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Lattice parameters are a basic quantity in material characterization, and a slight alteration in lattice parameters directly
affects the properties of materials. However, there are still considerable controversies as to whether lattice expansion or
contraction occurs in metallic nanomaterials with size reduction. Here, the size dependences of the lattice parameter and
surface free energy of clean Cu (100) films are investigated via simulations. Lattice parameters of the exposed surfaces con-
tract, whereas lattice expansion occurs along the direction perpendicular to the surfaces with decreasing film thicknesses.
This is striking since the metallic bonds usually lack strong directionality, and it is always regarded that the lattice variations
in all directions are consistent. The contraction parallel to the surface is more severe than the expansion perpendicular to
the surface in films. The lattices change from cubic to tetragonal with decreasing film thickness. Consequently, common
contractions and occasional expansions of the lattice parameters of Cu nanoparticles have been observed in previous experi-
ments. Increasing free energy and surface free energy with decreasing thicknesses is the thermodynamic origin of the lattice
variations. Our study therefore provides a comprehensive physical basis for the surface effects on the lattice variations.
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1. Introduction
It is well known that a reduction in the size of nanomateri-

als causes anomalous changes in physical and chemical prop-
erties compared to their counterparts in bulk form.[1–5] One
of the important applications of nanomaterials, such as nano-
films and nanoparticles, is in the catalytic industry. In compar-
ison to other metallic catalysts examined in electrokinetic ex-
periments, copper (Cu) is the unique nonalloyed catalyst that
is capable of realizing the efficient reduction of CO2 into sig-
nificant amounts of hydrocarbon products.[6,7] The selectivity
of Cu films with (100), (110), and (111) facet orientation, re-
spectively, favors the production of ethylene (C2H4), ethanol
(C2H5OH), and ethylene (CH4). It is inferred that Cu (100)
is the dominant facet orientations of Cu polycrystal since the
main production of Cu polycrystal is ethylene.[5,8] Extensive
experiments have shown that the catalytical activity depends
on the size of the electrode — the smaller, the better.[8–11]

However, the underlying physical mechanism remains elusive
until now.

The lattice parameter is a basic quantity in material char-
acterization, and a slight alteration in lattice parameters di-
rectly affects the properties of materials. Although the size ef-
fects on lattice parameters have been frequently investigated
for several decades, whether lattice contractions or expan-
sions occur with decreasing material sizes is inconclusive until
now.[12–14] An example of some of the most puzzling behavior

is that both lattice contractions and expansions are experimen-
tally reported in the same metal, like Ni, Pd, and Cu.[15–20]

Since metallic bonds usually lack strong directionality, we
may expect that lattice parameters in all directions contract or
expand simultaneously when considering the nanoparticles in
a liquid droplet model. However, metallic nanomaterials are
quite different from liquids. In previous scientific research,
the averaged lattice parameter is evaluated using XRD or ED,
thus does not distinguish surface atoms from inner atoms. In
comparison with nanoparticles, which are nano-sized in three
dimensions, nano-films with one dimension in nanoscale are
good at distinguishing the size effects on the surface from
those effects on the interior.

Surface free energy is one of the fundamental thermody-
namic parameters controlling a wide range of basic and ap-
plied phenomena.[21,22] The experimental observations of the
size effects on catalytic behavior are believed to be correlated
with the surface free energy.[5] Regrettably, the experimental
measurements of surface free energy of crystalline metals are
notoriously difficult, and experimental values of well-defined
low-index orientations are practically unknown.[23,24] On the
other hand, free energy cannot be determined directly from
molecular dynamics simulations since neither free energy nor
entropies can be expressed in terms of ensemble averages.
The most applied indirect approach to compute free energy is
the standard equilibrium thermodynamic integration method,
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which computes the free-energy difference between the tar-
get system and a reference with known free energy by analyz-
ing ensemble averages of the thermodynamic driving force for
a sequence of constructed equilibrium states via a set of in-
dependent equilibrium simulations.[25–27] However, it is well
known that this is hard and time-consuming work.[28,29] In
recent years, nonequilibrium approaches relied on the rigor-
ous theoretical basis of Jarzynski’s equality[30,31] to bring new
blood into the free energy calculation methods. The nonequi-
librium thermodynamic integration method allows the calcula-
tions to be performed along an explicitly time-dependent pro-
cess that can lead to significant efficiency gains without ac-
curacy loss compared to standard equilibrium methods.[32,33]

The continuous improvement of methods and the steady in-
crease in computational power have substantially benefited the
investigation of the thickness-dependent surface free energy of
metals.

In this work, the thickness dependences of the lattice
parameter and the surface free energy of clean Cu (100)
films with a wide size ranging from ∼ 0.5 nm to ∼ 24 nm
around room temperature were investigated using molecular
dynamics simulations and the recently developed nonequilib-
rium thermodynamic integration method via the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)
packages.[32,34] We not only investigate the lattice parameter
parallel to the surface, but also measure the lattice parameter
perpendicular to the surface. Accordingly, we provide a rea-
sonable explanation for the contradiction in lattice variations
reported in previous literature. Furthermore, we establish a re-
lationship between lattice variations and surface free energy,
revealing the thermodynamic origin of lattice variations.

2. Methods
The films with top and bottom surfaces perpendicular to

the z axis exposed in vacuum were created with 4, 7, 10, 13,
16, 19, 22, 25, 40, 55, 70, 85, and 130 atomic layers. Every
atomic layer contained 320 atoms, as shown in Fig. 1. The
cubic simulation box of Cu bulks contained 32000 atoms. The
Cu atoms were modeled using the embedded-atom method
(EAM) interatomic potential, which has been widely used to
investigate the physical and chemical properties of Cu.[35–38]

The simulation boxes were equilibrated at 200 K, 300 K,
400 K, and 0 GPa in the isothermal-isobaric ensemble (NPT)
with a Nosé–Hoover thermostat and barostat before calculat-
ing their free energy. All the molecular dynamics (MD) simu-
lations were performed using the LAMMPS packages.[34] For
all simulations, periodic boundary conditions were applied in
all three directions. The time step was chosen as 1 fs. The
equations of motions were numerically integrated using the
Verlet algorithm.
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Fig. 1. The top (a) and side views [(b) and (c)] of the Cu films with (100)
facet orientations.

The Helmholtz free energy of the films and bulks were
computed using the nonequilibrium thermodynamic integra-
tion method: the Frenkel–Ladd path, which is described in de-
tail in Ref. [32]. The Gibbs free energy of the films and bulks
at P = 0 GPa is equal to the corresponding Helmholtz free
energy. We employed the traversing Frenkel–Ladd thermody-
namic path to calculate the free energy difference between the
target system and the reference. The reference is chosen to be
the widely used Einstein crystal, whose Hamiltonian can be
expressed as

HE =
N

∑
i=1

[
p2

i
2m

+
1
2

mω
2 (ri− r0

i
)2
]
. (1)

The free energy of an Einstein reference is written as

FE (N,V,T ) = 3NkBT ln
(

h̄ω

kBT

)
, (2)

where kB is the Boltzmann constant and h̄ is the Planck’s con-
stant. All the atoms in an Einstein crystal perform a harmonic
oscillator at the same lattice points as that in the target sys-
tem. The oscillator frequency is obtained as k = mω2, where
the spring constant can be easily calculated from the mean-
squared displacement 〈(∆r)2〉 as k = 3kBT/〈(∆r)2〉. Thus, the
free energy of an Einstein reference can be obtained analyti-
cally. The free energy difference ∆F between the target system
and the reference E is calculated from the irreversible work
between two states

wirr
a→b =

∫ ts

0
dt
(

dλ

dt

)
(Ha−Hb)Γ (t) . (3)

In the nonequilibrium approach, the parametrical Hamiltonian
H is set as

H (λ ) = λHE +(1−λ )H0, (4)

which is realized as the time-dependent parameter λ is var-
ied from 0 to 1 in a switching time ts, where λ = λ (τ) =

τ5(70τ4−315τ3 +540τ2−420τ +126). The Hamiltonian of
the target system is

H0 =
N

∑
i=1

p2
i

2m
+U (𝑟) , (5)

where m is the mass of the atoms and U(𝑟) is the interatomic
potential. Combining the forward and backward switching
processes, the desired free energy difference can be estimated
as

∆F =
∫ 1

0
dλ

〈
∂H
∂λ

〉
λ

=
1
2
(wirr

0→E−wirr
E→0), (6)
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where 〈. . .〉λ is the canonical ensemble average for a coupling
parameter λ that is varied from 0 to 1. The free energy of the
target system F0 (N,V,T ) can be computed from

F0 (N,V,T ) = FE (N,V,T )+∆F (N,V,T ) . (7)

The nonequilibrium thermodynamic integration of the equili-
brated Cu films and bulks was carried out in a canonical (NVT)
ensemble at the investigated temperatures using LAMMPS
packages. The fixed center-of-mass correction was applied in
the simulations. The switching time ts is 5×105 timesteps in
either the forward or backward Frenkel–Ladd switching pro-
cess. Before switching, the system was equilibrated for 105

timesteps. Three independent Frenkel–Ladd procedures were
performed to evaluate the statistical errors.

3. Results

Figure 2 illustrates a typical radial distribution function
of the films with different atomic layers at 200 K. The first
peaks of thin films perform left shifts, indicating that the av-
erage atomic spacings shrink with the decrease in film thick-
ness, as demonstrated in Fig. 2(a). When the films are thick
enough, the positions of the first peaks in the radial distribu-
tion functions are relatively fixed, as illustrated in Fig. 2(b).
Figure 3(a) shows that the surface areas of the films contract
as the thickness of the films decreases, which is consistent with
the variations of the radial distribution function. The size ef-
fects become increasingly prominent, especially as the films
are thinner than a critical value (∼ 6 nm). This signifies that
surface areas are rather sensitive to the thickness of the films.
The thickness effects on the surface area are similar to the
size effects on many physical and chemical properties, such
as the melting temperature, the critical ferromagnetic, ferro-
electric, superconductive transition temperature of nanocrys-
tals, the glass formation ability, the Debye temperature, and
the volume thermal expansion coefficient.[3,39–41] The surface
contraction is always ascribed to the tensile surface stress orig-
inating from the electron redistribution and attractive interac-
tions between surface atoms.[21] It is regarded that the surface
atoms with one side exposed in the vacuum receive less con-
straints from other atoms compared to the bulk atoms inside
the films. Thus, the surface atoms have a lower electron den-
sity compared to the bulk atoms. To increase the local elec-
tron density, surface atoms tend to adopt a smaller equilib-
rium spacing than the bulk. To increase the local electron den-
sity up to the extent of bulk atoms, surface atoms locate in a
smaller interatomic spacing distances than bulk atoms, which
is directly demonstrated by the contraction of the atomic layer
spacing in the x or y direction, as illustrated in Fig. 3(b).
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Fig. 2. The radial distribution functions of the films with different atomic
layers at 200 K.
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Fig. 3. The surface area of the films (a), the atomic layer spacing in the x
or y axis (b) and z axis (c), and the lattice parameter of the films at 200 K
(d) as a function of the thickness of the films. The inset in (d) displays the
linear relationship between lattice parameters along the x/y axis and the
z axis.

In terms of metallic bulks, metallic bonds usually lack
strong directionality. As a result, it is always regarded that lat-
tice contraction is isotropic with the decrease in material sizes.
To test this speculation, we calculate the averaged atomic layer
spacing along the z axis as az = T H/(n− 1), where n repre-
sents the number of atomic layers of the films, and T H is the
different value of the averaged z coordinates of the top and bot-
tom atoms in the films, as shown in Fig. 1(c). Remarkably, the
atomic layer spacings along the z axis expand with decreasing
film thicknesses, as shown in Fig. 3(c), which is totally oppo-
site to those along the x or y axis in Fig. 3(b). The atomic
layer spacing is half of the lattice parameter in this work.
We show the variations of lattice parameters, for example at
200 K, along the x/y and z axis in Fig. 3(d). It is obvious that
the lattice parameters of the films in three directions approach
each other and that of the bulk when the thickness of the films
is ∼ 24 nm (130 atomic layers). This indicates that the size
effects of surfaces are very small then. The linear relationship
with a negative slope between lattice parameters along differ-
ent directions in the inset of Fig. 3(d) signifies a synchronous
size effect of the surface along the directions that are paral-
lel and perpendicular to the surface. Evidently, the exposed
surfaces cause lattice distortion in the Cu films. The structure
of Cu evolves from cubic to tetragonal with decreasing film
thicknesses. Lattice contractions along the x/y axis (∼ 2.71%
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of ∼ 0.5 nm film compared to bulks at 200 K, which is com-
parable to the experimental results[17]) is more severe than
the lattice expansions along the z axis (∼ 1.90%) in the same
conditions. Consequently, it is considered that the compet-
ing behavior in two directions causes the inconsistent lattice
variations (averaged values in three directions) of nanoparti-
cles measured by x-ray or electron diffraction in experiments:
common contractions and occasion expansions. The morphol-
ogy and specific surface area of the examined nanoparticles
in experiments have a great impact on the lattice variations. If
surface atoms of a nanoparticle with a certain morphology play
a more dominant role than bulk atoms, the averaged lattice
contraction of the whole would be observed in experiments
and vice versa. The existence of the surfaces greatly affects
isotropic metallic bonds. The cubic lattice changes to tetrago-
nal. Thinner films exhibit lattice distortions more obviously, as
demonstrated by the dramatically increasing barrier of lattice
parameters in two directions with decreasing film thicknesses
in Fig. 3(d).
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Fig. 4. The free energy of the films as a function of (a) the thicknesses of
the films, and (b) the atomic layer spacing along the z axis. The dashed
lines in (a) and the stars in (b) denote the free energy of the bulks at the
corresponding temperatures.
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Fig. 5. The fraction of the number of surface atoms in the total atoms of
the Cu films as a function of (a) the thicknesses of the films, and (b) the
atomic layer spacing along the z axis.

To understand the thermodynamic essence of lattice dis-
tortions, we calculated the free energy and surface free energy
of the films with different thicknesses. The thickness depen-
dence of the free energy of the films is displayed in Fig. 4(a).
The free energy of the films increases together with the de-
crease in the thickness and the climbs apparently accelerate,
especially when the films are thinner than ∼ 6 nm. According
to the thermodynamic rule that the solid with lower energy is
more stable,[42] thin films are less stable than thick films. In-
terestingly, the free energy of the films is linearly correlated

with the atomic layer spacing, as shown in Fig. 4(b), indicat-

ing a direct relationship between lattice distortions and free en-

ergy. The existence of surface atoms is a critical factor for the

variations of lattice parameters and energy. We thus evaluate

the fraction of the surface atoms in the films. It emerges that

the number of surface atoms accounts for increasingly larger

fractions in the films with decreasing thicknesses, as shown

in Fig. 5(a), which is consistent with the variations of lattice

parameters in Fig. 3 and of the free energy in Fig. 4. More-

over, the fraction of the surface atoms is linearly correlated

with the atomic layer spacing in accordance with the varia-

tions of free energy in Fig. 4(b). Consequently, it is clear why

surface atomic layers play a critical role in the size effects on

prevalent physical and chemical properties, and the influence

of the surface improves dramatically as the thickness of the

films decreases.

The exposed surface atoms have excess free energy com-

pared to the atoms in bulks. Based on the obtained free energy

of the films and bulks, the surface free energy per unit area of

the films is then calculated as γ = Nfilm(Gfilm−Gbulk)/2Afilm,

where Nfilm, Afilm, Gfilm, Gbulk represent the atomic number,

the surface area, and the free energy per atom of the film as

well as the free energy per atom of the bulk, respectively. The

thickness dependent surface free energy per unit area of films

is illustrated in Figs. 6(a) and 6(b), which is comparable to

the results obtained using another EAM potential.[43] The sur-

face free energy per unit area exhibits a variation tendency that

is coincident with that of the free energy accompanied by in-

creasing remarkable size effects with decreasing film thick-

nesses. From the perspective of thermodynamic rules, it can

be concluded that the surfaces of thin films are much more ac-

tive than those of thick films. This is a reasonable explanation

for higher productivity and better catalytic activities of thinner

Cu (100) films in experiments as well as stronger size effects

of thinner film on these physical and chemical properties.[8]

More importantly, there is a linear relationship between the

surface free energy per unit area of films and the atomic layer

spacing along the z axis with a positive slope and along the

x/y axis with a negative slope. Thus, it is reasonable to infer

that prevalent physical and chemical properties of films, such

as the melting temperature, and the critical ferromagnetic and

ferroelectric properties, are also linearly correlated with the

lattice parameter as the size dependence of these physical and

chemical properties is consistent with that of the surface free

energy per unit area.[3,39–41] Our findings thus provide a cru-

cial theoretical basis for predicting the properties of films with

different thicknesses.

036804-4



Chin. Phys. B 32, 036804 (2023)

0 45 90 135

1.13

1.14

1.15

1.16

1.17

1.18

1.19
200 K
300 K
400 K

Layers
1.82 1.83 1.84 1.85 1.86

1.13

1.14

1.15

1.16

1.17

1.18

1.19

Atomic layer spacing (A)

S
u
rf

a
c
e
 f
re

e
 e

n
e
rg

y
 (

J
/
m

2
)

S
u
rf

a
c
e
 f
re

e
 e

n
e
rg

y
 (

J
/
m

2
)

(a) (b)

Fig. 6. The surface free energy per unit area of films as a function of (a) the
thickness of the films, and (b) the atomic layer spacing along the z axis.
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Fig. 7. The surface free energy per surface atom of films as a function of
(a) the thickness of the films, and (b) the atomic layer spacing along the z
axis.

In addition, we analyze the surface free energy in terms of
per surface atom, which reflects the average excess free energy
contributed by every surface atom. The surface free energy per
surface atom is calculated as γ = Nfilm(Gfilm−Gbulk)/2Nsurf,
where Nsurf is the number of surface atoms on one side. Inter-
estingly, the surface free energy per surface atom illustrated in
Fig. 7(a) decreases with decreasing atomic layers, exhibiting
an opposite trend to the surface free energy per unit area. Anal-
ogously, the surface free energy per surface atom is linearly
related to the atomic layer spacing, as shown in Fig. 7(b). Re-
ferring to the variation of the surface areas in Fig. 3(a), the di-
rect reason for the opposition between the surface free energy
per unit area and the surface free energy per surface atom is
that the surface area per surface atom reduces with decreasing
film thickness. In fact, the controllable experimental parame-
ter is not the number of surface atoms but always the surface
area. Therefore, the important perspective responsible for the
experimental research is that the surface free energy per unit
area increases with the decrease in the thickness of the films.

4. Conclusion
In summary, size-dependent lattice contractions along the

x/y axis and expansions along the z axis with decreasing thick-
nesses are observed in clean Cu (100) films using molecular
dynamics simulations. The physical origin of lattice varia-
tions could be attributed to the increasing surface free energy
per unit area with decreasing film thicknesses. It is worth not-
ing that the surface stresses exert non-negligible effects on the
internal atoms of the films, which cause the lattice expansion
along the z axis of the films. The competing mechanism of
stresses parallel and perpendicular to the surface should be

responsible for the inconsistent lattice variations of nanopar-
ticles observed in previous experimental investigations. The
morphology and specific surface area of the nanoparticles have
a great impact on the lattice variations. It is expected that there
could be a critical size of Cu nanoparticles dividing the lattice
contraction and expansion. This is a promising topic for fur-
ther studies, and we ask that more attention should be paid to
the distinction of lattice variations along different directions,
regardless of the films or of the nanoparticles, in more metal-
lic systems in the future.
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