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Understanding light-matter interactions in nanomaterials is crucial for optoelectronic, photonic and plasmonic applications. Specif-
ically, metal nanoparticles strongly interact with light and can undergo shape transformations, fragmentation and ablation upon
(pulsed) laser excitation. Despite being vital for technological applications, experimental insight into the underlying atomistic pro-
cesses is still lacking due to the complexity of such measurements. Herein, atomic resolution electron tomography on the same meso-
porous silica-coated gold nanorod, before and after femtosecond laser irradiation, is performed to assess the missing information.
Combined with molecular dynamics simulations based on the experimentally determined three-dimensional atomic scale morphology,
the complex atomistic rearrangements, causing shape deformations and defect generation are unraveled. These rearrangements are
simultaneously driven by surface diffusion, facet restructuring and strain formation, and are influenced by subtleties in the atomic
distribution at the surface.

The interaction of metal nanoparticles (NPs) with ultrashort laser pulses has been an intensive research
topic due to their unique optical and photothermal properties, which led to numerous applications in,
amongst others, biomedicine, [1, 2] sensing, [3, 4, 5] imaging, [6, 7] data storage [8, 9, 10] and catalysis.
[11, 12, 13] These properties stem from the efficient interaction of metal NPs with light via localized sur-
face plasmon resonances (LSPRs). Specifically, the electronic absorption of the laser energy and subse-
quent electron-phonon scattering heats up the NP’s crystal lattice, possibly leading to atomic restructur-
ing. [14, 15, 16, 17] This reshaping depends on the laser pulse width, [18] fluence [15, 17, 19] and repe-
tition rate. [20] Excitation with femtosecond laser pulses generally results in more uniform reshaping of
anisotropic NPs, whereas nanosecond pulses are likely to induce fragmentation and irregular morpholo-
gies. [18]
Next to the above-mentioned factors, the NP’s environment plays a pivotal role due to possible hindrance
of surface atom diffusion and its effect on heat dissipation. [19, 21, 22, 23, 24, 25] To improve the ro-
bustness and durability in applications, surface coating of nanoparticles was investigated, with silica-
coated Au NPs emerging as one of the most well-suited systems in practice. [26, 27] For biomedical ap-
plications, for example, silica coatings were shown to provide biocompatibility, large surface areas for
drug delivery and prevent aggregation of NPs inside cells. [28] Next to their increased colloidal and ther-
mal stability, silica-coated Au NPs also exhibited superior performance for imaging applications such as
photoacoustic imaging [29] and a higher dynamic range for optical data storage. [30] In the case of cat-
alytic applications, porous silica coatings provide accessibility to the NP’s surface while inhibiting sinter-
ing, [31, 32] which is one of the main deactivation channels of catalytic metal NPs.
Despite their relevance in applications, not much is known about the atomistic processes occuring in
(porous) silica coated Au NRs when exposed to high temperatures or laser irradiation as most work so
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Figure 1: Defect creation upon femtosecond laser excitation. A) High-resolution HAADF-STEM images of the same meso-
porous silica coated Au NR before and after laser excitation with an initial length and width of 51.2 nm and 11.6 nm,
respectively. Upon laser excitation the AR of the NR decreased from 4.4 to 3.8 and twinning planes appeared. B) High-
resolution HAADF-STEM images of another mesoporous silica coated Au NR before and after laser excitation with an
initial length and width of 40.9 nm and 9.6 nm, respectively. Similarly to the NR in (A), the AR decreased from 4.3 to 3.5
and twinning planes occurred after laser irradiation. C) and D) show examples of other silica-coated Au NRs of the same
sample batch after laser excitation (under the same conditions) and oven heating at 500➦C for 2 h, respectively. In contrast
to laser-heating, the latter led to defect-free reshaping. The colours in (A)-(C) correspond to different crystal orientations.
The deformed NRs in (A)-(C) were excited at 925 nm with a fluence of 6.5mJ/cm2. It should be noted that although the
silica coating is surrounding the NRs, it is not visible in the HAADF-STEM images due to the large contrast difference
between silica and gold. All scale bars represent 5 nm.

far has focused on bare Au NPs. For uncoated NRs, surface atom diffusion is believed to be the driv-
ing mechanism of photothermal reshaping for absorbed energies below the melting energy, [16] but in-
ternal crystal defects in irradiated NPs have also been reported. [33, 17] Matsumura and co-workers ob-
served twinning and different crystallographic orientations in initially single-crystalline and defect-free
gold nanorods (NRs) upon excitation with nanosecond laser pulses. [34] Several molecular dynamics (MD)
studies reported the creation of stacking faults, which originated at the NP surface upon heating. [35,
36] Moreover, more accurate modeling of laser heating of a Au NR revealed that surface pre-melting pre-
dominantly occurred at {110} lattice planes and started before the creation of parallel twin boundaries,
appearing in the middle of the NR. [37]
Unfortunately, accessible time and length scales are generally different between experiments and simu-
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lations. Most experimental work to understand photothermal reshaping has been performed at the en-
semble level using optical techniques. Although optical single-particle studies gained additional insight
on this mechanism, [15, 16] few reports exist on structural changes of excited NPs. Such studies were
mainly performed by scanning electron microscopy (SEM) [15, 16] or transmission electron microscopy
(TEM) at medium spatial resolution and via observing two-dimensional (2D) projections of the three-
dimensional (3D) NP. [22, 34, 38] On the other hand, simulation studies are generally performed at the
single particle level using short time and atomic spatial scales. A complete picture of the reshaping and
defect formation mechanism, combining experiments and simulations, is still lacking. Here, we bridge the
gap between simulations and experiments by performing atomic resolution electron tomography of the
same mesoporous silica-coated Au NR before and after femtosecond laser excitation. The experiments
enabled us to perform MD simulations using the experimentally determined morphology, thereby extend-
ing previous simulation studies to an experimental system with realistic surface morphologies.
To understand the impact of the absorbed laser energy on the structure and morphology, we imaged the
same Au NRs before and after multi-shot fs laser excitation at their ensemble-average longitudinal plas-
mon resonance. Hereby, the NRs were deposited on a TEM grid. For bare NRs, however, this leads to
symmetry breaking and hindered deformation of the NR side touching the support. A mesoporous silica
coating around the Au NRs, on the other hand, guarantees a homogenous surrounding, while enhanc-
ing the thermal stability of Au NRs. [19, 22] We focused on the early stages of below-melting-point de-
formation as these contain most information about the interplay between structural and morphological
changes. Furthermore, below-melting-point deformation is highly relevant for applications since it can
e.g. be used to shape or weld NPs into desired configurations. [24, 39] Consequently, we selected a laser
fluence that induced only mild NR reshaping (see ‘Femtosecond laser excitation’ in supplementary mate-
rials).
Figure 1A,B shows atomic resolution high-angle annular dark-field scanning TEM (HAADF-STEM)
images of two silica-coated NRs before and after laser excitation (more examples in Figure S6). The NRs
were defect-free before laser excitation and contained lattice defects and a decreased aspect ratio (AR)
afterwards. It is interesting to note the connection between NR deformation and defect occurrence. In-
deed, NRs without any morphological changes after laser excitation, appeared to be defect-free (arrow in
Figure S6). Mostly, twin boundaries were observed and for the majority of the investigated NRs, these
were perfectly parallel (Figure 1A,B). However, Figure 1C suggests that under the same irradiation con-
ditions twin boundaries were also found along more than one direction.
The occurrence of defects was observed for a large range of particle volumes. Silica-coated NRs with as
much as an order of magnitude difference in volume (9.6· 104 nm3 vs 1.1· 104 nm3) developed similar lat-
tice defects (Figure S7). Defects also appeared for NRs without a silica shell (Figure S8), in addition to
irregular, asymmetric shapes and volume loss. We believe that the irregularity in shapes for uncoated
NRs mainly stems from non-uniform properties of their environment, specifically its rigidity and heat
conductivity, which are influenced by the contact with the TEM support, which is prevented by the sil-
ica shell. [22] This effect was most likely hidden in previous correlative SEM experiments on glass sub-
strates yielding lower spatial resolutions than TEM. [15, 16]
In addition to twinning boundaries, the deformed NRs in Figure 1A-C show a bullet-like intermediate
shape, as was also previously observed for silica-coated Au NRs after femtosecond laser excitation. [22]
For uncoated NRs, a similar deformation occurred for some Au NRs (Figure S8) but due to the afore-
mentioned symmetry breaking, most NRs deformed into irregular shapes. Interestingly, almost all silica-
coated Au NRs did not show crystal defects when heated in a furnace (examples in Figure 1D and S9).
Moreover, the silica-coated Au NRs did not fully transform into a spherical shape under these condi-
tions, as expected for as-synthesized Au NRs without a silica shell. [40] This is due to the hindrance of
surface atoms induced by the silica confinement.
For all of these observations, however, caution needs to be taken when interpreting the shape of a 3D
object from 2D projection images. To unambiguously determine the 3D morphology and to understand
the role of crystal facets during reshaping, a 3D analysis is indispensable. Hence, we acquired an atomic
resolution electron tomography tilt series before and after laser excitation for the NR of Figure 1A (see
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Figure 2: Atomic resolution tomography of the same silica coated Au NR before and after femtosecond laser excitation
(silica not shown). A) 3D visualization of the reconstructed Au NR before and after excitation with multiple femtosecond
laser shots (925 nm, 6.5mJ/cm2) along the same viewing direction. A magnified visualization shows the single-crystalline
nature of the particle before laser excitation. After excitation a magnified visualization and a slice through the middle of
the NR (right box) confirm twinning defects. B) 3D visualization of redistributed volume upon laser excitation. The left
and right sides show areas of local volume decrease and increase, respectively, overlaid on visualization of the segmented
original NR (purple). C) Visualization and quantification of the facet distribution at the two tips before and after laser
excitation.

supplementary materials for details). The 3D visualization of the reconstructions and corresponding slices
through the NR volume are presented in Figure 2A and S10.
As expected, prior to laser excitation, the Au NR yielded a defect-free face-centered cubic (FCC) lattice
with 35% {100}, 22% {110} and 20% {111} as well as higher order surface facets, without significant
surface roughness (Figure 2A left side). After exposure to about 104 fs laser pulses (see ‘Femtosecond
laser excitation’ in supplementary materials), the NR’s surface roughened (Figure 2A right side) along
with the appearance of twin boundaries. The latter extended throughout the whole NR (right side Fig-
ure 2A) and were parallel to the [111] viewing direction (Figure S10C), which is common for FCC lat-
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Figure 3: MD simulations of laser-heated gold nanorods with a model-like input structure. A) Cut through the input
structures. B) Side views (left sides) and interior structure (right sides) before and after simulated laser pulse excitation
and the calculated temperature profile for three different bare Au NRs with varying ARs. C) Side views (left sides) and
interior structure (right sides) before and after simulated laser pulse excitation and the calculated temperature profiles for
three different mesoporous silica-coated Au NRs with varying ARs. The silica coating is omitted in the visualizations.

tices. Because we extracted the 3D information of the same NR before and after laser excitation, we
could calculate the redistributed volume, displayed in Figure 2B. The overall volume of the NR was 5.16
· 103 nm3 and did not change after laser excitation. 9% of the NR’s volume redistributed upon laser ex-
citation. During this redistribution, about 28000 atoms diffused from the tips of the NR (left image in
Figure 2B) to its side (right image in Figure 2B). This redistribution did not only lead to the observed
AR reduction but also to facet restructuring (Figure 2C), where the more stable {111} surface facets ex-
panded at the expense of less stable {100} and {110} facets.
To understand the mechanism of processes commencing upon laser excitation, we performed molecu-
lar dynamics simulations. Hereby, a representative heating regime for the laser irradiation is crucial be-
cause the structural changes induced in the gold nanorod depend on the heating rates [35] and the max-
imum temperature that is reached. To mimic the experiments, we developed a numerical calculation
(see ‘Heating regime of the femtosecond laser simulations’ in supplementary materials). Importantly,
we specifically included the cooling dynamics to simulate a complete laser pulse. In contrast to previous
studies, the coating effect was also investigated by creating a realistic mesoporous silica coating (Figure
S3). [41] We first compared the effect of the silica coating on the deformation for NRs with a diameter
of 4 nm and three different ARs (3, 3.5 and 4.5). We used a model-like facet distribution as typically ap-
plied for MD simulations (Figure 3A). Side views and interior structure of the NRs before and after the
modeled laser excitation as well as the temperature profile from the MD simulations are shown in Fig-
ure 3B,C. Visualizations at intermediate temperatures can be found in Figure S11 and S12. According
to the calculated temperature profiles of the laser irradiation, the maximum temperature that the NR
reached during laser heating increased with increasing AR and volume, in agreement with the shape-
dependent plasmonic properties (Figure S4). The heat dissipation was slower for silica-coated NRs due
to the additional heat resistance at the surface. The latter indicates the crucial importance of including
the cooling process in the simulations.
Figure 3 shows that the silica coating improved the stability of the NRs (see also Figure S13A and S14).
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Figure 4: MD simulations for a mesoporous silica-coated Au NR with the experimentally measured surface facets as input
structure (silica not shown). A) Applied laser heating profile (same as blue curve in Fig. 3B, B) AR change overlaid with
the heating profile, C) side views at the time points indicated in a) and quantification of corresponding facet changes. D)
Internal structure at the time points indicated in a) and quantification of structural changes. All colours in the graphs
correspond to the same colours in the visualizations.

For the uncoated NRs, the ARs decreased by 34%, 36% and 56% for initial ARs of 3.0, 3.5 and 4.5, re-
spectively. For the coated Au NRs the AR changes were smaller with 0%, 5% and 24%, respectively.
The stronger deformation at larger ARs in the simulation can be attributed to the higher maximum heat-
ing temperature (Figure 3B,C) and the higher instability of larger AR NRs (Figure S15). We also found
that the density of twinning planes after laser excitation differed according to the initial AR and the
presence of a coating (Figure S14C). Hereby, the twin density increased with increasing AR (red atoms
in Figure 3). Moreover, the effect of the silica coating resulted in the development of a multiple paral-
lel twin structure, whereas for uncoated particles a range of defects, e.g. stacking faults and twinning
planes, along the long axis of the NR were also observed. These observations are in excellent agreement
with the experiments as we observed a higher density of twinning planes for higher AR samples (Figure
S6 and S7) and parallel twin planes for the coated NRs (Figure 1 and 2). In addition, depending on the
NR orientation, the twinning planes seemed to occur along seemingly different crystallographic direc-
tions (Figure S12), as observed in the experiments as well (Figure 1B,C).
The main benefit of the simulations comes from the ability to capture dynamic information of the un-
derlying processes, which is presently impossible to assess experimentally. To shed light on the shape de-
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formation dynamics of the experimental NRs, we directly used the information from atomic resolution
electron tomography to construct an input structure that resembled the experimental NR more accu-
rately than the model-like systems (see ‘Creating input models’ in supplementary materials and Figure
S1). [36, 35, 37] This approach is unique and highly important as it enabled us to perform simulations
based on the experimentally measured surface facets, the distribution of which is tremendously impor-
tant for nanoscale processes. To compare with the model-like input structure of the coated 4.5-AR Au
NR (Figure 3C), we scaled down the experimentally-based input structure to the same diameter of 4 nm
and used the same heating profile (Figure 4A). The latter is applicable since the volume and AR of the
two NRs are very similar. The main difference between the experimental-based and the model-like struc-
ture is the facet distribution (Figure S2). The rescaled experimental input structure contained a larger
amount of {111} facets (18.3% compared to 3.4%) and a smaller amount of {100} and {110} facets.
Upon laser heating, the shape transformation started almost immediately by a drop in the AR (Figure
4B), which did not change anymore during the rest of the cooling. In addition, this transformation was
accompanied by an increase in {111} and decrease in lower coordinated facets (Figure 4C) as well as
by internal restructuring from pure FCC to FCC with twinning planes (Figure 4D), in excellent agree-
ment with experiments. Around 1024K (point 2) hexagonal close-packed (HCP) and body-centered cu-
bic (BCC) interior regions occurred within the FCC structure. Afterwards, the percentage of HCP and
BCC atoms and {111} facets increased continuously (point 3). Upon reaching the maximum temper-
ature (point 4), the growth of the HCP structure resulted in stacking faults that concentrated in the
middle of the NR. Disordering continued until the NR cooled down to about 1150K (point 7), when the
minimum of internal FCC structure was reached. During cooling, the distance between the twin planes
increased while surface reorganization continued until 500K (point 9). The slower heat dissipation for
coated NRs, compared to uncoated NRs, resulted in more time for the HCP internal regions to grow into
twinning. We could experimentally confirm that the ordering into multiple twins occurred after surface
diffusion as twins extended over multiple NPs which welded together upon laser excitation (Figure S16).
To evaluate whether the internal lattice defects were caused by induced strain due to the surface trans-
formation, we performed atomic strain analysis (Figure 5A). Figure 5B connects the change in AR,
shear strain, occurrence of {111} surface facets and HCP internal transformation. At the beginning of
laser heating, the shear strain increased almost instantaneously due to the displacement of atoms out
of their equilibrium position (magenta arrow in Figure 5B). The onset of surface diffusion was reflected
in the increase in {111} surface facets and change in AR. Simultaneously, the first HCP interior atoms
appeared prior to localized melting in accordance with literature. [17] Until the maximum temperature
was reached (point 4 in Figure 5A), internal strain was only related to displaced atoms due to heating.
Then, localized stress propagated from the surface through the internal structure (white arrows in Fig-
ure 5A). Together with localized melting around the interior areas with HCP and BCC defects occuring
around point 4 (Figure S17), internal planes shifted, forming stacking faults in the middle of the NR.
During cooling at 1080K (around point 8) the HCP percentage reached its maximum. The change in
AR and {111} facets was maximal at around 900K, while the shear strain continued to slowly increase
until around 660K, causing the separation of neighbouring stacking fault HCP layers, which resulted in
multi-twin boundaries.
Although the final morphology of the model-like (Figure 3) and the experimental (Figure 4) input struc-
ture appear qualitatively similar (Figure 6A), quantitative differences exist. The NR based on the ex-
perimental input facets was less stable as evident from the larger change in AR (Figure 6B) and although
the transformation of the internal structure was almost identical (Figure 6C), the relative facet changes
differed significantly. The relative {111} facet transformation occurred faster for the model-like input
structure in the initial stage and also an additional 10% of the surface facets were transformed into {111}
facets (Figure 6D) compared to the experimental input structure. This observation clearly shows the
importance of using experimental structures as input for simulations. Moreover, it demonstrates that
morphology-dependent surface diffusion and facet restructuring simultaneously drive the deformation of
metal NPs.
From a thermodynamics point of view, all anisotropic Au NPs are unstable or far out of equilibrium and
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Figure 5: Strain analysis of the simulated silica-coated Au NR in Fig. 4. A) Atomic shear strain maps taken at the same
time points as in Fig. 4. The atoms are coloured according to their local shear strain, which is measured by the displace-
ment gradient of atoms with respect to their initial positions and taking into account the relative displacements of the
neighbouring atoms. B) Comparison of strain, AR change, {111} facet evolution and HCP atoms occurrence.

will strive to reach an equilibrium shape. According to the Wulff theorem, the equilibrium shape of our
Au NPs is a truncated octahedron exposing {100} and {111} facets. [42] On the other hand, surface
coatings can kinetically stabilize an out-of-equilibrium shape, at least at room temperature. At elevated
temperatures, these kinetic barriers can be overcome and the particles will transform towards their ther-
modynamically stable shapes. Two critical parameters of this transformation process are heating tem-
perature and time. [40, 22, 17] For heating temperatures above the melting point, the NP will melt and
recrystallize into its thermodynamically stable shape. For laser-heated NRs, the heating time and the
achievable deformation is limited. [40] Allowing the NR more time to reach its thermodynamically stable
state, led to a stronger deformation despite lower (Figure 1D) or the same maximum heating tempera-
ture (Figure S13A and S18).
As demonstrated above, the NR did not only lower its AR but also developed multiple twin boundaries
after laser illumination. Concerning the atomistic mechanism in creating lattice defects, our results bridge
different studies in literature. On the one hand, surface diffusion was responsible for the start of the de-
formation, [36, 35] which resulted in stress propagating from the surface to the interior and facilitat-
ing internal point defects to evolve into stacking faults, accompanied by local melting as suggested by
Link et al. [33] Then, the high strain around stacking faults caused a transformation into multiple twin
structures. On the other hand, although observed in, [37] surface melting did not happen prior to the
occurrence of planar defects. A plausible reason for the discrepancy is that the common neighbor analy-
sis used in [37] ignores thermal displacement of the atoms (Figure S5) that can easily cause inaccuracies
in detecting point defects of HCP structures at high temperatures. Although extended twin and double
twin boundaries were observed to be almost free from atomic displacements compared to an ideal FCC
lattice, [43] the ideal thermodynamic minimum corresponds to a single-crystalline FCC structure. For
laser-heated NRs, the heating and cooling rates are too fast to allow reorganization into a single crys-
talline lattice. With enough time at higher temperatures and during cooling, the Au NR will strive to-
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wards eliminating the internal defects resulting in NRs with reduced twin boundaries (Figure 1D, S9 and
S19).
Our results thus show that laser-induced deformation is a complex process defined by a delicate inter-
play between thermodynamics and kinetics. The actual kinetic pathway of the transformation is diffi-
cult to predict and a controversy exists between curvature-driven, [16] defect-driven [33] and facet-driven
[36, 35] below-melting-point deformation. By performing slow heating experiments inside the TEM, it
was proposed that the shape determines the kinetic pathway. [44] Whereas for NRs, curvature was the
dominant factor with reshaping to rounder shapes with higher index facets, deformation of triangular
nanoplates was driven by surface faceting. Indeed, in our case the NP’s tips became more rounded indi-
cating curvature-driven surface diffusion. However, the changes in surface facets can only be quantified
based on 3D information as done here. The change in morphology actually allows for an increase of sta-
ble {111} surface facets and decrease of more unstable facets. Despite having the same curvature with
the NR from the experimental input, the facets of the model-like NR were found to change more, reduc-
ing the overall energy. Thus, curvature and facet-driven below-melting-point deformation are not neces-
sarily competing processes but are rather intertwined.
The amount of facet transformation was indeed linked to the initial facet distribution and the same ini-
tial AR and volume of the NR did not result in the same deformation dynamics (Figure S13B and Fig-
ure 6). This becomes clear from the comparison of the model-like NR with the morphology based on ex-
periments. In the latter case, the amount of stable {111} facets was higher but yet it deformed more.
This can be explained by the fact that the initial surface disorder present for the experimental NR influ-
enced the deformation dynamics, providing kinks and steps on the side of the NR as a low-energy path
for atoms diffusing from the tips. On the contrary, the nucleation of new atomic planes was necessary
for diffusing atoms for the model-like structure, [45] leading to an increase in stability. This will not only
depend on the amount of disorder but also on the exact ratio of initial facets.
Deeper knowledge over reshaping and restructuring is tremendously important for the routine use of
silica-coated metal NPs in actual applications. For this purpose, our results provide an understanding
concerning the conditions under which defects are formed and reshaping occurs. For most plasmonic ap-
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plications such as imaging, sensing and biomedicine, reshaping and atomic restructuring is unwanted be-
cause it changes the carefully designed optical properties. Moreover, the creation of even a single lattice
defect already causes plasmon broadening. [46] Our work demonstrates that local temperatures of more
than 1000K can be achieved for silica-coated Au NRs without inducing structural and morphological
modifications, which is not possible for bare Au NRs. Furthermore, we would like to particularly high-
light the importance of controlled restructuring for catalytic applications. It was recently demonstrated
that a high density of stacking faults in Ag NPs immensely increased the activity for the hydrogen evo-
lution reaction, thereby outperforming conventional Pt catalysts. [47] Being able to control the internal
restructuring as well as occurrence of specific surface facets will be a powerful tool in future catalytic re-
search. [48] As shown in our work, a mesoporous silica coating gives a significantly better control over
the density of stacking faults, strain and surface coordination numbers compared to bare Au NPs. Our
work paves the way towards tuning these parameters by changing the amount of absorbed heat (either
by changing the aspect ratio of the NP or excitation power) to create highly active and stable future
catalysts.
To conclude, by combining experimentally retrieved 3D atomic scale information and MD simulations,
we have shown that fs laser-induced deformation with energies below the melting point proceeds two-
fold: 1) the NR deforms towards its thermodynamic equilibrium shape by curvature-driven surface diffu-
sion and 2) the nanocrystal additionally lowers its free energy by creating more low-energy surface facets
at the cost of internal twin boundaries. The latter are induced by a combination of atomic strain and
localized melting. To reproduce the experimental data, we included the cooling process in the simula-
tions. By doing so, we observed that a mesoporous silica coating did not only stabilize Au NRs upon
laser heating but also influenced the structure after deformation, which is due to the combination of a
modified cooling profile and hindrance of surface diffusion. Finally, we demonstrated that subtleties in
atomic-scale morphology can significantly influence the physical properties of nanomaterials and their
transformation mechanisms. Hence, the actual experimental morphology needs to be considered when
studying dynamic atomistic processes. Therefore, incorporating realistic morphologies in models and
simulations will be imperative for understanding and predicting the behavior of nanomaterials in prac-
tically relevant conditions. We expect that the methodology and insights demonstrated in the present
study will be valuable for open questions such as the effect of atomic distribution and crystal defects in
nanoparticles on their optical properties and catalytic performance.

Experimental Section

For details see sections ’Experimental methods’ and ’Computational methods’ in the Supporting Infor-
mation.

Synthesis of silica-coated gold nanorods : A modified version of Ye et al.was used to synthesis gold nanorods.
[49] A 18 nm mesoporous silica shell was grown via the method of Gorelikov et al.. [50] All details can be
found in the section ’Synthesis of mesoporous silica-coated Au NRs’ in the Supporting Information.

Femtosecond laser excitation: A Leica SP8 confocal setup (63x/1.4 oil-immersion objective) equipped
with a Coherent Chameleon II Ti:Sapphire laser (80MHz repetition rate, 140 fs laser pulses). For the ex-
citation, the on a TEM grid deposited NRs were immersed in glycerol and placed in-between two glass
slides. The excitation wavelength was 925 nm and 860 nm for the small and large nanorods, respectively.
The wavelength was chosen according to the ensemble-averaged longitudinal plasmon resonance of the
corresponding sample on a glass slide and immersed in glycerol. All details can be found in the section
’Femtosecond laser excitation’ in the Supporting Information.

Transmission electron microscopy : BF-TEM images were acquired using a TECNAI12 electron micro-
scope, whereas HAADF-STEM images and electron tomography tilt series were acquired using an aber-
ration corrected ’cubed’ FEI-Titan electron microscope, operated at 300 kV. Atomic resolution series of
the nanorod before and after laser excitation were acquired within a tilt range from -69 ➦to +72 ➦with
a tilt increment of 3 ➦and 2 ➦, respectively. After distortion corrections with the help of a convolutional
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neural network, 3D reconstructions were performed by the Simultaneous Iterative Reconstruction Tech-
nique (SIRT) and the application of constraints in real and Fourier space, following our previous work.
[51] The acquisition and reconstruction procedures differed slightly for the series before and after laser
excitation. All details are in the Supporting Information.

Molecular dynamics simulations : For the MD simulations, two different input models were created: model-
like single crystalline gold nanorods with different ARs and an input structure based on the atomic res-
olution tomography before laser excitation. All created input structures had a diameter of 4 nm. Details
can be found in section ’Creating input models’ in the Supporting Information. The mesoporous silica
coating was simulated by creating a silica aerogel based on the study of Patil et al.. [41] All structures
were relaxed before the start of the simulation. A femtosecond heating profile was applied according to
Baffou et al. [52] and the Lumped capacitance method for the heat dissipation [53] which are detailed
in section ’Heating regime of the femtosecond laser simulations’ in the Supporting Information. All the
molecular dynamics (MD) simulations were carried out in the NVT ensemble using the program Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). [54] The equations of motion were in-
tegrated using the velocity Verlet algorithm with a time step of 1 fs. Periodic boundary conditions were
applied in all three directions with a large vacuum area. ’Force matching’ of the embedded atom model
(EAM) [55] was used for the interaction between Au atoms and the inter-atomic potential of Vashishta
et al. for the silica gel. [56] For the interaction between the Au atoms and the mesoporous silica coat-
ing, a Lennard-Jones potential was applied. The change in surface facets, the internal structure and the
atomic strain analysis of the Au nanorods under laser irradiation were qualitatively and quantitatively
analyzed by the OVITO open visualization tool and OVITO Python open-source scripts. [57] Extended
details of all simulation steps can be found in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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L. Bañares, P. Llombart, L. G. Macdowell, M. A. Palafox, L. M. Liz-Marzán, O. Peña-Rodŕıguez,
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Atomic resolution electron tomography reveals atomic rearrangements in metal nanoparticles upon femtosecond laser exci-
tation. Based on the measured three-dimensional atomic structure, molecular dynamics simulations unravel the dynamics
of the underlying process and give insight how strain, crystal facet distribution and surface diffusion govern these rear-
rangements.
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