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ABSTRACT: Most materials expand upon heating because the coefficient
of thermal expansion (CTE), the fundamental property of materials
characterizing the mechanical response of the materials to heating, is
positive. There have been some reports of materials that exhibit negative
thermal expansion (NTE), but most of these have been in complex alloys,
where NTE originates from the transverse vibrations of the materials. Here,
we show using molecular dynamics simulations that some single crystal
monatomic FCC metal nanowires can exhibit NTE along the length
direction due to a novel thermomechanical coupling. We develop an analytic
model for the CTE in nanowires that is a function of the surface stress,
elastic modulus, and nanowire size. The model suggests that the CTE of
nanowires can be reduced due to elastic softening of the materials and also
due to surface stress. For the nanowires, the model predicts that the CTE
reduction can lead to NTE if the nanowire Young’s modulus is sufficiently
reduced while the nanowire surface stress remains sufficiently large, which is in excellent agreement with the molecular dynamics
simulation results. Overall, we find a “smaller is smaller” trend for the CTE of nanowires, leading to this unexpected, surface-
stress-driven mechanism for NTE in nanoscale materials.
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The coefficient of thermal expansion (CTE) α along a

particular direction is defined as α = ∂
∂L

L
T

1 where L and T

are the length and temperature, respectively. Most materials
have a positive CTE, and thus they expand upon heating, while
a much smaller class of materials with negative CTE shrink as
the temperature increases. Materials with a negative thermal
expansion (NTE) property have various potential applications
such as fillers in controlled thermal expansion composites,1

photoelectric devices,2 aerospace technology,3 and as dental
materials.4 The most common mechanism enabling NTE
materials is transverse vibrations.5−7 The key characteristic of
these materials is that their crystal structures are essentially
networks of corner-linked polyhedrals, which can cause
transverse vibration modes, for example, the ZrV2O8 family,8

ZrV2O7 family,9 Sc2W3O12 family,10 Cu2O and Ag2O,
11 and

ReO3 and ScF3.
12 In addition, the translation vibration model,13

phase transformations,14 and magnetovolume effect15 are also
other mechanisms for NTE, and NTE has recently been
observed in architected metamaterials.16 A few nanoscale
materials also exhibit NTE, e.g., graphene17 and Si nanowires,18

due to the transverse bending mode, and CuO due to the
magnetovolume effect.19 Au particles with the size of 4 nm
show NTE as the temperature is larger than 125 K,20 and it has
been systematically shown later that the NTE is driven by large

electronic excitations.21 Some experimental studies reported
that CTEs of Zn and Cu nanowires were smaller than those of
the bulk counterparts (but still positive) due to effect of grain
boundaries.22 Overall, most occurrences of NTE have been in
complex alloys, with very few reports in single crystal
nanomaterials.
Metal nanowires often show superior physical properties in

comparison with their bulk counterparts, including a larger
elastic range,23 higher strength,24 and smaller thermal
conductivity.25 The key factor governing the unique mechanical
behavior and properties of metal nanowires is surface stress.
Specifically, due to the surface stress, which is typically tensile
in FCC metal nanowires, a compressive stress is induced in the
core of the nanowires.26 The surface stress can cause interesting
and unexpected behaviors in nanowires such as phase
transformations,26 shape memory, and pseudoelasticity.27

Recently, some reports showed that metal nanoplates28,29 and
metal nanowires30 exhibit negative Poisson’s ratio while their
bulk counterparts have positive Poisson’s ratios partly due to
the effect of surface stress. While surface stress effects have been
primarily used to explain various mechanical properties of
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nanoscale materials, it was rarely been used to explain unique
thermal or thermomechanical properties such as NTE.
In this study, we show using molecular dynamics (MD)

simulations that some FCC metal [100]-nanowires can show
NTE, which is in contrast to the positive CTE observed in the
corresponding bulk FCC metal. In addition, we develop an
analytic model for CTE in nanowires that is a function of the
surface stress, elastic modulus, and nanowire size. While general
continuum formulations incorporating surface stress were
developed previously,31,32 the present work is specific to the
nanowire geometry, while also focusing on thermomechanical
properties (NTE) rather than elastic or purely mechanical
properties. Our combined analytic/computational approach
shows that the CTE of the nanowires results from a
combination of the positive contribution from the expansion
between atom pairs and the negative contribution from a
thermomechanical coupling connected to surface stress and
elastic softening of materials upon heating. Specifically, the
tensile surface stresses cause a contraction along the axial
direction of the nanowires, leading to a state of compressive
stress within the nanowire. Upon heating, the FCC metals
soften elastically, and thus the compression increases causing
the reduction of CTE. When the surface stress is sufficiently
large and the Young’s modulus is sufficiently small, the negative
contribution becomes significant, and the CTE can turn
negative. The prediction of our model is in excellent agreement
with MD simulation results. Overall, the present study
demonstrates an important effect of surface stress as a critical
mechanism governing the thermomechanical properties of
nanoscale materials, thus providing a new mechanism for NTE
in nanomaterials.
We first present the response upon heating using MD

simulations of an Au [100]/{001}nanowire; i.e., the nanowire
has a [100]-axial orientation and four {100} side surfaces. The
nanowire has a square cross-section and a thickness of 4.3 nm.
The four edges of the nanowire were filleted with a radius of 1.0
nm to reduce the likelihood of defect nucleation from the edges
at lower temperatures. The interactions between atoms are
described by an embedded-atom-method (EAM) potential
model.33 Details of the simulation techniques can be seen in the
Simulation Method section. Before discussing the temperature
dependence of the lattice parameter, we note that all of the
lattice parameters we report in Figure 1 are smaller than the
bulk Au lattice parameter of 4.08 Å, which is due to the axial
contraction in the nanowires that results from the tensile
surface stresses.
As shown in Figure 1, a strong temperature dependence of

the lattice parameter along the x-direction ax is observed. Below
140 K, the nanowire slightly expands along its length as the
temperature increases. However, when the temperature exceeds
140 K, we observe a contraction upon heating, and the
contraction becomes more significant at higher temperatures.
The simulation data of the lattice parameter is fitted to the
function y = aT3 + bT + c where c can be regarded as the lattice
parameter of the nanowire at 0 K. The change of the linear
CTE α with temperature is then obtained by using the
equation:

α =
∂
∂a

a
T

1

x

x

(1)

We also plot in Figure 1 the change of the linear CTE of the
Au nanowire with temperature. The linear CTE (purple dash-

dot line) is about 1.1 × 10−6 K−1 at 0 K and monotonically
decreases with temperature and then turns negative at the
critical temperature of about 140 K. Clearly, NTE is observed
in the nanowire over a large temperature range. The linear CTE
of bulk Au in our simulation (green dashed line in Figure 1) is
13 × 10−6 K−1 which is close to the experimental value of 14 ×
10−6 K−1,34 with the bulk linear CTE being temperature-
insensitive. This demonstrates that the thermomechanical
properties of Au change significantly at nanometer length
scales, with the possibility of NTE. We note that the definition
of α in eq 1 is the CTE along the axial direction of the
nanowire. The volumetric coefficient of thermal expansion αV is

defined as α = ∂
∂V V

V
T

1 where V is the volume of a unit cell of the

material. For isotropic and cubic materials, αV = 3α. While
linear CTEs of a bulk FCC metal along the principal directions
are the same, the linear CTE of the nanowire along the axial
direction is not the same as those along the y- and z-directions
due to surface stress which will be discussed in detail later. As
shown in Figure S1 in the Supporting Information part, the
volumetric CTE of the Au [100]-nanowire with the thickness of
4.3 nm is not negative in the temperature range. This indicates
that the linear CTEs in the nonaxial directions are not negative.
As the result, the nanowire shows NTE along the axial direction
whereas the volumetric CTE is positive. This behavior was also
observed in other materials in bulk form such as an organic
crystalline material35 and bulk SnSe with the Pnma phase.36 We
now examine the mechanisms enabling the unique property in
the metal nanowire.
To further understand the mechanism for the NTE in the Au

nanowires, we now focus on the contribution of surface stress.
While surface stress can in general be tensile or compressive,
the surface stresses associated with (001) surfaces of FCC
metals are typically tensile, as shown in previous studies.37−39

The tensile surface stress causes a contraction along the length
direction of the nanowires with an equilibrium compressive
strain εe with respect to the ideal state of the bulk counterpart.

Figure 1. Mechanical response of Au [100] nanowires with the
thickness of 4.3 nm on heating. The change of the lattice parameter
along the x-direction (ax) with temperature data is fitted to the
function ax = F(T) = aT3 + bT + c, with a = −8.774 × 10−11, b =
−4.496 × 10−5, and c = 4.001; the R-square value of the fitting is
0.9817. The nanowire expands as the temperature increases at low
temperature range. However, it shrinks upon heating at temperatures
higher than the critical temperature of 140 K. As a result, the NTE
behavior is observed in the nanowire when the temperature is larger
than the critical temperature. On the other hand, the corresponding
bulk material shows positive thermal expansion over the entire
temperature range.
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Then, the relationship between the lattice parameter of the
nanowire and that of the bulk material ab is

ε= +a a (1 )x b e (2)

Substituting eq 2 into eq 1, the linear CTE of the nanowires
is given as

α α
ε

ε
= +

+
∂
∂T

1
1b

e

e

(3)

where α = ∂
∂a

a
Tb

1

b

b is the linear CTE of the bulk material.

Although nanowires are overall stress-free at equilibrium for
all temperatures, the atoms within the nanowire core are under
a multiaxial stress condition due to the surface stress.30 The
corresponding strains can be obtained by using Hooke’s law for
elastic materials:

ε ε σ= S( ): (4)

where S is the compliance tensor of the core, which is a
function of deformation, i.e., the strain tensor ε. For a square
cross section [100]/{001} nanowire with thickness D, the
stress components in the core are approximated as (σxx, σyy, σzz,
σxy, σxz, σyz) = (−4f/D, −2f/D, −2f/D, 0, 0, 0)30 where f is the
surface stress along the [100]-direction on a {001} surface. The
strain component of the core in the x-direction is then obtained
as

ε
ν

=
− −f4 (1 )

DEx (5)

where E and ν, which are the Young’s modulus along the [100]-
direction and Poisson’s ratio for [100]-direction stretch and
measured for a ⟨ 100⟩-direction of the core, respectively. The
two elastic properties are calculated from the bulk material as
functions of stress. This strain component of the core along the
x-direction is also the equilibrium strain of the nanowire. Note
that the Young’s modulus and Poisson’s ratio are functions of
deformation.40 We also note that, in our MD simulations, the
Poisson’s ratio is almost independent of temperature. Assuming
that the Poisson’s ratio is temperature-independent, substitut-
ing eq 5 into eq 3 gives

α α ν
ν

= − −
− −

∂
∂

− ∂
∂

⎛
⎝⎜

⎞
⎠⎟f E

f
T

E
E
T

f
4(1 )

[DE 4 (1 )]b
(6)

In our simulations, DE is two orders larger than 4f(1 − ν), so
eq 6 can be further simplified as,

α α ν= − − ∂
∂

− ∂
∂

⎛
⎝⎜

⎞
⎠⎟

f
T

E
E
T

f
4(1 )

DEb 2 (7)

The prediction of the nanowire linear CTE in eq 7 requires
that the Young’s modulus E and surface stress f be determined
as functions of temperature. Since there is no explicit
expression for these mechanical properties, we directly calculate
E and f using MD simulations. Details of the calculation can be
seen in the Simulation Method section. Figure 2a plots the
simulation data of the Young’s modulus of bulk Au along the
[100]-direction and the surface stress along the [100]-direction
of the Au (001) surface as functions of temperature. The circles
and squares indicate the simulation data, while the solid lines
are the fitting lines. Clearly, the Young’s modulus linearly
decreases with temperature. This result is consistent with other
simulation results,41 as well as experimental observations,42 as

was systematically explained in a previous study.43 Similarly, the
surface stress linearly decreases with temperature.
Equation 7 shows that the nanowire linear CTE α is a

combination of the linear CTE of the bulk material and another
term which is related to surface stress, elastic modulus, and
nanowire size. As presented in Figure 1, the linear CTE of bulk
Au is always positive. This positive contribution is consistent
with the natural atomic separation that occurs due to any
nonzero temperature. In the case of the second term, the
contribution can be negative or positive depending on the
magnitudes of E and f and their derivatives with respect to
temperature. The decrease of the surface stress with temper-

ature <∂
∂( )0f

T
causes a positive contribution, whereas the

elastic softening <∂
∂( )0E

T
causes a negative contribution to the

second term. In other words, the reduction of the surface stress
tends to enhance, while the elastic softening of the material
tends to reduce the linear CTE of the nanowires. As shown in
Figure 2a, the decrease in surface stress is 12% over the
temperature range, whereas there is a 41% change in the
Young’s modulus, and thus the elastic softening dominates the
contribution to the nanowire linear CTE, leading to an overall
reduction in the nanowire linear CTE. In the case of the Au
nanowire with the thickness of 4.3 nm, the reduction becomes
significant as the temperature increases so that a negative linear
CTE is observed when the temperature exceeds 140 K as
shown in Figure 1. We note that the linear CTEs along the y-
and z-directions of the nanowire are the same, and the

Figure 2. Prediction of the theory and MD simulation results of the
linear CTE of the Au [100]-nanowire. a: Change of the surface stress
of Au (100) and Young’s modulus of Au bulk along the [100]-
direction with temperature. b: Prediction by eq 7 versus the MD
simulation results. The nanowire has a thickness of 4.3 nm. The
prediction by the model is in good agreement with the MD simulation
results.
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analytical expression can also be obtained by the same
procedure for the linear CTE along the axial direction. The
linear CTEs along the nonaxial directions are β = αb −

−ν− ∂
∂

∂
∂( )E ff

T
E
T

2(1 3 )
DE2 . The sign of the second term of β is

different from that of the second term of α because the
Poisson’s ratio of gold is about 0.44 (>0.33). Consequently, β is
positive, whereas α is negative, and thus, the volumetric CTE of
the nanowire is positive as presented above.
In the case of ⟨110⟩/{111} Au nanowires, that is, the

nanowire has a ⟨110⟩ axial orientation, four {111} side surfaces,
and a rhombic cross section, elastic softening does not
dominate as in the case of the [100)/{001} nanowire, and
thus the linear CTE is almost the same as the bulk counterpart
(Figure S2 in the Supporting Information). It is worth
mentioning that the Young’s modulus of Au in the [110]-
direction is about three times larger than in the [100]-direction.
This large Young’s modulus, which minimizes the surface stress
effect, will be discussed in more detail in a later with respect to
the NTE trends in other FCC metals. We present in Figure 2b
a comparison between the model in eq 7 and the MD
simulations of the Au [100)/{001} nanowire with the thickness
of 4.3 nm. As can be seen, the prediction of the model is in
excellent agreement with the MD simulation results. To
underline the generality of our finding, we repeated the MD
simulations to calculate the linear CTE of an Au nanowire using
another EAM potential.44 It is shown in Figure S3 in the
Supporting Information that the two results are in excellent
agreement.
We note that eq 7 implies that the reduction of the linear

CTE is inversely proportional to the thickness resulting in a
“smaller is smaller” trend. Therefore, the linear CTE of a
nanowire can be controlled by simply changing the nanowire
size. We confirm this size dependence in Figures S4 and S5 in
the Supporting Information. For the case of Au nanowires, the
linear CTE is close to zero, and NTE is no longer observed in
the considered temperature range when the thickness is larger
than 5 nm. For the case of Pt nanowires, the critical thickness
for NTE is about 12 nm. These sizes are well-within the reach
of current nanowire synthesis techniques, as approaches exist to
synthesize sub-2 nm diameter metal nanowires, as shown by
Huo and co-workers,45 and thus, it should be possible to
experimentally observe NTE in metal nanowires.
We also note that edges can have significant effects for very

small cross section nanowires. As shown in Figure S6, the linear
CTE of the nanowires with four edges is more negative than
that of nanowires where the edges are filleted. However, the
critical temperature for nucleation of dislocation with sharp
edges is lower than those with filleted edges because the
activation energy for dislocation nucleation initiating from an
edge is approximately six times larger than that of side
surfaces.46

Similar to the edge effect, the effect of cross-sectional shape
on the linear CTE of the nanowires is also significant. We plot
in Figure S7 the change of the linear CTEs of nanowires with
different cross-section shapes. The circular nanowire and the
square nanowire have the same thickness of 4.3 nm. The
rectangular nanowire has a cross sectional aspect ratio of 2,
while having the same cross sectional area as the square
nanowire. As can be seen in Figure S7, the linear CTE of the
square and rectangular nanowires are nearly the same.
However, the linear CTE of the circular nanowire is more
negative than the others, especially at high temperature.

We further investigated linear CTEs of various metals. MD
simulations were conducted to measure linear CTEs for both
bulk and nanowires of the following six metals: Ag, Ni, Cu, Au,
Pd, and Pt with the EAM potential developed by Foiles et al.33

The linear CTEs of the bulk material along the [100]-direction
were calculated. They are all positive and nearly temperature-
independent over the temperature range as in the case of bulk
Au. As shown in Table 1, our MD simulation results are in

good agreement with those obtained by experiments.34 The
[100]/{001} nanowires are assumed to have the same thickness
of 10a0 where a0 is the lattice parameter of the corresponding
metals. We show in Figure 3a the change of the linear CTEs of
the nanowires with temperature. The linear CTEs are all
smaller than the bulk counterparts, which indicates that the
softening still plays an important role in the value of the
thermomechanical property. However, elastic softening repre-
sents a necessary, but not sufficient, condition for the NTE. For

Table 1. Comparison of Linear CTE, Young’s Modulus, and
Surface Stress of Some FCC Metals at an Unstrained State at
0 K

metal αb (K
−1 × 10−6) αb (K

−1 × 10−6) [ref 34] E (GPa) f (J/m2)

Ag 21.4 19.5 49 0.81
Ni 15.7 13.0 99 1.29
Cu 17.2 16.6 54 1.37
Au 13.1 14.2 31 1.62
Pd 11.2 11.8 43 2.03
Pt 8.3 9.0 38 2.76

Figure 3. Linear CTEs of various FCC metal [100]-nanowires. a:
Xhange of linear CTEs with temperature; b: Xhange of the
dimensionless linear CTEs with temperature. For all metals, the
nanowires have the same size of 10a0. The linear CTE of each
nanowire is smaller than that of the bulk counterpart.
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NTE, the surface stress should be sufficiently large and the
Young’s modulus should be sufficiently small. As shown in
Figure 3a, the Pt, Pd, and Au nanowires exhibit NTE behavior,
whereas Cu, Ni, and Ag nanowires do not. As also shown in
Figure 3b, the degree of NTE over the temperature range
decreases with the following order: Pt, Pd, Au, Cu, Ni, and Ag,
with Pt having the largest NTE. The surface stresses of the six
metals are also in the same order.29 On the other hand, the
Young’s moduli decrease with the order: Ni, Cu, Ag, Pd, Pt, and
Au, whose order is inverted relative to the degree of NTE
shown in the previous sentence. This again confirms that while
Young’s modulus tends to positively contribute, surface stress
negatively contributes to the linear CTE of the metal nanowires
as expected in eq 7. We also note that, though the Poisson’s
ratio of the considered metals are all about 0.44, eq 7 also
implies that materials with smaller Poisson’s ratio will reduce
the linear CTE of the nanowire. Recently, it was shown that
negative Poisson’s ratio constituents can considerably reduce
the effective CTE of laminates47 and hybrid materials.48

In conclusion, we have studied the linear CTE of FCC metal
[001] nanowires using MD simulations and developed a simple
surface stress-based theory for the size and material-dependent
linear CTE of FCC metal nanowires. More importantly, we
have shown that NTE behavior can be observed in some metal
nanowires, while the bulk counterparts all exhibit a positive
thermal expansion. In general, the linear CTE of a nanowire is a
combination of the linear CTE of the bulk counterpart and a
reduction related to surface stress, Young’s modulus, and
nanowire thickness. Specifically, a linear CTE reduction in
nanowires is controlled by surface stress, and a temperature-
dependent elastic softening. The linear CTE reduction can
become significant and lead to a NTE if the surface stress is
sufficiently large and the Young’s modulus is sufficiently small.
The prediction by the model is in excellent agreement with the
MD simulation results. In addition, the linear CTE reduction of
[100]/{001} nanowires also increases with decreasing nano-
wire thickness and thus shows a “smaller is smaller” trend. This
study thus elucidates surface stress as a new, nanoscale
mechanism for obtaining materials with NTE materials.
Simulation Method. All MD simulations of six FCC (Ag,

Au, Cu, Ni, Pd, and Pt) [100]-nanowires and the bulk
counterparts are performed by using LAMMPS.49 The
interaction between the atoms is described by the EAM
potential model.33,44 For simplicity of notation, we designate
the [100]-, [010]-, and [001]-directions to be the x-, y-, and z-
directions, respectively. To model bulk material, we apply
periodic boundary conditions along all directions, and the
simulation box size is 10a0 × 10a0 × 10a0 where a0 is the lattice
parameter of the material. To model infinite nanowires, we
applied periodic boundary conditions along the x-direction,
whereas free surface conditions are assigned along the y- and z-
directions. In this study, except the case of investigating of edge
effect, all edges of the square and rectangular nanowires are
filleted with a radius of 1.0 nm to reduce the edge effect, to
prevent defect nucleation at higher temperatures. Before
applying heat, the nanowires are fully equilibrated at 0 K by
using molecular statics simulation. We then increase the
temperature from 0 to 20 K by using Langevin dynamics
over 100 ps and then anneal the nanowires at 20 K for 200 ps
using NPT ensemble to ensure the stress-free condition for the
nanowires at 20 K. The simulation data at 20 K is obtained by
averaging the data of the last 100 ps of the annealing period.
We then repeat the applying temperature step as well as the

annealing step to obtain the response of the structures at 40 K
and so on. The simulations for bulk materials are the same as
those for the nanowires except that pressure along all directions
is maintained to be zero during NPT ensembles.
To obtain the Young’s modulus at a given temperature, we

start at the well-equilibrated state at that temperature. Then,
quasi-MD simulations are employed to get the stress−strain
relation. In the quasi-MD simulation, a strain with the value of
−0.001 is applied along the x-direction while the pressures
along the y- and z-directions are kept zero under the NPT
ensemble in 100 ps. Then, after stating at the strain of −0.001,
we repeat the simulation with another compressive strain
increment of 0.001 until the strain of the bulk material is the
same as the strain of the nanowire at the temperature T. To
obtain the surface stress f at temperature T, we considered
(001) nanoplates with the thickness of 10a0. The simulation
procedure is the same as that of the nanowire mentioned above.
The only difference is that the both stresses along the in-plane
directions, i.e., x- and y-directions, are kept zero at each
considered temperature instead of only x-stress component
which is controlled to be zero in the simulations of the
nanowire. At each equilibrium state at a temperature, surface
stress is calculated by following a previously described
method.39 This approach, like most others, calculates the
surface stress via consideration of an infinite nanoplate such
that edge effects are not present. We have discussed above how
the nanowire edges in our study were filleted, which reduces
the influence of the edge effects on the linear CTE of
nanowires, as discussed in the main text as well as in the
Supporting Information.
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