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In the pursuit to master the manipulation of matter at the nano-
scale, we investigate the local effects of irradiating a Cu(511) sur-
face with a Gaussian-shaped laser spot lasting 50 fs at a fluence well
beneath the ablation threshold. Irradiation results in the formation
of adatom and vacancy clusters. Such changes exhibit significant
variation based on their position within the laser spot because of a
strong dependence on the locally absorbed fluence, limiting the
precision of nanoscale modifications induced by laser irradiation.
We delve into these critical nanoscale transformations across the
microscale using the nanoscale resolution of low-temperature
scanning tunneling microscopy. We identify a broad fluence range,
where the number of defects stays approximately constant. Our
results open a route to create defined nanostructures across a
larger spatial range despite the inevitable fluence variations across
a Gaussian-shaped laser spot.

1. Introduction

The interaction of short pulse lasers with metals is important
both scientifically and practically." Practical applications
include the creation of unique surface morphologies through
processes such as nanoablation and photolithography.>? From
a scientific perspective, studying how materials respond to
femtosecond (fs) laser irradiation offers invaluable insights
into material behavior under extreme conditions of ultrahigh
peak power and ultrashort pulse duration. Under these condi-
tions, ultrashort laser irradiation drives materials into new
states of matter far from equilibrium,* leading to structural
changes that cannot occur under equilibrium conditions.>”
These structural modifications create unique properties
through the surfaces formed on the irradiated materials.®™°
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Fluence-independent range of surface roughening
within the Gaussian-shaped profile of a
low-intensity ultrashort laser
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New concepts

The use of high-intensity ultra-fast lasers for material processing is well-
established and has even been adopted in industrial applications. How-
ever, research continues into how the interaction between light and
material leads to changes at the nanoscale. By examining an irradiated
surface with the high spatial resolution of a scanning tunneling micro-
scope at low temperatures below 10 K, where thermal motion is mini-
mized, we can observe nanoscale clusters formed from material ejected
from the bulk to the surface through a non-thermal process. The quantity
of these clusters is influenced by the local nanoscale fluence. Interest-
ingly, we identify a broad range of fluence, where the amount of material
ejected from the bulk does not depend on fluence levels. This fluence-
independent range is crucial for manipulating matter at the nanoscale
using ultra-short laser pulses. We propose utilizing low-intensity femto-
second laser illumination to design tailored nanoclusters.

Gaining insight into the processes leading to structural
changes is crucial for uncovering the non-equilibrium proper-
ties of various materials."""'> Consequently, this research sits at
the forefront of condensed matter physics and nanoscale
materials science.™

The explored effects resulting from the interaction of fs laser
light with matter are fs laser-induced ion emission,"* photo-
dynamic assembly,'® in situ anisotropic laser printing,'® and
the optical response of nanostructures,’” amongst others.
Moreover, the interaction of surfaces with their environment
significantly influences the material’s behavior in various
applications, including catalysis,® friction,'”'®*'®  and
coatings.”® The various phenomena and their applications will
profit from a homogeneous surface modification across the
region of interest.

The energy densities used to modify the surface structure
using fs laser pulses typically exceed the thresholds for melting
and ablation. For copper (Cu), the material examined in this
study, the ablation threshold is approximately 1.7 ] cm™? at a
wavelength of 800 nm.>" At these high laser fluences, surface
damage occurs through heat-induced stress confinement,
where the heating time is shorter than the time needed for
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mechanical equilibration of the heated area. This thermal
process is primarily influenced by the energy transfer between
the excited electrons and the cooler lattice.>*"

Ultrafast melting of various materials at these high laser
powers far exceeding that we are employing here has been
extensively studied to uncover the fundamental microscopic
mechanisms involved.”® Researchers have utilized scanning
and transmission electron microscopy (SEM and TEM) to image
the microstructures on surfaces following laser melting.”?
These observations provided valuable data for simulations
using atomistic molecular dynamics, which aim to achieve an
atomic-level understanding of the melting process.>*** Signifi-
cantly underexplored are the microscopic details of the recently
unraveled phenomenon on changes to the surface texture at
absorbed fluences far below the ablation threshold.?®

In our recent investigation of fs laser-induced changes on a
Ag(100) surface far below the ablation threshold, we utilized
scanning tunneling microscopy (STM) to reveal nanoscale sur-
face modifications.?” The process underlying the surface mod-
ifications begins with the creation of vacancies and interstitials
in the bulk material, which are subsequently driven to the
surface in response to subsequent laser pulses. The surface
adatoms formed were further driven to diffuse and agglomer-
ate. Finally, also the agglomerates were driven to diffuse across
the surface. A dependence on the locally absorbed fluence
resulted in differing island shapes on the Cu(111) surface in
different regions of the laser spot.*® Such local changes oppose
the quest to create defined nanostructures across a
surface range.

In this article, we investigate the structures induced by fs
laser pulses on the vicinal Cu(511) surface across a laser spot to
characterize the fluence-dependent behavior of the bulk-created
vacancies and interstitials driven to the surface. Our findings
reveal that the yield of laser-induced surface defects exhibits a
complex non-linear and non-monotonous relationship with flu-
ence. We identify a fluence range where the amount of material
driven to the surface hardly depends on absorbed fluence, a
range of potential use in various applications.

2. Experimental methods

STM measurements are performed under ultrahigh vacuum
(UHV) with a base pressure of less than 2 x 10 '° mbar,
utilizing a low-temperature beetle-type STM that allows direct
optical access to the sample,*® a system developed to alter and
analyze matter at the nanoscale.*®

The Cu(511) surface is cleaned by repeated cycles of Ne*
sputtering and annealing. Sputtering is performed for 45 min at
a partial neon pressure of 3 x 10~° mbar, with an acceleration
voltage set to 1 keV and a sputtering current of 3 pA. After
sputtering, the sample is flashed to 850 K and annealed for a
few minutes at 720 K. Following this preparation, the sample is
cooled to approximately 50 K and transferred into the STM,
where measurements are performed at 7 K.
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The commercial laser, REGA 9050 from Coherent, emits
laser pulses at a wavelength of 800 nm with a repetition rate
of 250 kHz. It has a maximum power output of 1.5 W, delivering
a pulse energy of 6 pJ. The frequency-doubled laser light
(400 nm) is focused below the tip by mirrors close to the tip
within the cryostat shields. The pulse width at 400 nm is
approximately 50 fs at the sample surface, as measured in an
in situ auto-correlation experiment.

The typical cooling times for phonon systems on metal
surfaces at cryogenic temperatures, given our laser parameters,
are of the order of 10 ps.*' This means that the system reaches
full equilibrium long before the next laser pulse strikes the
surface, allowing each pulse to be treated as a separate experi-
ment. This scenario contrasts significantly with laser-excitation
experiments conducted at higher fluence and temperature on
silicon surfaces, where the final surface morphology is influ-
enced by the repetition rate.*?

The sample is irradiated for 1 s to 4 s with the tip retracted
as far away as possible from both the scanned area and the
incoming laser light. The absorbed fluences are 7.8 mJ cm™ 2 or
9 mJ em ™2, taking into account the 72% absorption of copper at
400 nm using p-polarized light at a 65° incident angle. These
absorbed fluences correspond to the average fluences conven-
tionally reported within the 1/e> diameter of the laser spot The
locally absorbed fluence varies across the Gaussian-shaped
laser spot, reaching double the average value at its peak. Due
to the 65° incident angle, the laser spot appears elliptical on the
surface, with an eccentricity of 0.82 as determined from the
photoelectron signal. The main axis of the ellipsoid is oriented
at 60° angles to the x axes of the STM.

After irradiation, the irradiated area is imaged using a newly
developed procedure that addresses the limited range of low-
temperature STMs, starting at a position, defined (0, 0), with
the tip positioned at (—1.215 pm, +1.215 pm) during
irradiation.>® In our beetle-type STM, the imaging range is
confined to a relatively small area of 300 nm by 300 nm, within
a total area of 1 um?, due to the maximum voltage of +200 V
that can be applied to the scanning piezos. We extend the
imaging range by employing a slip-stick motion of the plate
that holds the tip to investigate regions with varying locally
absorbed fluence within the laser spot, a spot that spans tens of
micrometers. We subtly move the tip by just 300 nm to capture
partially overlapping images in adjacent regions. Occasionally,
we need to adjust the tip-sample distance due to a slight
misalignment between the sample plane and the imaging
plane, and a limited vertical dynamic range of the scanning
piezo of 200 nm. This adjustment is made possible by three
ramps on the plate, inclined at an angle of 2° to the plate,
allowing us to approach or retract the tip by up to 0.75 mm
through rotational motion.

The piezo tripod that supports the plate facilitates the slip-
stick motion in an area with a diameter of 6 mm. In principle,
we could image the entire surface of several mm?® using this
method. However, capturing a single line of images across a
laser spot approximately 10 pm in length requires days to weeks
of continuous measurements. This process demands not only
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exceptional tip stability but also that all other experimental
parameters remain stable over extended periods.

Coverages are expressed in monolayers (ML), indicating the
presence of one adatom per surface atom in the adsorbate layer.

3. Results and discussion

3.1. Pristine surface prior to laser irradiation

Typically, surface science studies employ low-indexed sample
surfaces for their simplicity in both preparation and analysis.
However, our previous work revealed that for these surfaces,
laser-induced surface processes are active at the absorbed
fluences necessary to induce bulk processes. We chose the
vicinal Cu(511) surface here to overcome this limitation.

The Cu(511) surface is a vicinal surface to (100) planes,
featuring terraces that are 0.663 nm wide, which is slightly less
than three atomic distances, with acyq190 = 0.255 nm the atomic
distance in the (100) plane (Fig. 1a). The step edges between the
(100) terraces appear as stripes extending along the [011]
direction in large-scale STM images (Fig. 1b). A minor miscut
of the crystal towards the (511) plane results in secondary step
edges that separate different (511) planes, with a height differ-
ence of (69.3 £ 0.7) pm (Fig. 1c). The experimental height aligns
with the expected height of 1/5 a = 69 pm. Each of the
protruding fingers at the secondary step edge in Fig. 1b corre-
sponds to one of the approximately three-atom-wide terraces.
The primary step edges between the (100) terraces can only be
distinguished under extreme tunneling parameters as illu-
strated in Fig. 1d. The average apparent height of the primary
step edges of 169 pm deviates slightly from the anticipated
height of the primary step edges, calculated to be 180 pm, at
these tunneling parameters.

The vicinal Cu(511) surface provides a unique opportunity to
effectively separate bulk processes from surface phenomena.
The significant diffusion barrier present on the Cu(100) ter-
races, in conjunction with the elevated step density of the
vicinal surface, is expected to substantially suppress the kinetic
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surface processes, diffusion and agglomeration, during laser
irradiation on Cu(111).>®

3.2. Laser-induced alteration of the surface texture

Irradiation at a fluence that is two orders of magnitude below
the laser ablation threshold alters the surface texture, resulting
in both protrusions and depressions (Fig. 2a). For details of
coverage and fluence determination, see the SI. Notably, the
majority of the protrusions, around 80%, are smaller than
2 nm?, while only a small fraction, about 6%, exceeds 3 nm?>
(Fig. 2b). The area distribution of these clusters resembles the
patterns observed after “nucleation and growth”,** character-
ized by an asymmetric maximum and a tail extending towards
larger clusters (Fig. 2b). The small size of the clusters further
confirms that laser-induced surface diffusion is largely sup-
pressed on Cu(511),** unlike on Cu(111).%®

At a similar fluence, dendritic clusters of varying heights
form on the Cu(111) surface.’® The formation of these den-
drites requires the surface diffusion of individual adatoms and
the diffusion of small adatom clusters. The clustering process
not being activated on the Cu(511) surface, suggests that the
differing thermal diffusivities of adatoms and clusters on these
two surface facets are likewise relevant for laser-induced diffu-
sion. Overall, this observation suggests that the material is
deposited as individual entities onto the Cu(511) surface, from
which clusters of varying sizes form without or with only
limited surface diffusion.®

We examine the same area of the surface both before and
after laser irradiation to confirm that the laser-induced surface
defects originate from the bulk material (Fig. 2c and d). A small
number of one-terrace-wide defects created by the laser adjust-
ment are used as markers. These defects serve as references to
ensure that we image precisely the same spot on the surface
before and after the laser treatment (Fig. 2c and d, circles). They
are unaltered by the laser irradiation. The laser irradiation
results in more substantial number of protrusions and depres-
sions. Since the secondary edge remains largely unchanged, the
additional material cannot be sourced from that area.

A180128.110554.Cu511_118.66nm_-200mV_50pA_4.6 K

1000

(d)

0 10 20 30 40 50 60

X (nm)

Fig. 1 Characterization of the Cu(511) surface: (a) Ball model of surface: top view (top) and 3D view in same orientation as the STM image in panel b
(bottom); (b) STM image with one secondary step edge (c) height profile across two secondary step edges along the line in the STM image in the inset (d)
height profile across five primary step edges along the line in the STM image in the inset; the images were recorded at (b) / = 50 pA, V = =200 mV, (c) 19

pA, 500 mV, and (d) 280 nA, =9 mV.

This journal is © The Royal Society of Chemistry 2026

Nanoscale Horiz.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00836k

Open Access Article. Published on 01 April 2026. Downloaded on 4/25/2026 4:50:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

1 1 1 1
10 15 20 25 30
X (nm)

0
0 5

Fig. 2 Laser-induced creation of adatom and vacancy clusters at a 4 s
irradiation at 9 mJ cm~2 absorbed average fluence: (a) large scale image
after irradiation, local coverage: 0.07 ML; absorbed local fluence of (0.5 +
0.05) mJ cm™2 (b) cluster area distribution from (a) normalized to the total
number of clusters Nio, = 221 (c and d) STM images before (c) and after (d)
laser irradiation, the same defects are encircled in (c) and (d) for reference
(e) high-resolution image of square marked in (d); (f) height profile along
line marked in (e); arrows in (e) and (f) mark the position of the secondary
step edge; the images were recorded at —200 mV and (a, d and e) 20 pA
and (c) 50 pA.

The height of most protrusions measures (73 + 3) pm, which
falls within the range of height differences between two (511)
planes (Fig. 2e and f). This similarity suggests that the protru-
sions consist of copper clusters that are one plane high.
Additionally, some broader protrusions exceed the height of a
single plane, assigned to clusters exceeding one layer in height.

Although the depressions are imaged to a depth of (43 + 3)
pm, which is somewhat less than the height difference between
planes, we argue that the holes are actually one plane deep. The
smaller apparent depth is attributed to the tip convolution
effect, which reduces the measured apparent depth of small
structures.®® Therefore, we categorize these depressions as
vacancy clusters caused by missing atoms within the (100)
terraces.

Interestingly, the area covered by adatom clusters is roughly
50% larger than that covered by vacancy clusters despite the
close relationship in the formation of these two defects in the
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bulk as vacancy-interstitial pairs. Similar to the findings on the
Ag(100) and Cu(111) surfaces examined previously, the differ-
ence in the number of visible adatom and vacancy clusters
confirms a subsurface origin.>”*® This implies that, on Cu(511)
as well, the clusters arise from vacancy-interstitial pairs that
are initially created below the surface and are subsequently
driven to the surface by later laser pulses. The differing
quantities of clusters result from variations in the laser-
induced diffusion yield for the two types of particles.

To form clusters on the surface, vacancy-interstitial pairs
must first be created in the bulk, and then these two species
need to be transported to the surface. These processes can be
induced either through direct interaction with energetic elec-
trons or through heat transfer after the electrons have therma-
lized with the phonon system. We estimate that at the fluence
used, the maximum phonon temperature reaches only 105 K,
while an electron temperature of 3530 K is achieved based on
the two-temperature model.’” for details, see SI. The phonon
temperature is far below a temperature at which the described
processes would occur thermally. The changes, thus, originate
from the hot electrons, consequently demanding ultrashort
laser irradiation. This notion is confirmed by a non-linear
fluence dependence below.

We anticipate that the adatom and vacancy clusters will
remain stable on the Cu(511) surface up to approximately
180 K. This expectation is based on earlier findings from
studies on the Cu(100) surface, which is the face of the Cu(511)
terraces.***° Both adatoms and vacancies should exhibit mobi-
lity that allows for their annihilation, with adatoms needing to
descend into vacancies.

On the Cu(100) surface, adatoms have a higher diffusion
energy of 0.52 eV than vacancies.*® Adatom diffusion becomes
activated on experimental time scales at around 140 K.** Addi-
tionally, overcoming the Ehrlich-Schwoebel barrier, which
restricts downward mass transport, requires an extra 0.125 eV.*°
The threshold temperature is estimated from these values,
assuming that the prefactors for terrace and downward diffusion
are identical.

3.3. Position-dependent alteration of the surface texture

The images presented thus far depict the situation at a specific
point on the surface and correspond to a particular locally
absorbed fluence within the laser spot. While this fluence
remains relatively constant at the scale of an STM image, it
varies significantly depending on the position of the STM
image within the Gaussian profile of the laser spot, which
spans several 10 pm (Fig. 3h). To investigate the fluence
dependence of the observed defect creation, we captured 106
adjacent images in the x-direction, 223 images in the y-
direction, and an additional 71 images in the x-direction. This
approach covers distances of 8.8 um, 19.9 um, and 6.2 pm,
respectively (Fig. 3). The complete set of images is provided in
the SI.

We discuss changes qualitatively at the first series. The
series begins at (0, 0) close to the tip position during irradia-
tion. Very little material is generated on the surface at (0, 0) at a

This journal is © The Royal Society of Chemistry 2026
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‘ 40.nm

Fig. 3 Spatial surface modifications across the laser spot: Adjacent images recorded after a 1 s irradiation at 7.8 mJ cm™2 absorbed fluence: (a to g)
marked STM images enlarged; the images were recorded at —200 mV and between 6 pA and 20 pA (h) Spatial distribution of absorbed power of the laser
spot calculated from the measured photoelectron signal at a laser power of 13.15 mW at the sample, corresponding to an absorbed power of 9.18 mW;

ellipses in the main image reflect the colors of the distribution.

locally absorbed fluence of 0.51 m] cm > (Fig. 3a). More
material is created at all other explored regions, up to 25 pm
from (0, 0). It corroborates that the additional material does not
result from the tip, as inferred earlier.>”®

The coverage increases in the x-direction, reaching a max-
imum between x = 5 pm and x = 6 pm (Fig. 3b), and then
decreases to a lower level at x = 8.5 um, almost as low as at (0, 0)
(Fig. 3c). It demonstrates that the variations in locally absorbed
fluence influence the amount of material driven to the surface.

For a quantitative analysis, we cover a larger spatial range in
a region of the laser spot. When examining the coverage in the
y-direction, a similar level of coverage to that in Fig. 3b is
observed at approx. y = 5.5 pm (Fig. 3d). The coverage continues
to increase (Fig. 3e) up to approximately y = 16 um (Fig. 3f).
Beyond this maximum, the coverage decreases (Fig. 3g).

3.4. Fluence-dependent alteration of the surface texture

In the examined fluence range, the amount of material varies,
yet the formed surface structures remain qualitatively similar.
Therefore, a valuable descriptor for the change in surface
texture is the amount of material produced. For a quantitative

This journal is © The Royal Society of Chemistry 2026

analysis, we specifically focus on regions of the surface that
have larger terraces to minimize uncertainty caused by the
presence of step edges. Notably, the coverage does not only
depend on locally absorbed fluence, but the dependence varies
across different fluence ranges, particularly changing at
approximately 1.5 mJ cm ™ * and 5 mJ cm > (Fig. 4a).

1 1 L

1 11 1.1

2 3 4 5 6 7 0.5 1 2 3 45678
F (mJ/cm?) F (mJ/cm?)

Fig. 4 Fluence-dependent coverage: (@ and b) Coverage 0 vs. locally
absorbed fluence F on linear (a) and double-logarithmic scale (b); black
symbols: data from y-axis; red symbols: data from second x-axis; apparent
linear fits in panel (b) yield slopes of 1.65 + 0.16 up to 1.3 mJ cm ™2, 0.10 + 0.04
between 1.3 mJ cm™2 and 5 mJ cm ™2, and 0.97 + 0.19 above 5 mJ cm™2.
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The relationship between fluence and coverage is linear on a
double logarithmic scale (Fig. 4b). It indicates a power-law
relationship, reflecting (multi-)photon laser-induced processes,
commonly referred to as DIM)ET (dynamics induced by (multi-
ple) electronic transitions).*" In the context of femtosecond laser-
induced processes at surfaces, an apparent slope of 1 suggests a
linear dependence on fluence, a single-photon process, while a
slope greater than 1 indicates a multi-photon process.’* Up to
a fluence of 1.3 mJ cm 2 the slope is, at approximately
1.65, greater than one, suggesting a nonlinear process. Above
1.3 mJ em ™ ? and up to 5 mJ cm >, the slope decreases by a factor
of 16, resulting in an unusual weak dependence on fluence.
Consequently, the amount of material produced shows minimal
change. This slight variation in the intermediate fluence range
implies an (almost) fluence-independent surface texture. Above
5 m]J cm™ 2, the slope increases again, but the linear slope should
be interpreted cautiously due to the uncertainty for determining
the larger coverages of a roughened surface. At higher fluences,
the surface becomes increasingly rough due to an increasing
number of adatom clusters of similar size, but reliable quanti-
tative analysis is no longer feasible.

We further confirm the fluence-independent range by analyz-
ing the second x series, where the data points align with those
from the y series (Fig. 4a, red data points). We relate the differing
slopes to the differing bulk diffusion rates of the created inter-
stitials and bulk vacancies. At low fluence levels, only the
vacancies created at the surface affect the coverage, while inter-
stitials are also driven from the bulk to the surface. The slope of
1.65 suggests that one of the two processes contributing in this
fluence range, vacancy-interstitial creation or interstitial diffu-
sion, is a two-photon process. It is likely that the higher energy
process, the creation of vacancy-interstitial pairs, is non-linear
rather than the diffusion of the interstitials.**

Beyond a fluence of 1.5 mJ cm™ 2, bulk vacancies are also
driven by the laser to the surface. These vacancies largely
compensate for the additional created adatoms, resulting in a
nearly constant coverage.

After the equilibration of adatoms and vacancies - when the
same number reaches the surface - the non-linear nature of the
processes once again leads to an increased coverage with
higher fluence. Overall, our data demonstrate a pronounced
non-monotonic surface modification that results from bulk-
created defects influenced by locally absorbed fluence with a
fluence-independent range between 1.3 mJ ecm > and 5 mJ cm™ >,
We suggest to target this fluence range for a largely homogeneous
effect of laser structuring across a laser spot.

We finally examine the surface structures formed in the
three fluence ranges using selected images (Fig. 5). Generally,
as the fluence increases, the range of cluster sizes also expands,
while their overall number decreases (Fig. 5c, f and i).

The example with a locally absorbed fluence of 0.55 mJ cm™
falls within the non-linear fluence range. At this fluence, the
additional material amounts to 0.07 ML. Clusters with areas
smaller than 1.5 nm” and 2.0 nm® dominate, comprising 70%
and 80% of the adatoms, respectively (Fig. 5c). These clusters
consist of only a few atoms. A locally absorbed fluence of
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Fig. 5 Laser-induced creation of surface material in different locally
absorbed fluence ranges: (a—c) Locally absorbed fluence of 0.55 mJ
cm™2 at x = 0.31 um (d—f) Locally absorbed fluence of 2.32 mJ cm™2 at
x = 3.54 um (g—i) Locally absorbed fluence of 7.11 mJ cm~2 at x = 4.9 um
(a, d and g) Large-scale STM images, 20 pA, —200 mV (b, e and h) Small-
scale STM images of the regions marked in (a, d and g), 20 pA, —200 mV (c,
f and i) Area histograms, Ny is the total number of clusters.

40 nm 5 6

2.32 mJ cm 2 represents the fluence-independent range. Here,
the coverage is approximately 0.35 ML. Despite this significant
increase in coverage, there remains a preference for smaller
clusters, with 57% (and 62%) of the clusters still below the
specified area thresholds (Fig. 5f). The slight increase in larger
adatom clusters indicates that the smaller clusters formed
during laser irradiation only merge into larger clusters through
accidental coalescence of nearby clusters rather than through
cluster diffusion.

The locally absorbed fluence of 7.11 mJ cm ™~ represents the
linear fluence range. At a coverage of 0.66 ML, the sizes of the
adatom clusters vary considerably; nevertheless, about half of
them (52% to 56%) are classified as small (Fig. 5i). Only a few
clusters contain several hundred atoms and occupy an area
greater than 25 nm” (Fig. 5i, inset). The irregular shapes of the
clusters at this high density (shown in Fig. 5h) confirm that
they primarily form through accidental coalescence. Clusters
generated from interstitials reaching the surface only coalesce
when they are in close proximity to one another.

There is no significant qualitative difference in the struc-
tures created across different fluence ranges, unlike on the
Cu(111) surface.?® On the vicinal Cu(511) surface, laser-induced
surface diffusion and cluster equilibration are suppressed. As a
result, the surface texture relies entirely on bulk processes.

4. Conclusions

A real-space investigation with nanometer precision over a
micrometer-sized laser spot demonstrates that ultrashort laser

This journal is © The Royal Society of Chemistry 2026
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pulses significantly alter the surface texture of a vicinal surface.
The laser produces vacancy-interstitial pairs within the bulk
material and propels them to the surface, even at energies
below the threshold for laser ablation.

The most intriguing finding of this study is the identifi-
cation of a fluence range between 1.3 mJ cm > and 5 mJ cm™>
in which the texture of the Cu(511) surface remains largely
independent of fluence due to competing bulk processes.
Within this fluence-independent range, the fluence increases
almost fourfold. While the exact fluence range may vary
depending on the material, we anticipate that the interaction
of various laser-driven processes will produce similar results
across different materials, giving a fluence range where the
structural changes remain minimal. Our study also suggests
that adjusting the size of a Gaussian-shaped laser spot can
ensure that this fluence range encompasses the target material.
On a broader scale, our research emphasizes the need for high-
resolution local information to better understand the effects of
ultra-short laser irradiation on materials and their properties.

Our study advances the understanding of light-induced
pattern formation at the nanoscale.**™** Since processes occur-
ring at or near surfaces are significantly affected by surface
roughness, it is essential to consider these changes in surface
texture across various fields, including femtochemistry, photo-
catalysis, atmospheric reactions, and even battery research.®
The implications for femtochemistry and photocatalysis arise
from the way turnover rates of surface reactions depend on
surface structure.*” Therefore, any femtochemical reaction that
occurs at a comparable or higher fluence will benefit from the
roughening of the surface. This indicates that the changed
surface texture must be taken into account during interpreta-
tion. The same applies to experiments at higher temperatures
than those used in this study, as surfaces can be temporarily
altered during the timescale of a chemical reaction, even if the
temperature exceeds the level at which defects are eliminated.

This surprising result will influence the understanding of
all processes induced by ultra-short laser illumination, includ-
ing, but not limited to, laser melting, ablation, and femto-
chemistry. To fully exploit fluence independence, we propose
shaping the laser spot profile, for instance, by using hollow
modes, i.e., doughnut-shaped profiles. In future, surface
design will profit from the understanding of the microscopic
mechanisms occurring under the highly non-equilibrium
conditions formed in the near-surface region of a metal by
ultra-short laser illumination.
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