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ABSTRACT

Stress-driven assembly and sintering of nanocrystal (NC) supercrystals is an effective mechanical method for fabricating ordered 1D nano-
structure arrays. Here, we preform atomistic molecular dynamics simulations for alkylthiol-coated gold supercrystal to reveal its structural
evolution and fusion behavior under high-pressure-induced stress. On initial hydrostatic compression, the supercrystal reduces lattice
dimension nonlinearly with pressure and displays a reversible pressure-dependent change of interparticle distance, in good agreement with
the experiment. Subsequently, the deviatoric compression results in a distorted and noncubic superstructure, where an unexpected structural
hysteresis is observed during a compression–release cycle. These structural changes are explained in terms of the molecular conformation of
passivating ligands as well as its variations caused by the change in the external stress. In particular, when the pressure exceeds a threshold,
neighboring NCs start to contact one another and consolidate into numerous dimers and trimers, which further evolve into short nanorods
and finally lead to an irreversible formation of stable nanowires. The structural and stress change in the gold NCs during the compression
process are also analyzed. This work is expected to provide useful insights into the mechanical response of supercrystals subjected to an
external stress.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012445

I. INTRODUCTION

Supercrystals are periodically ordered metamaterials composed
of noble metals or semiconductor nanocrystals (NCs) stabilized by
a layer of organic ligand molecules.1,2 These superstructures
possess periodic arrays similar to atomic crystals,3 but the interac-
tions between constituent NCs are much more complicated com-
pared with those interatomic potentials.4–6 A direct experimental
evidence of this is that a co-assembly of different types of NC
building blocks yields an enormously rich variety of binary and
ternary supercrystal structures.7–9 Particularly, such artificial solids
exhibit exceptional optical, electronic, and magnetic properties,
which can be precisely engineered based on the size, geometry, and
ligand length of the constitutive building blocks, and, therefore, are

very promising for numerous applications such as photodetectors,
sensors, and nanoelectronics.10

Study of the collective phenomena in supercrystals has become
a research hotspot in recent years, which is capable of providing
valuable guidance for their use in various engineering applications.
An interesting phenomenon related to the supercrystals is the feasi-
bility of converting them into mechanically stable nanowire arrays
through a pressure-driven assembly, as demonstrated by recent
experimental studies.11–15 In this method, the ordered supercrystals
of ligand-capped NCs are compressed with a diamond anvil cell
under quasi-static high pressures, and the stresses generated during
compression induce phase and structural transformations in
supercrystals and ultimately drive the passivated NCs to sinter into
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ordered nanowire arrays. Such a stress-driven nanofabrication
method provides a viable route for the large-scale synthesis of
robust nanowires without reliance on chemical treatment or tem-
plate method.16,17 However, the popularization and application of
this pressure-based approach is still its early stages, because it
requires a deep understanding of the mechanical response in super-
crystals under high-pressure-induced stress.

Atomistic molecular dynamics (MD) simulations offer a power-
ful means to acquire important insights into the collective behaviors
of supercrystals at an atomic scale that are difficult to obtain from
experiments due to the associated time and length scales. Such
simulations have been successfully utilized to evaluate the structural
properties,18–20 mechanical properties,20–25 photonic bandgaps,26

thermal conductivities,27,28 and thermal stabilities29,30 of supercrys-
tals. These simulation studies have also identified the correlation of
these collective properties with the parameters of constituent NCs
such as NC geometry, size, and ligand properties, and highlight the
essential role of passivating ligands in dictating the physical proper-
ties of supercrystals.19,21–23,29,30 Recently, Li et al.31 used large-scale
MD simulations to characterize the mechanical behavior of
alkylthiol-stabilized gold supercrystals under a pressurized environ-
ment. They focused mainly on the stress conditions of nanowire for-
mation and suggested that a hydrostatic pressure in combination
with a deviatoric stress along the [110] nearest-neighbor direction of
the fcc supercrystal are required to form the ordered nanowire arrays.
Despite these advances, up to now, a molecular-level detailed infor-
mation of the stress-induced structural evolution and fusion behavior
of supercrystals is still lacking.

In view of the above reasons, we perform atomistic MD simula-
tions to study the mechanical response of alkylthiol-coated gold
supercrystals that are subjected to high-pressure-induced stress. On
the basis of a well-tested force field,6,18,19,23,30,31 we have systemati-
cally examined the structural evolution and fusion behavior of super-
crystals as a function of the applied pressure during compression
and release. To understand the microscopic origin of the observed
structural transformations of supercrystals as a function of the
applied pressure, the conformation of passivated ligands between
neighboring NCs as well as their variations induced by the change in
pressure are presented. Specifically, the structural and stress varia-
tions of the gold NCs during the compression process are carefully
analyzed. In addition, the stress conditions required to form the
ordered nanowire arrays are also discussed. The investigation is of
significant importance not only for understanding the mechanical
response of supercrystals under high-pressure-induced stress, but
also for optimizing these stress-driven nanofabrication methods.

II. MODEL AND METHODS

A. Details of the interaction model

Because a single passivated NC is a highly complex system
with multiple degrees of freedom, the accuracy and computational
efficiency of the interaction potential are of vital importance for
MD simulations of ligand-capped NCs and their assemblies.32 The
interaction models and associated parameters determine the trajec-
tory of the system and thereby the ligand morphology and confor-
mations in the simulation. All-atom explicit models are able to
precisely simulate the system behavior, but these calculations are

computationally expensive and are limited to small-sized systems.21

In the present simulation study, we adopt a classical force field pro-
posed by Li et al.31 to describe the interaction between the atoms in
the alkylthiol-capped gold supercrystals. This force field, which uti-
lizes a united atom (UA) potential by Paul et al.33 to coarse-grain
the ligand molecules, allows us to conduct the systematic study of
very large supercrystals containing millions of atoms.31 Previous
studies have demonstrated that Paul et al.33 UA potential can give
an accurate reproduction of the chain conformation and dynamics
of ligand molecules as compared with an all-atom explicit model.34

Simulations based on this force field have successfully predicted the
structural,18,19 elastic,23 and thermal properties30 of gold supercrys-
tals, which agrees well with the available experimental results. In
particular, this interaction model is also capable of faithfully repro-
ducing the experimental phenomena of stress-driven sintering of
gold supercrystals under high pressure conditions.31 More impor-
tantly, these atomistic MD simulations provide a microscopic
picture of ligand interactions and conformation, which can reveal
the atomic-scale mechanisms that qualitatively explain many exper-
imental observations.6,19,23,30,31

In this model, the gold core is explicitly modeled as an atomic
cluster with an icosahedral shape, which exposes only (111) facets.
The gold core atoms interact with each other by a Morse potential
UM ¼ D0[e�2α(r�r0) � 2e�α(r�r0)](r , rc), with the parameters
D0 ¼ 10:956 kcal/mol, α¼ 1:583A

� �1
, r0 ¼ 3:0242A

�
, and rc ¼ 10A

�
.

The gold–gold interaction is described by a Morse potential rather
than an embedded-atom method (EAM) potential, since the latter
will lead to deep penetration of sulfur atoms into the gold core.31

Alkylthiol molecules are modeled through using a UA method,
where the SH, CH2, and CH3 groups in the alkylthiol chains are
treated as point particles and the hydrogen atoms are not explicitly
handled. These point particles interact with each other and with
gold core atoms by a Lennard–Jones (LJ) pair potential

ULJ (rij) ¼ 4εij
σ ij

rij

� �12

� σ ij

rij

� �6
" #

, (1)

where rij is the separation between two elements (point particles
and gold atoms) i and j. The potential parameters εij and σ ij are,
respectively, the well depth and interaction range of the LJ poten-
tial, which are taken from the previous literature.31 A cut-off radius
of 10 Å is adopted to truncate the LJ interactions. In addition, the
point particles in one alkylthiol chain interact through bond
stretch, bend, and torsional forces. The corresponding expressions
for these intramolecular forces are described as follows:

Ubond ¼ 1
2
k(r � r0)

2,

Uangle ¼ 1
2
kθ(cosθ � cosθ0)

2,

Udihedral ¼ 1
2
k1(1þ cosw)þ 1

2
k2(1� cos2w)þ 1

2
k3(1þ cos3w):

(2)

Here r, θ, andw represent the bond distance, bend angle,
and dihedral angle, respectively. The interaction parameters
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r0, θ0, k, kθ , k1, k2, and k3 can be obtained from the previous
reference.31

B. Sample preparation

Following the recipe outlined in our previous studies,5,6,18,19,23,30,35

the alkylthiol-capped gold NCs are prepared by using atomistic
MD simulations. To strike a balance between computational
expense and experimental correlation, the icosahedron-shaped gold
NCs have a diameter of 3.42 nm (923 gold atoms), which are pas-
sivated with octanethiols (C8H18S). Initially, a bare gold core is
introduced into a simulation box containing a sufficient amount of
octanethiol molecules [see Fig. 1(a)]. Subsequently, the system is
equilibrated at 300 K using the Nosé–Hoover thermostat and the
barostat in the canonical (NVT) ensemble over a sufficiently long
period of 10–30 ns. After the extensive relaxed simulations, the
amount of adsorbed octanethiols is well stabilized. The free octane-
thiol molecules in the simulation box are removed and finally there
are 189 molecules adsorbed onto the surface of the gold NC [see
Fig. 1(b)]. The equilibrium structure of the passivated gold NC will
be utilized to construct the bulk gold supercrystals.

Previous experiments have primarily focused on the stress-
driven assembly and fusion of supercrystals with a fcc crystal
structure.11–14 Both experimental and simulation studies have
shown that the formation of ordered nanowires only occurs when
deviatoric compression along the [110] nearest-neighbor orienta-
tion of the fcc supercrystals.11,31 In consistency with the previous
studies, the supercrystals are created by placing the as-prepared
ligand-passivated gold NCs at the lattice positions of fcc superstruc-
ture within a periodically simulation cell. The x, y, and z axes of
the simulation box lies along the [110], [−110], and [001] direction
of the supercrystals, respectively. The supercrystal comprises of
5times3times3 unit cells with 360 gold NCs, which contains a total
of 944 640 atoms. To ensure that ligands from neighboring NCs
do not interact with each other, the separation between two

nearest-neighbor gold NCs chosen initially is sufficient large.
Subsequently, the supercrystal system is fully equilibrated at 300 K
and zero pressure in the isobaric-isothermal (NPT) ensemble using
the Nosé–Hoover thermostat and the barostat over a period of 1 ns.
During this period, the x, y, and z dimensions of the orthorhombic
simulation box are permitted to contract or dilate independently
but not the xy, xz, and yz dimensions. This implementation allows
the ligand-passivated gold NCs to approach each other and form a
close-packed supercrystal structure. In the next step, all the six
dimensions (x, y, z, xy, xz, and yz) of the simulation box are
allowed to adjust, and the supercrystal is equilibrated at 300 K and
zero pressure in the NPT ensemble for 1 ns. During the equilibra-
tion process, the passivated gold NCs in the supercrystals are
allowed to rotate and translate freely. At the end of this step, the
total energy of the system is typically converged. Figure 1(c) shows
the final equilibrated supercrystal structure, which can be used as
the initial configuration to study the stress-induced fusion of gold
supercrystals. A time step of 1.0 fs is used, and the damping param-
eters for the thermostat and barostat are both set as 0.01 fs−1.
Atomistic simulations are performed using the classic MD code
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) software package.36 Molecular visualization of the
snapshots is implemented using the publicly available software
OVITO (Open Visualization Tool).37

C. Simulation procedure

Starting from the as-prepared equilibrated configuration at
zero pressure, the normal stress components σxx, σyy, and σzz of the
gold supercrystals are increased to a desired hydrostatic pressure P0
within 1 ns, but the shear stress components σxy, σxz, and σyz are
all controlled to be zero. Subsequently, the normal stress compo-
nents of the ensemble are then maintained at P0 for another 2 ns.
After this equilibration, the supercrystals are uniaxially compressed
along the x-direction, namely, the [110] direction, with a constant
strain rate of −1.0× 10−4 ps−1. During the deformation, the normal
stress components σyy and σzz of the ensemble are kept at P0, while
the shear stress components σxy, σxz, and σyz are fixed at zero. This
setup aims to simulate the uniaxial compression of the gold super-
crystals in the presence of hydrostatic pressure background.

III. RESULTS AND DISCUSSION

A. Stress conditions required to form nanowire arrays

To find out the stress conditions required to form ordered
nanowire arrays in this case study, we consider the uniaxial com-
pression of octanethiol-capped 3.42 nm gold supercrystals along
the [110] direction under different hydrostatic pressures P0.
Illustrated in Figs. 2(a)−2(d) are the molecular configurations of
gold supercrystals during compressive deformation for P0 = 60, 180,
320, and 420MPa, respectively. The configurations are viewed
along [110] and [−110] lattice directions of the gold supercrystals.
For a small hydrostatic pressure (P0 = 60MPa), uniaxial compres-
sion first results in twinning-like plastic deformation in the gold
supercrystal at a strain of −0.22 [see the left panel in Fig. 2(a)].
Further compression triggers mechanical yielding of the system
and causes structural disordering of the supercrystal at the end of

FIG. 1. Sketches of the (a) initial and (b) final configurations of an icosahedral
gold NC of 3.42 nm diameter with a maximum ligand coverage of 189 octane-
thiol chains. (c) The final equilibrated structure of the 5times3times3 unit cells
for the fcc supercrystal composed of octanethiol-stabilized 3.42 nm gold NCs.
The x, y, and z axes of the simulation box lies along the [110], [−110], and
[001] direction of the supercrystal, respectively. The gold atoms, SH groups, and
carbon segments are represented in yellow, red, and green, respectively.
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deformation [see the right panel in Fig. 2(a)]. When P0 is increased
to 180MPa, uniaxial deformation leads to the partial fusion of gold
NCs along the [110] direction before the supercrystal mechanical
yields [see Fig. 2(b)]. By further raising the background hydrostatic
pressure to P0 = 320MPa, most of the gold NCs in the [110] direc-
tion are fused together before the plastic yielding of the system [see
Fig. 2(c)]. Specifically, when P0 reaches 420MPa, the uniaxial com-
pression drives all the gold NCs to contact and coalesce together in
the [110] orientation and finally leads to the formation of long and
mechanically stable 1D nanowires [see Fig. 2(d)]. These

observations indicate that uniaxial compression with small hydro-
static pressure will lead to mechanical yielding of the supercrystals
before nanowire arrays can be formed. This is because that the gold
supercrystal at small hydrostatic pressure exhibits a low plastic yield
strength, which is obviously lower than the critical deviatoric stress
for the fusion of NCs.31 Note that increasing the background
hydrostatic pressure can significantly enhance the plastic yield
strength of supercrystal and thus delays the competing supercrystal
plasticity processes. In this regard, a moderately high background
hydrostatic pressure is crucially important for the ordered fusion of

FIG. 2. Configurations of octanethiol-capped 3.42 nm gold supercrystals under uniaxial compression along the [110] direction in the backdrop of (a) 60 MPa, (b) 180 MPa,
(c) 320 MPa, and (d) 420 MPa hydrostatic pressures. The cross sections are viewed along [110] and [−110] lattice directions of the gold supercrystals. Gold NCs form
deformation twins first and then are structurally disordered in panel (a), and turn to be partially sintered together along the [110] direction in panels (b) and (c), while
ordered nanowire array is formed in panel (d). (e) Deviatoric stress τxx of the gold supercrystal as a function of compression fraction (absolute value of strain) at hydrostatic
pressure of 420 MPa. The critical deviatoric stress to induce the sintering of gold NCs is approximately equal to 140 MPa.
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gold supercrystals. Our computations show that the critical hydro-
static pressure required for the formation of nanowire arrays is esti-
mated to be around 420MPa for the octanethiol-capped 3.42 nm
gold supercrystal. Figure 2(e) shows the variations of deviatoric

stress vs strain for the gold supercrystal along the [110] direction at
P0 = 420MPa. The deviatoric stress in the x direction is defined by
τxx = 2(σxx–P0)/3 according to the theory of elasticity,38 and the
compressive strain is calculated as ε = (Lx–Lx0)/Lx0, where Lx0 and

FIG. 3. (a) Schematic diagrams for the gold supercrystal under hydrostatic (left) and uniaxial compression (right). The cubic frames represent the 3D fcc supercrystals.
Black arrows stand for the pressures applied in different directions of the supercrystals. (b) Evolution of the interparticle distance d110 of octanethiol-capped 3.42 nm gold
supercrystal as a function of pressure P in the [110] direction during compression and release. Two different regimes in the structural phase of gold supercrystal appear,
which are separated by a dashed line. The inset shows the graphical representation of a single fcc unit cell of gold supercrystal illustrating the structural evolution of super-
crystal during hydrostatic compression and decompression. (c) Ratios of interparticle distance R1 and R2 at different pressures. In the fcc phase, R1 = d−110/d110 and
R2 = d001/d110, where d−110 and d001 stand for the interparticle distances along the [−110] and [001] directions, respectively. When P is lower than 420 MPa, R1 and R2
both remain nearly constant with the pressure and are very close to the theoretical values (d−110/d110 = 1.0, d001/d110 = 1.414) for the fcc phase. For P exceeding 420 MPa,
R1 increases from 1.0 to 1.27, and R2 increases from 1.414 to 1.91, indicating a structural phase transformation in the gold supercrystal. (d) Variations of the interparticle
distances d−110 and d001 of the gold supercrystal with the pressure P under deviatoric compression.
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Lx are the lengths of the simulation box in the x direction at the
beginning and during uniaxial compression, respectively. We find
that in our case a critical deviatoric stress of about 140MPa is also
required to form the ordered nanowire arrays. Notably, we note
that the threshold hydrostatic pressure and deviatoric stress for our
gold supercrystals are approximately the same order of magnitude
as that for gold supercrystals consisting of alkylthiol-ligated gold
NCs with a diameter of about 3 nm.31

B. Stress-induced structural evolution of gold
supercrystals

The above explorations have shown that the formation of
mechanically stable nanowires only occurs when the background
hydrostatic pressure exceeds a threshold of about 420MPa.
Along this line, in order to characterize the structural evolution of
gold supercrystals during the compression process, simulations are
carried out for the uniaxial compression of octanethiol-capped
3.42 nm gold supercrystals at a hydrostatic pressure of
P0 = 420MPa. Figure 3(b) shows the evolution of average interparti-
cle distance (center-to-center) of gold supercrystal along the [110]
direction, as denoted by d110, as a function of the applied pressure
P in the [110] direction during the compression and release before
the fusion of gold NCs. On the initial hydrostatic compression, d110
monotonically decreases from 46.6 Å at zero pressure to 44.7 Å at
420MPa. Within this pressure range, the gold supercrystal shrinks
uniformly in all three orthogonal directions with increasing pres-
sure but maintains the original fcc lattice structure, as demonstrated
by the constancy of interparticle distance ratios R1 (=d−110/d110)

and R2 (=d001/d110) at various pressures [see Fig. 3(c)]. This
remarkable ability of supercrystals to endure high hydrostatic pres-
sures without losing their crystalline structure is in accordance with
previous experiments.39 In particular, we observe that the reduction
of lattice dimension does not scale linearly with the hydrostatic
pressure. It can be seen from Fig. 3(b) that d110 initially decreases
sharply and then displays a relatively slow reduction at high hydro-
static pressures. To understand the observed trend of d110 with the
hydrostatic pressure, we take a closer look at the internal structure
of the gold supercrystal at various hydrostatic pressures. As shown
in Fig. 4(a), large voids surrounded by gold NCs are observed in
the supercrystal at low pressures, while these intrinsic voids become
obviously smaller at high pressures [see Fig. 4(b)]. On the basis of
this observation, the dependence of the interparticle distance on
the hydrostatic pressure can be explained as follows. At low hydro-
static pressures, the repulsion between gold NCs is weak due to the
presence of large voids within the supercrystal so that d110
decreases steeply with the increasing pressure. When the hydro-
static pressure is increased, the ligand molecules progressively fill
the internal voids and cause a stronger steric repulsion between
NCs. Under this condition, the ligands resist further deformation
as the gold NCs are pushed closer together, accordingly resulting in
a relatively slow reduction of the interparticle distance. We note
that recent experimental39 and simulation40 studies showed that the
ligand-passivated supercrystals also exhibit such a nonlinear trend
of interparticle distance with hydrostatic pressure. When the hydro-
static pressure is gradually released, we observe that d110 increases
with the decreasing pressure [see Fig. 3(b)]. More importantly, d110
almost returns back to the starting position upon a complete

FIG. 4. Cross-sectional images of a single fcc unit cell for the octanethiol-passivated 3.42 nm gold supercrystal under two different hydrostatic pressures: (a) 0 MPa, and
(b) 420 MPa. The white space surrounded by the gold NCs represents the void region within the supercrystal. It is clearly seen that the intrinsic void becomes obviously
smaller with increasing hydrostatic pressure.
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release of hydrostatic pressure without any hysteresis, indicating
that the ligand molecules are deformed elastically in this regime.
These results clearly establish that the interparticle distance of gold
supercrystals can be reversibly regulated by the hydrostatic pressure.
Such a perfectly reversible behavior of interparticle distance during
a compression–release cycle can also be commonly found in previ-
ous experimental works for ligand-stabilized gold,11 Ag,12 Pt,13

CdSe,14 and PbS39 supercrystals.
For the applied pressure P exceeding 420MPa, the gold super-

crystal is uniaxially compressed in the backdrop of hydrostatic pres-
sure [see the right panel in Fig. 3(a)]. In this case, a deviatoric
stress along the [110] direction is generated and loaded to the

supercrystal. As seen from Fig. 3(b), the interparticle distance along
the compression direction d110 ranges from 44.7 Å to 37.3 Å in the
pressure range of 420–620MPa and exhibits a rapid linear reduc-
tion with increasing pressure at the rate of ∼3.7 Å per hundred
MPa. At the pressure of 620MPa, the closest interparticle distance
between adjacent gold NCs is 37.3 Å, a value that is slightly larger
than the diameter (34.2 Å) of the original gold NCs, implying that
the gold NCs along the [110] direction are not directly contacted.
Interestingly, the interparticle distances perpendicular to the com-
pression direction, as denoted by d−110 and d001, both linearly
expand with increasing pressure [see Fig. 3(d)], resulting in a dis-
torted, noncubic (e.g., tetragonal) superstructure. In this pressure

FIG. 5. Snapshots of cross sections of two adjacent gold NCs along the [110] direction at different applied pressures under uniaxial compression: (a) P = 420 MPa
(ε ¼ 0:0), (b) P = 500 MPa (ε =−0.05), (c) P = 550 MPa (ε =−0.1), and (d) P = 610 MPa (ε =−0.15). The ligands belonging to different gold NCs are colored by blue
and green, respectively. Free ligands (only a few) in the system are not shown for clarity.
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range, both the calculated interparticle distance ratios R1 and R2 do
not equal to the counterpart theoretical ratios for the fcc phase [see
Fig. 3(c)], which further confirms the phase transformation in the
gold supercrystal. To obtain critical insights into the microscopic

origin of the exceptional interparticle distance expansion perpen-
dicular to the compression direction, we display the conformational
change of passivating ligands between two neighboring NCs along
the compression direction during uniaxial compression. At the

FIG. 6. (a) Configuration of octanethiol-passivated 3.42 nm gold supercrystal at P = 625 MPa (ε =−0.17) under uniaxial compression along the [110] direction. The black
rectangle highlights the contact region between the two fused gold NCs in (a), which is magnified to the right panel following the black arrow. (b) Consecutive snapshots
depicting the evolution of the fusion between two neighboring gold NCs along the [110] direction within the supercrystal.
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beginning of the uniaxial compression, there is strong interdigita-
tion of ligand molecules between two adjacent gold NCs [see
Fig. 5(a)]. With the increasing applied pressure, we observe that the
surface ligands from adjacent NCs become less interdigitated and
tend to deflect away from each other [see Figs. 5(b) and 5(c)].
Especially for the high pressure of 610MPa, the ligands are rarely
interdigitated and almost fully splayed out of the region between
adjacent NCs [see Fig. 5(d)]. Such a splayed morphology of ligand
molecules remarkably diminishes the ligand density along the com-
pression direction and leads to a corresponding increase in the
amount of organic spacer molecules (i.e., ligands) between gold
NCs perpendicular to the compression direction. On the other
hand, we observe another striking feature from the four representa-
tions that the ligand molecules perpendicular to the compression
direction prefer to orient themselves parallel to each other at a
higher pressure. The ordered molecular bundles dramatically
decrease the conformational freedom of ligands and lead to a sig-
nificant loss in entropy, accordingly resulting in an enhanced steric
repulsion between gold NCs in that direction. As a consequence,
the two factors in combination separates the gold NCs away from
each other and thus cause the interparticle distance expansion per-
pendicular to the compression direction. Upon progressively
decompressing the supercrystal from 620MPa, the d110 values for
the distorted supercrystal increase with the decreasing pressure [see
Fig. 3(b)]. However, we observe an unexpected pronounced hyster-
esis in the d110 variation during a loading–unloading cycle. More

specifically, the d110 value on decompression is obviously smaller
than that on compression. We speculate that this hysteresis
behavior may be originated from the inelastic deformation of
ligand molecules induced by the deviatoric stress. To confirm our
conjecture, we further show the variations of ligand conformations
between two neighboring gold NCs during the unloading process.
Upon releasing the applied pressure, the splayed ligand molecules
are gradually recovered with the decreasing pressure [see
Figs. 5(e)–5(h)], as expected. Nevertheless, at a given pressure,
there is an obvious difference in the conformations of passivating
ligands between compression and decompression. It is clearly
observable that the grafted ligands on adjacent NCs during decom-
pression deflect more significantly away from each other compared
to their counterparts during compression [see Figs. 5(a)–5(h)].
Such a scenario indicates an unrecoverable inelastic deformation
for ligand molecules under deviatoric stress, and thereby the super-
crystal cannot revert back to its initial state after unloading.

C. Fusion behavior of gold supercrystals under
deviatoric stress

To study the fusion behavior of gold supercrystals under
stress, the sample is further compressed along the [110] orientation.
When the pressure P is increased to just above 625MPa
(ε=−0.17), a pair of neighboring gold NCs along the [110] direc-
tion starts to form direct metal contact while the rest of the gold

FIG. 7. Snapshots (from top to bottom) for two neighboring gold NCs along the [110] direction and the corresponding NC surfaces at different strains during the
stress-driven fusion process: (a) (ε =−0.165), (b) (ε =−0.175), and (c) (ε =−0.185).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 035109 (2020); doi: 10.1063/5.0012445 128, 035109-9

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


NCs remains intact [see Fig. 6(a)]. A closer look at the contact
region between the two gold NCs shows that the metal contact con-
tains a mixture of several gold atoms from both the adjacent NCs,
indicating that the two gold NCs are only slightly touched.
Continuing compression drives the two neighboring gold NCs con-
tacting with increasing area, which rapidly sinters into a fully fused
dimer at ε=−0.185 [see Fig. 6(b)]. Figures 7(a)–7(c) show the
close-up views of two neighboring gold NCs during the stress-
driven fusion process. It can be seen from the figures that the
deviatoric stress enforces the passivating ligands to leave the
contact region between two adjacent NCs and further induces sub-
stantial ligand desorption from gold NC surfaces [see Figs. 7(b)
and 7(c)]. The detachment of ligand molecules leads to a part of

NC surface not occupied by surface ligands, which facilitate the
fusion of two gold NCs and finally results in the formation of a
fully fused dimer. In order to know whether the plastic deforma-
tion occurs during the fusion process, we analyze the defect struc-
tures of the gold cores by using the common neighbor analysis
(CNA).41 Figures 8(a) and 8(b) show the defect structures of two
neighboring gold cores before and after sintering, respectively.
Surface atoms and perfect (FCC and HCP) atoms are eliminated
for a clearer visualization of the defect structures. It can be seen
from Fig. 8(a) that the gold cores exhibit an ideal Mackay icosahe-
dral structure,42 and there is no plastic deformation in the crystal-
line core before the fusion of gold NCs. When the two adjacent
gold NCs are fully fused together, we observe that the gold atoms

FIG. 8. Defect structures of two neighboring gold NCs before (a) and after (b) sintering during compression process. Atoms in a1–a3 and b1–b3 are colored according to
CNA, surface atoms in a2 and b2 are removed, and both surface atoms and perfect (FCC and HCP) atoms in a3 and b3 are removed. Blue, light blue, and red represent
FCC, HCP, and other atoms, respectively. Panels a4 and b4 represent the dislocation analysis results of two adjacent gold cores before and after sintering, respectively.
Defect (other) atoms in each gold core are enclosed by the interface mesh. The dislocations are extracted based on the DXA developed by the author of OVITO software
(Ref. 37). No dislocation line is found in a4, and green line in b4 presents 1/6〈112〉 Shockley partial dislocation.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 035109 (2020); doi: 10.1063/5.0012445 128, 035109-10

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


in the contact region of two NCs are rearranged and some defect
atoms begins to appear [see Fig. 8(b)], which indicates the occur-
rence of plastic deformation. On the basis of the Dislocation
Extraction Algorithm (DXA),37 a 1/6〈112〉 Shockley partial disloca-
tion is extracted in the contact region of two fused gold NCs [see
Fig. 8(b)].

When the supercrystal is further loaded, more and more gold
NCs form metal contacts along the [110] direction, which grow
with the increasing compressive strain and leads to the formation
of numerous dimers and trimers at ε=−0.27 [see Fig. 9(a)].

Subsequently, the dimers and trimers contact with each other and
with the nearby gold NCs, developing into many short nanorods
containing more than four NCs at ε=−0.33 [see Fig. 9(b)]. On an
increase of strain to about ε=−0.375, the nanorods overcome the
passivation of capping ligands and coalesced with each other,
forming long and stable gold nanowire arrays [see Fig. 9(c)]. For
the formed long and stable nanowires, several distinguished struc-
tural features are observed in our simulation studies. First, the gold
NCs within the nanowires are coalesced together seamlessly along
the [110] orientation [see Fig. 9(d)]. This observation demonstrates

FIG. 9. Configurations of the octanethiol-passivated 3.42 nm gold supercrystal at different strains under uniaxial compression along the [110] direction. Panels (a)–(c)
correspond to strain equal to −0.27, −0.33, and −0.375, respectively. (d) Magnified image of the main part of a single formed nanowire in (c) to show the zigzag
morphology of the nanowire. Red circles schematically represent the circumspheres containing the gold core, and the black points stand for the centers of gold cores. (e)
The right panel displays the enlarged image of the contact region between two fused gold cores in (d), and the left panel shows their configuration before sintering. It is
clearly observed that the icosahedron NCs rotate to form face-to-face contact between the {111} facets.
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that the nanowires are developed through the direct sintering
of gold NCs, which differs from those previously reported 1D
nanostructures where the nanoparticles are connected through
linker molecules that are chemically bonded to each adjacent
nanoparticle.43 Second, the joints between two neighboring gold
NCs where the fusion occurs are generally narrower, which forms a
neck configuration [see Fig. 9(d)]. Such a neck configuration of the
joints between two gold NCs may contribute to locate the gold
NCs and their interfaces. Third, the gold nanowires exhibit a
typical zigzag morphology [see Fig. 9(d)], implying that the nano-
wires are formed by the oriented sintering of gold NCs. The config-
urations of two neighboring gold NCs before and after sintering are
displayed in Fig. 9(e). It is clearly seen that the icosahedron NCs
rotate to bring their surfaces into touch and finally form a
face-to-face contact between the {111} facets. We note that these
structural features of nanowires found in our simulations have also
been observed in experiments for ligand-coated spherical gold or
Ag supercrystals.11,12

We have also studied the distribution of axial stress per gold
core during the formation process of nanowires. Figure 10 displays
the variations of stress field over the cross section of gold cores at
different strains. It is shown that, at low strain, the compressive
stress regions are mainly located at the central part of gold cores,
and no significant compressive stress values are observed at the
outer regions [see Figs. 10(a)–10(c)]. When two neighboring

gold NCs are coalesced together, the compressive stress regions
spreads from the two central parts to the contact zone, as seen in
Figs. 10(d) and 10(e). A closer look at the two panels shows that
there also exists considerable tensile area near the edge of con-
nected joint between two adjacent NCs. Such a tensile stress region
is mainly caused by the mutual extrusion between neighboring
cores, which contributes to the deep fusion of gold cores. In partic-
ular, as the nanowire is formed, a continuously band-shaped com-
pressive stress region is clearly observed in the center of the gold
nanowire [see Fig. 10(f )]. These observations once again demon-
strate that the nanowires are formed through the physical binding
of passivated gold NCs.

IV. CONCLUSION

In conclusion, we have carried out atomistic MD simulations
to systematically investigate the structural evolution and fusion
behavior of three-dimensional alkylthiol-passivated gold supercrys-
tals under high-pressure-induced stress. In accordance with previ-
ous experiments,11–14,39 the supercrystal exhibits a completely
pressure-dependent reversible behavior of lattice spacing under
hydrostatic loading conditions. During hydrostatic compression, it
was revealed that the interparticle distance between gold NCs first
decreases rapidly and then displays a relatively slower decrease.
Subsequently, we found that the deviatoric compression leads to a

FIG. 10. Distribution of the axial stress σxx over the cross section of gold cores along the [110] direction at different strains. Panels (a)–(f ) correspond to strain equal to
0.0, −0.1, −0.16, −0.19, −0.26, and −0.375, respectively. Atoms in (a)–(f ) are colored according to the value of axial stress σxx.
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tetragonal superstructure, where an unexpected pronounced struc-
tural hysteresis was observed during a loading–unloading cycle.
When pressure exceeds a certain threshold, the neighboring gold
NCs start to contact one another and consolidate, forming numer-
ous dimers and trimers. Upon further compression, these dimers
and trimers develop into short nanorods, which then touch each
other and ultimately coalesce, irreversibly forming mechanically
stable 1D nanowires. Structural analysis results of crystalline cores
show that the adjacent gold NCs rotate to form (111)/(111)
face-to-face contact in which plastic deformation occurs. The struc-
tural features of nanowires observed from our simulations are qual-
itatively consistent with the experimental observations.11,12 In light
of detailed examinations, we concluded that the stress-induced
ligand conformation variations between constituent NCs are
directly responsible for the observed structural changes of gold
supercrystals under hydrostatic and deviatoric compression. We
hope that these results provide a deeper understanding of the
mechanical response of supercrystals under high-pressure-induced
stress and make a significant contribution to the improvement of
stress-driven nanofabrication methods.

The reversible changes of lattice dimension under hydrostatic
pressure as revealed by our simulations suggest that one may
potentially manipulate the interparticle distance of supercrystals in
a controllable way, and in turn, finely regulate their collective prop-
erties such as optical coupling and plasmonic resonance.44 Our
work focus attention on the stress-induced phase transformations
of supercrystals under quasi-static loading and thereby do not take
into account the strain rate effect. Recent experiments45 have dem-
onstrated the pressure-driven assembly of supercrystals on ultra-
short (nanosecond) timescales, which provides a high-rate method
for synthesizing functional low-dimensional nanostructures includ-
ing nanorods, nanowires, and nanosheets. It would be very interest-
ing to see how the variations in strain rate influence the phase and
structural transitions of supercrystals in superfast dynamic com-
pression. Future studies will also explore the role of other factors
such as ligand properties and core size on the limits of the hydro-
static pressures and deviatoric stresses required to induce the fusion
of NCs in gold supercrystals.
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