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ABSTRACT: The structural changes generated in surface
regions of single crystal Ni targets by femtosecond laser
irradiation are investigated experimentally and computa-
tionally for laser fluences that, in the multipulse irradiation
regime, produce sub-100 nm high spatial frequency surface
structures. Detailed experimental characterization of the
irradiated targets combining electron back scattered
diffraction analysis with high-resolution transmission
electron microscopy reveals the presence of multiple
nanoscale twinned domains in the irradiated surface regions
of single crystal targets with (111) surface orientation.
Atomistic- and continuum-level simulations performed for
experimental irradiation conditions reproduce the generation of twinned domains and establish the conditions leading to
the formation of growth twin boundaries in the course of the fast transient melting and epitaxial regrowth of the surface
regions of the irradiated targets. The observation of growth twins in the irradiated Ni(111) targets provides strong
evidence of the role of surface melting and resolidification in the formation of high spatial frequency surface structures.
This also suggests that the formation of twinned domains can be used as a sensitive measure of the levels of liquid
undercooling achieved in short pulse laser processing of metals.

KEYWORDS: ultrafast laser, transient melting and resolidification, laser-induced lattice defects, growth twin,
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High-precision machining of materials with ultrashort
laser pulses1−3 is a powerful enabling technology
actively used in a broad range of applications in the

fields of photonics, biomedical and life sciences.4−6 The
preparation and functionalization of material surfaces on the
nanometer scale are of prime importance for the advancement
of these applications. Micro and nanostructural changes
strongly impact surface properties such as optical reflectivity,
hydrophobicity, hardness, wear and corrosion resistance,
potentially impacting the use of the treated materials.7−9

Laser-induced surface modification is the result of material
response to the extreme conditions of rapid highly localized
heating and cooling created in the surface region of irradiated

targets by ultrafast laser irradiation. Under multipulse
exposition, high densities of crystal defects and subsurface
voids can be accumulated during successive thermomechanical
loading of the material leading to irreversible surface damage
and ablation.10−17

Interaction of an ultrashort laser pulse with a metal surface
starts from the transient absorption of incident photons by the
conduction band electrons, which leads to a sharp rise of the
electron temperature. The hot electrons then conduct energy
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deeper into the irradiated target and, on the picosecond time
scale, thermalize with the lattice through electron−phonon
coupling.18 The lattice heating leads to the rapid melting and
resolidification, spallation, ablation, and generation of crystal
defects occurring on the time scale of hundreds of picoseconds
to nanoseconds. Depending on the laser fluence and material
properties, the laser-induced processes may include complex
hydrodynamic motion and material redistribution in the surface
region of the irradiated target19−22 as well as generation of
unusual microstructure in the subsurface region.17

At low fluences, in the “submelting” regime, laser irradiation
could cause material damage through thermal stresses.13 After
repetitive irradiation, the accumulated damage manifests itself
through the formation of slip bands, increase in the surface
roughening, and corresponding reflectivity changes.14,15 At
higher fluences, a thin surface layer may undergo rapid melting
followed by epitaxial resolidification,23 leading to the generation
of a high density of crystal defects, such as vacancies,
dislocations, stacking faults and twin boundaries.16,24,25 Further
increase in laser fluence can lead to more extensive micro-
structural changes and modifications of surface morphology,
including the generation of subsurface voids trapped by rapidly
advancing solidification front,17 formation of a nanocrystalline
surface layer, or surface nanospikes featuring pentagonal
twinned structural elements.17,26 The microstructural changes
in this regime can extend down to a substantial depth under the
irradiated surface, with laser-induced shear stresses producing
deformation twins and dislocations far below the region
experiencing laser melting and ablation.
While single pulse irradiation can readily alter the surface

topography, multiple-pulse irradiation can cause interference
between the incident laser light and surface scattered
electromagnetic waves, potentially involving surface plasmon
excitation,27−30 thus giving rise to periodic modulation of
surface morphology with periods close to the laser wavelength,
known as Laser-Induced Periodic Surface Structures (LIPSS),
or more accurately, Low Spatial Frequency LIPSS (LSFL).28

Unlike the defects generated under a flat surface, the defects
distribution in LSFL appears to be anisotropic.31 In fact, the
defect generation seems to compete with LSFL formation, with
both processes exhibiting sensitivity to the crystallographic
orientation of the irradiated surface.32 At somewhat lower laser
fluences, another kind of LIPSS with a periodicity significantly
smaller than the laser wavelength, down to Λ ≈ λ/10, can be
produced. These surface structures are often referred to as High
Spatial Frequency LIPSS (HSFL) and can be oriented parallel
or perpendicular to the laser polarization.33,34 The origin of
such structures is much less understood and a number of
alternative mechanisms have been proposed, including the
coherent superposition of scattered and refracted waves,29 laser-
induced surface plasma waves,35,36 surface oxidation and higher
harmonic generation,37 surface self-organization,38 and coher-
ent nanobubble formation in the subsurface region.39,40 One
general question of fundamental importance is whether the
HSFL formation is essentially associated with phase trans-
formations triggered by ultrafast laser irradiation. Since the
contrast of HSFL is relatively weak, and the time of the laser
melting and resolidification can be very short,23,41,42 the direct
time-resolved probing of the laser-induced processes is
difficult.41−44 Nevertheless, a reliable interpretation to the
results from ex situ analysis of laser-processed samples requires
an improved understanding of the connections between the

rapid highly nonequilibrium phase transformations and the
ensuing surface modifications produced by the laser irradiation.
In this paper, we combine a detailed experimental character-

ization of single crystal Ni targets irradiated in the regime where
HSFL are produced with a thorough computational and
theoretical analysis of laser-induced melting and resolidification
processes. The generation of growth twin boundaries is found
to be a clear indicator of the role of melting and a sensitive
measure of the degree of undercooling reached at the
solidification front in laser interactions with Ni(111) targets.

RESULTS AND DISCUSSION
Experiment Results. Figure 1 presents the surface

morphology of a Ni(111) crystal after irradiation by 46 laser

pulses at 0.19 J/cm2, a level of incident fluence that, when
converted to the absorbed fluence using reflectivity of 0.7,45

exceeds the melting threshold predicted in atomistic
simulations. The scanning electron microscopy (SEM) image
shows the formation of HSFL in the 5 μm wide central part of
the laser spot. An enlarged view of the area outlined by the
dashed box is shown as an inset to highlight the morphology of
the HSFL. The periodicity of the HSFL was measured on SEM
micrographs and further confirmed by Fourier transform (FT)
of the images. A two-dimensional FT spectrum analysis of the
SEM images asserts the periodicity of the HSFL is Λ = 70−90
nm. Although HSFL are mainly observed in the direction
parallel to the laser polarization, the individual ridges are not
continuous but terminate quasi-randomly within the HSFL. A
few nanocavities, which might have been formed due to
subsurface cavitation,17 are visible on the HSFL ridges. The
peak-to-valley amplitude of the HSFL was assessed by atomic
force microscopy (AFM) to be about 20 nm. The surface
roughness outside the central HSFL area remains as flat as the
one of the polished sample.

Figure 1. SEM image of a Ni(111) crystal irradiated by 46 laser
pulses at an incident laser fluence of 0.19 J/cm2. An enlarged view
of the area outlined by the dashed line is shown as an inset in the
upper-left corner. The black dotted line A−B shows the location of
the lamella extraction for the cross-sectional analysis illustrated in
Figures 3, 4, 5a. The laser polarization E is indicated by the white
arrow.
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The laser-induced generation of crystal defects is charac-
terized with electron backscatter diffraction (EBSD) and
illustrated in Figure 2a. At the center of the laser spot, an

area with a diameter of 15 μm rendered with dark-gray color
has a higher degree of lattice distortion. The localized white-
color coded areas in the central part of the laser spot are places

Figure 2. Crystal structure modification in the central area of the laser spot on a Ni(111) crystal irradiated by 46 laser pulses at an incident
laser fluence of 0.19 J/cm2. (a) EBSD map reflects the lattice distortions due to the presence of crystal defects (the greyer the larger are the
distortions) and twins (red-colored spots) in the central area of the laser impact. The white-colored zones in the center of the map are the
areas where EBSD indexing was not possible. (b) ⟨111⟩ pole figure from EBSD indexed crystal orientations showing the projection of the
original ⟨111⟩ axes (indicated by black circles) along with the new ⟨111⟩ axes appearing due to laser-induced growth twinning (indicated by
red triangles). (c) Schematic representation of atomic structure in the vicinity of a twin boundary (left panel) and Kikuchi patterns obtained
from nonirradiated surface (lower right panel) and a twinned region generated by laser irradiation (upper right red panel). The corresponding
cube presentations of a fcc unit cell, with (111) planes highlighted and common [111] axis pointing out from the paper plane, are also shown
next to the Kikuchi patterns for the original and twined crystals.

Figure 3. Results of cross-sectional study of a Ni(111) crystal irradiated by 46 laser pulses at an incident laser fluence of 0.19 J/cm2. A series of
TEM images from the lamellae extracted by a site specific method using FIB are composed together to make a montage that corresponds to
zone A−B in Figure 1. The two areas outlined by white rectangles are enlarged and further analyzed in Figures 4 and 5a.
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without successful EBSD indexing, which is also related to the
generation of crystal defects.32 One type of crystal defects that
is prominently present within the irradiated area is the twin
boundary. The twins are identified through EBSD indexing in
the regions highlighted by the red color in Figure 2a. The
EBSD ⟨111⟩ pole figure generated from the same surface region
is displayed in Figure 2b, which sums up the orientation
relationship between the lattice of original orientation and
twinned lattice. The pole figure manifests clearly the projection
of the twinned ⟨111⟩ axes in addition to the ⟨111⟩ axes of the
original crystal. A schematic representation of the atomic
arrangement in the vicinity of a twin boundary is provided in
Figure 2c. The areas where the twinning is recorded with a
sufficient intensity are highlighted by red color in Figure 2a. For
EBSD indexation of twins, a substantial twinned volume is
required to generate Kikuchi patterns typical of twinned
domains, as shown in Figure 2c. The EBSD Kikuchi patterns
and corresponding cube representations of the atomic arrange-
ments (for the sake of conciseness the atoms in the face-
centered cubic (fcc) unit cells are not drawn) are shown for the
pristine and twinned lattices in the bottom-right and top-right
corners of Figure 2c, respectively. These insets illustrate that
the lattice misorientation across a coherent Σ3 {111} twin
boundary can be described as 60° rotation around the [111]
axis. Some of the Kikuchi bands of the original lattice also
appear in the EBSD pattern for twinned domain, but they are
faint compared to the twinned ones, indicating some degree of
overlap or interlay between the lattice of original orientation
and twinned domains. The laser-induced generation of twins,
inferred from the EBSD analysis, is further confirmed and
visualized in the cross-sectional study of laser-modified surface
layers described below.

In order to investigate the microstructure generated beneath
the HSFL and the neighboring flat region, a 10 μm long lamella
is extracted from the central area of the laser spot marked by
the dotted-line A−B in Figure 1 by the standard focused ion
beam (FIB) lift-out process. An assembly of the TEM images
along the lamella is provided in Figure 3. The HSFL look
elongated due to the 45° cut with respect to the HSFL
alignment. For the sake of being concise and representative,
only images illustrating typical morphologies are given in Figure
3. The flat portion of the surface between the central region
and B-end of the lamella is left out in Figure 3. Two
representative local sites in the central HSFL region and in the
off-center flat surface region near the B-end are marked by
white boxes in Figure 3 and imaged via high-resolution
transmission electron microscopy (TEM) bright field (BF)
mode, as shown in the insets in Figure 3. These locations are
chosen for high-resolution examination reported in the
following paragraphs.
Figure 4 shows high resolution TEM images on the central

part of the laser spot. The BF image (Figure 4a) gives an
overview of the zone of interest. Figure 4b is the electron
diffraction pattern generated from the HSFL and its subsurface
region. It reveals the characteristic signature of twinning, with
two sets of diffraction patterns emanating from the original
lattice and twinned lattice. The yellow dashed-line oval
highlights the common (111) diffraction spot shared between
the two lattices, as illustrated in Figure 2. The diffraction spot
(33 ̅1) is attributed to the original lattice and is enclosed by the
green dashed-line oval. The new (twinning) diffraction spot
(02 ̅4) is outlined by the red dashed-line oval. The diffraction
spots in Figure 4b are attributed exclusively to the Ni crystal,
i.e., no signs of oxidation and formation of NiOx or Ni-related

Figure 4. Results of detailed microscopy examination of the central area marked in Figure 3. (a) BF image. (b) Selected area electron
diffraction (SAED) showing two superimposed diffraction patterns: one highlighted by solid white lines with zone axis [213 ̅] and diffraction
spots indexed in nonitalic characters and another highlighted by thin dashed white lines with zone axis [3 ̅21] and diffraction spots indexed in
italic. Note the mirror symmetry with respect to the common (111) plane, i.e., the initial surface of Ni substrate. Selected diffraction spots
(111), (33 ̅1), and (02 ̅4) were used to obtain DF images shown in (c), (d), and (e), respectively. In (c), the bulk of the crystal, epilayers, and
twinned domains can be identified. In (d), the bulk of the crystal and the epitaxial layers are revealed. In (e), the complementary details
attributed to twinned domains can be seen. The thick dashed white lines in BF and DF images are visual guides outlining the surface region
where the laser-induced twinning occurred. The areas marked by the green and red boxes in (d) and (e) are enlarged, superimposed and
illustrated in (f). (f) False color image highlighting the spatial distribution of the epilayers (green) and twinned domains (red).
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amorphous material are observed in this region. The three
diffraction spots marked in Figure 4b are chosen to generate
dark field (DF) images that are color-boxed (in yellow, green
and red) and presented in Figure 4c−e, respectively. The DF
image taken based on the common (111) diffraction spot
(Figure 4c) appears as a matching pair to the BF image (Figure
4a). The (33 ̅1) DF image yields a full view of the bulk and six
to eight rows of laminated epilayers of lattice with original
crystal orientation grown parallel to the surface. In the (02 ̅4)
DF image, another six to eight complementary rows of
laminated twin layers are revealed. These roughly equally
spaced layers are 4−5 nm thick and add up to a total of about
30 nm thick surface region. In order to depict the spatial
distribution of the epilayers and twins, a small central region is
selected from Figure 4d and e (indicated by the dashed-line
boxes), the two images of this region are superimposed and
represented using false colors in Figure 4f. The mechanisms
responsible for the generation of the twinned structure will be
elucidated below, with the aid of computational modeling.
We notice that the formation of a 30 nm thick region

featuring multiple twinned domains is observed in the central
part of the laser spot, where HSFL are formed. In contrast, the
(02 ̅4) DF image taken from the off-center region (see Figure 3)
and shown in Figure 5a reveals the presence of a single sheet of

5 nm-thick twinned domain. The difference in the number of
twinned domains between the center and off-center regions
appears to be related to the difference in the local laser fluence,
but not to the number of laser pulses. It is also evident that the
surface is smooth and flat, and HSFL are not present in this
peripheral area.
In order to further illustrate the role the laser fluence plays in

the formation of twins, control experiments were carried out for
a Ni(111) target irradiated by two laser pulses at 0.38 J/cm2, an
incident fluence level just below the single-shot ablation
threshold. At this fluence, HSFL were generated by the 2-
pulse irradiation, and material removal in the center of the laser
spot was measured to be less than a few nanometers. The
EBSD surface analysis reveals the presence of twinned domains
in the part of the laser spot where the local fluence produced by
the Gaussian laser beam exceeds the melting threshold. The
cross-sectional DF image from the center of the laser spot,
shown in Figure 5b, confirms the presence of twinned layers:
two to four layers can be identified with the thickness of each
twinned domain exceeding 10 nm. As compared to the lower

fluence case (Figure 4e), the total numbers of twinned layers
and the epilayers are smaller, while the thickness of each layer is
greater. The total thickness of the surface region exhibiting
layered twinned structure, measured at a slightly off center site
without the HSFL presence, was found to be larger than 40 nm.
It appears, therefore, that a relationship exists between the local
laser fluence and the thickness of the twinned domains and
epilayers. The physical origin of this relationship is related to
the laser fluence dependence of the undercooling conditions
achieved during the resolidification process, as discussed in
detail later on the basis of TTM calculations.
With the same experimental conditions used for (111)

surfaces, a second control experiment was carried out on a
single crystal Ni target with (100) surface orientation. No twins
were observed, either by the EBSD surface analysis or cross-
section TEM examination. This null result confirms that the
ultrafast laser-induced lattice defect formation is crystal
orientation dependent32 and agrees with predictions of large
scale TTM-MD simulations performed for Ni targets with
(100), (011), and (111) surface orientations and presented in
the next section.
The laser-induced lattice twinning has also been observed for

a Cu target irradiated by a single 6.7 ps laser pulse at a fluence
close to the threshold for surface modification.46 While the
formation of twins was attributed in ref 46 to thermal stresses
and plastic deformation, the localization of the twinned
domains within the top 50−60 nm layer under the irradiated
surface, i.e., within the region that likely experienced melting
and resolidification, as well as the close-to-parallel orientation
of twins with respect to the irradiated surface, which implies
low shear stresses resolved on the twinning planes, suggest that
an alternative mechanism may be responsible for twinning. The
results of a thorough computational and theoretical analysis
presented in the next section provide strong evidence that the
twinned domains observed in the experimental studies are
generated through the growth twinning occurring in the course
of transient melting and epitaxial regrowth of the surface
regions of the irradiated targets.

Computational and Theoretical Analysis. The mecha-
nisms and kinetics of laser-induced melting and resolidification
of Ni targets are investigated in atomistic and continuum-level
simulations performed for irradiation conditions used in the
experiments. A single-pulse irradiation is considered in the
simulations to evaluate the nature of material modification in
one excitation−relaxation cycle. The atomic-level mechanisms
responsible for the generation of surface microstructure in the
course of rapid solidification of transiently melted surface
regions are studied in a series of large-scale atomistic
simulations, whereas a quick scan of the undercooling
conditions created by the laser irradiation at different laser
fluences is performed with a continuum model. The
mechanisms of the experimentally observed generation of a
high density of twin boundaries in the surface regions of single
crystal Ni targets irradiated by femtosecond (fs) laser pulses are
discussed in this section based on the results of large-scale
atomistic simulations of laser interactions with Ni targets,
theoretical analysis of the generation of growth twins in the
course of rapid solidification under conditions of strong
undercooling, and continuum-level modeling of laser-induced
melting and resolidification of Ni targets at different laser
fluences.

Observation of Laser-Induced Twinning in Large-Scale
Atomistic Simulations. The general picture of the laser-

Figure 5. Results of detailed microscopy inspection of cross-section
samples: (a) (02 ̅4) DF image of the peripheral area marked B in
Figure 3 (same operating conditions as in Figure 4e). (b) (02 ̅4) DF
image evidencing twin formation in the central part of a spot
irradiated by two laser pulses at a higher incident fluence of 0.38 J/
cm2. Compared to irradiation at a lower fluence of 0.19 J/cm2

(Figure 4e), the thickness of the twinned layers is greater here.
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induced melting and resolidification processes revealed in the
three large-scale simulations using combined two-temperature
model (TTM) and classical molecular dynamics method (MD)
performed for Ni targets with (100), (011), and (111) surface
orientations is similar and consists of the rapid melting of the
top 21 to 24 nm surface layers of the targets followed by
resolidification of the transiently melted layers. Due to the
sharp temperature gradients created by the localized laser
energy deposition and the fast electronic heat transfer to the
bulk of the targets, the temperature of the liquid-crystal
interface drops below the equilibrium melting temperature of
Ni and the melting turns into solidification as early as ∼50 ps
after the laser pulse. The solidification proceeds through the
epitaxial regrowth of the substrate and takes 400, 490, and 720
ps for complete solidification of targets with (100), (011), and
(111) surface orientations, respectively. Similarly to the earlier
reports for Cr and Ag targets,16,25 the formation of vacancies at
the rapidly advancing solidification fronts results in the strong
vacancy supersaturation of the resolidified regions of the
targets, with vacancy concentration reaching the levels of ∼10−3
per lattice site.
One notable effect that is only observed in the course of the

epitaxial resolidification of the target with (111) surface
orientation is the formation of a high density of coherent
twin boundaries, Σ3 {111}, at the final stage of the solidification
process. This effect is illustrated in Figure 6, where a series of
snapshots of atomic configurations in the top 30 nm surface
layers of the Ni(111) target are shown. The initial stage of the
resolidification process, from 50 to 200 ps, proceeds by the
epitaxial regrowth of the crystal, as illustrated by a snapshot
shown for 100 ps after the laser pulse. The solidification
proceeds simultaneously with increasing undercooling of the
melted layer (red region in Figure 6), the velocity of the
crystal−liquid interface increases, and a large number of
vacancies (red dots) are left behind the solidification front.
The green ribbons outlined by red lines in the bottom part of

the snapshot correspond to 1/2⟨110⟩ dislocations split into two
Shockley partials (red lines) connected by stacking faults
(green ribbons). These dislocations are emitted from the
melting front during the dynamic relaxation of the laser-
induced stresses.
The defect structure of the resolidified region changes

abruptly when the temperature in the vicinity of the
solidification front drops down to about 0.85Tm at about 180
ps after the laser pulse, and a large number of coherent twin
boundaries appear in the planes parallel to the advancing (111)
crystal−liquid interface. The twin boundaries (green layers
parallel to the surface) can be seen in the snapshot shown in
Figure 6 for 300 ps, and the region affected by twinning
expands as the solidification front propagates toward the
surface of the target. A clear view of multiple twin boundaries
with a characteristic thickness of twinned domains on the order
of several nm is provided in Figure 7, where the final
microstructure of the top part of the resolidified target, shown
without blanking the fcc atoms, and an enlarged view of a
representative vertical cross-section of the surface layer are
presented.
The flat islands of the coherent twin boundaries are

connected with each other by incoherent twin boundary
segments that remain relatively mobile after the complete
solidification. One can expect that the motion of the incoherent
twin boundaries would result in the disappearance of some of
the smaller twinned domains upon further cooling of the
surface down to the room temperature. Nevertheless, some of
the twin boundaries can be expected to remain in the target as
the mobility of the incoherent twin boundaries sharply drops
with increasing thickness of the twinned domains.47 To
illustrate this point, the atomic configuration shown in Figure
7a has been annealed at 0.9Tm for 1.5 ns. While many of the
smaller twinned domains disappear during the annealing, the
final characteristic size of the twinned domains still remains at a
level of ∼10 nm.

Figure 6. Snapshots of atomic configurations generated in a TTM-MD simulation of a Ni(111) target irradiated by a 50 fs laser pulse at an
absorbed fluence of 0.06 J/cm2. Only the top 30 nm surface region of the irradiated target is shown in the snapshots. The atoms with local
structural environment characteristic of fcc crystal structure are blanked to expose the defect structures. The remaining atoms are colored by
their local structural environment, so that the green atoms have local structure characteristic of hcp crystals and red atoms belong to the liquid
phase, make up dislocation cores, or surround point defects. With this coloring scheme, a single green layer and a double green layer
correspond to a twin boundary and a stacking fault in the fcc structure, respectively. The resolidification process is completed by 720 ps after
the laser pulse and the top 3.5 nm surface layer is blanked in all snapshots to expose the underlying defect structure in the snapshot shown for
720 ps, where the surface roughness of ∼2 nm is observed.
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To make a direct connection to the experimental observation
of twinning in the surface regions of the irradiated targets, the
pole figures similar to the one shown in Figure 2b are calculated
for the three targets that experienced laser melting and
resolidification. The pole figures in Figure 8 show the
projections of ⟨111⟩ directions for all fcc atoms in the top 20
nm surface regions of the resolidified targets, with the ⟨111⟩
poles corresponding to the original ⟨111⟩ directions in the
single crystal targets marked by circles. In the pole figure
calculated for the target with (111) surface orientation, new
⟨111⟩ poles created by the growth twinning are clearly present
and marked by triangles in Figure 8a. In contrast, only the

original ⟨111⟩ poles are present in the pole figures calculated
for targets with (100) and (011) surface orientations, Figure 8b
and c, indicating that no twins are introduced by laser-induced
melting and resolidification of these targets. The computational
predictions are in a good agreement with the experimental
observation of the appearance of new poles associated with
twinning for targets with (111) surface orientation, Figure 2b,
and the absence of twinning in targets with (100) surface
orientation.

Mechanisms of Growth Twinning under Conditions of
Strong Undercooling. In order to evaluate the conditions for
the formation of Σ3 {111} growth twins in the process of rapid
solidification, a series or small scale simulations is performed
under fixed temperature and zero pressure conditions for a 28
nm × 28 nm × 50 nm system containing, in its initial state, a 11
nm thick crystalline slab with two (111) surfaces surrounded by
liquid. No twins are observed to form in the solidification
process occurring under conditions of weak undercooling, at T
> 0.86Tm. The formation of first twin boundaries is detected at
T ≈ 0.86Tm, and the density of the twin boundaries is
increasing with decreasing temperature. The threshold-like
condition for the onset of the generation of the growth twins
and the decreasing size of the twinned domains with increasing
undercooling can be explained by a simple thermodynamic
model48 that considers the advancement of the solidification
front through the nucleation and lateral growth of two-
dimensional atomic islands on (111) terraces of the solid−
liquid interface. This model is briefly outlined and applied to
the epitaxial regrowth (111) Ni targets below.
The nucleation of a new atomic layer on a (111) facet of the

growing fcc crystal can produce one of the two possible
stacking sequences of the close packed atomic planes, ABC
sequence of the regular fcc structure and ABA sequence which,
in turn, may lead to the formation of a twin boundary (ABACB
sequence of planes) or a stacking fault (ABABCA or ABACAB
for the intrinsic and extrinsic stacking faults, respectively) in the
growing fcc crystal. Given the more than twice higher energy of
the stacking faults as compared to twins49 we can neglect the
possibility of the appearance of stacking faults in the growth
process and only consider the formation of twins. The change
in the free energy due to the nucleation of a round atomic
island of radius r with the fcc stacking sequence of the close
packed planes can be expressed as

π γ πΔ = − ΔG r T r r h G T( , ) 2 ( )r
fcc

step
2

v (1)

where ΔGv (T) is the free energy difference between the liquid
and solid phases per unit volume (see Methods), h is the

Figure 7. Alternative view of the last configuration (720 ps) of
Figure 6, in which the fcc atoms are shown and colored blue (a)
and an enlarged view of a representative vertical cross-section of
the surface layer of the resolidified target (b). The dashed line in
(b) shows the altering orientation of atomic planes in the twinned
domains.

Figure 8. The ⟨111⟩ pole figures calculated for 20 nm top regions of Ni targets with (111), (100), and (011) surface orientations irradiated by
50 fs laser pulses at an absorbed fluence of 0.06 J/cm2. All calculations are done after complete solidification of the irradiated targets. The
⟨111⟩ poles that correspond to the original single crystal are marked by circles and the new ⟨111⟩ poles generated by twinning are marked by
triangles. The twinning is only observed for (111) surface orientation of the irradiated target.
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spacing between {111} planes and γstep is the free energy per
unit length of a step on a {111} solid−liquid interface. When
the nucleation results in the ABA stacking of the planes, the
extra energy associated with the faulted stacking has to be
accounted for in the free energy calculation and can be
approximated by the energy of the twin boundary in a bulk
crystal, γtwin. The energy of the circular nucleus in this case can
be expressed as

π γ π γΔ ≈ − Δ −G r T r r h G T( , ) 2 ( ( ) )r
twin

step
2

v twin (2)

It is apparent from the above equation that small values of
undercooling, when ΔGv < γtwin/h, the free energy is increasing
for any radius of the nucleus, and no growth twins can be
generated. Using the approximation of ΔGv ≈ ΔHf(1 − T/Tm),
the critical temperature below which the twin boundaries can
be formed in the solidification process can be estimated as

γ
≈ −

Δ

⎛
⎝⎜

⎞
⎠⎟T T

H h
1c m

twin

f (3)

For the EAM potential used in the MD simulations of Ni,50

γtwin = 68 mJ/m2, ΔHf = 0.187 eV/atom = 2.59 × 109 Jm−3, h =
2.07 Å at the melting point, and the value of Tc can be
estimated to be 0.87Tm. An estimation based on experimental
parameters of Ni, γtwin = 43 mJ/m2,50 ΔHf = 2.58 × 109 Jm−3,51

and h = 2.09 Å at T ≈ Tm,
52 yields a comparable value of Tc =

0.92Tm.
From the free energy expressions given by eqs 1 and 2, the

activation barriers for the formation of the fcc and twinned
nuclei can be obtained:

πγ πγ

γ
* ≈

Δ
* ≈

Δ −
G T

h G T
G T

h G T
( )

( )
, ( )

( )fcc
step

2

v
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step
2
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(4)

The relative probability of the nucleation of twin and fcc planes
can then be expressed as the ratio of the corresponding
nucleation rates:
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step
2

twin

B v v twin (5)

This equation suggests that the nucleation of twins starts when
the temperature of the crystal−liquid interface drops below Tc
and the probability of the twin formation increases with
increasing undercooling. These conclusions of the theoretical
analysis are in a good agreement with the results of TTM-MD
simulations (Figures 6 and 7), where the appearance of twin
boundaries is only observed when the temperature drops below
0.85Tm and the twinning domains get thinner closer to the top
surface of the target, where the solidification takes place under
conditions of stronger undercooling.
Laser Fluence Dependence of the Solidification Con-

ditions and Twinning. To predict the dependence of the
thickness of the surface layer affected by the growth twinning
on laser fluence, a series of continuum-level simulations are
performed with the TTM model enhanced with a description of
nonequilibrium melting and solidification as explained in
Methods. The simulations are performed for the values of
absorbed laser fluence ranging from 0.05 J/cm2, just above the

threshold for surface melting, up to 0.13 J/cm2, close to the
threshold for photomechanical spallation identified in TTM-
MD simulations.
The results of the simulations are shown in Figure 9, where

the evolution of the melting depth and temperature at the

liquid−crystal interface are plotted for different laser fluences.
The fast homogeneous melting, occurring on the time-scale of
electron−phonon equilibration, is responsible for the initial
jump of the melting depth and is followed by additional
heterogeneous melting through the propagation of the melting
front deeper into the bulk of the target at higher fluences. The
melting is followed by resolidification of the target proceeding
under conditions of increasing undercooling of the liquid−
crystal interface below the equilibrium melting temperature.
The fastest cooling and the maximum undercooling at the end
of the resolidification process are realized close to the melting
threshold, when the melting depth is comparable to the depth
of the laser energy deposition and a steep temperature gradient
is created at the liquid−crystal interface by the end of the
homogeneous melting process. The cooling rate and the
maximum undercooling are decreasing with increasing fluence,
with the temperature of the liquid−crystal interface at the time
it reaches the surface raising from its minimum of ∼0.58Tm at
0.06 J/cm2 up to ∼0.74Tm at 0.13 J/cm2. The overall picture of
the fluence dependence of the melting and resolidification
processes predicted in the TTM calculations is consistent with
the earlier TTM-MD simulations performed for Ni targets,23

with small quantitative differences related to the differences in
the parameters adopted in the two series of simulations.
The condition for the onset of growth twinning, T = 0.87Tm,

predicted theoretically and confirmed in the atomistic
simulations, is marked in Figure 9 by the dashed line. The
depth of the region affected by twinning (gray region in Figure
9) increases rapidly at laser fluences close to the melting
threshold and shows signs of saturation as the laser fluence

Figure 9. Evolution of the melting depth and temperature at the
liquid−crystal interface predicted in TTM calculations accounting
for the kinetics of nonequilibrium meting/solidification. The curves
on the plot correspond to simulations of Ni targets irradiated by a
50 fs laser pulse at different values of absorbed laser fluence marked
in the plot in units of J/cm2. The lines are colored according to the
temperature at the solidification front. The gray region outlined by
the dashed line corresponds to the conditions of strong under-
cooling (T < 0.87 Tm), when the growth twinning is predicted in
the theoretical analysis and atomistic TTM-MD simulations.
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approaches the spallation threshold. Note that the decrease of
the cooling rate and the levels of undercooling with increasing
fluence suggest that the depth of the surface region affected by
twinning may even shrink at higher laser fluences in materials
with higher energies of twin boundaries, where Tc is lower, eq
3. Moreover, the weaker undercooling can be expected to result
in the lower probability of the nucleation of twin boundaries, eq
5, thus increasing the average thickness of twinned domains at
higher laser fluences.
The computational results provide an explanation for the

increase of both the region affected by twinning and the
thickness of twinned domains with increasing laser fluence
observed in experiments discussed earlier. Using reflectivity of
0.7 at laser wavelength of 800 nm,45 the experimental incident
laser fluences of 0.19 and 0.38 J/cm2 can be converted to
absorbed fluences of 0.057 and 0.114 J/cm2, respectively. The
TTM calculations predict the maximum levels of undercooling
at the end of resolidification of 0.58Tm and 0.71Tm at the
absorbed fluences of 0.06 and 0.11 J/cm2, respectively, thus
explaining the substantially larger thickness of the twined
domains observed at the higher laser fluence. Moreover, the
region affected by the growth twinning is predicted to be
deeper at the higher fluence, which is also qualitatively
consistent with the experimental observations; see Figures 4e
and 5b.
Further increase of the laser fluence beyond the spallation/

ablation threshold results in removal of a hot surface material
from the bulk target, leading to the increase in the cooling rate
during the solidification of the remaining shallow melted
region.23 The two factors, namely, the drop in the depth of the
melted region remaining after the ablation of the top layer of
the target and the increase in the cooling rate, compete with
each other in defining the final thickness of the twinned region.
The evaluation of the dependence of the layer affected by
growth twinning on laser fluence in the ablation regime is
ongoing and will be reported elsewhere. Irradiation with longer
laser pulses, in the range of hundreds of picoseconds and
nanoseconds, produces smaller temperature gradients and
cooling rates during resolidification,53 and reduces the depth
of the twinned region. Continuum level TTM calculations
suggest that pulses longer than 3 ns cannot produce a
sufficiently strong undercooling for generation of growth
twins in Ni(111) targets.
Connections between Transient Phase Transforma-

tions and Generation of HSFL. The clear experimental
evidence of the laser-induced generation of a laminar subsurface
structure composed of twinned domains and epilayers,
combined with the mechanistic insights provided by the
theoretical analysis and atomistic simulations, indicates that the
growth twinning can be used as a sensitive “fingerprint” of the
transient melting and resolidification induced in a fcc metal
target/grain with {111} surface orientation by short pulse laser
irradiation at laser fluences near the melting threshold. In the
absence of growth twinning, the structural signatures of the
transient melting and resolidification (e.g., generation of a high
vacancy concentration in a Cr(001) target16) may be too weak
to be detected in ex situ experimental characterization. The
results of the atomistic simulations performed for Ni targets
with three low-index surface orientations also suggest that
melting followed by the epitaxial resolidification produces
relatively small surface roughness on the order of 1−2 nm,
which is comparable to the roughness of polished surface
before the irradiation (see Methods). We can conclude,

therefore, that the growth twinning in fcc metal targets with
{111} surface orientation provides the most clear marker of
melting at laser fluences below the threshold for subsurface
cavitation and spallation.17,23

The generation of the subsurface twins in the irradiated
Ni(111) targets correlates with the formation of HSFL in the
multipulse irradiation regime: The HSFL are observed
exclusively in the central part of the laser spot, where the
subsurface twins are also present, suggesting a direct link
between the transient melting and the formation of the HSFL.
Despite the relatively small thickness of the layer experiencing
laser melting and resolidification (the total thickness of the
twinned domains and epilayers at the center of the laser spot
measures about 30 nm), the HSFL with sub-100 nm periodicity
are observed to grow entirely in the resolidified layer, with the
peak-to-valley amplitude attaining 20 nm in the center, Figure
3. This observation suggests a substantial redistribution of the
melted material in the course of repetitive laser melting and
resolidification of the thin surface layer of the target. While the
exact mechanisms driving the material redistribution remain the
subjects of ongoing debates,29,33−40 the results of the present
study suggest an important role of the laser-induced surface
melting in the formation of HSFL. The presence of a twinned
domain in the off-center part of the laser spot (Figure 5a),
where no HSFL is observed, also suggests that the development
of the surface roughness may rely on the melting depth
exceeding a certain minimum level.
Note that HSFL shown in Figures 1 and 3 are formed at a

laser fluence that is substantially below the spallation/ablation
threshold, and generation of HSFL is not related to the material
removal from the irradiated target. Moreover, notwithstanding
the appearance of several burst nanobubbles on the highest
ridges in Figure 1, the cross-sectional examination of the
samples does not reveal any noticeable signs of nanoscale
cavitation instability39,40 or generation of subsurface voids.17

Furthermore, the experimental characterization suggests a
negligible amount of oxygen present at laser-irradiated Ni
surface. Therefore, in contrast to titanium or other metals
where localized surface oxidation could induce topography
changes and/or higher harmonic generation, hence enhancing
absorption and contributing to HSFL formation,37,54 neither
oxides nor amorphous phase were discerned throughout our
high resolution cross-sectional study. Thus, surface oxidation
upon femtosecond laser irradiation is unlikely to cause HSFL
formation on Ni surface irradiated at moderate laser fluences.
Overall, the results of experimental characterization of laser-
processed targets, combined with predictions of atomistic and
continuum-level simulations, provide a clear evidence of an
intrinsic link between the laser-induced melting and HSFL
formation. The exact interplay between the melting, hydro-
dynamic motion of the melt, and the emergence of HSFL upon
repetitive laser irradiation, however, still remains to be explored
in future studies.

CONCLUSIONS
The results of a combined experimental and computational
study of the short pulse laser interaction with single crystal Ni
targets reveal a direct connection between the laser-induced
melting/resolidification and the formation of HSFL. The
occurrence of melting is evidenced by the formation of
nanoscale lamellar structures of interlaying twinned domains
and epilayers in the surface regions of irradiated Ni(111)
targets. Atomistic- and continuum-level simulations performed
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for the experimental irradiation conditions reproduce the
generation of twinned domains in the course of the rapid
solidification of the transiently melted surface regions of the
irradiated targets. Theoretical analysis of the microscopic
mechanisms of the solidification process yields the condition
leading to the onset of the growth twinning and establishes the
connection between the degree of undercooling and the density
of twins generated at the solidification front. The laser fluence
dependence of the density and thickness of the twinned
domains revealed in the experimental study is explained based
on the results of continuum-level simulations of nonequilibrium
laser-induced melting and resolidification. In multipulse
irradiation regime, the appearance and growth of sub-100 nm
HSFL oriented parallel to the laser polarization is observed in
the thick twinned domains in the center of the laser spot,
highlighting the connections between melting, melt depth, and
generation of HSFL.

METHODS
Materials and Laser Irradiation. The experimental study is

focused on microstructural analysis of single crystal Ni targets
irradiated by femtosecond laser pulses at different fluences. In order
to highlight HSFL features, low fluence and large number of laser
pulses were applied. The fluence dependence of the subsurface
microstructure is explored by performing an additional series of
experiments at a higher laser fluence and smaller number of pulses.
Nickel single-crystal targets were prepared by conventional metallo-
graphic procedures with a final surface roughness average Ra = 1 nm.
The HSFL on the surfaces of Ni targets were produced using a
Ti:Sapphire femtosecond laser system (Legend Coherent Inc.). The
laser has a central wavelength of 800 nm with a pulse duration of 50 fs
and a repetition rate of 1 kHz. The linearly polarized laser pulses were
attenuated and focused through a 250 mm achromatic lens at a normal
incidence angle. The focused laser spot exhibits a Gaussian profile and
the spot size (at 1/e2) measures 2w0 = 52 μm. The laser fluence quoted
in this paper is the peak fluence F = 2E/πw0

2, with E being the laser
pulse energy. The single shot ablation threshold of 0.39 J/cm2 was
determined by the D2 method.55

Microscopy. The analysis of surface modifications in the laser
impact area was performed using a scanning electron microscope
(Zeiss Supra55 FEG-SEM), equipped with an EBSD system from
HKL-Oxford Instruments. The surface topography was measured by
using an atomic force microscope (Agilent 5500). Detailed description
of the experimental conditions can be found in our previous paper.31

Microstructural examination in the direction normal to the surface (i.e.,
from the surface to subsurface to bulk) was carried out using a field
emission high-resolution transmission electron microscope (JEOL
2010F) system on cross section lamellae extracted from laser irradiated
sites. TEM lamella preparation was performed using a FIB/SEM
workstation (NVision 40; Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) combining a SIINT zeta FIB column (Seiko Instruments
Inc. NanoTechnology, Japan) with a Gemini I column. The NVision
40 platform is equipped with a multinozzle SIINT Gas Injection
System (GIS). The in situ lift-out of the thin foils from preselected
sections of the laser irradiated site was carried out with a Cartesian
nanorobotic manipulator (Klocke Nanotechnik GmbH, Aachen,
Germany). Precautions were taken during the preparation to minimize
the curtain effect and surface implantation.56 Careful milling and low
kV ion polishing were applied to obtain the final TEM lamellae
(thickness around 100 nm).
TTM-MD Model. The large-scale atomistic simulations of laser

interactions with bulk Ni targets are performed with a hybrid
atomistic−continuum model,57 which combines the classical MD
method for simulation of nonequilibrium processes of lattice
superheating and fast phase transformations with the TTM18

providing a continuum-level description of the laser excitation and
subsequent relaxation of the conduction band electrons. A complete
description of the TTM-MD model is provided elsewhere.57,58 Below

we only outline the computational setup used in the simulations
reported in this paper.

The TTM-MD simulations are performed for single crystal Ni
targets with three surface orientations, (100), (011), and (111). The
atomistic parts of the TTM-MD model consist of 162, 153, and 150
million atoms for (100), (011), and (111) targets, respectively, and
represent the top 150 nm surface layers of the targets, where the laser-
induced structural and phase transformations (melting and resolidi-
fication) take place. In the lateral directions, parallel to the surfaces of
the targets, the dimensions of the computational systems are about
100 nm × 100 nm and periodic boundary conditions are applied. In
the continuum part of the model, beyond the surface layer represented
with the atomic resolution, the conventional TTM equations,
accounting for the electronic heat conduction and the energy
exchange between the electrons and the lattice, are solved down to
2.5 μm to ensure negligible temperature changes at the bottom of the
computational domain during the time of the simulations. At the
bottom of the atomistic part of the model, a pressure-transmitting,
heat-conducting boundary condition is applied to ensure nonreflecting
propagation of the laser-induced stress wave and heat transfer from the
atomistic part of the computational system into the bulk of the target.

The interatomic interaction between Ni atoms in the atomistic part
of the model is described by the EAM potential, using the functional
form and parametrization suggested in ref 50. The potential is fitted to
the experimental values of the lattice parameter, cohesive energy,
elastic constants, and vacancy formation and migration energies. The
potential also provides a relatively accurate description of other
material properties that are relevant to the laser-induced structural and
phase transformations investigated in the present study. In particular,
the equilibrium melting temperature, Tm, determined in liquid-crystal
coexistence MD simulations is 1701 K,59 only 1.6% below the
experimental value of 1728 K.51 The potential provides a more
accurate, with respect to other potentials available for Ni,50,60

description of the interfacial energies, including the energies of
stacking faults, twin boundaries, and free surfaces. For example, the
predicted energies of the intrinsic stacking fault and symmetrical twin
boundary are 134 and 68 mJ/m2, respectively, and compare reasonably
well with the experimental counterparts of 125 and 43 mJ/m2.50 The
surface energies are predicted to be 2087, 1936, and 1759 mJ/m2 for
the (011), (100), and (111) surfaces, respectively, and are relatively
close to the experimental value of 2280 mJ/m2, average over surface
orientations.61

The irradiation of the target by a 50 fs laser pulse is represented
through a source term added to the TTM equation for the electron
temperature.57 The source term simulates the excitation of the
conduction band electrons by a laser pulse with a Gaussian temporal
profile and reproduces the exponential attenuation of laser intensity
with depth under the surface (Beer−Lambert law), with the optical
absorption depth of 14.5 nm assumed for Ni at the laser wavelength of
800 nm.62 The uniform laser energy deposition is applied along the
lateral directions, and the absorbed laser fluence in all TTM-MD
simulations is chosen to be 0.06 J/cm2. Assuming the reflectivity of
0.7,45 this absorbed fluence corresponds to the incident fluence of 0.20
J/cm2, which is very close to the incident peak fluence of 0.19 J/cm2

used in the experiments.
The electron temperature dependences of the electron−phonon

coupling factor and the electron heat capacity used in the TTM
equation for the electron temperature are taken in the forms that
account for the contribution from the thermal excitation from the
electron states below the Fermi level.63,64 The temperature depend-
ence of the electron thermal conductivity is approximated by the
Drude model relationship, Ke(Te, Tl) = ν2Ce(Te) τe(Te, Tl)/3, where
Ce(Te) is the electron heat capacity, v2 is the mean square velocity of
the electrons contributing to the electron heat conductivity,
approximated in this work as the Fermi velocity squared, vF

2, and
τe(Te, Tl) is the total electron scattering time defined by the electron−
electron scattering rate, 1/τe−e = ATe

2, and the electron−phonon
scattering rate, 1/τe−ph = BTl, so that 1/τe = ATe

2 + BTl. The value of
the coefficient A (1.40 × 106 K−2 s−1) is estimated within the free
electron model.65 The coefficient B is described as a function of the
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lattice temperature and the materials phase state, so that the
experimental temperature dependences of thermal conductivity of
the solid and liquid Ni under conditions of electron−phonon
equilibrium66 are reproduced in the simulations.
TTM Model with Nonequilibrium Melting and Solidification.

The data on the kinetics of melting and resolidification processes and
the conditions for the onset of growth twinning obtained in the
atomistic simulations are incorporated into the conventional TTM
model adopted for a quick evaluation of the laser fluence dependence
of the thickness of the surface layer affected by the growth twinning.
The equations of TTM model are solved using the backward (implicit)
Euler algorithm based on block tridiagonal matrix inversion. The
material parameters in the TTM equation for the electron temperature
are the same as in the TTM-MD model described above. The lattice
heat conduction is neglected and the lattice heat capacity is assumed to
be constant and equal to 3.96 × 106 Jm−3 K−1.51

The motion of the solid−liquid interface is described by the
following equations:
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where XI is the position of the solid−liquid interface, VI is the velocity
of the interface, TI is the lattice temperature at the interface, L is the
size of the computational system used in eq 6 to ensure that the
interface is covered by the integration, ΔHf is the heat of fusion of the
target material, SI is the energy source term added to the TTM
equation for the lattice temperature to account for the heat released or
absorbed due to movement of the solid−liquid interface, f(x) is the
Gaussian function that approximates the Dirac delta function defining
the position of the interface, and σ is the thickness of the interface
taken to be 2 nm.
The temperature dependence of the velocity of the liquid−crystal

interface is described by the Wilson−Frenkel expression:67

= − Ω − −Δ ΩV V Q k T G T k Texp( / )[1 exp( ( ) / )]I 0 a B v a B (9)

where V0 is a prefactor, Q is the activation energy per unit volume,
ΔGv = Gv

l − Gv
s is the free energy difference between the liquid and

solid phases per unit volume, Ωa is the atomic volume of the solid
phase at the equilibrium melting temperature Tm, and kB is the
Boltzmann constant. The value of ΔGv is approximated as ΔGv ≈
ΔHf(1 − T/Tm), with experimental values of Tm = 1728 K and ΔHf =
2.58 × 109 J/m3 used for Ni.51 It has been shown that eq 9 provides an
adequate description of the velocity of crystallization front in fcc
metals down to ∼0.6Tm,

68,69 i.e., in the range of temperatures realized
in the simulations of laser melting and resolidification.17,23 The values
of parameters V0 = 2270 m/s and Q = 4.52 × 109 J/m3 (correspond to
0.326 eV/atom with Ωa = 11.55 Å3 obtained from MD simulations)
are calculated by fitting eq 9 to the velocities predicted for (111) Ni
interface in MD simulations performed under controlled temperature
and pressure conditions in the range of temperatures from 0.65Tm to
0.95Tm. To account for the fast homogeneous melting of crystals
superheated above ∼1.2Tm,

70,71 the regions of the target where the
lattice temperature exceeds 1.2Tm are set to undergo instantaneous
melting.
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