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ABSTRACT

AucCu alloys are versatile materials whose physical and optical properties can be finely tuned through composition, making precise

control over the Au/Cu ratio highly desirable. Here, we demonstrate that pulsed laser excitation provides a promising route

to dynamically drive and control alloy formation in single nanoparticles. We track the structural and compositional evolution

of individual Au@TiO, core-shell nanorods under optical excitation in situ using transmission electron microscopy combined

with picosecond pulsed laser illumination. Laser irradiation mobilizes copper-containing species from the carbon support, which

migrate to the nanorod surface and alloy with gold to form a homogeneous AuCu alloy. The copper fraction can be tuned with

laser fluence, reaching values above 80%, before the local temperature exceeds the threshold for copper sublimation and a gold-

rich structure is partially restored. Time-resolved diffraction shows that the process is reversible but kinetically asymmetric:

incorporation is rapid, while the slower evaporative removal allows the copper fraction to be tuned more finely on the return

path. These results demonstrate that, under pulsed laser excitation, nanoparticle composition can be actively driven, observed,

and frozen on demand at the single-particle level through control of laser fluence and illumination time.

1 | Introduction

Bimetallic nanoparticles offer a versatile platform for tuning
functionality through compositional design. This tunability ulti-
mately depends on atomic-scale structure. In such systems,
catalytic, optical, and electronic properties are not dictated solely
by the overall composition, but also by the local distribution of
elements, their degree of ordering, and particle morphology [1-4].
Au-Cu nanoparticles represent a particularly instructive model
system in this regard [5-7]. Across their phase space, they span
ordered intermetallic compounds (Au;Cu, AuCu, AuCu;) and
disordered solid solutions, with properties that change sensitively
with composition and atomic arrangement [8, 9]. At the same
time, Au-Cu is a practically relevant system: Au stabilizes Cu
against oxidation, while Cu introduces chemical reactivity and
modifies the electronic and plasmonic response away from that

of pure Au. In this system, the dependence of functionality on
local composition and ordering is especially pronounced. For
example, in plasmonic Au-Cu alloys, tuning the relative Au/Cu
content modifies the balance between interband and intraband
excitations, thereby altering the distribution of hot carriers and
the dominant chemical reaction pathways [10]. In this way,
composition can switch the system between distinct catalytic
regimes, highlighting the potential for composition to act as an
active control parameter rather than a static design variable.

However, achieving controlled and homogeneous alloying in Au-
Cu nanoparticles remains a fundamental challenge. Chemical
synthesis provides control over the average Au-Cu compo-
sition via precursor ratios and reaction conditions, but the
substantially different reduction potentials of Au’" and Cu**
mean that synchronizing their reduction requires careful tuning
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of ligands, precursors and stoichiometry, and reproducibility
remains sensitive to small variations in conditions [5]. Particle-
to-particle variability in composition is also pronounced at the
single-particle level: Prunier et al. showed that nanoparticles
synthesized with widely different target compositions exhibited
nearly identical, strongly Au-rich compositions, because gold
nucleates preferentially regardless of the precursor ratio [11].
Post-synthesis thermal annealing can drive further mixing and
ordering [12], but Au-Cu nanoparticles also exhibit a tendency
toward Au surface segregation due to the lower surface energy
of Au [8, 11]. Critically, all conventional approaches (chemical
synthesis, physical deposition, and thermal annealing) set the
composition at the moment of preparation and provide no
route to continuously and reversibly adjust it during operation
or characterization.

In this context, pulsed optical excitation presents a compelling
route to access and dynamically control alloy states that are
difficult or impossible to reach through conventional methods
[13]. The rapid heating during a laser pulse, followed by ultrafast
quenching in the surrounding medium, can kinetically trap
transient compositional states before long-range diffusion and
segregation processes fully develop [13-15]. The resulting alloy
structure reflects a balance between thermodynamic driving
forces and kinetic constraints. While thermodynamics deter-
mines whether mixing or segregation is energetically favored,
the extreme heating and cooling rates associated with pulsed
laser excitation can prevent the system from fully relaxing toward
equilibrium [16, 17]. As a result, metastable alloy configurations
can be retained that are inaccessible from equilibrium phase
diagrams, even in multicomponent systems where elemental
segregation would otherwise be expected [18]. Consequently,
pulsed laser ablation in liquids and laser excitation of pre-
synthesized colloidal heterostructures have been explored to
produce solid-solution alloys spanning from binary systems to
high-entropy alloys of five or more elements, including combi-
nations such as Au-Cu that are difficult to mix homogeneously
by wet-chemical routes [11, 13]. For example, rapid cooling
has been shown to stabilize Au-Fe alloy phases beyond their
equilibrium miscibility limits [16]. Similarly, nanosecond laser
irradiation of Au@Pd, Au@Pt and Au@Pd@Pt heterostructures
was shown to promote interdiffusion at elevated temperatures,
producing metastable and homogeneous AuPd, AuPt and AuPdPt
alloy nanospheres [19]. Beyond kinetic trapping, pulsed laser
offers unmatched temporal control. It can be switched on and
off with electronic precision down to the single-pulse level,
far faster than the thermal inertia of any resistive heater.
This means compositional changes can be initiated, modu-
lated, and paused with a precision and speed that no thermal
approach can match. Once the laser is switched off, the com-
position is kinetically stable at room temperature indefinitely,
since diffusion coefficients at ambient conditions are negligibly
small [12].

Despite the demonstrated power of pulsed laser-assisted alloying,
dynamic insight into how the process unfolds at the single-
particle level remains difficult to obtain. Closing this gap requires
following the process in real time, with simultaneous structural
and compositional information at the level of individual nanopar-
ticles. In situ TEM has emerged as a powerful platform for
exactly this kind of study under external stimuli. In situ thermal

heating has been used to follow alloying and atomic redistri-
bution in bimetallic core-shell nanoparticles and nanowires,
revealing how interdiffusion proceeds, how composition and
ordering evolve over time, and how surface segregation and
intermediate phases shape the final structure [12, 20]. These
studies make clear that real-time, single-particle observation is
what turns alloying from an inferred outcome into a mechanis-
tically understood process. Extending the same level of dynamic
insight to pulsed laser excitation is therefore essential, because
laser-driven alloying is mechanistically distinct from thermal
annealing, proceeding through rapid heating—quenching cycles
under strongly non-equilibrium conditions. Ultrafast electron
microscopy (UTEM) has provided dynamic insight into material
responses using stroboscopic pump-probe schemes to resolve
reversible structural dynamics from the femtosecond to microsec-
ond regime, including in gold and graphite thin films [21, 22].
However, these approaches are primarily optimized for reversible
processes that return to their initial state between successive
pump-probe cycles and are therefore less suited to studying
continuously evolving, diffusion-limited transformations such as
alloying under pulsed illumination. Following such cumulative,
diffusion-limited transformations in situ has recently become
practical with the maturation of dedicated optical in-coupling
systems for TEM [23], but the dynamics of laser-driven alloying
have so far not been followed in real time at the single-particle
level.

Here we exploit a TEM equipped with a picosecond pulsed laser
light in-coupling unit to follow the structural and compositional
evolution of AuNR@TiO, core-shell nanorods under optical
excitation in real time. We show that laser illumination drives the
migration of copper-containing species from the carbon support
film onto the nanorod surface, where they alloy with gold to
form a homogeneous AuCu solid solution. The Cu fraction
in the resulting alloy, quantified by energy-dispersive X-ray
spectroscopy (EDX) and tracked through lattice parameter shifts
measured by electron diffraction, can be tuned continuously
by adjusting laser fluence, reaching above 80% Cu incorpora-
tion before copper sublimates at higher fluences, restoring the
original gold structure. This approach demonstrates that the
composition of an individual nanoparticle can be actively tuned
and modified under optical excitation, providing direct access to
intermediate, non-equilibrium alloy states that are not readily
achievable through conventional synthesis routes. More broadly,
these results establish a pathway toward dynamic, light-driven
control of nanoparticle composition at the single-particle level,
where functionality may be adjusted in situ through optical
excitation conditions.

2 | Results and Discussion
2.1 | Copper Incorporation Under Laser
INlumination

To investigate laser-induced alloying of gold nanoparticles with
copper, we used Au nanorods coated with an amorphous
titania shell (AuNR@TiO,) as our model system. The TiO,
shell serves a dual purpose: it is a widely used support mate-
rial in heterogeneous catalysis, making AuUNR@TiO, a prac-
tically relevant catalyst architecture, and the shell suppresses
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FIGURE 1 | (a)Modified Transmission Electron Microscope with a light in-coupling unit and a mirror placed at the upper pole piece of the objective
lens allowing real-time observation of in situ heating. (b) COMSOL heat simulation at maximum temperature exhibiting the temperature gradient of

a single grid square. (c) Temperature profile of the dashed line in (b). A small bump in the center can be seen due to the NR. The contribution to the

temperature increase due to the NR alone is shown in Figure S2.

carbon contamination on the nanoparticle surface, which
enabled tomography, EDX, and 4D-STEM to be performed
sequentially on the same particle. On uncoated nanorods, beam-
induced carbon contamination largely originates from the citrate
surface ligands, which the electron beam cross-links into an
amorphous carbon layer. During TiO, synthesis, these ligands are
largely displaced, and the resulting oxide presents an organic-
free outer surface, suppressing this contamination pathway. The
particles were drop-casted onto standard Quantifoil R 1.2/20 200-
mesh copper TEM grids with a 12 nm carbon support film.
Experiments were performed in a modified JEOL NeoARM
equipped with a cold field emission gun (CFEG) and an IDES
light in-coupling unit. A picosecond laser (700 nm wavelength
with a 10 nm bandwidth and 26 MHz repetition rate) was focused
onto the sample plane by a focusing lens and a mirror in the
TEM column as shown schematically in Figure 1a, allowing the
light to hit the sample roughly collinear to the electron beam.
The laser was focused to a spot size of around 64 um (defined
as the diameter at which the laser intensity decreases to 1/e 2
of its peak value), substantially larger than any individual
nanoparticle (Figure S1). Under these conditions, the carbon
film, which was present across the entire grid window, was
the dominant photothermal absorber. While the gold nanorods
are themselves efficient photothermal heaters, their nanoscale
volume means that their contribution to the overall thermal
budget of the window was small compared to the extended

carbon film and large laser spot size. COMSOL heat-transfer
simulations confirmed that an individual AuNR produced a
maximum local temperature increase of only about 25 K under
the experimental illumination conditions (Figure S2). The par-
ticles were furthermore separated by several um, indicating
that collective heating effects do not significantly influence the
overall temperature profile. At the employed repetition rate of
26 MHz, the inter-pulse interval is only 38.5 ns. Because the 12 nm
carbon film is thermally thin, it cannot dissipate the deposited
heat between pulses and instead reaches a quasi-steady-state
elevated temperature, effectively behaving as a continuous-wave
heat source despite the pulsed excitation (Figure S3a). COMSOL
simulations indicated that at the laser powers used, the carbon
film reached temperature increases of approximately 650 K at
the center of the illuminated window, decaying to 500 K within
25 um (Figure 1b,c). The quoted temperature increase of 650 K
corresponds to a specific reference at 55% of the laser power,
equivalent to an experimental fluence of 7.2 uJ/cm? (Figure S1)
and serves to indicate the order of magnitude of heating reached
in these experiments. The actual temperature varies between
individual experiments as the laser fluence is adjusted stepwise
throughout each acquisition, as shown in Figure S3b. At these
high temperatures, we observed that the amorphous carbon
actually partially turned into disordered graphite. Evidence
of this transition is shown in Figure S4, where the diffrac-
tion rings become sharper under laser illumination. Because
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graphitization increases the thermal conductivity of the sup-
port film, this change was incorporated into the heat-transfer
simulations shown in Figure 1b.

It is well established from early in situ heating experiments,
conducted on carbon-supported TEM grids before MEMS heating
holders became standard, that copper-containing species can
form and migrate on carbon films at elevated temperatures.
For example, Jernigan et al. and Zhang et al. reported copper
migration and agglomeration on carbon supports at 600-700°C
[24, 25]. We hypothesize that under laser-induced heating, atomic
and sub-nanometer copper species mobilized from the grid can
diffuse through the porous TiO, shell and incorporate directly
into the gold lattice. The near-uniform heating across the window
(Figure 1b) means that copper-containing species can potentially
become thermally activated across a large area simultaneously,
not only directly under the nanoparticle. To confirm that our laser
conditions are sufficient to mobilize copper from the Quantifoil
substrate, we performed control experiments on empty grids in
the absence of nanoparticles (Figure S5). Using the identical
illumination geometry shown in Figure 1, sparse dark dots
appeared on the carbon film after illumination at 3.0 uJ/cm?
(Figure S5b). Increasing the power to 3.8 uJ/cm? caused these
dots to grow and agglomerate into larger clusters (Figure S5c,d),
with d-spacings consistent with Cu,O rather than metallic Cu
as shown in Figure S6. To assess whether the electron beam
contributes to oxygen removal from these clusters, a control
experiment was performed in which Cu,O nanoparticles formed
by laser irradiation were exposed to a highly converged electron
beam for an extended period. No measurable change in lattice
spacing was observed before and after beam exposure, indicat-
ing that electron-beam-induced reduction of Cu,O is negligible
under our experimental conditions. At the highest laser fluence
(18.5uJ /cm?) the clusters disappeared from the center of the
window and appeared near the cooler grid bar edges (Figure S5e),
consistent with the temperature gradient over the grid window
(Figure 1b,c). In this case, the center region had reached the
sublimation temperature of the copper clusters and the colder
outer regions had reached temperatures high enough to form
clusters. This demonstrates that the spatial extent of available
copper is self-limiting as a result of the temperature gradient
across the window.

With this physical picture established, we turn to the behav-
ior of AuNR@TiO, deposited on the same carbon TEM grids
under laser illumination. In this experiment, the laser fluence
was increased stepwise throughout each acquisition, allowing
morphological changes of individual particles to be followed
at different fluences. Each fluence step was maintained until
morphological changes ceased, indicating that the particle had
reached a stable configuration at that excitation level before
the fluence was further increased. It should be noted that the
threshold fluence for transformation varied slightly between
individual particles due to experimental variations in laser align-
ment, spot size, nanorod position relative to the laser spot and
proximity to the grid bars, which affect local heat dissipation.
The observed transformations were therefore governed by the
local temperature reached by each particle rather than by a
unique fluence or irradiation time value. Representative results
are shown in Figure 2a, with the applied laser fluence profile,
together with the corresponding percentage of maximum power

output for the laser, plotted in Figure 2b. Initially, the laser was
applied at a fluence of 4.5 uJ/cm? for 40 s, switched off, and then
turned back on at the same fluence for another 370s. The fluence
was subsequently increased to 4.8 uJ/cm? for 187 s and finally to
5.1 uJ/cm? for 88 s. A TEM image of the AuUNR@TIO, before laser
illumination is shown in Figure 2a.1.

Under laser exposure, the particle underwent a pronounced
morphological transformation. The nanoparticle progressively
grew, leading to deformation and noticeable expansion of the
surrounding TiO, shell, indicating that material from outside
the nanorod entered through the porous shell, which has an
estimated porosity of about 60%-70% (Figures S7 and S8) and
accumulated inside (Figure 2a.2-a.4, Movie S1). The TiO, shell
itself deformed but remained intact throughout, consistent with
its high vaporization temperature (above 2000°C), which makes
it robust under the conditions used here. At higher laser fluence
(5.1 uJ/cm?), the particle partially returned toward its original
shape (Figure 2a.5), indicating that part of the incorporated mate-
rial began to sublimate and leave the particle. This expansion-
then-contraction sequence was reproducible across multiple grid
windows and different nanorods (Figure S9), with only minor
adjustments in laser power required between experiments. For
comparison at each illumination step, the corresponding TEM
image was thresholded and the particle outline extracted and
smoothed with a Gaussian filter (Figure S10). The resulting
outlines as a function of time are shown in Figure 2c: the nanorod
(blue) clearly expanded to a maximum projected area (orange)
before shrinking back toward its original dimensions (yellow) at
higher fluence. The exact geometry and volume of the protrusions
vary from particle to particle and are strongly influenced by the
TiO, shell. We propose that Cu enters the particle through the
most porous or thinnest region of the shell, which subsequently
also acts as the preferred pathway for outward expansion of the
alloyed particle. As a result, protrusions develop predominantly
in regions where the geometrical constraint imposed by the shell
is weaker. In contrast, often one side of the particle remains
in close contact with the TiO, shell during the transformation,
limiting the deformation of the core. Following Cu sublimation,
this persistent contact, together with the tendency of gold to
minimize its surface energy, promotes a partial recovery toward
the initial particle shape.

Two control experiments were performed to verify that the
observed morphological changes result from copper incorpora-
tion and are not caused by laser-induced modification of the
gold nanorods or by electron-beam effects. First, to test if this
is indeed copper entering the Au nanorod, we applied directly
a fluence that was above the observed sublimation threshold of
the copper-containing clusters on the empty grid (Figure S5e).
When directly applying a high laser fluence, such as 8.5 uJ /cm? as
shown in Figure S11, the original particle completely disappeared,
indicating that the sublimation temperature of gold was reached.
It is also interesting to observe that the shape of the TiO, shell
remained preserved even after complete sublimation of the gold
core, and no noticeable nanorod reshaping or increase in the
projected area was detected. This suggests that under higher
laser power, the surrounding material on the grid sublimates
before it can diffuse into the AUNR@TiO,, and that it is likely
indeed copper that causes the nanoparticle changes. Second, the
influence of the electron beam was tested by repeating the same
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FIGURE 2 | (a) TEM images of a AUNR@TIiO, under laser exposure: (a.1) before laser exposure, (a.2) after the first laser exposure at 4.5uJ/cm?,
(a.3) after the second laser exposure at the same fluence, (a.4) after the third laser exposure at 4.8 uJ/cm?, (a.5) and after the last laser exposure at
5.1uJ/cm?. (b) Applied laser power and corresponding calculated fluence (for a laser spot of 64 um at 26 MHz) as a function of time. The horizontal
segments indicate the time intervals during which each laser power was applied. (c) Extracted outline smoothed with a Gaussian filter of the Au nanorod

at successive times under laser illumination as in (a).

experiments with the beam switched off during laser irradiation,
acquiring images only before and after exposure. As shown in
Figure S12, the particle underwent the same transformation as
in experiments performed with the beam on, confirming that
laser illumination alone is sufficient to drive copper incorporation
and alloying. While the absolute kinetics of incorporation may
be influenced by the beam, the general findings are independent
of beam-induced effects and represent intrinsic behavior of the
laser-driven system.

2.2 | Volume Evolution and Spatial Distribution

The TEM observations in Section 2.1 suggested that material
entered the AuUNR@TiO, under laser illumination, deforming
the gold core and expanding the TiO, shell. If this material
was indeed copper incorporating into the gold nanorod, as
hypothesized, a direct consequence should be a measurable
increase in particle volume. To test this, we performed electron
tomography on the same particle shown in Figure 2, acquiring
tilt series before illumination and after the first (a.2) and last
(a.5) stages of laser exposure. Each tomography series consisted
of high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) 2D projections acquired from —65°
to +65° in steps of 3°. Representative HAADF-STEM images
at 0° and +65° are shown in Figure 3a before (blue a.l), after
illumination over 40s at a fluence of 4.5uJ/cm? (purple a.2)
and after the final exposure at 5.1 uJ/cm? over 88 s (yellow a.3).
After the first exposure, the material visibly spread onto the
TEM substrate, resulting in a noticeably flatter interface between
the nanorod and the grid at high tilt angles (purple arrows, in

Figure 3a.2). Importantly, the TiO, shell also clearly deformed
outward, indicating that the newly incorporated material was
growing inside the shell rather than merely depositing on its
surface. At higher fluence (Figure 3a.3), the additional material
largely disappeared, and the nanorod partially recovered its
original shape, consistent with the TEM results in Section 2.1.
The same particle imaged with the bright-field detector (a.4)
makes the shell deformation particularly clear, as the lower Z
contrast of TiO, is better captured under these detector settings.
The tilt series were aligned by cross-correlation and reconstructed
using an expectation-maximization algorithm. After segmenta-
tion with the Otsu threshold, the particle volume was calculated
at each stage. The results are shown in Figure 3b: the volume
increased approximately fourfold after the first illumination
stage, then decreased to roughly twice the original volume
after higher-fluence exposure. This confirms that substantial
new material entered the nanorod during laser illumination,
and was partially removed at higher fluences, consistent with
suspected sublimation of the incorporated copper, which has a
lower sublimation point than gold at the operating pressure of
the TEM. An independent tomography dataset acquired on a
different AUNR@TiO, particle showed a similar trend, with the
particle volume decreasing after continued laser exposure to a
value close to the estimated initial volume (Figure S13), further
supporting partial recovery of the original morphology following
Cu sublimation.

To gain more time-resolved insight into how material is incor-
porated during illumination, we turn to the HAADF-STEM
image series in Figure 3c, acquired on a different particle under
laser illumination at stepwise increasing fluence. In HAADF-
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FIGURE 3 | (a) HAADF-STEM images taken tilting the holder at 0°, +65°, —65° (a.1) before, (a.2) after 700 nm and 26 MHz laser illumination at
4.5 uJ /cm? for 40 s and (a.3) after illumination at 5.1 uJ/cm? for 88 s. In (a.4) are the same images as in (a.3) but acquired with the bright field detector.

(b) Volume of the three 3D reconstructions after binarization. (c) STEM images of another particle (1) before, (2-6) under 700 nm and 26 MHz laser

illumination at 5.8 uJ/cm? and (7-12) at 7.0 uJ /cm?. (d) Line profile of the intensity extracted along the same color-coded line in (c).

STEM, image contrast scales monotonically with both specimen
thickness and atomic number Z: a higher signal indicates there-
fore either more material (a thicker nanoparticle) or heavier
atoms. Under laser illumination, a region of increased contrast
appeared at the center of the nanorod and grew progressively
until it extended beyond the original TiO, shell boundaries
(Figures 3c.3-c.7). This high-contrast region most likely reflects
growth in the third dimension: copper entering through a weak
point in the TiO, shell and accumulating preferentially along
the path of least resistance caused the particle to thicken out of
plane rather than expanding uniformly in the image plane. This
is directly visible in the line profiles extracted along the center
of the nanorod shown in Figure 3d: a sharp, localized increase
in intensity appeared in the middle of the rod corresponding to
the protrusion (blue line 3), while the intensity along the rest of
the rod evolves differently, pointing to distinct physical origins

of the contrast changes in the two regions. This interpretation
is further supported by observations of other particles where
the protrusion was clearly anisotropic and visible predominantly
in one direction in 2D projection (Figure S9). Critically, the in-
plane portion of the original gold core, the region of the nanorod
away from the protrusion, simultaneously showed a reduction
in contrast compared to before illumination. These two contrast
changes occurred in different spatial regions of the particle:
the protrusion grew where copper entered through the shell,
while the remaining gold core dimmed uniformly, pointing to
a compositional change, specifically, dilution of the Au lattice
by the lighter Cu atoms through alloying. The line profiles
in Figure 3d confirm that this contrast reduction is spatially
uniform across the in-plane rod from early on in the illumination
sequence, indicating that copper incorporated homogeneously
throughout the nanorod volume rather than accumulating as a
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segregated surface layer. At higher laser power (Figure 3c.8-c.12),
both effects reversed: the sharp intensity peak in the line profile
corresponding to the out-of-plane protrusion disappeared and the
in-plane contrast of the gold core recovered toward its original
level, consistent with sublimation of the incorporated copper,
which has a substantially higher vapor pressure than gold at
the temperatures reached [25]. Based on the Clausius-Clapeyron
equation, at 1100K the vapor pressure is approximately 1.89 x
10~* Pa for pure Cu and 7.06 x 10~° Pa for pure Au.

Together, the tomography and STEM series established that
laser illumination drives a substantial and reversible volumet-
ric change in the AUNR@TiO,. Furthermore, the incorporated
material is distributed homogeneously through the particle from
early stages. Based on the control experiments in Section 2.1, we
attribute this material to copper migrating from the substrate.
To directly confirm this assignment, EDX maps were acquired
on a different particle before and after successive illumination
stages at increasing power (Figure Sl4a). The total gold signal
remained constant throughout despite the particle growing in
size, while the copper signal increased substantially during the
first two exposures and subsequently decreased at higher fluence.
Since EDX signal scales with the amount of material present, the
constant gold signal rules out gold redistribution as the source
of the volume increase, and the rising copper signal directly
confirms that the incorporated material is copper. Quantitative
fitting of the characteristic X-ray lines (AuL ., AuM ,, CuK ,
CuL ) confirms this trend unambiguously (Figure S14d). Control
experiments assessing the contribution of the copper signal from
the TEM grid bars and from the microscope column due to
secondary scattering are shown in Figure S15.

2.3 | Composition Control and Alloy Homogeneity

Having established that copper incorporates into the
AuNR@TiO, under laser illumination, the key remaining
question is whether it forms a spatially homogeneous alloy
with gold or remains segregated, for instance accumulating
preferentially in the region of the protrusion. To address this
at the spatial resolution accessible by EDX, summed X-ray
counts were extracted from several distinct regions across a
single nanoparticle that developed a large protrusion after laser-
induced alloying (Figure S16a). As shown in Figure S16b,c, both
the gold and copper signals remained uniform across all sampled
regions, indicating that copper was distributed evenly throughout
the particle at this length scale rather than concentrated in any
particular zone. This points toward homogeneous alloying rather
than core-shell segregation or surface decoration. However,
EDX spatial resolution is insufficient to assess atomic-scale
mixing, and the question of whether gold and copper are truly
intermixed at the lattice level, rather than forming nanoscale
phase-separated domains, cannot be answered by EDX alone.
We therefore turn to electron diffraction, which is sensitive to
the lattice parameter of the alloy and can quantify the copper
fraction through Vegard’s law [26].

Both gold and copper crystallize in the FCC structure with well-
separated lattice parameters (Au at a = 407.82 pm and Cu at a
= 361.49 pm, corresponding to (111) d-spacings of 0.235 nm and
0.208 nm, respectively). As a result, copper incorporation into

the gold lattice produces a measurable contraction of the lattice
parameter that can be tracked in real time through the positions
of diffraction spots. To measure diffraction spacings, consecutive
electron diffraction patterns were acquired using the TimePix3
pixelated detector on a single AUNR@TiO, while the laser was
on, with a stepwise laser fluence increase from 5.5uJ/cm? to
13.5uJ/cm?. It is worthy to mention that these are slightly higher
fluences compared to the experiments in Figures 2 and 3. These
higher fluences were required to achieve the same particle mod-
ifications as observed before, likely due to a slight misalignment
in the laser on the day of the experiments. Between each fluence
increment, a TEM image of the particle was acquired to monitor
morphological changes; representative images at selected illu-
mination stages are shown in Figure 4a, confirming the same
expansion-then-contraction reshaping sequence described in Sec-
tion 2.1. The laser power profile and corresponding fluence are
shown in Figure 4b. A representative diffraction pattern is shown
in Figure 4c: it contains sharp diffraction spots arising from
the crystalline nanorod, superimposed on two broad amorphous
rings from the carbon substrate, which were observed to sharpen
progressively under laser heating as amorphous carbon partially
graphitized.

The positions of individual diffraction spots were tracked across
all illumination steps by fitting a 2D Gaussian to each spot and
computing its radial distance from the center of mass (COM) of
the diffraction pattern (Figure 4c, colored overlays). All tracked
reflections show the same trend: a progressive outward radial
shift up to the fourth illumination step, followed by a gradual
return toward the initial positions at higher fluence. Since an
outward shift corresponds to a smaller d-spacing by Bragg’s law,
this directly reports lattice contraction consistent with copper
incorporation. The d-spacing for the two reflections closest to the
COM is plotted as a function of illumination time in Figure 4d:
it decreases from 0.235 nm, consistent with pure gold, to a
minimum of approximately 0.215 nm, before recovering toward
the initial value at higher fluence. Applying Vegard’s law to
the minimum d-spacing of 0.215 nm yields a copper fraction of
approximately 75%. It should be noted that the same trend is
followed by all the diffraction reflections tracked in the pattern
as shown in Figure S17.

Since these diffraction patterns were recorded while the laser
was on, thermal expansion of the lattice partially counteracted
the compositional contraction, causing the copper fraction to be
underestimated. To decouple these effects, additional diffraction
patterns were acquired with the laser switched off on the
same particle after some of the illumination steps, allowing the
substrate to return to room temperature between measurements.
The laser-off series (Figure S18) shows the same trend: initial
d-spacing decrease followed by recovery. It should be noted
that laser-off diffraction data were only recorded after specific
laser exposure steps. When comparing the laser-on and laser-off
measurements after the second laser exposure step, the estimated
copper fraction increased from approximately 70% under laser
illumination to approximately 80% once the laser was switched
off, highlighting the significant influence of thermal expansion
during irradiation. Since the laser-on data reached a minimum
d-spacing at the end of the third laser exposure step, where
no corresponding laser-off diffraction pattern was acquired, it is
reasonable to expect an even higher copper content when thermal
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FIGURE 4 | Diffraction under laser illumination (a) TEM images of the NR at different stages of laser illumination (b) Exposure time for each

laser step. On the y axis the respective laser power and fluence are shown, while the x-axis represents the cumulative illumination time for each laser
exposure step. (¢) Positions of diffraction spots tracked from the last diffraction pattern acquired in each laser exposure step shown in (b), overlaid on the
diffraction spectra acquired before laser exposure. The colors of the tracked diffraction spots correspond to the laser exposure step colors shown in (b),
with bright pink indicating the dataset acquired prior to any laser illumination. In c.1 and c.2 a zoom in on the two diffraction spots closest to the COM
is shown, highlighting the change in position of the diffraction dots as a function of laser exposure. (d) d-spacing as a function of laser illumination time

for the two diffraction dots in (c) is shown. The dotted line represents the average of the two diffraction spacings to account for sub-pixel errors.

contributions are removed. Based on the observed trend, the
copper fraction at this stage is therefore estimated to approach
85% under laser-off conditions. This fraction is consistent in
order of magnitude with the fourfold volume increase measured
by tomography in Section 2.2. Given similar atomic volumes of
Au and Cu, a fourfold volume increase implies a composition
of approximately 25% gold and 75% copper, in good agreement
with the diffraction result. We note that the absolute copper
fraction will vary between particles depending on the amount
of copper locally available from the surrounding substrate, and
the comparison between tomography and diffraction involves
different particles measured under slightly different conditions.
Nevertheless, the quantitative consistency across these inde-

pendent measurements strengthens our conclusion that a high
copper fraction, on the order of 75%-85%, can be achieved
under laser illumination. Furthermore, from the difference in
d-spacing measured under laser-on and laser-off conditions, we
were able to experimentally estimate the temperature reached
during laser irradiation. Thermal expansion leads to a lattice
change according to Ad/d = a AT, where « is the linear thermal
expansion coefficient. For the calculation, a was varied between
1.4 x 107> K! (pure Au) and 1.6 X 107> K~! (pure Cu) based on
the alloy composition estimated from the diffraction data. Using
the measured difference in d-spacing between laser-on and laser-
off conditions yields an estimated temperature increase of AT =
800 K. This value is in good agreement with the temperatures
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FIGURE 5 | (a) HR-TEM image of a AuNR@TiO, before laser illumination (a.1) and after irradiation of the maximum laser power of 5.5 J /cm?
(a.2) and (b) STEM image of the same AuNR@TiO, in a.2 (c) Diffraction patterns, after logarithmic normalization and percentile-based contrast
enhancement, obtained from the regions indicated by the circles in (b). (c.1) Pattern from the area inside the green circle. (c.2) Pattern from the area
inside the pink circle. In (c.3) the two diffraction patterns are overlayed to highlight differences, with green indicating signal unique to (c.1), magenta

unique to (c.2), and white indicating full overlap between the two patterns.

predicted by the heat simulations shown in Figure S3. Finally,
Figure SI8 shows that the lattice spacing measured after pro-
longed sublimation remains slightly smaller than that of pure Au,
indicating that the particle does not return completely to the pure-
gold state and that a residual amount of Cu remains dissolved in
the alloy.

From the EDX and diffraction analyses, we estimate above
80% of copper being incorporated into the gold nanorod under
our experimental conditions. To further probe local composi-
tional homogeneity and crystal orientation homogeneity, we
performed 4D-STEM experiments in quasi-parallel nano-beam
diffraction mode, which provides a diffraction pattern at each
probe position and allows comparison of local lattice parameters
across the particle. TEM images of the chosen AuNR@TiO,
before (Figure 5a.1) and after (Figure 5a.2) laser illumination
show that a large protrusion developed during illumination,
extending well beyond the original TiO, shell boundary. This
outward growth indicates that gold atoms redistributed beyond
their original confinement to participate in forming the alloy,
a finding consistent with the strongly negative mixing enthalpy
of AuCu at the nanoscale, which makes Au-Cu bond formation
energetically favorable over maintaining a pure gold core adja-
cent to a copper-rich exterior [8]. The virtual dark-field image
reconstructed from the 4D-STEM dataset is shown in Figure 5b,
confirming the spatial extent of the crystalline material after
illumination.

Diffraction patterns extracted from two distinct regions, the
original nanorod interior (green, Figure 5c.1) and the newly
grown material outside the original shell (magenta, Figure 5c.2),
are compared in Figure 5c.3, where they are additively overlaid.
In this representation, green indicates signal unique to the
original rod position, magenta indicates signal unique to the
grown region, and white indicates full overlap. The two patterns
overlap almost completely, with the only deviation occurring
at small radial distances, where TiO, diffraction was present
exclusively in the original rod region, corresponding to the shell.
The near-perfect overlap of the diffraction patterns from both
regions demonstrates that the original nanorod and the newly
grown material share the same contracted lattice parameter:
they are crystallographically indistinguishable and form a single
homogeneous AuCu solid solution. To quantify this, diffraction
spot positions in both patterns were determined by 2D Gaussian
fitting and the radial displacement Ar between corresponding
reflections in the two regions was calculated (Figure S19). All
reflections show Ar values close to zero, with no systematic trend,
confirming that there is no measurable lattice parameter differ-
ence between the original rod location and the grown material
and that copper is homogeneously distributed throughout the
particle at the length scale accessible by this measurement.

Together, the EDX, diffraction, and 4D-STEM analyses estab-
lished that laser illumination drives the formation of a spatially
homogeneous AuCu solid solution throughout the nanorod and
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any outgrown protrusion, with an achievable copper fraction
above 80%. With this complete picture of the alloying process
assembled, we now turn to a discussion of the incorporation
and removal mechanism and its implications for compositional
control. The Cu,O clusters observed on the carbon support under
laser illumination (Figures S5 and S6) provide a source of copper.
While the precise chemical pathway by which Cu migrates from
the substrate and incorporates into the Au nanorod cannot be
determined from the present data, previous studies have shown
that copper oxides can be reduced under vacuum annealing
conditions, with metallic Cu appearing above 670 K [27]. At the
temperatures estimated during laser illumination (approximately
1000 K) and the negligible oxygen partial pressure in the TEM
column, these oxide species are therefore readily reduced to
metallic copper under our conditions. Furthermore, the Au-
Cu system has a strong thermodynamic tendency toward alloy
formation due to its negative enthalpy of mixing, making the
alloyed state energetically more favorable than phase segregation
[28].

The incorporation and removal of copper are intrinsically asym-
metric processes, as shown in Figure 3c,d and Figure 4d, where a
comparatively rapid shift toward a Cu-rich alloy during the early
heating steps is followed by a more gradual recovery toward pure
Au at higher fluences. However, since Figure 4d only represents
the endpoint diffraction pattern acquired at the conclusion of
each fluence step, it does not capture how composition evolves
continuously within a given exposure. To resolve this, we show
three different diffraction series (Figure S20), in which patterns
were acquired during laser illumination, providing a full temporal
trajectory of composition rather than just end-points. These
snapshots demonstrate that incorporation occurs on a much
faster timescale compared to the removal phase, visible in a clear
and measurable asymmetry in the kinetics of the two processes.

The incorporation timescale reflects a coupled sequence of
processes: the thermal activation and melting of neighboring
copper-containing clusters under laser heating, transport of
copper species to the AuNR surface, and interdiffusion and alloy
formation throughout the nanorod volume. That incorporation
is mainly completed within a single illumination step of ten
seconds (Figure S20b.1) is consistent with what is expected from
diffusion theory. At the temperatures reached (about 1000 K),
literature values of Cu in Au diffusion coefficients (D) are on the
order of 107* m?/s, depending on alloy composition [29]. Based
on Fick’s law of diffusion ({(r?) = 6Dt), these values correspond
to characteristic diffusion times (t) of approximately 10 ms and
94 ms across the short (r = 25nm) and long (r = 75nm) axes
of the nanorod, respectively. Internal diffusion is therefore not
rate-limiting, and the observed incorporation timescale is instead
likely governed by the supply of copper from the surrounding sub-
strate, making it sensitive to local geometry: particles with more
proximal copper sources will incorporate faster independently of
any intrinsic diffusion rate.

The slower removal, by contrast, is governed by surface evap-
oration rather than by diffusion. At the temperatures required
for sublimation, internal diffusion remains fast, and copper
equilibrates across the particle in tens of milliseconds. Although
Cu is preferentially removed, the Au-Cu system has a strong
thermodynamic tendency toward alloy formation due to its neg-

ative enthalpy of mixing [28]. Combined with the rapid internal
diffusion at these temperatures, this favors a homogeneous alloy
composition rather than the development of Au-rich and Cu-
rich regions. Cu lost from the surface is therefore continuously
replenished from the particle interior, helping to maintain a
homogeneous alloy composition while preferential Cu sublima-
tion proceeds [29]. The rate-limiting step is therefore assumed
to be the evaporative flux from the nanoparticle surface, which
can be estimated, within order of magnitude, using the Hertz—
Knudsen equation (see Supporting Information for details). As
an illustrative example, the calculation is performed for the laser
illumination interval corresponding to the light-green region
in Figure S20a, whose lattice-spacing evolution is shown in
Figure S20b.2. Assuming that the Au content remains constant
throughout the experiment, the lattice spacings measured at the
end of the preceding dark-green illumination step and at the
end of the light-green illumination step are used to determine
the amount of Cu lost by evaporation during this interval. Using
representative temperatures between 1100 and 1150 K, obtained
from the laser-induced lattice expansion as described above, the
model predicts evaporation times between 81 and 22 s (Table S3).
This range is in reasonable agreement with the experimentally
observed timescale of approximately 35 s and highlights the
strong sensitivity of the evaporation process to temperature.

Taken together, these observations reveal two complementary
and independently tunable handles on alloy composition. Laser
fluence sets the thermodynamic window, determining whether
the system sits in a regime where incorporation dominates or
where evaporative loss becomes significant. Illumination time
controls how far the composition evolves within that window.
Because evaporation requires substantially higher fluences and
longer times than incorporation, the alloy composition is kinet-
ically robust against small perturbations in laser power once
formed, and can be driven back toward pure Au only by delib-
erate escalation of fluence. Switching the laser off at any point
kinetically traps the current composition indefinitely, providing
a practical and flexible route to targeting a desired Cu fraction at
the single-particle level.

3 | Conclusion

This work demonstrates that pulsed optical excitation enables
dynamic, reversible control over the composition of individual
bimetallic nanoparticles, as directly visualized in situ by transmis-
sion electron microscopy. Specifically, we show that Au nanorods
encapsulated in a TiO, shell can incorporate copper from the
surrounding substrate under laser illumination, forming a homo-
geneous AuCu solid solution with tunable composition. Through
a combination of TEM imaging, electron tomography, EDX, and
diffraction analysis, we established that laser-induced heating
drove substantial and reversible structural and compositional
changes. Copper incorporation led to pronounced volumetric
expansion and lattice contraction consistent with alloy formation,
reaching Cu fractions above 80%. At higher laser fluences, partial
removal of copper via sublimation restored the system toward
its initial Au-rich state. Importantly, 4D-STEM and diffraction
measurements confirmed that the resulting alloy was spatially
homogeneous across the particle, rather than phase-segregated.
The maximum Cu fractions achieved are likely not an intrinsic
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limit of the alloying process, but are instead constrained by the
finite availability of copper in the local region of the TEM window,
which acts as the material reservoir.

The alloying process was governed by asymmetric kinetics:
rapid incorporation of copper at moderate fluence, followed by
slower removal at higher fluence. This asymmetry provides two
independent control parameters, laser fluence and illumination
time, enabling precise tuning of composition. Once the laser
is switched off, the alloy state is kinetically trapped at room
temperature, allowing intermediate, non-equilibrium composi-
tions to be stabilized on demand. Beyond demonstrating a novel
route to achieve high Cu incorporation in Au nanoparticles,
this study demonstrates the potential of optical excitation as a
tool for actively controlling material composition at the single-
particle level. The ability to reversibly drive and freeze alloy
states opens new opportunities for tailoring catalytic, plasmonic,
and electronic properties in situ. Future work will focus on sys-
tematically disentangling the effects of laser fluence, irradiation
time, and pulse repetition rate on the local temperature evolution
and resulting alloying/dealloying behavior. This will enable
the establishment of quantitative transformation thresholds and
kinetic models for laser-driven compositional control at the
single-particle level. Furthermore, while the present experiments
were performed at a high repetition rate, making the laser
effectively quasi-continuous-wave (CW), experiments at lower
repetition rates could provide further insight into kinetic trapping
by allowing the particle to cool between successive pulses. Finally,
the same approach can be applied to other material systems,
including immiscible alloys, to explore laser-driven pathways
toward metastable compositions and nanostructures that are
inaccessible under equilibrium conditions.

4 | Experimental Section

4.1 | Growth of an Amorphous Titania Shell
Around Au Core Nanorods

4.1.1 | Chemicals

All starting materials were used without further purification.
Titanium chloride(III) (TiCl;) solution 15% in 10% hydrochloric
acid for synthesis, and 99.7% sodium bicarbonate were purchased
from Sigma-Aldrich. Citrate capped nanorods of 25 X 75 nm with
a density of 7.93 x 108 NP/mL were purchased from Nanopartz.
Milli-Q grade water (resistivity 18.2 M Q cm at 25 °C) was used in
all experiments.

4.1.2 | Synthesis

The colloidal growth of an amorphous TiO, shell around citrate
capped gold NRs was carried out following a protocol adapted
from Wu et al. [30] and Fang et al. [31]. 3 mL of 25 X 75 nm citrate
capped nanorods stock solution were left sinking over one week.
After one week the supernatant was removed and the bottom of
the solution was collected and re-dispersed in 200 uL of Milli-Q
water. The precursor Ti** solution was prepared by adding 100 uL
of 15% TiCl; to 4 mL of Milli-Q water under vigorous stirring to
ensure complete mixing. The pH of the resulting reddish solution

was measured to be 1.4 using a Hanna Piccolo pH meter. Under
maximum stirring, 460 uL of 1 M NaHCO; solution was added
dropwise. Adding the bicarbonate solution to the TiCl; solution
slowly was crucial to avoid precipitation of TiO, in solution. After
the first addition of 400 pL, the solution turned transparent, and
the pH was measured to be 2.43.

A few seconds were allowed to pass before adding the remaining
60 uL of 1 M NaHCO; solution. After this addition, the solution
immediately turned blue, with a measured pH of 2.9, indicating
that Ti’* cations had formed in solution. 500 uL of the citrate
capped gold nanorods dispersed in water were immediately added
while keeping vigorous stirring. The negative surface charge
of the citrate layer [32] attracts the positively charged TiO,
cations resulting in growth of a shell around the NRs. After
seven minutes, the solution was placed in Eppendorf tubes and
centrifuged at 6000 rpm for 5 min. The supernatant was removed
and re-dispersed in Milli-Q water. The cleaning procedure was
repeated three times.

4.2 | Instrumentation

The experiments reported were performed in an aberration-
corrected NeoARM (S)TEM with Cold Field Emission Gun
(CFEG, 0.3 eV FWHM energy spread), operated at 200 kV. The
BF-TEM images were acquired on a TVIPS XF416 R(ES) bottom
mounted camera. STEM images were acquired with an annular
bright field (ABF) or an annular dark field (ADF) detector.

4.2.1 | Light In-Coupling Unit

The microscope is equipped with a JEOL-IDES Luminary laser
in-coupling unit composed of a fiber-coupled laser, an inlet port,
and a compact optical delivery system with a mirror to adjust
the position of the laser spot and a collimator to focus the
beam onto the sample. Laser alignment was performed using
the JEOL-IDES fluorescent (PLAH) holder, which enables direct
visualization of the laser spot and alignment with the electron
beam. The laser used in this work was an NKT FIU-15 combined
with an NKT VARIA tunable filter from 400 to 840 nm. The pulse
length varies between 20 and 100 ps depending on wavelength,
while the repetition rate can be tuned from 0.15 to 78 MHz.

A typical experiment consisted of acquiring consecutive TEM
images under pulsed laser illumination while varying the fluence
by adjusting the peak laser power between 40% and 80% of the
maximum power. For the measurements reported here, we used
a wavelength of 700 nm with 10 nm bandwidth and a repetition
rate of 26 MHz, corresponding to 38.5 ns in between pulses. At
this wavelength the pulse length is around 22 ps. The laser was
focused onto the sample with a spot size of 40 um FWHM and
64 um (1/e%), as determined from a 2D Gaussian fit of the laser
spot as shown in Figure Sla. The laser power settings (measured
power at the fiber output and calculated peak fluence at the
sample) are summarized in Table S2.

The power measured at the fiber output before entering the TEM
was used to calculate the fluence in uJ/cm?, assuming a Gaussian
beam, values are reported in Figure S1b. The average laser output
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power was measured with a power meter at discrete percentage of
the peak power, between 30% and 100% in steps of 10%. Assuming
constant pulse energy at different repetition rates, the average
power corresponding to each repetition rate was estimated.
Finally, fluence values at intermediate power-percentage settings
were obtained by linear interpolation between adjacent measured
data points. This interpolation provides an approximation, since
the relationship between power percentage and average output
power is not strictly linear. Since the power cannot be measured
inside the column, the actual fluence at the sample is expected
to be slightly lower due to optical losses in the IDES unit.
During illumination, images were recorded every few seconds
over hundreds of seconds; at 26 MHz, this corresponds to 2.6 x 107
pulses per second.

The exact fluence for the same laser settings varied slightly
from experiment to experiment, however, we note that even
with these slight variations, the same qualitative trends are
seen every time. Reasons for these small variations are the
following. First, changes in laser alignment on the order of
several pm may occur. As seen in Figure Sla, a laser spot
increasing from 64 to 100 um leads to a dramatic change in
fluence. Furthermore, the exact position within the window of
the NR under examination plays an important role. Although
all studied AuNRs@TiO, were located near the center of the
window, the exact distance from the copper bar strongly affects
heat dissipation. Since copper acts as a heat sink, the closer the
particle is to the bar the faster the Quantifoil substrate cools
down, and the less the sample heats up as shown in Figure 1b,c.
Therefore, a unique quantification of reshaping as a function
of fluence and temperature is not straightforward. Nevertheless,
all experiments showed consistent qualitative trends, with only
minor variations in the exact peak power required to induce

reshaping.

4.2.2 | Diffraction and 4D-STEM

A transmission electron microscope (TEM) equipped with scan
coils can perform 4D-STEM when paired with a direct or
pixelated detector. In this technique, a 2D diffraction pattern is
acquired at each probe position, resulting in a four-dimensional
dataset (two spatial dimensions x two reciprocal-space dimen-
sions), hence the name 4D-STEM [33]. Experiments were
recorded using an ASI Timepix3 detector. This detector is a
hybrid pixel detector: an event-driven direct electron detector
with an event detection resolution of 1.56 ns. It is composed
of four chips with 256 X 256 in each quadrant operating in an
event-based mode.

A parallel beam is used in all 4D-STEM diffraction data presented
in this paper. This allows distinct diffraction spots as opposed to
broadened disks when using a converged beam. The diffraction
data acquired on the TimePix detector were treated in the
following manner. First, the center of mass (COM) of each
diffraction pattern was calculated and then used to align every
image to each other to account for any shift of the direct beam
in between measurements. The main diffraction peaks of each
image were then detected. A Gaussian was fitted in a window of
7 X7 pixels around the pixel with the highest intensity to detect

the center of each diffraction spot. The corresponding reflections
from different data sets were then clustered together across every
illumination step. Finally, the distance from the COM to the fitted
peaks was calculated.

4.2.3 | Energy Dispersive X-Ray Spectroscopy (EDX)

Energy Dispersive X-ray (EDX) data were acquired on the JEOL
DrySD100GV EDX detector (100 mm?, windowless, 133 eV@Mn
K, resolution). To analyze the EDX data, the standard procedure
described in HyperSpy [34] was followed. First, a model was
created using the function create_model(). This automatically
generates one Gaussian for each X-ray line, along with a poly-
nomial to represent the background. The widths and energies
of the lines were fixed, while the heights of the sub-X-ray lines
were linked to their corresponding main a-lines. The model can
then be fitted, and the background fitting can be further refined
using the fit_background() function which selects only energy
ranges that do not contain X-ray lines. The widths of the X-ray
lines were determined from the energy resolution (FWHM at Mn
K,) specified in the metadata. This parameter can be calibrated
by fitting to a reference spectrum.

4.2.4 | Electron Tomography

For the electron tomography experiments, images were acquired
with alpha tilts between +65° with 3° steps. The wide gap
pole piece configuration allows higher ranges of tilting for
tomography. The 2D projections serve as input for reconstruction
algorithms to retrieve the 3D shape. The acquired 2D projec-
tion images were first aligned using a cross-correlation-based
algorithm. After alignment, the background was removed by
subtracting the median of the intensity histogram, followed by
detector shadowing and cupping artifact compensation. The
cupping correction utilizes an algorithm based on Van Den
Broek et al. [35]. The corrected projections then served as input
for the reconstruction algorithms. In these experiments the
Expectation Maximization (EM) algorithm was employed. EM
reconstructions were based on the implementation included in
the Astra Toolbox [36] and we used 15 iterations to avoid noise
overfitting [37]. The obtained reconstructions were smoothed
using a Gaussian filter and segmented using the Otsu method.

4.3 | Heat Simulations

Heat simulations were conducted with COMSOL v5.5. The geom-
etry simulated is displayed in Figure 1b. Briefly, we simulated a
100 um wide carbon thin film surrounded by copper grid bars
(35 um). The thickness of the carbon film was 12 nm, and a
gold nanorod was placed in the center of the TEM window.
The amorphous carbon was experimentally observed to turn
into disordered graphite under laser exposure. Therefore, we
defined the center of the window as disordered graphite to match
these experimental observations. The material parameters used
as input for the simulations are reported in Table S1.

The temperature increase was computed with the module for
the heat transfer in solids. We defined two heat sources, one
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for the nanoparticle and one for the carbon substrate. For the
nanoparticle, it was defined as the product of its absorption cross
section with the laser fluence. For the carbon, we calculated
the absorbed power with the Beer-Lambert law assuming an
absorption coefficient of 2919 cm~!. The heat source for the thin
film was a 2D gaussian. Finally, the temperature was computed
with a steady-state simulation.

The solution of the steady-state study was further used as initial
temperature condition for the time-dependent study displayed in
Figure S3a. We observed that it takes about 2 ms for the system to
cool down to room temperature. This shows that the cooling time
is much longer than the time in between the pulses (38.5 ns).
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