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ABSTRACT: Core−shell nanoparticles ﬁnd applications in catalysts, sensors, and theranostics. The full internal 3D atomic
structure, however, cannot be resolved by current imaging and
diﬀraction techniques. We analyzed the atomic positions and
stress-release mechanism in a cubic Au−Pd core−shell nanoparticle in approximately 1000 times higher resolution than
current experimental techniques using large-scale molecular
dynamics simulation to overcome these limitations. The core−
shell nanocube of 73 nm size was modeled similarly to solution
synthesis by random epitaxial deposition of a 4 nm thick shell of
Pd atoms onto a Au core of 65 nm side length using reliable
interatomic potentials. The internal structure reveals speciﬁc
deformations and stress relaxation mechanisms that are caused by
the +4.8% lattice mismatch of gold relative to palladium and diﬀerential conﬁnement of extended particle facets, edges,
and corners by one, two, or three Au−Pd interfaces, respectively. The three-dimensional lattice strain causes long-range,
arc-like bending of atomic rows along the faces and edges of the particle, especially near the Au−Pd interface, a bulging
deformation of the Pd shell, and stacking faults in the Pd shell at the corners of the particle. The strain pattern and
mechanism of stress release were further characterized by proﬁles of the atomic layer spacing in the principal
crystallographic directions. Accordingly, strain in the Pd shell is several times larger in the extended facets than near the
edges and corners of the nanoparticle, which likely aﬀects adsorption, optical, and electrochemical properties. The
ﬁndings are consistent with available experimental data, including 3D reconstructions of the same cubic nanoparticle by
coherent diﬀractive imaging (CDI) and may be veriﬁed by more powerful experimental techniques in the future. The
stress release mechanisms are representative for cubic core−shell nanoparticles with fcc structure and can be explored for
diﬀerent shapes by the same methods.
KEYWORDS: nanoparticles, interfaces, lattice strain, molecular dynamics simulation, stress release, coherent diﬀractive imaging,
atomic resolution
ore−shell nanoparticles ﬁnd applications in catalysis,
sensors, and biomedical imaging due to diﬀerent
properties at the interface of the two materials and the
possibility to choose from a wide range of compositions.1−4
The properties of core−shell nanoparticles can be ﬁnely tuned
by adjusting the size, shape, and shell thickness through
synthesis methods with sub-nanometer precision.2,5−8 A typical
feature of these nanostructures is a lattice mismatch that
contributes to the observed functionality. For example, bulk Au
and Pd lattices have the same fcc crystal structure although the
lattice constants diﬀer +4.8% relative to each other, known to
be 4.078 and 3.891 Å, respectively.9 The stress along the
boundary of the two metals contributes to diﬀerent characteristics of the thin shell and speciﬁc properties of core−shell
nanoparticles in comparison to bulk metal.10
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The boundaries of the two metals have been probed on
extended (100)10−14 and (111)15,16 surfaces as well as on
multisurface nanocrystals of few nanometer size,7,17,18
primarily through use of transmission electron microscopy
(TEM). Conversely, the 3D internal atomic structure of core−
shell nanoparticles larger than a few nanometers remains an
open question. Mechanisms for stress release were proposed
that combine Shockley partial dislocations with stacking faults
to allow a transition from pseudomorphic epitaxial growth to
the lattice structure of the bulk metals. The transition was
reported at diﬀerent distances from the interface depending on
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Table 1. Comparison of Metal Properties According to Experiments, Simulations with the Interface Force Field (IFF)
Employed Here, and Other Simulation Methodsa
metal
Pd

Au

method
experiment
IFF
EAM
DFT
experiment
IFF
EAM
DFT

a (Å)
27

3.890
3.89222
3.89028d
3.98029
4.07827
4.07822
4.09028d
4.16029

γSV {111} (J/m2)
30

1.98
1.9822
1.2228
1.31−1.8729
1.5430
1.5422
0.7928
0.74−1.0429

E (GPa)
27

146
14622
19028
9931
8827
11022
13228
59,32 7331

K (GPa)
27

193
18222
19528d
163,29 18631
17327
13322
16728d
140,29 192,32 16431

γUSF (mJ/m2)

γSF (mJ/m2)

b
271
162−21813
26533
b
199
11028
13437c

130−18034,35,37c
3.5
51−8513
18633
30−3236,37c
2
528
3337c

a

Properties include the fcc lattice constant (a), the {111} surface energy (γSV), Young’s modulus (E), bulk modulus (K), the activation energy to
form stacking faults (unstable stacking fault energy) (γUSF), and the equilibrium stacking fault energy (γSF). bNot available. cUncertainties are
associated with rolling, node radii, and other defects. dThe value was ﬁxed during parametrization.

Figure 1. Generation of a model of a core−shell Au−Pd nanoparticle by random isotropic epitaxial atom deposition in the simulation. (a)
The initial Au core. (b) Evolution of the particle structure as Pd atoms are deposited. Depositing atoms are shown as larger spheres in light
blue color. (c) The complete core−shell particle. The open section visualizes core and shell.

Figure 2. Visualization of internal atomic displacements and associated strain in the epitaxially grown Au−Pd core−shell nanoparticle from
molecular dynamics simulation. (a) A (100) slice through the model particle, indicated by the red line. (b) Atomic structure of the (100)
slice and projections for panels c−e: (c) Along the ﬂat surfaces, long-range arcs can be seen that have an amplitude of about 2 Å. (d) Across
edges, indents in Au due to compressive strain from two Pd boundaries are observed. (e) Pd atoms are compressed near the edges to
transition from an expanded epitaxial lattice toward the equilibrium lattice of bulk Pd (blue arrows). (f) A (110) slice through the model
particle, indicated by the red line. (g) Atomic structure of the (110) slice and projections for panels h−j): (h) Along the edges, long-range
arcs with an amplitude of about 2 Å are seen similar to those on the ﬂat surfaces. (i) At the corners, stacking faults occur along the (111)
plane, highlighted by solid lines. (j) The top view onto the corner shows compression of Pd atoms from an expanded epitaxial lattice toward
the equilibrium Pd lattice both parallel and perpendicular to the slice (blue arrows).

the (hkl) facet. Thereby, formation of stacking faults is only
possible along (111) planes. The development of a bulk Pd

lattice atop a Au(111) surface has been reported as close as
eight atomic layers from the interface,14 and a gradual lattice
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Figure 3. Proﬁles of the atomic layer spacing in the principal crystallographic directions. The layer spacing of ideal Au and Pd lattices is
indicated for comparison. (a, b) Proﬁle for a slab cut vertical to the ﬂat Au−Pd interfaces in the [100] direction. (c, d) Proﬁle for a slab cut
vertical to the edges in the [110] direction. (e, f) Proﬁle for a slab cut vertical through the corners in the [111] direction.

or by chemical vapor deposition (Figure 1). Model building
involved the simulation of Pd atom deposition onto the Au
core and resulted in epitaxial growth for the entire 4 nm thick
shell of 20 atomic layers (Figure 2). Details of the model
building, the potentials, and the simulation methods are
described in the Methods section. The observation of epitaxial
growth in the model is consistent with experimental data for
ﬂat surfaces, which suggest epitaxial growth for at least the ﬁrst
6 to 13 atomic layers in the outer shell,12 and with previous
molecular dynamics simulations that suggest epitaxial growth
for 8 or more atomic layers in the outer shell.13 As a diﬀerence
to extended surfaces, three-dimensional nanoparticles have also
been suggested to sustain signiﬁcantly more strain, shifting the
critical layer of the transition from epitaxial growth to the bulk
lattice spacing further away from the metal−metal interface,18
which concurs with our observations of 20 epitaxial atomic
layers.
Atomic-Level Strain. The atomic-level strain in the Au−
Pd nanoparticle is visualized from diﬀerent perspectives
(Figure 2). A (100) slice in the particle (Figure 2a,b) shows
a perspective along the face of the particle (Figure 2c), across
an edge (Figure 2d), and onto an edge (Figure 2e). A (110)
slice in the particle (Figure 2f,g) displays a view along an edge
(Figure 2h), across a corner (Figure 2i), and onto a corner
(Figure 2j). We observed the formation of long-range arcs
along the Au−Pd interfaces, including toward the edges
(Figure 2c,h). At the center of each bounding (100) facet, the
atoms are approximately 2 Å displaced relative to the atoms in
the same row near the edges. The arcs proceed along the entire
interface (65 nm) and all the way to the edges. Across the
edges, the Au atoms are inwardly compressed toward the
center of the particle (Figure 2d). Near the corners, stacking
faults that form on the (111) plane extending from the corner
toward the Au−Pd interface (Figure 2i) are visible.

transition of Pd atop a Au(100) surface has been reported
between 6 and 30 atomic layers.12 Observations of alloying to
relieve stress along the boundary are also known; however,
annealing of the particle well above room temperature was
necessary.17,19 Molecular dynamics (MD) studies using
embedded atom method (EAM) potentials have suggested
that Pd deposited on Au(100) surfaces produces stacking faults
along (111) planes after 9 atomic layers of deposition, allowing
the Pd to relax to its normal lattice.13
The internal structure of larger core−shell nanoparticles
remains uncertain. Coherent diﬀraction imaging (CDI)
reaches nanometer resolution and cannot currently probe the
atomic-level structure.20 To overcome these limitations, we
carried out large-scale molecular dynamics simulations that
achieve picometer resolution and observed deformations at the
boundary of the two metals. The chosen system was a Au−Pd
core−shell nanoparticle containing 23 million atoms, grown
with epitaxial interfaces as expected in solution synthesis and
by vapor deposition, as well as with hypothetical heteroepitaxial interfaces (see Supporting Information). The
molecular dynamics simulations utilized the Interface Force
Field (IFF), which accurately reproduces the metal lattice
structures, surface, and interfacial energies (Table 1).21,22 We
explain the characteristic deformation patterns at the Au−Pd
interface in the context of the strain ﬁeld and available
experimental data,20,23−25 as well as insights from previous
simulations. Prior simulations have been limited to ﬂat surfaces
of about 100 000 atoms13 or nanoparticles of less than 5000
atoms19,26 and oftentimes used more approximate potentials.

RESULTS AND DISCUSSION
Epitaxial Deposition Model. The epitaxial atomic
deposition model represents the structure of core−shell
nanoparticles grown in solution, by atomic layer deposition,
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Figure 4. Stress release mechanism in the core−shell nanoparticle. (a) The Pd lattice with equilibrium lattice constant aPd expands to that of
Au (aAu) parallel to the interface (ax and ay) and contracts vertical to the interface (az) to maintain the equilibrium Pd density. (b) The Pd
atoms exert a compressive restoring force onto the Au atoms at the (100) interface due to attractive forces with neighboring Pd atoms. The
restoring forces in the Pd lattice attempt to relax the Pd lattice into equilibrium dimensions. (c) Distorted Pd lattices meet and superimpose
along the edges of the Au−Pd interface. (d) A locally denser Pd lattice emerges near the edges (red square) compared to the center of ﬂat
interfaces as a result of compression along two facets. (e) The denser Pd lattice exerts stronger compressive forces on the Au lattice and
compresses the edges of the gold core (blue arrows). (f) The restoring forces combine across particle edges and lead to displacements
perpendicular to the interfaces (black arrows), resulting in a bulging deformation including arc-like atomic rows. The resulting expansion is
exaggerated to aid in visualization.

likely that a network of stacking faults would form in order to
allow partial edge dislocations. The dislocations would then
insert additional Pd rows further from the Au−Pd interfaces to
match the lattice parameter in the Pd shell to that of bulk Pd.
Atomic Layer Spacing. The 3D distortions throughout
the particle were further characterized by proﬁles of the atomic
layer spacing (Figure 3). One proﬁle in the [100] direction was
recorded through the center of the particle as an average over a
10 × 10 nm2 slab (Figure 3a,b). Proﬁles were also computed
along the planar diagonal in the [110] direction (Figure 3c,d)
and along the space diagonal in the [111] direction (Figure
3e,f). The latter two proﬁles are over 100 nm long and utilize
thinner slabs. The [hkl] proﬁles reveal the internal strain in the
lattice compared to equilibrium fcc lattices of bulk Au and bulk
Pd (Figure 3b,d,f), which is shown here in high resolution. The
[100] atomic layer spacing shows that the Pd lattice is
compressed perpendicular to the Au−Pd interface (x direction
at 4 and 69 nm) from ∼1.95 Å to ∼1.83 Å (Figure 3b). The
compression occurs because the other two directions (y and z)
of the Pd lattice expand to match the 4.8% wider spacing of the
Au lattice. This signiﬁcant distortion of the outer Pd shell is
likely to aﬀect the interaction with adsorbed molecules,
including surface reactivity and electrocatalytic properties.
Compression of the Pd layer spacing is slightly relieved at the
outer boundary (0 and 73 nm) due to the surface roughness of
the particle (Figure 1c). The Au layer spacing near the Au−Pd

Compression of the Pd rows toward the edges (Figure 2e) and
corners (Figure 2j) is observed. Multiple distorted Pd lattices
meet at these locations, and the lattice spacing tends to shift
from the equilibrium Au lattice spacing to the equilibrium Pd
lattice over a shorter distance from the Au−Pd interface
compared to the ﬂat interfaces in the center of the (100) facets
(Figure 2c). The arc-like bending of rows of atoms and the
stacking faults are the only notable defects. Stacking faults are
only observed at the corners (Figure 2i) and not seen along
(100) surfaces. Prior experiments on much smaller Au−Pd
core−shell nanoparticles consistently identiﬁed stacking faults
preferentially outside the (111) surface of more complex Au
cores in the ﬁrst 3 to 6 layers of Pd to support the release of
strain caused by the lattice mismatch, which agrees with the
observations here (Figure 2i).18 On higher index planes of
core−shell nanoparticles, no lattice disruption was seen in
HRTEM images, indicating heteroepitaxial growth.8 Stacking
faults also emerged upon Pd growth on ﬂat periodic Au(100)
surfaces in a grid-like pattern along (111) planes after about 9
atomic layers in prior MD simulations,13 allowing for the
relaxation of the Pd lattice on the ﬂat Au slab. The results here
indicate that the three-dimensional structure of the cubic
core−shell nanoparticle allows for an alternate stress release
mechanism before stacking faults would form along the (100)
faces of the particle, supported by previous experimental
work.18 As the epitaxial growth continues into more layers, it is
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bulk Pd lattice. At the edges, the eﬀect is particularly strong as
two distorted Pd lattices meet and create compression along
two facets (Figure 4c,d). Expansion remains possible only in
one direction (vertical to the red square). The in-plane
compression results in an overall density increase in Pd at the
edges and in stronger interfacial forces than on the facets of the
particle (Figure 4e). The incommensurate lattice of the gold
core at the edges is therefore forced more strongly into
compliance with the Pd shell than on the facets of the particle.
This eﬀect is even increased in corners where Pd compression
occurs on all three facets and enforces a signiﬁcant reduction in
the Au(111) atomic layer spacing (Figure 3f). The restoring
forces on Au act toward the center of the faces (blue arrows in
Figure 4e,f) and create the strain patterns observed throughout
the particle including the arc-like bending of atomic rows
(Figure 2). The particle expands out from the center of the
facets (black arrows in Figure 4f) because the Poison ratio ν of
each metal is greater than zero and it would require more
energy to compress the entire particle than to allow expansion
in this bulging fashion when a force parallel to the Au−Pd
interfaces is applied from both sides (ν = 0.5 − E/6B with B >
E in Table 1). The stress spreads across many atoms in the
large particle and creates strain in three dimensions, and the
model particle does not overcome the energy barrier to create
stacking faults and partial dislocations along the faces in the Pd
shell with approximately 20 deposited atomic layers. Prior
studies suggest that such defects would be observed closer to
the Au−Pd interface on ﬂat substrates.12,13 On the nanoparticle, we observed stacking faults at the corners where three
facets, three edges, and their strain ﬁelds meet (Figure 2i).
Comparison with Coherent Diﬀraction Imaging. The
structure of the model nanoparticle is in excellent agreement
with the structure of a nanoparticle that has the same
composition and size and was analyzed by X-ray coherent
diﬀractive imaging (CDI) (Figure 5).20 The direct comparison
between experimentally measured CDI patterns (Figure 5a,b)
and computed CDI patterns from the atomistic models (Figure
5c,d) shows highly similar patterns that diﬀer mainly in
resolution. The experimentally acquired diﬀraction patterns
utilized an X-ray free electron laser (XFEL) (Figure 5a,b),20
and the simulated diﬀraction patterns were obtained from the
atomistic model in equilibrium, matching the simulation
conditions to the experiment with 5.0 × 1011 photons per
pulse focused to a 1.5 μm spot size (Figure 5c,d). The
resolution of the diﬀraction patterns is currently limited to 6.1
nm in experiment and in the range of 0.1 to 1 pm in molecular
dynamics simulation. Accordingly, the deﬁnition of the CDI
patterns from molecular dynamics simulation appears higher
(Figure 5c,d). The results are in close agreement (R-factor =
0.18), especially given that the experimental data provide
incomplete information for the model, such as an approximate
total number count of atoms and their expected positions and
no resolution of the internal structure of the nanoparticle. The
analysis by molecular dynamics simulations using additional
hypotheses about the internal structure, such as the likely
epitaxial deposition model and a hypothetical heteroepitaxial
model (see Supporting Information), therefore provides
insights in higher resolution than current experimental
methods for nanoparticles of this size, and the predictions
can be veriﬁed as experimental methods advance.
CDI is a quantitative imaging technique capable of
measuring the electron density of samples at high-resolution
in 3D without the requirement of lenses.38−40 Using a coherent

interface slightly expands perpendicular to the interface plane
(in the x direction at 4−23 nm and 50−69 nm) in response to
some compression by the epitaxial Pd lattice in the other
directions (y and z) (Figure 3b). This mismatch contributes to
the arc-like features (Figure 2c,h). Toward the center of the
particle, the Au lattice relaxes toward the normal lattice spacing
and is even compressed to a small extent (23−50 nm). The
small overall net compression of Au is a result of the conﬁning
outer Pd lattice, and the amplitude of the arc-like features
decreases further inside the particle. At a distance of 15 nm
from the Au−Pd interface into the gold core, the amplitude of
the arcs is reduced to 20% of the maximum amplitude.
Compression of the Pd atomic layer spacing is also seen in
the [110] direction through the edges of the nanoparticle
(Figure 3c,d). The maximum compression of Pd atomic layers
normal to the Au−Pd interface at 5−6 nm and at 97−98 nm is
less signiﬁcant compared to the ﬂat interfaces (1.8% instead of
6.2%), and the layer spacing continually expands toward the
outside of the particle (Figure 3d). The compression in the
[110] direction near the Au−Pd interface compensates the
epitaxial expansion of the Pd lattice to the Au lattice spacing in
the (110) plane perpendicular to the [110] direction, and the
following partial expansion in the [110] direction toward the
normal Pd lattice spacing (0−5 and 98−103 nm) is coupled
with the partial compression of Pd atomic rows perpendicular
to the [110] direction (Figure 2e). Therefore, the nanoparticle
edges show more relaxation of the Pd lattice toward Pd bulk
properties than the extended facets, and the Pd lattice strain is
much reduced near the edges. The Pd lattice near the edges
also encloses the inner Au lattice on two sides, the (100) and
(010) planes, which leads to a consistent small net
compression of the Au atomic layer spacing in the [110]
direction of ∼0.3%, especially near the edges (7−25 and 78−
96 nm) where the contraction can exceed 1% (Figure 3d). The
compression of the Au layer spacing in the [110] direction
bounded by two blocks of Pd (Figure 3c,d) is in contrast to the
expansion in the [100] direction bounded by only one block of
Pd at the ﬂat Au−Pd interface (Figure 3a,b).
The [111] direction proﬁle shows similar but more extreme
trends compared to the [110] proﬁle (Figure 3f). The Pd layer
spacing at the interface is contracted and normal Pd layer
spacing is reached toward the outside corners due to the
presence of stacking faults (Figure 2i). The Pd surface near the
corners of the nanoparticle is therefore virtually free of strain
and stress. The inner Au lattice near the nanoparticle corners
interacts with three Pd lattice interfaces, which leads to
signiﬁcant compression of the Au lattice in excess of 2%
(Figure 3f). The distortion of the Au lattice is more extreme
and penetrates further into the Au lattice than at the edges
(Figure 3d). The trend toward contraction of the Au lattice at
the corners and edges versus expansion vertical to the (100)
Au−Pd interfaces causes the observed arc-like deformations
(Figure 2c,d,h). Details of the calculations of layer spacing
proﬁles can be found in Section S2 in the Supporting
Information.
Stress Release Mechanism. The epitaxial growth of Pd
on the Au lattice produces strain in both lattices (Figure 4).
The deposited Pd lattice expands in the x and y directions
parallel to the Au−Pd interface and experiences compression
in the z direction relative to bulk Pd (blue arrows in Figure
4a). The strain in the Pd lattice creates restoring forces in the
opposite directions (blue arrows in Figure 4b), and the atoms
in the distorted Pd lattice of the shell attempt to relax into the
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expect to use AET to experimentally verify the arc-like atomic
deformations and strain reported in this work. Measured 3D
atomic coordinates by AET can be used as direct input for
molecular dynamics and density functional theory simulations
to correlate 3D structures with material properties at the
single-atom level.23,47
Applicability to Other Core−Shell Nanoparticles. The
proposed stress release mechanism applies to cubic-shaped fcc
nanoparticles of diﬀerent composition and size, and additional
considerations would be necessary for other shapes. For cubeshaped fcc nanoparticles, the lattice mismatch, the particle size,
and the activation energy to form stacking faults determine the
magnitude of internal deformations and stress. Qualitatively
similar strain patterns are expected when the composition or
size changes because diﬀerences in conﬁnement at extended
facets (one interface), edges (two interfaces), and corners
(three interfaces) will similarly occur (Figure 4). The
magnitude of internal deformations is expected to scale with
the diﬀerence in lattice parameters between the two metals,
whereby a lattice mismatch in excess of 5% could lead to
heteroepitaxial deposition (see Figures S1 to S4 and Section S1
in the Supporting Information).7 For example, Au−Pd
particles grow epitaxially, while Ag−Pd particles with a larger
lattice mismatch grow heteroepitaxially. The minimum particle
size to observe notable deformations is about 10 nm, which is
necessary to develop suﬃcient diﬀerences in conﬁnement on
facets, edges, and corners that lead to the patterns reported.
The 73 nm epitaxial particle shows arc-like deformations of 0.2
nm amplitude. The corresponding heteroepitaxial particle
shows spiral-like deformations of 0.1 nm amplitude as well as
gaps of one row of atoms every ∼10 nm (see Figure S2 in the
Supporting Information), indicating the critical particle size to
develop signiﬁcant strain patterns. In addition, the extent of
formation of stacking faults near the corners will scale with the
activation energy γUSF to form stacking faults (Table 1). At a
critical number of atomic layers of the shell, stacking faults
along with Shockley partial dislocations are expected to
develop along (111) planes on top of (100) facets to release
stress.13
The stress relaxation mechanism for core−shell nanoparticles bounded by (111) facets, rather than (100) facets,
diﬀers from the mechanism reported here. Shockley partial
dislocations and stacking faults would form on (111) facets,18
which is geometrically not feasible parallel to (100) facets.
Core−shell nanoparticles with shapes that are bounded by
multiple diﬀerent (hkl) facets would likely exhibit grain
boundaries and a superposition of stacking faults on (111)
facets, as well as epitaxial/heteroepitaxial relaxation mechanisms on (100) facets. The atom deposition rate and thickness
of the shell could also become nonuniform on diﬀerent (hkl)
bounding facets and depend on the reaction conditions.7,8
In addition, the stress relaxation mechanism can be
inﬂuenced by co-deposition of atoms, interdiﬀusion, truncation
of edges, atomic defects, and steps along the interface. In case
of cubic-shaped fcc core−shell nanoparticles, such eﬀects
would superimpose local stresses and deformations while the
global stress relaxation mechanism remains the same as
described.

Figure 5. Coherent diﬀractive imaging (CDI) patterns of Au−Pd
core−shell nanoparticles in experiment and computed from the
model. (a, b) Experimental CDI patterns measured from a Au−Pd
core−shell nanoparticle at two diﬀerent orientations (resolution
6.1 nm).20 (c, d) Corresponding CDI patterns computed from the
epitaxial nanoparticle model at two diﬀerent orientations using the
same algorithm. Poisson noise was added to the simulated
diﬀraction patterns, and the deﬁnition appears higher than in
experiment. The model provides details in all-atom resolution and
matches the experiment with an R-factor of 0.18.

X-ray source, far-ﬁeld diﬀraction patterns of a noncrystalline
sample or a nanocrystal can be measured and subsequently
converted to real-space reconstructions by application of an
iterative phase retrieval algorithm.41 The hypothetical limit of
the diﬀraction-limited resolution in CDI is only a few
angstroms but hindered here by the achievable signal-tonoise ratio of the diﬀraction data. Current experimental
practice allows a resolution of 5−6 nm for the large system and
a resolution of 1−2 nm in smaller systems.20,40 The advent of
the X-ray free electron laser (XFEL) oﬀers an opportunity to
close the gap to the theoretical limit (angstroms) by providing
extraordinary X-ray brilliance and, therefore, high signal in a
single pulse. However, the sample is destroyed after one
exposure, and acquisition of a tilt series necessary for full 3D
reconstruction using traditional tomographic techniques is not
feasible.42 Recent work demonstrates that for symmetric
nanoparticles, exploitation of symmetry operations along with
consideration of Ewald sphere curvature can facilitate 3D
reconstructions of nanoparticles from single diﬀraction
patterns,20,43,44 and further developments may reach 3D
reconstructions in angstrom resolution.38−40
In addition to advances in CDI, atomic electron tomography
(AET) has been developed to image the 3D atomic structure
of crystal defects such as grain boundaries and edge and screw
dislocations, as well as stacking faults.25,45,46 AET has been
applied to determine the 3D coordinates of individual atoms in
materials with high precision, allowing the direct measurement
of the strain tensor and the observation of chemical order/
disorder, point defects, and nucleation dynamics.23,24,47 Even
though the current limit is tens of thousands of atoms, we

CONCLUSIONS
We employed all-atom classical molecular dynamics simulation
to model the growth of Au−Pd core−shell nanocubes of 73
nm size and obtained insights into the internal structure in a
12301
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of interfaces on the internal strain, while customized models with
added defects can be explored in follow-on studies. A similar principal
stress release mechanism is expected in the ideal model and in
defective models as large portions of the bulk and interfaces remain
the same so that changes in strain and stress at the interface due to
local defects likely add as a superposition to the overall strain pattern.
Simulation Details. All simulations were performed using the
LAMMPS48 program, and the atomic visualizations were created
using the OVITO program.49 After deposition of the Pd shell, the
complete model of the Au−Pd core−shell nanoparticle was allowed to
reach equilibrium in the NVT ensemble in vacuum at 298 K for 1 ns
with a time step of 2.5 fs. The analysis of the equilibrium crystal
structure was carried out using an average structure generated from 40
frames taken over the last 200 ps of the simulation, which eliminates
thermal noise and allows for the identiﬁcation of equilibrium positions
of the atoms, the local equilibrium lattice spacing, and long-range
deformations. The calculation of the proﬁles of the atomic layer
spacing is described in the Supporting Information (Figure S5 and
Section S2).
All simulations were carried out using the Interface Force Field
(IFF), which reproduces the bulk lattice parameters of Au and Pd
with <0.1% deviation from experiment,22,50 surface energies with <2%
deviation from experiment,22,30 and adsorption properties in excellent
agreement with experiment and with quantum-mechanical data for
small systems (Table 1).51−53 Predictions of crystal growth and
reaction rates in surface catalysis have also been demonstrated.54−57
Speciﬁcally, accurate surface properties are helpful to characterize
the interfacial region of the core−shell nanoparticles. Mechanical
properties with IFF also agree well with experiment, including
deviations <5% and ∼20% for the elastic moduli of Pd and Au,
respectively, which is similar to Density Functional Theory (Table 1).
Some deviation for the elastic moduli of Au is a limitation of the
Lennard-Jones potential used in IFF21,22 and related to the Poisson
ratio of gold (0.41) in comparison to palladium (0.37) that slightly
deviates from the ideal Poisson ratio in LJ potentials (0.37).
The potentials were also compared to determine the energy barrier
γUSF (unstable stacking fault energy) required to create a stacking fault
on an ideal (111) slab of Pd since stacking faults were identiﬁed as
primary defects in previous studies of smaller systems. Data from IFF,
EAM, and DFT show that the barrier to form a stacking fault parallel
to the (111) plane, γUSF, scales linearly with the (111) surface energy
(Table 1), and γUSF is most consistently represented by IFF for Pd
and Au (Table 1). Prior experiments indicated that the formation of
stacking faults is a kinetic process55 and controlled by the higher
energy barrier to form stacking faults, γUSF, rather than by the lower
equilibrium energy, γSF (Table 1). The observation of only a few
stacking faults at the corners of the Pd shell in the simulation supports
this view, in spite of rather low values of γSF.
The thermodynamic stability of stacking faults, γSF, corresponds to
the energy diﬀerence between a defective crystal containing a stacking
fault in the (111) plane and a perfect crystal (Figure S6 and Section
S3 in the Supporting Information). The values for γSF do not agree
among IFF, EAM,13,26,28,58 DFT, and experimental data (Table
1).34−37 Experimental values are subject to some uncertainty by
rolling, node radii, and other defects that can interfere with
measurements;34 however, these deviations are less than an order of
magnitude. The proximity of experimental data and quantum
mechanical calculations (Table 1)33,37,58,59 suggests an important
role of the electronic structure of the metal for γSF.37 The origin has
not been well explained to-date, and computed values using IFF and
EAM potentials are too low.
In summary, IFF shows overall best agreement with experimental
data, including a weakness in equilibrium stacking fault energies, γSF,
which however does not aﬀect crystal growth. DFT has weaknesses in
surface energies, γSV, and unstable stacking fault energies, γUSF, and
cannot be applied to systems with millions of atoms. EAM potentials
show multiple deviations from experiment. Future improvements of
IFF to overcome remaining limitations may include polarizable LJ
potentials53 and electronically reﬁned LJ potentials as previously
shown for W.23

resolution approximately 3 orders of magnitude higher than
current experiments. On Au(100) facets, an epitaxial growth
mechanism of Pd was observed for at least 4 nm in shell
thickness. The lattice mismatch of +4.8% of Au versus Pd
causes arc-like deformations of atomic rows across the entire
Au−Pd interface, spatially variable atomic layer spacing, and
the formation of stacking faults inside the Pd corners. The
largest lattice strain on the outer Pd surface of the nanoparticle
is found on the extended facets, followed by signiﬁcantly lower
strain near the edges, and virtually stress-free corners. The
cause for the strain patterns is the conﬁnement of the inner Au
core by the overgrown Pd lattice that exerts signiﬁcantly more
stress at the corners and at the edges of the Au−Pd interface in
comparison to the ﬂat bounding facets. As a result, the
nanoparticle tends to expand at the center of the facets in a
bulging deformation and aligns more closely with the
equilibrium Pd lattice structure near the edges and the corners.
The amount of lattice mismatch and the particle size determine
the extent of the reported internal deformations, and the
ﬁndings can be applied to cubic core−shell nanoparticles with
fcc structure of other compositions and sizes.
The ability to produce stable and signiﬁcantly strained metal
facets on core−shell nanoparticles may be exploited to tune
selective adsorption, surface reactivity, and electrocatalytic
properties. Internal distortions also inﬂuence optical properties, which may be utilized in sensors, catalysts, and electrode
materials. Finally, the study shows that simulation methods can
be employed to predict the likely three-dimensional atomic
positions of large nanostructures in high resolution and guide
in the rational design of materials properties alongside
experiments.

METHODS
Model Building. A random epitaxial deposition model of the Au−
Pd core−shell nanoparticle was constructed by starting with a 65 × 65
× 65 nm3 Au core made of 160 repeat units of an FCC unit cell in
each direction (Figure 1). The cubic Au core was placed into an 85 ×
85 × 85 nm3 periodic box and subjected to random deposition of Pd
atoms onto each facet at a rate of 1 atom per time step per facet at
298 K. The ﬁx deposit command in LAMMPS was used for the
random deposition and resulted in epitaxial deposition of Pd atoms.48
In total, 6.4 million Pd atoms were deposited on top of the particle
core of 16.4 million Au atoms, resulting in a total count of 22.8
million atoms in the core−shell particle model. The Pd shell was
deposited in approximately 3 ns of simulation time using a time step
of 2.5 fs. In addition to this random epitaxial deposition model, an
alternative heteroepitaxial model of the Au−Pd nanoparticle was
prepared and analyzed by placing entire Pd slabs of 4 nm thickness
directly onto the Au core (Figure S1 in the Supporting Information).
The visualization and analysis of this alternative heteroepitaxial model
are presented in the Supporting Information (Figures S1−S4 and
Section S1).
We emphasize that the models are idealized compared to
experiment and illustrate the overall internal structure in the absence
of common defects. For example, the random epitaxial model shows
marginal mixing of Au and Pd atoms at the interface (Figure 2i) and
does not consider truncation at the corners and edges of the Au core.
The model also neglects atomic defects and steps at the Au−Pd
interface that are likely found in experiment. Mixing of Au and Pd
atoms at the interface may be signiﬁcant as a result of co-deposition of
both atoms during surface redox equilibria and may help reduce the
local stress relative to a sharp Au−Pd interface. At the same time,
atomic defects and steps at the Au−Pd interface, as well as truncation
at the corners and edges of the Au core, can have many possible
representations and were excluded for simplicity. The main aim of the
idealized model with sharp epitaxial interfaces is to quantify the eﬀect
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