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1. INTRODUCTION

Unique physical properties of nanostructures, such
as the magnetism, quantum conductance, and high
adsorption capacity, have attracted the particular
attention of many scientific groups around the world.
Investigations of properties of one�dimensional nano�
structures, i.e., nanocontacts and nanowires, are of
special interest. These structures are spontaneously
formed during the operation of a scanning tunneling
microscope between the microscope probe and the
surface under investigation and also at points of frac�
ture of solid crystals [1–3]. One of the unique proper�
ties of one�dimensional nanostructures is the quan�
tum electronic conductance that manifests itself
already at room temperature. In these structures, the
current can be carried by only one electron [4–8].
Investigations of the electronic properties of one�
dimensional nanostructures occupy an important
place in modern research [9–13]. The experimental
data confirm the theoretically predicted quantum
nature of conductance of nanocontacts [3]: the con�
ductance takes on integer values multiple to the con�
ductance quantum G0 = 2e2/h, where e is the elemen�
tary charge and h is the Planck constant. However,
there are a number of works in which the authors
observed that the conductance deviates from integer
values [13, 14]. This phenomenon is explained by the
possible interaction with impurity atoms and mole�
cules, which in small numbers can always be present in
experiments [15, 16]. In the interaction, these impuri�

ties can strongly affect the nanostructures and change
their atomic and, correspondingly, electronic struc�
tures and, as a result, their physical properties [17–
20]. In this case, the presence of impurities can lead to
the destruction or stabilization of the structure, i.e., to
an increase in its strength [19]. Therefore, the investi�
gation of the influence of impurity atoms and mole�
cules on the properties of nanostructures is the most
important problem of physics and chemistry of low�
dimensional systems. In recent years, the attention of
many scientific groups has been focused on theoretical
and experimental investigations into the influence of
impurities on palladium, gold, silver, and platinum
nanocontacts and nanowires [3, 17–20].

The properties of the atomic and electronic struc�
tures of palladium nanocontacts have been investi�
gated beginning with the experimental work by
Matsuda and Kizuka [3], who were the first to produce
a stable palladium nanocontact at room temperature
by using the scanning tunneling microscope. It was
also found in [3] that the palladium contacts have a
quantum tunneling conductance. Subsequently, in
many theoretical works, the authors studied in detail
the atomic structure and electronic properties of one�
dimensional palladium systems, obtained results on
the conductance of palladium nanocontacts [5, 6, 15],
and examined their magnetic properties [12, 21–23].
However, in these works, the properties of one�dimen�
sional palladium structures were studied in the
absence of impurities. At the same time, it has been
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experimentally established that the growth and forma�
tion of nanostructures always occur in the presence of
impurity atoms and molecules of light gases, which
can strongly affect the nanostructures under investiga�
tion and significantly change their atomic and elec�
tronic properties.

In the present work, we study the effect of hydrogen
impurity atoms and molecules on the atomic structure
and electronic properties of palladium nanocontacts.
The hydrogen atoms are chosen as the impurity
because palladium has a high hydrogen affinity and
hydrogen is presented in many experiments on the for�
mation of nanostructures and studies of their proper�
ties. Hydrogen with the highest probability interacts
with palladium nanostructures during their formation
and growth.

2. THE METHOD

In this paper, the calculations were performed
using the ab initio molecular dynamics method imple�
mented in the Vienna Ab�Initio Simulation Package
(VASP) [24, 25]. The method is based on the Tho�
mas–Fermi electron density functional theory, in
which the system of the Kohn–Sham equations is self�
consistently solved in the plane wave basis set [25]. The
Thomas–Fermi theory allows one to reduce the solu�
tion of a many�body problem to the solution of a sin�
gle�particle problem in some effective potential with
respect to one variable, i.e., the electron density of the
system, which is then used to calculate the energy of
the system. The exact value of the total energy of the
system was determined by integration in the reciprocal
space over a special 4 × 4 × 1 mesh of k points con�
structed according to the scheme proposed by

Monkhorst and Pack [26]. In all calculations presented
in this paper, the number of plane waves in the basis set
was limited by a cutoff energy of 250 eV. The integra�
tion over the Brillouin zone was performed by the tet�
rahedron method with the Blochl correction [27].

The calculations were carried using the generalized
gradient approximation [28] for the exchange–corre�
lation potential and the projector augmented wave
method [29]. In the present paper, the relaxation of the
atomic structure of the system was performed until the
forces acting on the atoms became 0.01 eV/Å2 and
changes in the total energy of the systems became
0.001 eV. The relaxation was performed according to
the Newton method using the Hellmann–Feynman
theorem on the calculation of the forces acting on the
atoms in the system.

The structure of nanowires and nanocontacts was
simulated by special periodic superlattices constructed
as follows: the Born–von Karman boundary condi�
tions were applied along all three basis directions of
the unit cell, and, therefore, the atoms of the unit cell
interacted with their images filling the surrounding
space.

In the study of the properties of palladium nano�
contacts, we used the structure of the contact obtained
by Matsuda and Kizuka in their experimental work
[3]. The nanocontact was simulated as a tetragonal
periodic supercell with a three�atom chain of Pd
atoms (along the Z axis) located in vacuum between
two Pd electrodes [12]. The electrodes were simulated
as the Pd(001) face�centered cubic surface (Fig. 1).
The size of the cell was chosen so that the atomic chain
would not interact with its image upon translation by
~10 Å.

3. RESULTS AND DISCUSSION

First, we studied the effect of hydrogen on the
atomic and electronic structures of ideal one�dimen�
sional palladium nanowires, which are a simplified
model of the nanocontact that makes it possible to
investigate only interatomic interaction within the
wire chain.

In our calculations, the palladium nanowire was
simulated by the periodic supercell with five�atom pal�
ladium chain located along the Z axis (Fig. 2a). The
sizes of the cell in the OY and OX directions were cho�
sen to be sufficiently large (~10 Å) so that the atomic
chain would not interact with its image upon transla�
tion. We considered three possible positions of the
sorbed hydrogen atom near the nanowire (Fig. 2): the
hydrogen atom is located at the side of the palladium
atom (the “linear” configuration, Fig. 2b), the hydro�
gen atom is located in the vicinity of the nanowire
chain (the “triangular” configuration, Fig. 2c), and
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Fig. 1. Model of the palladium nanocontact: (a) palladium
nanocontact produced by Matsuda and Kizuka [3] and (b)
model of the palladium nanocontact used in the calcula�
tions.
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the hydrogen atom is located within the nanowire
chain (Fig. 2d). The calculations showed that the
sorption of the hydrogen atom near the chain (the tri�
angular configuration) is energetically most favorable,
and the gain in the total energy is ~0.3 eV with respect
to the other two configurations. Taking into account
that palladium has a high hydrogen affinity and can
form the hydride PdH, we additionally considered one
more configuration in which the nanowire interacts
with a large number of hydrogen atoms. Since it was
established that the position of the hydrogen atom
between the palladium atoms at the side of the wire
chain is energetically favorable, we considered the
structure containing one hydrogen atom per palla�
dium atom using a “zigzag” configuration (Fig. 2e) as
an example.

Then, in this work, we studied the stability of the
palladium nanowires in the presence of hydrogen
impurity atoms. For this purpose, we theoretically cal�
culated the cohesive energies between the palladium
atoms in the nanowires both with and without hydro�
gen impurities. The cohesive energy between the Pd
atoms in an ideal nanowire without impurities was cal�
culated from the formula

(1)

where NPd is the number of Pd atoms in the system

(NPd = 5 in our case),  is the energy of the isolated

Pd atom, and  is the total energy of the system.

Since our calculations revealed that the sorbed
hydrogen atom is located at the side of the chain, we
calculated the cohesive energy only for the triangular
configuration in the case of sorption of one hydrogen
atom and the zigzag configuration. The analysis of the
electronic structure in the triangular configuration
showed that the electronic structures of the hydrogen
atom and the nearest palladium atoms (Pd1, Pd2)
(Fig. 2c) are changed because of the strong interaction
between them. As a result, apart from the s–  band

hybridization between the palladium atoms in the wire
[10, 12], there arises a new hybrid band, which con�
sists of the  and (  + dxy) states of the palladium

atoms Pd1 and Pd2 and the s state of the hydrogen
atom. As a consequence, the symmetry of the bonds
between the palladium atoms in the nanowire is bro�
ken. Therefore, in order to calculate the specific cohe�

sive energy  between the atoms Pd1 and Pd2
nearest to the hydrogen atom, we use the expression

(2)
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where  is the cohesive energy between the Pd
and H atoms,

(3)

 is the energy of the isolated hydrogen atom, and
Etot is the total energy of the nanowire with the hydro�
gen impurity atom.

The specific cohesive energy of palladium atoms
(Pd1, Pd2) nearest to the hydrogen atom in the trian�
gular configuration increases by more than 0.5 eV as
compared to the configuration without impurity, for

which the specific cohesive energy is  = 1.3 eV in
the equilibrium state of the nanowire (Fig. 3a). For the
other palladium atoms Pd3, Pd4, and Pd5 distant from
the hydrogen atom (Fig. 2c), the cohesive energy is
almost the same as the cohesive energy of the Pd atoms
in the wire without impurities because of the weak
interaction of these atoms with the hydrogen atom.

Thereafter, we studied the electronic structure of
the palladium nanowire with several sorbed hydrogen
atoms using the zigzag configuration as an example.
The calculations showed that the interactions between
the palladium atoms in the wire are identical for this
configuration. Therefore, the specific cohesive energy
per atom for this configuration was calculated from the
relationship

(4)

(5)

where NH is the number of hydrogen atoms (NH = 5 in
our case).

As a result of our calculations, it was revealed that
the specific cohesive energy of the palladium atoms in
the zigzag configuration increases by more than 1 eV
for each atom in the nanowire. On the other hand, the
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Fig. 2. Possible configurations of the palladium nanowire
in a hydrogen atmosphere: (a) pure Pd nanowire, (b) “lin�
ear” configuration, (c) “triangular” configuration, (d)
configuration “inside the chain”, and (e) “zigzag” config�
uration. Dark spheres are Pd atoms, and white circles are
H atoms.
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calculations demonstrated that the presence of hydro�
gen impurities also increases the equilibrium distance
between the palladium atoms in the nanowire as com�
pared to the palladium nanowire without impurities.
For example, the equilibrium distance between the
palladium atoms increases to 2.5 Å for the triangular
configuration and to 2.7 Å for the zigzag configura�
tion, whereas, in our earlier work [12], we obtain a
value of 2.43 Å for an ideal one�dimensional palla�
dium wire. Therefore, the presence of the hydrogen
atom stabilizes the nanowire with larger distances
between the palladium atoms. Figure 3b shows the
dependences of the projection of the force acting on
the individual palladium atom onto the axis parallel to
the nanowire chain on the interatomic distance. The
maximum in the graph corresponds to the beginning
of a decrease in the interatomic interaction energy in
the palladium nanowire. It can be seen from the graph
that, when number of hydrogen impurity atoms H

increases (for the zigzag configuration), the maximum
shifts to the right toward larger interatomic distances
(Fig. 3b).

The calculations showed that, when the hydrogen
atom is sorbed inside the chain of the palladium
nanowire, its linear geometry is distorted (Figs. 2b,
2c). However, when the nanowire is elongated to
interatomic distances larger than 2.8 Å, the hydrogen
atom is embedded inside the wire and, as a result, the
palladium nanowire again takes the ideal linear geom�
etry. Our calculations for the triangular and zigzag
configurations demonstrated that this transition leads
to a change in the specific cohesive energy and forces
in the system, which can be explained by the accom�
panying change in the electronic configuration. Fig�
ure 3a shows that, for both configurations under con�
sideration, the dependence of the specific cohesive
energy on the interatomic distance in the palladium
wire with the hydrogen impurity atoms is changed for
distances between Pd atoms larger than 2.8 Å. This
change is reflected in the dependence of the forces act�
ing on the atoms in the system (Fig. 3b). The jump is
observed in the graph for the force when hydrogen is
embedded in the nanowire structure (Fig. 3b). There�
fore, the structural transition is observed in the system
of the nanowire with the hydrogen impurity, which is
related to the change in the location of sorbed hydro�
gen atom in the palladium nanowire and, conse�
quently, with the change in the interaction between the
atoms.

The next step was the study of the influence of
hydrogen on the atomic structure of the palladium
nanocontacts. As in the case of the one�dimensional
palladium nanowire, we studied the effect of impurity
atoms on the structure of the nanocontact by analyz�
ing several possible positions of the hydrogen atom
with respect to the nanocontact chain: (a) the hydro�
gen atom is located within the chain of the palladium
nanocontact (Fig. 4a), (b) the hydrogen atom is
located between the palladium atoms at the side of the
nanocontact chain (zigzag configuration, Fig. 4b),
and (c) the hydrogen atom is located near the chain of
the palladium nanocontact (linear configuration,
Fig. 4c).

The calculations demonstrated that the position of
the hydrogen atom near the chain (zigzag configura�
tion) is energetically favorable. The difference in the
mean cohesive energy per atom is approximately equal
to 0.2 eV with respect to all the other configurations
under consideration. The sorption of the hydrogen
atom strongly affects the structure of the nanocontact,
and its chain becomes nonlinear. The central atom of
the nanocontact chains is displaced by 0.65 Å with
respect to its initial position in the chain. The distance
between the Pd and H atoms in the linear configura�
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Fig. 3. Dependences of (a) the cohesive energy (per atom)
and (b) the projection of the force (per atom) onto the axis
parallel to the nanocontact chain on the interatomic dis�
tance. Designations: Pd corresponds to the palladium
nanowire without impurities, Pd–H corresponds to the
palladium nanowire with one hydrogen atom (the triangu�
lar configuration), and Pd–5H corresponds to the nanow�
ire with five hydrogen atoms (the zigzag configuration).
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tion is 1.55 Å. It is interesting to note that the same
value was obtained in the calculation of the equilib�
rium interatomic distance in a free dimer formed by
the palladium and hydrogen atoms. The correspond�
ing changes in the interatomic distances for the zigzag
configuration (Fig. 4b) and for the case when the
hydrogen atom is located inside the chain of the nano�
contact (Fig. 4a) are presented in Table 1.

Then, we performed a series of calculations in the
study of the influence of the sorbed hydrogen atoms on
the properties of the palladium nanocontact for differ�
ent distances between the electrodes. The distance
between the electrodes was varied from 8 to 10 Å.
These values correspond to the boundaries of the
existence of the palladium nanocontact according to
the data obtained by Matsuda and Kizuka [3] and in
our previous work [12]. It was revealed that, in the zig�
zag configuration (Fig. 4b), the distances between the
hydrogen atom and the nearest palladium atoms (Pd1,

Pd2) (Table 1) do not change with a change in the dis�
tance between the electrodes. Only the distance
between the central and terminal palladium atoms Pd2
and Pd3 (Fig. 4b) varies. Therefore, it can be expected
that, with a further stretching of the palladium nano�
contact with the hydrogen impurity, the probability of
its breaking at the Pd–H bond is very low. The break�
ing can take place only at Pd–Pd bonds, i.e., between
the palladium atoms.

We calculated the mean cohesive energy in the
chain of the palladium nanocontact with one hydro�
gen impurity atom from the expression

(6)

where Eelectr is the energy of the electrodes, NPd is the
number of palladium atoms in the nanocontact chain
(NPd = 3 in our case), and N = NPd + NH = 4. The cal�
culations of the mean cohesive energy showed that
hydrogen stabilizes the nanocontact structure in the
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Fig. 4. Possible positions of the hydrogen atom in the chain of the palladium nanocontact: (a) “in the chain”, (b) zigzag, and
(c) linear configuration. Dark spheres are Pd atoms, and white circles are H atoms.

Table 1. Characteristic interatomic distances in the palladium nanocontacts in the presence of hydrogen atoms

Distance between
electrodes, Å

Pd2–H interatomic distance, Å Pd1–H interatomic distance, Å

configuration configuration

“zigzag” H atom inside the 
nanocontact chain “zigzag” H atom inside the 

nanocontact chain

8.43 1.63 1.60 1.80 1.60

8.93 1.65 1.64 1.79 1.65

9.43 1.68 1.69 1.77 1.70

9.70 1.64 1.70 1.79 1.73
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same way as in the case of the one�dimensional palla�
dium nanowire. The mean cohesive energy per atom

increases by  ~ 0.1 eV as compared to the mean
cohesive energy per atom in the pure palladium nano�

contact (  = 2.78 eV), which was calculated from
the formula

(7)

Since not only hydrogen impurity atoms H but also
hydrogen molecules H2 were always presented in the
experiments associated with the formation of nano�
contacts, we also studied the interaction of the palla�
dium nanocontact with the hydrogen molecule. In
these investigations, we used the model of the nano�
contact with a distance of 9.7 Å between the palladium
electrodes, which corresponds to the initial instant of
the breaking of the contact [3]. Therefore, this dis�
tance was chosen for demonstrating the influence of
hydrogen on the strength of the palladium nanocon�
tact. Our studies of the interaction of the H2 molecule
with the palladium atoms in the nanocontact chain
revealed that the H2 molecule can disassociate near
the nanocontact chain due to the strong overlap
between the s and d atomic orbitals of the palladium
atoms and the s orbitals of the hydrogen atoms. The
calculations showed that the disassociation of the
hydrogen molecule occurs only in certain positions of
the sorbed molecule with respect to the nanocontact
chain. The hydrogen molecule disassociates if it is

ΔEcoh
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embedded inside the contact chain in the perpendicu�
lar direction or is located along the nanocontact chain
in the same plane (Figs. 5a, 5b). If the H2 molecule
disassociates, the configuration under investigation is
reduced to the aforementioned case of the interaction
of the palladium nanocontact with two individual
hydrogen atoms. The calculations of the mean cohe�

sive energy  between the palladium atoms in the
nanocontact chain in the presence of the hydrogen
molecule were performed for the case of its disassoci�
ation according to the formula

(8)

where NPd = 3 and NH = 2 are the numbers of palla�
dium and hydrogen atoms in the nanocontact chain,
respectively, and N = NPd + NH = 5. In the case of dis�
association of the molecule on the nanocontact, the
mean cohesive energy increases by 0.18 eV as com�

pared to the impurity�free configuration . There�
fore, the interaction between the nanocontact and the
hydrogen molecule (even if it disassociates on the
nanocontact chain) leads to the stabilization of the
nanocontact.

Thereafter, we similarly investigated the behavior
of the H2 molecule located at the side of the Pd atom
in the chain of the nanocontact in the plane parallel to
the nanocontact plane (Fig. 5c). It was found that, in
the case of this arrangement of the molecule with
respect to the chain, it does not disassociate on the
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Fig. 5. Possible positions of the hydrogen molecule with respect to the chain of the palladium nanocontact: (a, b) H2 molecule in
the same plane with the nanocontact chain and (c) H2 molecule in the plane parallel to the nanocontact chain. White circles are
H atoms, and dark spheres are Pd atoms.
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contact. In this case, the mean cohesive energy 
was calculated from the relationship

(9)

where  is the energy of the isolated hydrogen mol�
ecule. The calculations showed that the presence of
the hydrogen molecule in the nanocontact structure
leads to an increase in the mean cohesive energy by
0.3 eV with respect to the configuration without impu�
rity (Table 2). Therefore, the presence of the hydrogen
molecule near the chain of nanocontact also leads to
its stabilization.

4. CONCLUSIONS

Thus, the theoretical calculations presented in this
paper demonstrated that hydrogen can be embedded
in the structure of palladium nanowires and nanocon�
tacts. The sorption of the hydrogen atom in the palla�
dium nanowire results in an increase in the specific
cohesive energy per atom by more than 0.5 eV. If the
hydrogen atom is sorbed in the structure of the nano�
contact, the mean cohesive energy (per atom in the
contact chain) increases by ~0.1 eV. When the hydro�
gen molecule H2 is sorbed within the chain of the
nanocontact, the mean cohesive energy increases by
~0.3 eV as compared to the configuration without
impurities. Therefore, as a result of the investigations
performed in this work, we established that the sorp�
tion of hydrogen atoms and molecules in one�dimen�
sional palladium nanostructures leads to an increase in
their stability. Moreover, it was revealed that the

E2
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H2

hydrogen molecule can disassociate as a result of the
interaction with atoms of the nanocontact chain.
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