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Size-dependent elastic properties of Ni nanofilms are investigated by molecular dynamics (MD)
simulations with embedded atom method (EAM). The surface effects are considered by calcu-
lating the surface relaxation, surface energy, and surface stress. The Young’s modulus and yield
stress are obtained as functions of thickness and crystallographic orientation. It is shown that
the surface relaxation has important effects on the the elastic properties at nanoscale. When the
surface relaxation is outward, the Young’s modulus decreases with the film thickness decreasing,
and vice versa. The results also show that the yield stresses of the films increase with the films
becoming thinner. With the thickness of the nanofilms decreasing, the surface effects on the
elastic properties become dominant.
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1. Introduction

With the rapid development of nanoelectromechan-
ical system (NEMS) technologies1 the information
of mechanical properties of nanofilms has become
indispensable for NEMS, where nanofilms are used
as devices, sensors, and other structural materials. In
nanostructures, surface to volume ratio is large and
this difference is pivotally important. Elastic con-
stants near surfaces are different from their values
in the bulk of solids.2 For a metal surface, the atoms
near the surface are exposed to different forces from
those in the interior of the material. The atoms near
the surface tend to relax mostly perpendicular to the
surface to minimize the total energy.

Theoretical investigation of the size-dependent
elastic constants of nanoscale single-crystal nano-
films has been carried out extensively. Guo and
Zhao3 presented a three-dimensional model consider-
ing surface relaxation of the nanofilm by introducing
a relaxation coefficient k to modify the lattice con-
stant of surface atoms. Their results show that the
relaxation coefficient is the dominant factor for the
size-dependent properties. Workum et al.4 presented
a method for the calculation of the local elastic con-
stants in inhomogeneous systems. In this method,
the face-centered cubic (FCC) crystal is considered
as Lennard–Jones (L–J) particles and the local elas-
tic constants of a nearest-neighbor L–J FCC crystal
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in the bulk and in a thin film are obtained. Liang
et al.5 established a model for size-dependent elas-
tic modulus of Cu and Au thin films based on the
consideration of size-dependent atomic distance and
bond energy. Their theoretical results show that the
elastic modulus of metallic free thin films increases
as the thickness of the films decreases.

Using a combination of molecular statics and
ab initio calculations, Zhou et al.2 show that a
solid surface can be either softer or stiffer elasti-
cally than the corresponding bulk, which depends
on the competition between the atomic coordina-
tion and electron redistribution on the surface. The
surface-stress-induced phase transformation in gold
nanowires is studied by atomistic simulation,6 which
shows that the surface stress is an important factor
of surface effects. Interface stresses and their effects
on the elastic moduli of metallic multilayers are also
calculated by atomic simulation.7 Wan et al.8 used
modified EAM to obtain the multilayer relaxation for
multiplicate FCC metals, which suggests when the
surface stress is negative, the surface relaxation is
inward; otherwise, the relaxation is outward. Several
experiments have also demonstrated that the prop-
erties of nanometer scale materials can be quite dif-
ferent from those of bulk materials due to the effects
of the surfaces.9,10

The sign and magnitude of the relaxation of the
topmost atomic layers are mainly determined by
the rearrangements of the surface state charge.11

However, the essence of surface effects on the size-
dependent properties is not explicit enough. In this
work, we employ the MD to try to give an insight
into the surface relaxation and surface stress includ-
ing their effects on the elastic properties of nanofilms.

2. Method

We perform MD simulations using EAM12 as the
underlying atomic interaction model. Within the
framework of the EAM, the total internal energy of
the system of N atoms is described as the energy
required to embed these N atoms into the homoge-
neous electron gas. The total energy U for a system
of atoms can be written as

U =
N∑
i


Fi(ρ̄i) +

1
2

N∑
j �=i

φij(rij)


, (1)

Fig. 1. Schematic of Ni nanofilm crystallographic orien-
tations and transverse directions.

where Fi(ρ̄i) is the embedding energy required to
place atom i in a local electron density ρ̄i, and φij

is the two-body potential between atoms i and j,
and rij is the distance between atoms i and j. The
summation above is over the total number of atoms
N in the system.

Nanofilms with (100), (110) and (111) crystal-
lographic orientations are created out of a bulk Ni
FCC crystal (Fig. 1). The nanofilms are all 15 cubic
lattice units long at the horizontal direction, with
their thickness varying from about 1.06 to 3.52nm.
In order to obtain equilibrium configurations, the
nanofilms are relaxed to an equilibrium minimum
energy configuration with periodical boundary condi-
tions for the horizontal direction, and then thermally
equilibrated to 300K for 20 ps using a Nosé-Hoover
thermostat13,14 with a time step of 1 fs. In the
equilibrium process, a constant number of atoms,
constant volume, and constant temperature (NVT)
assembly are adopted. The thermostat is removed
prior to loading, ensuring adiabatic loading condi-
tions. The applied strain rates for each thin film are
3 × 107 s−1. The equations of motion are integrated
in time using a velocity Verlet algorithm, and all
MD simulations in this study are performed using
the parallelized code LAMMPS.15,16

Moreover, the surface stresses of relaxed (100),
(110), and (111) surfaces are calculated. It is assumed
that the surface normal is defined as the Z-direction
with the X–Y plane lying in the surface (Fig. 1).
The surface stress is a second-rank tensor. It can be
expressed as17:

τxy =
1
A

∂(γA)
∂εxy

, (2)

where A is the area of the surface, γ the surface
energy, and εxy the strain tensor. The surface stress
tensor is isotopic on the (100) and (111) boundary
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planes.7 The average surface stress may then also be
written as:

τ = γ +
∂γ

∂ε
. (3)

For the calculation of the Young’s modulus from
the stress versus strain curves, these stresses are cal-
culated using the virial theorem,18 which takes the
form

σ =
1
Ω


−

∑
i

mivi ⊗ vi +
1
2

∑
i

∑
j

rij ⊗ fij


, (4)

where the summation is over all the atoms occupying
the total volume Ω, and the first term is the kinetic
energy component for atom i, mi for the mass of the
atom i, and vi for the velocity vector of atom i. rij =
ri − rj and fij is the interior atomic force applied on
atom i by atom j.

3. Results and Discussion

3.1. Surface relaxation

Slabs are used to simulate the surfaces. In order to
investigate the surface relaxation, the top five layers
of the thin films are set as the surface layers. The film
models used to study the surface relaxation are made
up of 15 layers, which are enough to simulate the sur-
face characteristics.8 The computationally generated
thin films are dynamically relaxed to obtain their
equilibrium states at 300K for 20 ps with periodi-
cal boundary conditions applied along the horizontal
direction.

The average distances between the layers are
taken as the reference distances. For the bulk sys-
tem, the distances between the layers along the (100),
(110), and (111) orientation are 1.760 Å, 1.246 Å, and
2.035 Å, respectively. The changes in these distances
after relaxation are listed in Table 1.

Table 1. The surface relaxation of the top five layers of
Ni nanofilms. The positive and negative values indicate
the relaxation outward and inward, respectively.

Ni surface ∆d12 ∆d23 ∆d34 ∆d45

(100) This work 0.90% 0.95% 0.13% 0.05%
Exp. [19] 1.1 ± 1.1%

(110) This work −1.28% −0.60% 0.56% −0.11%
Exp. [19] −5.0 ± 1.6%

(111) This work −1.39% 0.59% −0.14% 0.02%
Exp. [19] −1.2 ± 1.2%

For the Ni(100) surface, the experimental results
showed a small outward relaxation of 1.1 ± 1.1%.19

The MD in this work gives an expansion of 0.9%
which is consistent with the experimental results. For
Ni(110) and Ni(111), the inward relaxation of the
first layer was demonstrated by LEED,19 which is
also shown in the MD results. But not all the layers
have the same relaxation direction. The third layer of
Ni(110), the second and the fourth layers of Ni(111)
have the inverse relaxation directions. On the whole,
the changes of the relaxation distances decrease from
the top surface layer to the bulk.

3.2. Surface energy and surface
stress

In order to get the surface energy, the nanofilms with
periodical boundary conditions in all the directions
are also equilibrated to minimal energy states. The
surface energies of the Ni(100), Ni(110), and Ni(111)
nanofilms calculated by MD are listed in Table 2.

It is shown that the surface energy of Ni(110) sur-
face is the highest, while Ni(111) has the lowest sur-
face energy. The surface energies calculated by MD
with EAM agree well with the experimental data.
Surface stress can be obtained as shown in Table 3
by Eq. (3). The surface stresses of the clean surfaces
are all positive, which are also seen in the ab initio
calculations.20

3.3. Elastic modulus and yield
stress

After geometric construction, the naonfilms are first
equilibrated at 300K for 20ps. Approximation to

Table 2. The surface energy of the Ni
nanofilms in J/m2.

γ100 γ110 γ111

EAM 1.585 1.732 1.447
Exp. [17] 1.532 1.647 1.431

Table 3. Surface stress τxx of the relaxed
Ni surfaces. All the stresses are in N/m.

100 110 111

EAM 1.697 2.809 1.648
Ref. 8 1.270 — 0.430
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quasi-static tensile loading in each deformation incre-
ment is achieved in two steps. For the calculation of
elastic modulus, strains in the range of 0%–2% are
applied. This strain range is divided into 20 points.
At each point, all atoms are allowed to relax to
the minimum energy corresponding to the horizon-
tal strains. The stresses in MD simulation are cal-
culated by the virial theorem. The Young’s modulus
of Ni nanofilms can be obtained by fitting the curve
of the stress versus strain. Figure 2 shows the vari-
ations of the Young’s modulus with the thicknesses
of the nanofilms. For the Ni(100) film which has an
outward relaxation, its Young’s modulus decreases as
the thickness of the film decreases, while the Young’s
modulus of Ni(110) and Ni(111) films increases with
the decrease of the film thickness. This characteristic
can be regarded as the result of the inward relaxation
of the surface. The size-dependent properties of the
Young’s modulus are also in agreement with the the-
oretical results qualitatively.3 It is expected that, as
the thickness is further increased, the Young’s mod-
uli eventually approach their respective bulk values.
Increasing the strain to make the nanofilms to yield,
the yield stress of the films with different thicknesses
can be obtained. And the yield stress increases with
the decrease of the thickness, which also shows size-
dependent characteristics in Fig. 3. This property
becomes unobvious when the thickness of the film
is thicker than 3.0 nm.

Fig. 2. Young’s modulus as a function of thickness of
the Ni nanofilms.

Fig. 3. Yield stress vs thickness of the Ni nanofilms.

4. Conclusions

MD simulations of the surface relaxation and the ten-
sile deformation of Ni nanofilms are carried out to
analyze their surface characteristics and elastic prop-
erties. The surface relaxations of Ni nanofilms are
calculated by tracing the distances between the top
five layer atoms. Orientation effects on surface relax-
ation and surface stress are found. Size dependence
is also observed in the elastic responses. The Young’s
modulus and yield stresses are obtained as functions
of thickness and crystallographic orientation. When
the surface relaxation is outward, the Young’s modu-
lus decreases with the decrease of the film thickness;
otherwise, the inward relaxation results in Young’s
modulus increasing with the decrease of the film
thickness. The simulation results also show that the
yield stresses of the films increase with the films’
thicknesses becoming thinner. With the thickness of
the nanofilm decreasing, the surface effects on elastic
properties become dominant, which are also expected
to occur in other FCC metals.
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