e. In reasing the top-

substrate atoms under the island are pushed down, and

most Pd layer distortion leads to a stronger inhomo-

h110i dire tion

(Fig. 2a,b).
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〈110〉
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Displacement of atoms, Å
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1.95

b
1.91

1.89~
~
0.05
0.04
0.03
0.02
0.01
0
−0.01
−0.02
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b

1.94
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1.90

1.92~
~
0.3
0.2
0.1
surface level
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0

−10
0
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−20
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0.7

c

0.20

−10
0
10
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c

0.6
0.15

0.5

0.10

0.4

0.05

0.3
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~

0

−0.1
−0.2

−0.05
−0.10
−30

−0.3
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0
10
20
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Distance from the center of island, Å

−0.4
−0.5
−30

Fig. 2. The Pd49 island on a Pd(100) surfa e and the topmost layer under the island: (a) the shape of the island
and the substrate layer, (b) the verti al displa ement of
atoms in the h110i dire tion, ( ) the hydrostati stress

−20

−10
0
10
20
30
Distance from the center of island, Å

Fig. 3.
The Pd49 island on a PdH(100) surfa e and
the topmost layer under the island: (a) the shape of
the island and the substrate layer, (b) the verti al displa ement of atoms in the h110i dire tion, ( ) the hydrostati stress. Big spheres represent Pd atoms and
small spheres represent H atoms
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0:8
0:7
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0:5
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0:4
0:3

0
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Number of atoms in Pd

square islands

square islands

The average relative hydrostati stress in
single-layer square palladium islands on Pd(100) and
PdH(100) surfa es. hP i is the average hydrostati
stress in the island and P;0 is the hydrostati stress
in the Pd layer. In the ase of the PdH(100) surfa e,
Pd
3
P;0 = P;0 = 0:63 eV/Å , and in the
ase of the
Pd(100) surfa e, P;0 = 0:21 eV/Å3

The average relative PdPd bond length in the
single-layer square palladium islands on Pd(100) and
PdH(100) surfa es. r is the average rst bond length
in Pd islands and r0 is the rst PdPd bond length in
Pd (2:75 Å) and PdH (2:93 Å)

Fig. 5.

Fig. 4.

geneity of stress distribution under the island. But in
ontrast to the Pd(100) surfa e, the substrate Pd layer
under the island is still under tensile stress, whi h is
ompensated by the high

ompressive stress of the hy-

drogen layer (Fig. 3 ). The main

length in the islands is asso iated with in-plane displa ements of the edge atoms toward the

enter of the

ause of the in rease

island, but relaxation also leads to a de rease in the av-

in the strain and stress inhomogeneity of the topmost

erage height of islands (the distan e between the plane

substrate layer is the appearan e of a ma ros opi

mis-

of the island and the plane of the topmost Pd layer).

lean palladium; an-

We nd that the average height of an island de reases

omplex shape of the Pd49 is-

with de reasing its size and is almost independent of the

t between palladium hydride and
other

ause is the more

land on the PdH(100) surfa e.

Figure 3b shows that

on entration of hydrogen in the substrate; the dis rep-

edge atoms of the island are pushed up, and the is-

an y between average heights for the Pd4 island and the

 0:1 Å. A more interesting result is the size

land assumes a hat-like shape. The island is under a

Pd layer is

high tensile stress, whi h in reases from the edges to

dependen e of the average relative hydrostati

the

palladium islands presented in Fig. 5. We

enter of the island and

an lead to the breaking of

large Pd islands on the palladium hydride surfa e.

the

on Pd(100) and PdH(100) surfa es.
the mesos opi

We

but in the
s opi

mismat h exists for both heterogenous

ase of Pd/PdH(100), the ee t of the meso-

mismat h is greater be ause of the existen e of

a ma ros opi

stress in the palladium islands does not depend on the
on entration of hydrogen in the substrate. Hen e, the

an see that

Pd/PdH(100) and homogenous Pd/Pd(100) systems,

mist between palladium and palladium

urves for Pd(100) and PdH(100) surfa es are very

lose to ea h other. Therefore, the relative hydrostati

In Fig. 4, we present the results for the size-dependent mesos opi mismat h of single-layer square islands

stress of

an see that

dependen e presented in Fig. 5 allows predi ting the
average hydrostati

stress for every square Pd island

x 2 [0; 1℄) using only one pa-

on a PdHx (100) surfa e (
rameter, the hydrostati

stress of the Pd monolayer.

The value of the hydrostati

stress of the Pd mono-

hydride. As the size of the island in reases, the ee t

layer on the PdHx (100) surfa e lies in the range from

of edge atoms be omes less important and the average

0.21 eV/Å

relative PdPd bond length

r=r0

approa hes 1.

3 (for lean Pd) to 0.63 eV/Å3 (for PdH).

Be-

ause the PdPd bonds are signi antly stronger then

We now return to the question about the shape of
palladium islands.

In Fig. 6, we

ompare the shapes

PdH bonds, we suppose that the role of hydrogen in

of small square palladium islands on Pd(100) and

the in reasing mesos opi

PdH(100) surfa es. All Pd islands on the Pd(100) sur-

mismat h is redu ed to the

swelling of the palladium matrix and to an in rease in

fa e presented in Fig. 6a have a tent-like shape.

the latti e

analogous result has been obtained for hexagonal Cu

onstant. The de rease of the average bond
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0:06
15

b

33
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99
12  12
15

10

5

0

5

10

Apparently, the

nous f
the

metal system. The verti al distan e between

entral Pd atoms in islands and the atoms of the un-

derlying substrate layer monotoni ally approa hes the
interlayer distan e

d0

= 1:91 Å. The thi kness of is-

lands also has a monotoni

dependen e on their size

(see Fig. 7a). Figure 6b shows that the shapes of Pd
islands are more

ompli ated: the small Pd9 and large

N > 100) islands have a tent-like shape, the Pd16

PdN (

and Pd25 islands have a plate-like shape, and the midd-

36  N  81) islands have an intermediate

le-size PdN (

hat-like shape. This
a nonmonotoni

omplex size dependen e leads to

in rease in the thi kness of Pd islands

on the PdH(100) surfa e as the size of islands in reases.
The verti al distan e

d between

entral Pd atoms in the

islands and Pd atoms in the underlying substrate layer
also has a nonmonotoni

size dependen e:

d in

reases

Pd
PdH

0:01
20

0:06

60

80 100 120 140 160 180

Pd
PdH(Pd)
PdH(H)

0:10
0:08

40

Number of atoms in PdNN square islands

b

0:04
0:02
20

40

60

80 100 120 140 160 180

Number of atoms in PdNN square islands

Fig. 7.
The thi kness dmax dmin of (a) palladium
islands on Pd(100) and PdH(100) surfa es and (b) the
topmost substrate layers under the island. dmax and
dmin are maximal and minimal verti al
oordinates of
Pd (or H) atoms in the islands or in the substrate layers

The verti al displa ement d d0 of Pd atoms in
the Pd9 , Pd16 , Pd25 , Pd36 , Pd49 , Pd81 , and Pd144 islands in the h110i dire tion. (a) the ase of a Pd(100)
substrate, (b) the ase of a PdH(100) substrate. The
interlayer distan e d0 = 1:91 Å is the same in both
ases

Fig. 6.

island on the Cu(111) surfa e [13℄.

0:02

0

15

tent-like shape of islands is general for every homoge-

0:03

0:12

Distan e from the enter of islands, A

a

0:04

0

10
5
0
5
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15
Distan e from the enter of islands, A
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d
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d

0:01
0
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0:05
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Thi kness of substrate layer,
A
max min 

d0 ;

0:03

d0 ;

Displa ement of atoms,

0:02


A

d


A

0
0:01

Displa ement of atoms,

ÆÝÒÔ,

for islands from Pd4 to Pd225 and be omes greater than

d0 , but then d de

reases and approa hes

d0 from above.

To understand the origin of the size dependen e of
shape of Pd islands on the PdH(100) surfa e, we have
al ulated the thi knesses of the topmost Pd layer of
the Pd(100) surfa e and the thi kness of Pd and H
layers of the PdH(100) surfa e under the Pd islands
(Fig. 7b). We

an see a monotoni

size dependen e of

the thi kness of palladium substrate under the islands
on the Pd(100) surfa e and an almost monotoni

size

dependen e of the thi kness of the Pd layer under the
islands on the PdH(100) surfa e.

At the same time,

the size dependen e of the H layer thi kness is strongly
nonmonotoni ; extremums of this

urve

orrelate with

modi ation of the shape of islands. Consequently, the
shape of Pd islands on a palladium hydride surfa e is
asso iated mainly with the PdH intera tion.
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4. CONCLUSION

In summary, we have presented our results obtained
for Pd/Pd(100) and Pd/PdH(100) systems.
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