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Interaction potentials from periodic density-functional theory
calculations: Molecular-dynamics simulations of Au clusters
deposited on the TiN „001… surface
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Molecular-dynamics simulations of gold particles deposited on a TiN �001� surface have been
accounted for through classical pair potentials describing the atom force field. The interaction
between Ti–N, Ti–Ti, N–N, Au–Au, Au–Ti, and Au–N pairs was estimated by following a procedure
in which the interaction energy between two sets of atoms is estimated from density-functional
calculations performed with periodic boundary conditions using plane waves as basis set. The pair
potentials were expressed as the sum of two contributions: long range in a Coulomb form and a
short-range term, which included the rest of the energy contributions. Simulations of the TiN �001�
isolated surface reproduced the already described surface relaxation, with a rippling parameter in
agreement with that found from a purely first-principles approach. Simulations of gold deposition on
such surfaces showed the formation of metal clusters with well-defined fcc structure and epitaxially
grown. © 2005 American Institute of Physics. �DOI: 10.1063/1.2140702�

I. INTRODUCTION

Density-functional theory,1 using plane-wave functions
and periodic boundary conditions �p-DFT�, constitutes one
of the most powerful tools nowadays in computer material
science �see Ref. 2 for a review�. Within the p-DFT frame-
work, static properties of medium-sized systems �about 100
atoms� are currently being simulated. However, in spite of
the brilliant elegance of this methodology, its application to
large systems is restricted by the high computational cost.
Therefore, the study of problems with relatively large models
must be undertaken using other kinds of methods. An addi-
tional aspect to consider concerns the study of the dynamic
behavior of a system. For instance, ab initio molecular-
dynamics �aiMD� simulations3 based on the DFT calcula-
tions constitute an extraordinarily powerful tool in this field.
Recently, computational power has increased to the point
where the aiMD methods based on the p-DFT calculations
can be used to describe many processes of chemical interest
and may be a suitable option if the interest is in systems of
relatively small dimensions. With this method it is possible
to take into account the changes of the electronic structure of
the system during the simulation. However, morphology of
three-dimensional metal particles on the surface can be ob-
tained only if we use models of larger dimensions.

Classical molecular-dynamics �cMD� simulations4 con-
stitute one of the most effective methodological alternatives
for the study of problems that require models with large
numbers of particles. With this approach it is possible to use
models with thousands of particles. However, in the cMD
methods the correct election of the force field that defines the

interaction between atoms has long been an important bottle-
neck in the theoretical modeling of many types of physical
systems.

Intermolecular and interatomic interaction potentials
�force fields� are used in a vast area of modern science. In the
simplest cases, i.e., for interactions between atoms and small
linear molecules, the potentials are usually computed on a
first-principles basis or fitted to experimental data. Assuming
a global functional for the system, a full potential-energy
surface �PES� can be obtained by fitting the data or by inter-
polating in some manner between the known data points.
Therefore, once a set of potential energies is computed on a
grid of points, an analytic function has to be fitted to these
data in order to be used in various types of simulations.
Many forms of such functions have been proposed in litera-
ture but a consensus as to which of them is most effective is
yet to be determined. Along with this, the fact that currently
available accurate analytical fits of finite discrete sets of
ab initio potential-energy data typically involve large num-
bers of adjustable parameters. To avoid any requirement of
chemical intuition as well as the possibility of unphysical
features being introduced, an alternative procedure makes
use of interpolation methods that do not need a mathematical
expression to represent the interaction between atoms. In this
case the potential surface is just a set of data on a dense grid
and the actual values of the potential are estimated from, for
instance, spline interpolation.

One of the most common ways to represent the interac-
tion in a group of atoms is by using pairwise interaction
potentials. According to this, the sum of all pair interactions
results in a global PES formulation. Such interaction poten-
tials may take varied forms and usefully represented as a sum
of a long-range Coulomb interaction and short-range interac-
tion. In most cases the short-range contribution includes pa-
rameters that are fit in order to agree with the experimental
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results or ab initio calculations. However, independent of the
expression that has been used to describe the short-range
interaction potential, a more practical procedure to perform
the simulations is to build up a table of values of the poten-
tial and forces with respect to the square distance. Then, the
contributions to the energy and forces are obtained by nu-
merical interpolation. This alternative reduces the computa-
tional cost of the simulations but can also be used to set up
interaction potential that does not match a given analytical
expression.

The interaction potentials used in this work follow this
approach: instead of looking for an expression to analytically
fit the potential, the interaction between two species is esti-
mated in a range �dense� of interatomic distances and di-
rectly used in the simulations. With this aim, the short-range
potential contribution is estimated in this work from periodic
DFT calculations using a recently outlined5 mathematical
procedure that will be fully described in Sec. II. In this pro-
cedure the interaction energy between a given set of particles
is represented by means of a collection of vectors and coef-
ficients obtained by solving a system of linear equations built
up using the DFT energies obtained in a close dense range of
interatomic distances. A simplified variant to this method that
used a diagonal approach to the system of equations was also
employed to simulate the behavior of Pd64 clusters deposited
on a clean �-Al2O3 �0001� surface.6 Both the morphology of
the transition-metal particle and the stability with respect to
the temperature were found to agree with the experimental
data.

The procedure to obtain interaction pair potentials, Sec.
III, will be subsequently used to analyze the structural prop-
erties of Au clusters deposited on titanium nitride �001� sur-
face by means of the MD simulations. Titanium nitride, TiN,
is a material of high interesting technological and catalytic
applications because of its exceptional physical and chemical
properties, which make it attractive both from fundamental
and experimental points of view.7,8 Transition-metal nitrides
are commonly referred to as refractory metals as they have
extreme hardness and a high melting point, properties com-
parable to those of covalent crystals, as well as good corro-
sion resistance and metallic conductivity close to the re-
ported values of pure transition metals. TiN has also attracted
interest as a support for the deposition of transition-metal
clusters, both for engineering purposes �sensors, electronic
devices, etc.,� and for catalysis.9,10 In spite of this, only a few
theoretical works11–14 have been devoted to study its surface
properties �for a review on TiN and other nitrides see Ref.
15�. In particular, we have recently reported an investigation
on the relaxation of the �001� surface for several transition-
metal nitrides as well as the interaction of Au atoms with
those surfaces using p-DFT calculations.16 In the present pa-
per, as a part of our continuous effort to unravel the proper-
ties of such interfaces, we report on the classical MD simu-
lations of the TiN �001� surface and gold clusters deposited
on it �Sec. IV�.

II. THEORETICAL ASPECTS

Let us assume two groups of atoms �A and B� inside a
super cell. They are placed so that repeating the cell in the

three directions two films of A and B separated by d�Å� are
created �Fig. 1�. In addition, the model has an enough empty
space on top of group A in order to minimize the interaction
energy with other films obtained by repeating the cell in z
direction.

The idea of the method is to generate a set of pair po-
tentials between atoms of groups A and B, so that when
calculating the interaction energy between A and B films at
distance d �using cMD interaction potentials�, EMD

int�A,B,d�, we
obtain the same result as using the p-DFT calculations
Ep-DFT

int�A,B,d�,

Ep-DFT
int�A,B,d� � EMD

int�A,B,d�. �1�

The interaction energy Ep-DFT
int�A,B,d� is computed by

Ep-DFT
int�A,B,d� = Ep-DFT

A,B,d − Ep-DFT
A − Ep-DFT

B , �2�

where the first term of the right member is the energy of the
cell including A and B atoms at distance d, while the next
two terms correspond to the energies of isolated A and B
groups. When the distance between the films is large enough
�d�� the interaction between the two groups is mainly of
long-range type.

On the other hand, the right member of �1� can be writ-
ten in a similar way to Eq. �2�,

EMD
int�A,B,d� = EMD

A,B,d − EMD
A − EMD

B . �3�

FIG. 1. Scheme of the supercell containing two groups of atoms �A and B�
used to calculate the interaction energy from the DFT calculations. The
vacuum space over group A is large enough to neglect the interaction with
outer cell film.
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Taking into account that the interaction potential for MD
is a sum of long-range and short-range terms, the interaction
energy is

EMD
int�A,B,d� = �EMD

long�A,B,d� − EMD
long�A� − EMD

long�B�� + EMD�short�A,B,d�,

�4�

where

EMD�short�A,B,d� = EMD
short�A,B,d� − EMD

short�A� − EMD
short�B� �5�

is the contribution to the interaction energy only due to the
short-range potentials between A and B atoms.

Increasing the value of d causes EMD�short�A,B,d� to become
zero rapidly for any rational set of potentials chosen. The
distance for which EMD�short�A,B,d��0 determines the value of
the parameter d�, mentioned above. The actual value of d�

depends on the configuration adopted for atoms in both
groups and on the cutoff distance �rc� proposed for the short-
range potentials. At the same time, rc is indirectly related to
the form of the long-range potential, i.e., the charges as-
signed to the atoms. The key to this procedure is the correct
selection of such charges in the groups �q�A� ,q�B�� and the
cutoff radius rc for each pair of atoms. In principle, expres-
sion �1� is always fulfilled for any set of charges, q�A� ,q�B�,
and rc, but not always in all cases is a reasonable short dis-
tance d� between the groups found so that the short-range
interaction vanishes.

Replacing Eqs. �4� and �2� in �1� we obtain

Ep-DFT
A,B,d − Ep-DFT

A − Ep-DFT
B − �EMD

long�A,B,d� − EMD
long�A� − EMD

long�B��

= EMD�short�A,B,d� �6�

and a similar equation for d�,

Ep-DFT
A,B,d� − Ep-DFT

A − Ep-DFT
B − �EMD

long�A,B,d�� − EMD
long�A� − EMD

long�B��

= EMD�short�A,B,d�� � 0. �7�

With the aim of avoiding the calculation of Ep-DFT
A ,

Ep-DFT
B , EMD

long�A�, and EMD
long�B�, Eq. �7� is subtracted from the set

of equations �6�. Following this, we also assure that the set of
the pairwise potentials vanishes at rc. Finally, we obtain the
set of equations �as many as points di chosen�:

Ep-DFT
A,B,d − Ep-DFT

A,B,d� − �EMD
long�A,B,d� − EMD

long�A,B,d��� = EMD�short�A,B,d�.

�8�

In Eq. �8� the terms related to the long-range interaction
are easily computed using the Ewald17 sum procedure once
the atomic charges of the A and B groups have been as-
signed.

Let us assume that groups A and B are composed of
different species of atoms. Then there are as many interac-
tion potentials to obtain as the number of pair species jk that
can be formed. We will call these the pair potential jk or Pjk.
In addition to the cutoff radius for a given jk pair, rc

jk, let us
define a minimum radius �rmin�, so that two species jk cannot
be closer than the distance rmin

jk for any type of calculation
�p-DFT or cMD�.

In principle, our task is to obtain a set of functions Pjk�r�
with rmin

jk �r�rc
jk. Because Pjk�r� are continuous, we do not

need necessarily to know the mathematical form of Pjk�r�,

but the values of these functions at some points ri
jk, where

rmin
jk �ri

jk�rc
jk, i.e., to change to the discrete space on r.

Therefore, our task is to obtain i=1,2 ,… ,Njk components of
the vector Pjk for each jk pair of species. The right-hand side
of Eq. �8� can then be written as a linear combination of Pjk

i

as

EMD�short�A,B,di� = �
j�A

k�B

�
t=1

t=Njk

�i,jktPjk
t . �9�

To solve this system we need as many equations �calcu-
lated configurations� as unknown short-range vector compo-
nents, N �with N=�

j�A
k�BNjk�, and, in addition, the equations

must be linearly independent. After solving the system of
equations �9�, the short-range contribution to the pairwise
interaction potential is obtained.

In Eq. �9�, the coefficients �i,jkt represent the number of
times that the term Pjk

t appears in the right-hand side of Eq.
�8�. They are calculated by forming all the possible pairs of
atoms between A and B groups, fulfilling the condition rmin

jk

�r�rc
jk, taking into account not only the computational cell

but also the neighbor cells.

III. DETERMINATION OF INTERACTION POTENTIALS

The first step of the simulations was to determine the
force field governing the system behavior that, according to
our scheme, and considering first the support, TiN, involves
determination of three parameters PTiTi, PTiN, and PNN for a
set values of r in the rmin, rc range �here set to 1 and 5 Å,
respectively�. With this aim we used an initial supercell in
which groups A and B �two subcells� are placed at a distance
d, which fulfills the rmin

jk �r�rc
jk condition. Because of peri-

odic boundary conditions, groups A and B actually represent
two slabs of TiN, and there is a vacuum in the supercell to
prevent intercell interaction between slabs. As shown in Fig.
1, groups A and B consisted of two Ti atoms and two N
atoms arranged in slabs two-layer thick. In order to get a
dense mesh the distance interval should be divided in, say,
1000 steps, which obviously would involve quite cumber-
some computations. Instead of that we preferred to compute
the energy at slab distances d going from 1 to 5 Å, step of
0.1 Å �41 geometries�, and to perform then an interpolation.
The energy of these 41 structures was estimated from the
DFT calculations using the VASP 4.5 �Refs. 18 and 19� code
and the generalized gradient approach �GGA�.20 Full details
on these calculations can be found in Ref. 13. After cubic
spline interpolation a set of 1000 linearly independent equa-
tions of the form �9� was obtained. Since we have only a
third of the equations required, we repeat the process for two
more initial different configurations, obtaining a final set of
3000 equations that after solving lead to the 1000 compo-
nents of vectors PTiTi, PTiN, and PNN.5

To simulate the Au/TiN interface we now need to esti-
mate the interaction concerning Au atoms: Au–Au, Au–Ti,
and Au–N �assuming transferability of the PTiTi, PTiN, and
PNN vectors�. As already reported, isolated gold atoms prefer
to bind the TiN �001� surface on top of Ti atoms, with a
small charge transfer towards the surface. However, when
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Au2 dimers are supported, no such a transfer was observed.
Similar behavior was also observed in the Pd/�-Al2O3 inter-
face where adsorption of the metal cluster involved only a
small polarization.6,21 These findings enabled us to limit the
interaction potential of Au to the short-range contribution
since it is obvious that in the interface higher coverage does
occur. In a similar way to that exposed for TiN, three initial
configurations were chosen to determine the pair interaction
potentials Au–Ti, Au–N, and Au–Au �Fig. 2�. Here group A
consists of two Au atoms in all cases and group B was either
a slab of TiN �001� five-layer thick or two gold atoms depos-
ited on such a slab. Gold atoms were placed on top of Ti and
on top of N �Figs. 2�a� and 2�b��. In Fig. 2�c� two gold atoms
in group A interact with two gold atoms of group B, allowing
to determine an interaction potential of the gold-adsorbed
gold type. Following these configurations, the complete set
of EMD�short�A,B,d� values were obtained by variation of the dis-
tance d so that 1.0 Å�d�5.0 Å. The total pair interaction
potential curves are shown in Fig. 3.

IV. MD SIMULATIONS OF Au CLUSTERS DEPOSITED
ON TiN „001… SURFACE

The MD simulations were undertaken in the microca-
nonical ensemble using the DL�POLY computer code.22 The
computational box consisted of a cube 34.032 Å side with a
TiN slab six-layer thick and an enough vacuum gap in the
	001
 direction. In the simulations, the two lowest layers
were kept frozen and 1024 atoms were moved simulta-
neously. The initial geometry of particles in the slab was set
coherent with the cell parameter obtained from the DFT cal-
culations: a=4.254 Å �experimental value 4.238 Å �Ref.
23��. On this surface, gold clusters of different sizes �200–
350 atoms� were deposited. The simulation proceeds by first
assigning initial velocities to all atoms according to a
Maxwell-Boltzmann distribution that depends on the tem-
perature of the systems �300 K�. From this starting point,
Newton’s equations of motion were solved by numeric inte-
gration using the leap-frog algorithm with a time step of
0.1 fs.24 The simulation schedule consisted of a thermaliza-
tion run of 10 ps followed by a simulation of 10 ps without
temperature control to ensure that the system reached equi-
librium. After this stage, a simulation of 15 ps was carried
out to collect data for statistics. The conservation of energy
was better than 1 in 10 000.

The starting step of the simulations was to investigate
the behavior of the TiN �001� isolated surface. The surface
shows to be stable at that temperature, and the major features
can be deduced from the radial distribution function �RDF�
reproduced in Fig. 4. For the Ti–N pair the first band is large,
with a peak at 2.1 Å, in agreement with the Ti–N interatomic
distance of 2.127 Å obtained from the DFT calculations. Ac-
cording to the fcc structure of TiN, this peak is followed by
another at about �a /2��3 Å due to the second-neighbor shell.

FIG. 2. The three initial configurations used to determine the pair potentials
describing the interaction of Au with the surface.

FIG. 3. Interaction potentials for Au–Au, Au–Ti, and Au–N pairs.

FIG. 4. Radial distribution functions �RDFs� for Ti–N, N–N, and Ti–Ti pairs
obtained from the MD simulations of TiN �001� surface.
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For Ti–Ti and N–N pairs, the most outstanding features are
broad peaks slightly falling below 3 Å, i.e., somewhat lower
than the theoretical distance of �a /2��2 Å, followed by
bands about 4 Å, i.e., a�Å�. Compared to the RDF obtained
from bulk simulations,5 two main differences may be ob-
served. Primarily, the first band of Ti–Ti and N–N pairs ap-
pear to be slightly shifted to shorter interatomic distances,
suggesting that there is some contraction of the surface. Sec-
ondly, for these pairs, a shoulder in the second band is
clearly observed. These shoulders are a consequence of the
rippling relaxation of the surface, in which the outermost
layers of nitrogen and titanium atoms are not in the same
plane. The difference between the positions of these shoul-
ders gives a rippling of 0.12 Å, in quite good agreement with
that found from p-DFT calculations �0.17 Å�.13 This result
constitutes a test of the effectiveness of the pairwise interac-
tion potentials obtained in the preceding sections.

In order to simulate the Au/TiN interface two gold clus-
ters consisting of 216 and 343 atoms were added to the sur-
face. �Since the results are practically identical, only the 343
atoms deposit will be reported.� A snapshot of the system
after the simulations is reproduced in Fig. 5. The gold atoms
closest to the surface are found on top of Ti atoms, in agree-
ment with the largest Au–Ti interaction. In the second layer,
gold atoms are placed on the vertical above the outermost
nitrogen atoms, bound to four first-layer gold atoms. The
next layer is identical to the first one, according to an almost
layer-by-layer ABABAB pattern. In fact, the structure of the
Au atoms is like that of the titanium lattice in the nitride,
corresponding to a compact packing fcc in agreement with
the natural form that is determined experimentally for the
bulk. This �001�TiN � �001�Au epitaxial relation is similar to
that observed for gold clusters deposited on the MgO �001�
surface from both high-resolution electron microscopy ex-
periments and MD simulations.25–28 On the other hand, it is
worth to note that there is a misfit between the Au and TiN
lattices, being the Au cell parameter somewhat lower �a
=4.078 and 4.254 Å, respectively�. This misfit mainly affects
the first layer of gold atoms, which is found to be slightly
stressed, however, beyond this layer; the Au cluster gradually
contracts to recover the metallic structure. Such an accom-
modation of the gold lattice has already been observed in the
deposition of Au clusters on MgO �001� surfaces.28 The
analysis of the Au cluster shows a morphology correspond-
ing to an irregular polyhedron truncated along specific direc-
tions, exposing �111� and �001� facets.

The misfit between the TiN and Au lattices is also re-
sponsible for the wideness of the first band observed in the
Au–Au RDF reported in Fig. 6. The main peak approxi-
mately appears at 2.9 Å, which is close to the experimental
distance of 2.88 Å.29 There is also another effect due to the
undercoordination of Au atoms lying on the outermost layers
of the cluster. These atoms tend to shorten the bond distances
and give rise to the shoulder observed at lower distances.
With respect to the other two pairs, the first peak of Au–Ti
RDF appears at 2.7 Å and corresponds to Au–Ti pairs of
atoms directly bonded, i.e., the first layer of gold and outer-
most layer of the support. The second band, much more in-
tense, also arises from these two layers, but involve Au–Ti
atoms not directly bound �one Au by each four Ti and vice
versa�. Finally, the most prominent feature of the Au–N RDF
is the peak at 3.4 Å originated from the first-layer Au atoms
and outermost N atoms.

V. SUMMARY AND CONCLUSIONS

In this paper we report on a procedure that allows us to
determine interaction pairwise potentials specifically tailored
for the system under study. These ad hoc potentials are ex-
pressed as a sum of long- and short-range contributions and
obtained, in our case, from the DFT calculations carried out
under periodic boundary conditions. After solving a set of
equations linearly independent, the potentials are obtained
and directly used without further fitting to any analytical
expression. Although the procedure is in principle of general
purpose, our intention is to use it to simulate the surface
properties of materials, and we report on an application of

FIG. 5. Snapshot of the Au343 cluster deposited on the TiN �001� surface.

FIG. 6. Radial distribution functions �RDFs� for Au–Au, Au–Ti, and Au–N
pairs obtained from the MD simulations of Au cluster deposited on the TiN
�001� surface.
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the complete procedure to TiN. The MD simulations of TiN
�001� surface shows noticeable rumpling of titanium and ni-
trogen outermost layers, with a rippling relaxation parameter
estimated from the radial distribution functions of 0.12 Å.
This value is in reasonable agreement with that obtained us-
ing a full DFT approach, and supports the reliability of the
potentials.

Simulations of a gold particle deposited on the TiN �001�
surface shows that the transition-metal particle epitaxially
grows on the surface, in such a way that the Au atoms are on
top of surface Ti atoms. The gold particle shows fcc structure
and mainly exposes the �111� and �001� facets. Because of
the misfit of the Au and TiN lattices, the layer of gold atoms
closest to the substrate is dilated, and gradually contracts
towards the external region of the cluster to recover the me-
tallic interatomic distance.
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