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Abstract The atomic mixing and structural transformations
in a Ag film–Cu substrate system irradiated by a femtosec-
ond laser pulse are investigated in a simulation performed
with a model that couples the classical molecular dynamics
method with a continuum-level description of the laser ex-
citation and subsequent relaxation of the conduction-band
electrons. The higher strength of the electron–phonon cou-
pling in Cu compared to Ag results in preferential sub-
surface heating and melting of the Cu substrate. The melting
is followed by fast cooling and rapid resolidification occur-
ring under conditions of strong undercooling below the equi-
librium melting temperatures of Cu and Ag. The rapid reso-
lidification results in a complex structure of the interfacial
region, where the lattice-mismatched interface is separated
from the Ag–Cu mixing region by an intermediate pseudo-
morphic bcc Cu layer that grows epitaxially on the (001)
face of the fcc Ag film during the final stage of the reso-
lidification process. The new lattice-mismatched interface
has a three-dimensional structure consisting of a periodic
array of stacking fault pyramids outlined by stair-rod par-
tial dislocations. The intermediate bcc layer and the stack-
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ing fault pyramid structure of the mismatched interface are
likely to present a strong barrier for dislocation propagation,
resulting in the effective hardening of the layered structure
treated by the laser irradiation. The concentration profiles in
the atomic mixing region are substantially wider compared
to the width of the equilibrium Cu–Ag interface and have a
pronounced asymmetric shape that reflects the preferential
melting of the Cu substrate.

1 Introduction

Rapid progress in the development of accessible sources of
short (pico- and femtosecond) laser pulses opens up new
opportunities for surface modification with high accuracy
and spatial resolution. In particular, the shallow depth of
the heat-affected zone in short-pulse laser processing of
strongly absorbing materials can result in the confinement
of the laser-induced structural modifications within a surface
layer as small as tens of nanometers, e.g. [1–5]. The small
size of the laser-modified region makes experimental char-
acterization of laser-induced structural changes challenging
and, at the same time, increases the importance of under-
standing the generation, mobility, interactions, and stability
of individual crystal defects.

The fast and highly localized energy deposition in short-
pulse laser processing unavoidably creates the conditions
of strong thermodynamic, electronic, and mechanical non-
equilibrium, making the theoretical description of the struc-
tural transformations difficult. For multi-component and
composite targets, an additional challenge is to provide an
adequate description of the mass transfer and compositional
changes in the transiently heated and melted surface region.
The conventional analysis of the atomic diffusion and ther-
modynamic driving forces [6, 7] is hardly applicable to sys-
tems experiencing a very fast melting–resolidification cycle.
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Atomic-level computer modeling has the ability to pro-
vide detailed information on the complex structural and
phase transformations induced by short-pulse laser irradi-
ation [8–19] and can assist in the advancement of laser-
driven applications. In particular, recent atomistic simula-
tions of laser interactions with metal targets provided in-
sights into the mechanisms and driving forces responsible
for the generation of point defects (vacancies and intersti-
tials) in Cr targets [14], revealed the processes responsible
for the formation of a nanocrystalline structure in regions of
localized photoexcitation of metal films [16], clarified the
effect of the grain boundaries on the kinetics of laser melt-
ing of nanocrystalline Au films [17], and helped to estab-
lish the connections between the maximum melting depth,
photomechanical spallation, and phase explosion in short-
pulse laser interactions with metal targets [18]. First simu-
lations of laser interactions with layered metal targets have
also been reported for Au films deposited on a bulk Cu sub-
strate [19]. The initial energy redistribution and the depth of
the region undergoing melting and resolidification are found
to be strongly affected by the difference in the strength of
electron–phonon coupling of the film and substrate mate-
rials and by the transient variations of the electron–phonon
coupling related to the thermal excitation of lower band elec-
trons [20].

In this paper, we report the results of an atomic-level
simulation of a femtosecond laser interaction with a lay-
ered Ag film–Cu substrate target. Thermodynamically, the
Ag–Cu binary system is characterized by a positive heat of
mixing and an eutectic phase diagram, with virtually no mu-
tual solubility at room temperature. In rapid quenching ex-
periments, however, the metastable fcc solid solutions are
commonly produced in the whole range of the alloy com-
positions, e.g. [21, 22]. The formation of the amorphous
phase is not observed in liquid quenching experiments, but
has been reported for vapor quenching (co-deposition of
the two components to an amorphous substrate held at liq-
uid nitrogen temperature) [23, 24], cold rolling of Ag and
Cu multi-layers [25], and picosecond laser quenching [26].
The extreme heating and cooling conditions realized in
short-pulse laser processing experiments suggest feasibil-
ity of generation of non-equilibrium compositional profiles
and metastable phases in the interfacial region of the lay-
ered Ag–Cu target. While a detailed analysis of the atomic
mixing and structural transformations occurring in the lay-
ered targets under different irradiation conditions will be
presented elsewhere, a particular focus of this paper is on
an unusual effect of a ‘runaway’ lattice-mismatched inter-
face, when the misfit dislocations associated with the lattice-
mismatched interface separate from the Ag–Cu mixing re-
gion and shift into the Cu substrate as a result of the reso-
lidification process occurring under conditions of strong un-
dercooling. A brief description of the computational model

used in the simulations is given in Sect. 2. The results of
the simulation and a detailed structural analysis of the laser-
treated target are presented and discussed in Sect. 3 and are
summarized in Sect. 4.

2 Computational model

The atomic mixing and structural changes generated by
short-pulse laser irradiation are simulated for a system con-
sisting of a 30-nm Ag film deposited on a bulk Cu substrate.
The simulation is performed with a combined atomistic–
continuum model [9, 18] that couples the classical molecu-
lar dynamics (MD) method with a continuum-level descrip-
tion of the laser excitation and subsequent relaxation of the
conduction-band electrons. The model accounts for the fast
electron heat conduction in the metal target and provides an
adequate representation of the fast heating and cooling of
the surface region of the target. A complete description of
the combined atomistic–continuum model is given in [9,
18], whereas the computational setup used in the simula-
tion is similar to the one used for the Cu–Au system in [19].
Briefly, the atomic-level MD representation is used only for
the top 230-nm part of the target (30-nm Ag film and a top
200-nm part of the Cu substrate), whereas the heat transfer
in the deeper part of the target is described by coupled elec-
tron and lattice heat conduction equations (two-temperature
model (TTM) [27]) solved down to the depth of 2.4 µm. This
depth is chosen so that no significant increase in the electron
or lattice temperatures is observed at the bottom of the com-
putational domain during the time of the simulation.

The interatomic interactions in the MD part of the sys-
tem are described by the embedded atom method (EAM)
potential in the form suggested by Foiles, Baskes, and Daw
(FBD) [28]. The potential functions for pure elements are
fitted to the equilibrium lattice constants, sublimation ener-
gies, bulk moduli, elastic constants, and vacancy formation
energies, whereas the parameters of functions describing the
Ag–Cu cross-interaction are fitted to the heat of mixing of
dilute solid solutions. Our implementation of the FBD EAM
potential includes a cutoff function [29] that smoothly brings
the interaction energies and forces to zero at a cutoff dis-
tance of 5.5 Å.

The equilibrium melting temperatures of pure Ag (1,139±
2 K) and Cu (1288 ± 2 K) are calculated in liquid-crystal
coexistence simulations performed at zero pressure for a
system consisting of 5760 atoms (6 × 6 × 40 unit cells),
with liquid-crystal interface oriented along the (001) plane
of the fcc crystal. The hydrostatic zero pressure conditions
are ensured by independent control over the three diago-
nal components of the stress tensor. The error of ±2 K is
obtained by running series of simulations at different tem-
peratures and monitoring the evolution of the liquid-crystal
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interface for 2 ns. The temperatures in the simulations were
varied around the melting temperatures listed above with
a step of 1 K. The growth or disappearance of the liquid
phase is reproducible outside the ±2 K intervals around
the melting temperatures, whereas within these intervals
the dominance of melting or solidification is not apparent.
The values of the melting temperatures are in a reasonable
agreement with the results of earlier coexistence calcula-
tions performed with the same potential [30, 31], where the
values of 1144 K for Ag and 1279 K for Cu are obtained.
The melting temperatures predicted by the FBD EAM are
within 7% of the experimental values of 1235 K for Ag
and 1356 K for Cu [32] and have a similar relation, the
melting temperature of Cu being slightly higher than the
one of Ag. Moreover, the high-temperature [30] and low-
temperature [33–35] parts of the Ag–Cu phase diagram cal-
culated with the FBD EAM potential are in a good semi-
quantitative agreement with the experimental eutectic phase
diagram of this system. The small positive deviation of the
lattice parameter of the Ag–Cu solid solution from Vegard’s
law, predicted with the FBD EAM potential, is also con-
sistent with experimental data obtained for the metastable
fcc phase formed by rapid quenching [33]. We conclude,
therefore, that the FBD EAM potential is appropriate for the
investigation of short-pulse laser processing of the Ag–Cu
layered system.

The top 200-nm part of the Cu substrate and the 30-nm
Ag film in the initial system are represented by fcc crys-
tallites with lateral dimensions of 3.27 nm × 3.27 nm at
300 K and periodic boundary conditions imposed in the di-
rections parallel to the surface of the target. At the bottom
of the MD part of the model, a special pressure-transmitting
boundary condition [36, 37] is applied in order to avoid an
artificial reflection of the laser-induced pressure wave gen-
erated in the surface region by the fast laser energy deposi-
tion. The film and the target have the same crystallographic
orientation, with (001) planes oriented parallel to the sur-
face of the target. Although the FBD EAM potential is fit-
ted to the room-temperature values of lattice constants and
other parameters [28], the fitting is done using static calcu-
lations that do not account for the thermal expansion from
zero to room temperature. As a result, the potential over-
predicts the finite-temperature values of the lattice parame-
ters, e.g. aCu = 3.63 Å and aAg = 4.11 Å are determined in
constant zero pressure MD simulations performed at 300 K
(compared to the experimental values aCu = 3.61 Å and
aAg = 4.09 Å [38]). Nevertheless, the relative values of the
lattice parameters and the corresponding misfit are similar
for both experimental values and the MD results at 300 K,
9aCu = 7.95aAg and (aAg − aCu)/aCu = 0.13, suggesting
that the discrepancy between the calculated and experimen-
tal lattice parameters does not affect the properties of the
Cu–Ag interface.

The lateral size of the computational system corresponds
to nine fcc unit cells in each direction for the Cu substrate
and eight slightly compressed fcc unit cells for the Ag film
at 300 K. Before applying laser irradiation, the initial sys-
tem is equilibrated in a MD simulation performed at 300 K
for 100 ps. The equilibration results in the formation of a
semicoherent interface with an array of misfit dislocations
parallel to 〈110〉 directions in the plane of the interface. The
atomic structure of the interface is shown in Fig. 1, where
the atoms are colored by their type in Fig. 1a and based on
the output of the modified version1 of the structural analysis
suggested in [39] in Fig. 1b. The latter representation allows
for an easy identification of the network of misfit disloca-
tions, with atoms that belong to the dislocation cores colored
yellow and green.

The electron temperature dependences of the thermo-
physical material properties included in the TTM equa-
tion for the electron temperature (electron–phonon coupling
factor and electron heat capacity) are taken in the form
that accounts for the thermal excitation from the electron
states below the Fermi level [20, 40]. The electron ther-
mal conductivity is described by the Drude model relation-
ship, Ke(Te, Tl) = v2Ce(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 de-
fined by the electron–electron and electron–phonon scatter-
ing rates, 1/τe = 1/τe−e + 1/τe−ph = AT 2

e + BTl. The val-
ues of the coefficient A (2.66 × 106 s−1 K−2 for Cu and
3.57 × 106 s−1 K−2 for Ag) are estimated within the free
electron model, following the approach suggested in [41].
The values of the coefficient B (2.41 × 1011 s−1 K−1 for
Cu and 1.12 × 1011 s−1 K−1 for Ag) are obtained from the
experimental values of the thermal conductivity of solid Cu
and Ag at the melting temperature, 330 W m−1 K−1 for Cu
and 363 W m−1 K−1 for Ag [42]. In the region adjacent to
the Cu–Ag interface, the material properties included in the
TTM equation for the electron temperature are calculated as
linear combinations of the properties of individual compo-
nents taken with weights equal to the local atomic concen-
trations.

1To avoid misidentification of crystalline structures due to small lattice
distortions, the following changes have been made to the method sug-
gested in [39]: the neighbor radii used for finding neighboring atoms
are extended from r2

ij < 1.45r2
0 to r2

ij < 1.69r2
0 for N0 neighbors, and

from r2
ij < 1.55r2

0 to r2
ij < 1.76r2

0 for N1 neighbors; the maximum
cos θjik for χ3 in Table I is changed from −0.705 to −0.195; in step
(v) of Table II, χ0 > 0 is changed to χ7 > 0; in step (vi) of Table II,
the condition for fcc atoms χ0 = 6 is made stronger by adding an ad-
ditional condition χ0 + χ1 + χ2 + χ3 = 30, and the condition for bcc
atoms χ0 = 7 is made stronger by adding an additional condition χ0 +
χ1 + χ2 + χ3 > 30; the expression δhcp = (|χ0 − 3| + |χ0 + χ1 + χ2 +
χ3 − 9|)/12 is changed to δhcp = (|χ0 − 3| + |χ0 + χ1 + χ2 − 9|)/12.
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Fig. 1 Initial configuration of the Cu–Ag interface equilibrated at
300 K. Two atomic layers adjacent to the interface are shown, with
atoms colored by their type (red for Cu and green for Ag) in (a) and
based on the output of the structural analysis suggested in [39] (see
footnote 1) (light blue and green atoms belong to atomic configura-

tions that correspond to fcc and hcp structures, respectively; the struc-
ture around the yellow atoms cannot be assigned to any crystal struc-
ture) in (b). The lines of misfit dislocations are shown by black arrows
with small blue arrows indicating the corresponding Burgers vectors,
�b1 = 1

2 [110] and �b2 = 1
2 [1̄10]

The irradiation of the layered target with a 200-fs laser
pulse is represented through a source term added to the equa-
tion for the electron temperature. The source term simulates
excitation of the conduction-band electrons by a laser pulse
with a Gaussian temporal profile and reproduces the expo-
nential attenuation of laser intensity with depth under the
surface (Beer–Lambert law). In order to account for the bal-
listic energy transport occurring before the thermalization
of the excited electrons [19, 43, 44], the optical absorption
depth, λopt, is substituted in the source term by an effec-
tive range of the laser energy deposition, λopt + λball [9, 19,
43]. The strong dependence of the electron–electron scatter-
ing on the excitation energy [44] and modification of the
scattering rates in the Ag–Cu interfacial region introduce
uncertainty to the estimation of the effective depth of the
ballistic energy transport [19]. In the simulation reported in
this paper, we assume the effective range of the laser energy
deposition to be λopt + λball = 100 nm. As shown in [19]
for the Au–Cu system, the variation of λopt + λball affects
the values of laser fluence required for the onset of the in-
terfacial melting or complete melting of the film, but does
not change the qualitative picture of the laser-induced pro-
cesses.

3 Results and discussion

3.1 Laser heating and sub-surface melting

The simulation discussed in this paper is performed for the
layered Cu–Ag system irradiated by a 200-fs laser pulse at
an absorbed fluence of 130 mJ/cm2. This fluence is ∼1.3

times higher than the fluence required for the onset of sub-
surface melting of the interfacial region (∼100 mJ/cm2) and
∼1.2 times lower than the threshold fluence for photome-
chanical spallation [45] of the Ag film from the Cu sub-
strate (∼160 mJ/cm2). The contour plots in Fig. 2 show
the evolution of the lattice temperature, pressure, and den-
sity in the irradiated target. Although immediately after the
laser pulse the electron temperature in the Ag film is sub-
stantially higher than the one in the underlying Cu substrate,
the lattice temperature increases faster at the Cu side of
the Cu–Ag interface, Fig. 2a. This preferential sub-surface
heating can be explained by substantially stronger electron–
phonon coupling in Cu compared to Ag (room-temperature
values of the electron–phonon coupling factor are ∼5.5 ×
1016 W m−3 K−1 for Cu and ∼2.5 × 1016 W m−3 K−1 for
Ag and the difference becomes larger with increasing elec-
tron temperature due to the stronger contribution of ther-
mally excited d-band electrons in the case of Cu [20]).
A similar effect of sub-surface heating in femtosecond laser
interactions with layered targets has been predicted in TTM
calculations performed for Cr–Au targets [46] and in TTM-
MD simulations of Cu–Au targets [19]. In both cases, the
faster increase of the lattice temperature in the Cr or Cu lay-
ers was attributed to the stronger electron–phonon coupling
in Cr and Cu compared to Au.

The rapid heating of the upper part of the Cu substrate
leads to the build up of high compressive stresses that drive
compressive pressure waves deeper into the bulk of the tar-
get and in the direction of the free surface, Fig. 2b. The
reflection of the wave from the free surface of the Ag
film transforms it to an unloading tensile wave that follows
the compressive wave propagating into the bulk of the Cu
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substrate. Both compressive and tensile components of the
laser-generated pressure wave are transmitted through the
pressure-transmitting boundary at the bottom of the atom-
istic part of the computational model without any noticeable
reflection.

� Fig. 2 Contour plots of the lattice temperature (a), pressure (b), and
density (c) for a simulation of a Cu–Ag target irradiated with a 200-fs
laser pulse at an absorbed fluence of 130 mJ/cm2. The laser pulse is
directed along the Y -axis, from the top of the contour plots. The black
lines separate the melted regions from the crystalline parts of the target.
The red lines separate the atomistic (TTM-MD) and continuum (TTM)
parts of the computational domain. The red rectangle in (a) shows the
region and time interval for which snapshots are shown in Fig. 4. The
density scale in (c) is normalized to the density of Cu before the irradi-
ation (at 300 K), ρ0. The fine ‘fingerprint’-type pattern observed in the
crystalline parts of the target in the density plot is an artifact of the data
analysis method—the physical properties are averaged over 1-nm-thick
slices and the stepwise variation of the number of atoms (and density)
in each slice corresponds to an atomic layer entering/leaving the slice
due to the material displacement in response to the pressure waves and
thermal expansion

The rising lattice temperature in the top part of the sub-
strate quickly exceeds the melting temperature of Cu and
leads to the fast homogeneous melting of a ∼55-nm region
of the substrate. The melted part of the target is outlined by
the black lines in Fig. 2 and is particularly apparent in the
density plot (Fig. 2c), where the difference in densities of
liquid Cu, solid Cu, and solid Ag makes it easy to distin-
guish the melted region from the rest of the substrate. Simi-
larly, the boundary of the melted region can be identified by
a jump in the level of pressure in Fig. 2b. The hydrostatic
pressure conditions and complete relaxation of stresses are
quickly achieved in the melted part of the substrate, whereas
the laser-induced compressive stresses in the crystalline part
of the target cannot completely relax by the uniaxial ex-
pansion in the direction normal to the surface. The uniax-
ial expansion of the crystalline part of the target results in
anisotropic lattice deformations and corresponding quasi-
static anisotropic stresses that slowly decrease with cooling
of the surface region by heat conduction to the bulk of the
target.

The melting starts just below the Cu–Ag interface at
∼10 ps and continues during the following 40 ps, reaching
the maximum depth of ∼85 nm below the initial position
of the surface of the target. The nucleation of the liquid re-
gions at the end of the melting process is assisted by the ten-
sile stresses associated with the unloading wave propagating
through the melting region. A relatively small (∼3-nm deep)
part of the Ag film adjacent to the Cu–Ag interface also un-
dergoes melting.

3.2 Cooling and resolidification

The strong temperature gradient and the fast electronic heat
conduction in Cu lead to the rapid cooling of the surface
region of the irradiated target and, by the time of 100 ps,
the temperature in the whole melted region drops below the
equilibrium melting temperature of Cu. The velocity of the
resolidification front increases with increasing undercool-
ing of the melted Cu and reaches the maximum velocity of
∼100 m/s by the time of ∼700 ps, Fig. 2.
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Fig. 3 Time dependence of the lattice temperature of the interfacial
region of a Cu–Ag target irradiated with a 200-fs laser pulse at an ab-
sorbed fluence of 130 mJ/cm2. The horizontal dashed lines show the
equilibrium melting temperatures of the FBD EAM Cu and Ag ma-
terials. The lattice temperature is calculated from the average kinetic
energy of atoms in a 5-nm layer adjacent to the interface. The gray
area marks the time interval from 840 to 960 ps, during which a reso-
lidification front propagates through the region of atomic mixing from
the side of the Ag film and meets another resolidification front that
propagates from the side of the Cu substrate (see Fig. 4). The release
of the latent heat of melting upon solidification of the interfacial region
is responsible for the transient temperature increase during the time of
the solidification

From the Ag side of the melted region, a noticeable
advancement of the resolidification front is observed only
starting from ∼400 ps, when the temperature of the Cu–Ag
interface drops down to ∼1,080 K, Fig. 3. This second reso-
lidification front propagates with a relatively low average
velocity of ∼8 m/s for ∼275 ps (until the time of ∼675 ps)
and then slows down and remains almost immobile for the
following ∼165 ps. The low velocity of the second resolidi-
fication front can be explained by slower solidification kinet-
ics in binary systems and, more importantly, by the depres-
sion of the melting temperature (liquidus line) with respect
to the pure Ag and Cu. The range of diffusional mixing of
Cu and Ag atoms quickly extends up to the solid part of the
Ag film and the resolidification front propagates through the
melt with increasing concentration of Cu atoms. The prop-
agation of the resolidification comes to a temporal halt at
∼675 ps, when the composition of the melt becomes close
to the eutectic composition of ∼36 at.% Cu estimated for
the FBD EAM Cu–Ag system [30].

While the resolidification front from the Ag side remains
stuck in the mixing region and the resolidification front
from the Cu side propagates at its maximum velocity, the
temperature of the Cu–Ag interface continues to decrease
with the cooling rate of ∼3 × 1011 K/s, Fig. 3. Finally,
when at ∼840 ps the temperature of the interface drops
down to ∼950 K (close to the estimated eutectic tempera-
ture of 904 K [30]), the resolidification front on the Ag side

Fig. 4 Snapshots of the evolution of the atomic structure in the region
of the Cu–Ag interface in the simulation illustrated by the contour plots
in Fig. 2. The snapshots are taken for the region and the time interval
marked in Fig. 2a by the red rectangle. Atoms are colored according to
their type—Ag atoms are colored red and Cu atoms are colored blue.
To reduce the thermal noise in atomic positions, the configurations are
quenched for 0.2 ps using a velocity dampening technique (see text).
The fast quenching does not introduce any structural changes to the
atomic configurations but makes the visual analysis more straightfor-
ward. The vertical white lines in each snapshot show the approximate
locations of resolidification fronts propagating from the Ag (left) and
Cu (right) sides of the system and meeting each other at ∼955 ps

starts to move again and slowly, with an average velocity of
∼25 m/s, passes through the remaining part of the mixing
region within the following 60 ps. After crossing the mix-
ing region, the resolidification front sharply accelerates and
propagates through the undercooled Cu with a velocity sim-
ilar to the one of the resolidification front propagating from
the Cu substrate, ∼100 m/s. The atomic-level view of the
resolidification process in the vicinity of the mixing region
is provided by snapshots of atomic configurations shown in
Fig. 4, where the positions of the two resolidification fronts
are marked by white vertical lines. The two resolidification
fronts meet each other at ∼955 ps and form a new lattice-
mismatched interface at a distance of ∼6.5 nm from the cen-
ter of the mixing region. This new mismatched interface is
remarkable, since it is located inside the Cu substrate and is
separating the bulk of the fcc Cu substrate from an interme-
diate Cu layer with a structure that forms as a result of the
pseudomorphic epitaxial growth on (001) Ag. The structure
of the new mismatched interface, the intermediate Cu layer,
and the factors that facilitate the epitaxial growth of Cu on
the Ag lattice are discussed below.
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Fig. 5 Concentration profiles (a), number of atoms in atomic planes
(b), spacing between {200} planes of the original fcc structure (c), and
ratio c/a of the bct lattice constants (d) shown for a region adjacent to
the Ag–Cu interface. The analysis is performed for an atomic config-
uration obtained by the end of the simulation (1.59 ns after the laser
pulse) and quenched by applying the velocity dampening technique
for 0.2 ps (the snapshots of the corresponding atomic configurations
are shown in Fig. 6a–c). The definitions of the structural parameters
shown in the plots are illustrated in (e). Each point in (a) and (b) is
calculated for an individual atomic plane parallel to the surface of the
layered system. The atomic planes correspond to (002) planes in the
original fcc structures of the Cu substrate and the Ag film. In (c), dxy

corresponds to the average spacing between the neighboring atomic
planes that correspond to (200) and (020) planes in the fcc structure,
dz corresponds to the average spacing between the neighboring (002)
planes of the fcc structure, and atoms that do not belong to fcc or
bcc/bct atomic configurations are excluded from the averaging. In (d),
the ratio c/a is defined as shown in (e), so that the perfect fcc and
bcc structures are treated as general bct structures with ideal ratios of
c/a = √

2 and 1, respectively. The gray, green, and yellow areas in
the plots mark the regions of atomic mixing, pseudomorphic epitaxial
layer of Cu on Ag, and corrugated lattice-mismatched interface con-
sisting of stacking fault pyramids illustrated in Fig. 7, respectively

3.3 Structure of the resolidified region

To better understand the unusual phenomenon of the ‘run-
away’ lattice-mismatched interface, when the lattice-mis-
matched interface separates from the Ag–Cu mixing region
and shifts into the Cu substrate, we consider the composi-
tion profiles and distributions of structural characteristics in
a part of the target that includes both the atomic mixing re-
gion and the new lattice-mismatched interface, Fig. 5. The
analysis is performed for an atomic configuration obtained

by the end of the simulation, 1.59 ns after the laser pulse.
The average composition and structural characteristics are
calculated for individual atomic planes parallel to the sur-
face of the layered system. These atomic planes correspond
to (002) planes in the original fcc structures of the Cu sub-
strate and Ag film. To reduce the thermal noise in atomic po-
sitions, the analysis is preceded by quenching of the atomic
configuration for 0.2 ps using a velocity dampening tech-
nique, where the velocity of each individual atom is set to
zero at the time when the kinetic energy of the atom maxi-
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mizes. The fast quenching does not introduce any structural
changes to the atomic configuration but makes the visualiza-
tion and structural analysis more straightforward.

The concentration profiles produced by the laser process-
ing of the layered target are shown in Fig. 5a. The width of
the region of atomic mixing, shown as a gray area in Fig. 5,
is ∼5.6 nm. This width is substantially wider compared to
the width of the composition profiles predicted in Monte
Carlo simulations for equilibrium interfaces, ∼1 nm [35].
The difference can be explained by the high rates of the
cooling and resolidification processes realized in short-pulse
laser processing. The high atomic mobility and unlimited
solubility in the liquid state result in a rapid mixing in the
transiently melted interfacial region. The subsequent fast
resolidification happens within hundreds of picoseconds and
does not allow for any significant compositional changes in
the mixing region, thus resulting in the formation of non-
equilibrium concentration profiles. The concentration pro-
files in Fig. 5a exhibit a noticeable asymmetry with respect
to the location of the equal concentrations of Cu and Ag.
The location where the concentration of the components is
50 at.% is shifted by ∼0.6 nm with respect to the center
of the mixing region. The asymmetry in the concentration
profiles can be attributed to the asymmetry in the interfa-
cial melting that takes place mainly in the Cu substrate and
only affects a shallow (up to 3 nm) part of the Ag film. The
liquid-crystal interface provides a natural limit for the dif-
fusion of Cu atoms into the Ag film and the advancement
of the resolidification front from the Ag side confines the
atomic mixing to an increasingly smaller part of the film.
For example, one can see from the top snapshot in Fig. 4
that the Ag side of the interface has resolidified by the time
of 840 ps, whereas the Cu side is still melted and is a subject
of continued diffusion of Ag atoms into the Cu substrate.

The shift of the lattice-mismatched interface from the re-
gion of atomic mixing to the Cu substrate is apparent by
comparing the concentration profiles in Fig. 5a with the
distribution of the number of atoms per atomic monolayer
shown in Fig. 5b. Even though there are almost no Ag atoms
below the depth of ∼11 nm, the region where each layer
consists of ∼128 atoms, as in the Ag crystal, extends down
to ∼13.4 nm. The number of atoms per atomic layer jumps
from 128 to 162, the value characteristic of the Cu fcc crys-
tal, within a narrow region from 13.4 to 14.7 nm (marked by
yellow color in Fig. 5), signifying the new location of the
lattice-mismatched interface. A detailed discussion of the
atomic structure of the mismatched interface is provided in
Sect. 3.4.

Now we consider the structure of the intermediate 2-nm-
wide region that separates the regions of Ag–Cu mixing
and the new lattice-mismatched interface. As discussed in
Sect. 3.2, the structure of this region, marked by green color
in Fig. 5, is formed as a result of coherent epitaxial growth

of Cu on Ag, with Cu atoms adopting the packing density of
(002) planes of the Ag fcc lattice. Similarly to the number
of atoms per atomic plane (Fig. 5b), the average spacing dxy

between the neighboring (200) or (020) planes, defined as
shown in Fig. 5e, does not experience any noticeable change
upon the transition from the Ag to the Cu part of the system
and drops to the value characteristic of the Cu crystal only
at the lattice-mismatched interface, Fig. 5c. On the contrary,
the spacing dz between the (002) atomic planes gradually
decreases with decreasing concentration of Ag, saturates at
an almost constant value of ∼1.48 Å in the region of the
epitaxial layer of Cu on Ag, and increases to the value of
the Cu substrate upon crossing the mismatched interface.
The large disparity between the values of dz and dxy in the
epitaxial layer suggests that the structure changes upon the
transition through the mixing region.

In the regions away from the Ag–Cu intermixing and
epitaxial layers, the difference in the levels of dz and dxy

reflects the lateral confinement of the fcc lattice in the di-
rections parallel to the surface of the irradiated target. The
surface region of the target heated by the laser pulse can
only expand in the direction normal to the surface, leading
to the split between dz that increases due to the relaxation
of the z-component of thermoelastic stresses and dxy that is
fixed at its room-temperature value. The levels of the com-
pressive stresses at a time of 1.59 ns after the laser pulse
are σxx = σyy = −0.6 GPa on the Cu side of the lattice-
mismatched interface and σxx = σyy = −1.3 GPa on the Ag
side, above the atomic mixing region. The difference in the
levels of the compressive stresses can be explained by the
larger thermal expansion coefficient of Ag compared to Cu
and the slightly compressed initial state of the Ag film at
300 K (see Sect. 2). The compressive stresses are also re-
flected in the pressure contour plot shown in Fig. 2b. The
positive values of pressure, defined as a negative 1/3 of the
first invariant of the stress tensor, P = −(σxx +σyy +σzz)/3,
contain contributions mainly from the first two diagonal
components of the stress tensor, σxx and σyy .

The distinct decrease in the value of dz upon the transi-
tion through the mixing region signifies the compression of
the fcc lattice in the z direction and can be interpreted as a
transformation from fcc to bcc structure along the so-called
Bain path [47]. Both crystal structures can be represented
by a body centered tetragonal (bct) structure with the ratio of
bct lattice constants c/a = √

2 for a perfect fcc structure and
c/a = 1 for a perfect bcc structure, Fig. 5e. The change in
the value of dz (and the corresponding bct lattice parameter
c) and the substitution of Ag atoms by ‘smaller’ Cu atoms
upon crossing the mixing region result in a gradual transfor-
mation of the structure from laterally compressed fcc struc-
ture of Ag to a bcc lattice composed of Cu atoms. The bcc
structure is slightly compressed in x and y directions since
the lattice parameter of the bcc structure is fixed at a value of
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d
Ag
xy

√
2 = 2.89 Å and the lattice parameter of the metastable

bcc Cu predicted for a temperature of 800 K by the FBD
EAM potential is 2.91 Å (see below). The transition from
the fcc Ag to the bcc Cu structure is apparent from the spa-
tial variation of the c/a ratio shown in Fig. 5d, where the
values of the c/a ratio that correspond to the perfect fcc and
bcc lattices are marked by horizontal lines. The analysis of
the local atomic structure also supports the conclusion on
the bcc structure of the epitaxial layer located between the
atomic mixing region and the displaced misfit interface. In
the snapshots of the atomic configuration shown in Fig. 6b
and c, the atoms are colored according to the local atomic
structure and most of the atoms in the epitaxial layer are
identified as bcc atoms.

The observation of the bcc structure of the epitaxial layer
can be related to the results of experimental [48, 49] and
computational [50] investigations of thin Cu films deposited
on a Ag (001) substrate, where a pseudomorphic growth of
bcc Cu is observed for film thicknesses of up to 10 mono-
layers. A good match between the lattice parameter of the
bcc Cu structure and the first-neighbor distance in the fcc
Ag structure, combined with a relatively small energy differ-
ence between the fcc and bcc Cu structures (the difference in
the cohesive energies of the two structures predicted with the
FBD EAM potential is 22 meV/atom, which is comparable
to 20–40 meV/atom predicted in ab initio calculations [51,
52]) are the factors that facilitate the pseudomorphic epi-
taxial growth of the bcc Cu layer on the (001) face of the
Ag crystal.

To further investigate the stability of bcc Cu, we per-
formed two series of short (50 ps) simulations for a bcc sys-
tem with the size of 25 × 25 × 25 unit cells (31,250 atoms)
and periodic or free boundary conditions applied in all direc-
tions. The simulations are performed for different values of
temperature. In the case of the periodic boundary conditions,
constant zero pressure is maintained during the simulations.
We find that, when the periodic boundary conditions are ap-
plied, the bcc structure spontaneously transforms into a mix-
ture of fcc and hcp close-packed structural regions at tem-
peratures below 480 K. Above 480 K, the bcc structure re-
mains stable for the duration of the simulations, 50 ps. With
free boundary conditions, the bcc structure collapses into a
mixture of fcc and hcp regions below 1,000 K and remains
stable above 1,000 K. Thus, the bcc structure exhibits an in-
creased stability with increasing temperature. The melting
temperature of bcc Cu, determined using the same liquid-
crystal coexistence method discussed in Sect. 2 for fcc Cu,
yields the melting temperature of 1,262 ± 3 K, more than
20 K below that of the fcc Cu structure. The lower value of
the melting temperature indicates that, despite the increase
in the stability of the bcc Cu structure with increasing tem-
perature, it remains a metastable non-equilibrium structure
up to the melting temperature of the FBD EAM Cu material.

Fig. 6 Snapshots of the atomic configurations in a region adjacent to
the Ag–Cu interface. The atomic configuration shown in (a)–(c) is ob-
tained by the end of the simulation (1.59 ns after the laser pulse) and
quenched by applying the velocity dampening technique for 0.2 ps.
The atomic configuration shown in (d) and (e) is obtained by a grad-
ual cooling (5 K/ps) of the system shown in (a)–(c). In (a), atoms are
colored by their type: red for Ag and blue for Cu. In (b)–(e), atoms are
colored according to the output of the structural analysis of [39] (see
footnote 1): light blue, green, and blue atoms belong to local atomic
configurations with fcc, hcp, and bcc/bct structures, respectively; the
structure around the yellow atoms cannot be assigned to any crystal
structure and is characteristic of point defects and dislocation cores.
The fcc atoms are blanked in (c) and (e) to expose the defect struc-
ture. The region shown in (a)–(c) corresponds to the region for which
the distributions of structural and physical characteristics are shown in
Fig. 5. The snapshots shown in (d) and (e) are aligned with the ones in
(a)–(c) to match the location of the lattice-mismatched interface

In the Cu–Ag target irradiated by the laser pulse, the epi-
taxial bcc Cu layer is stabilized by the presence of the un-
derlying Ag (001) structure and remains stable during the
cooling of the interfacial region down to 800 K (Fig. 3). The
cooling rate in the combined TTM-MD simulation slows
down with time and, to test the stability of the bcc structure
upon further cooling more quickly, we performed a simula-
tion of a faster cooling (with a rate of 5 K/ps) of the final
atomic configuration obtained by the time of 1.59 ns in the
TTM-MD simulation. In the simulation of the fast cooling,
the bcc structure of the epitaxial layer remains stable down
to the temperature of 300 K but transforms to a close-packed
structure characterized by a mixture of hcp and fcc structural
regions upon further cooling, Fig. 6d and e.

3.4 Structure of the runaway lattice-mismatched interface

Detailed analysis of the interface separating the pseudomor-
phic epitaxial layer of bcc Cu from the rest of the Cu sub-
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Fig. 7 Structure of the ‘runaway’ lattice-mismatched interface gen-
erated in the Ag–Cu system irradiated by a 200-fs laser pulse. The
interface is located in the Cu substrate, below the Cu–Ag mixing re-
gion and the view from the side of the Cu substrate is shown in (a).
Similarly to Fig. 6c, atoms are colored according to the local atomic
structure, with green atoms located within the planes of intrinsic stack-
ing faults in the fcc structure (local hcp configurations), yellow atoms
cannot be assigned to any crystal structure and belong to the disloca-
tion cores, and fcc atoms are blanked to expose the structure of the

interface. The structure of the interface is represented by an array of
stacking fault pyramids outlined by stair-rod partial dislocations. The
lines of stair-rod partial dislocations in the base and at the edges of the
pyramids (Lomer–Cottrell and Hirth locks, respectively) are shown by
blue and red arrows. Examples of the dislocation reactions responsible
for the formation of the locks are shown in the figure. A schematic rep-
resentation of a structural element of the interfacial structure is shown
in (b)

strate reveals a corrugated structure that has a thickness of
∼1.6 nm and is more complex compared to the plane array
of 1

2 〈110〉 misfit dislocations shown in Fig. 1b for the origi-
nal sharp semicoherent Cu–Ag interface. The atomic struc-
ture of the interface is shown in Fig. 7, where atoms are col-
ored according to the local atomic structure and fcc atoms
are blanked to expose the structure of the interface. The in-
terface consists of a periodic array of stacking fault pyra-
mids outlined by stair-rod partial dislocations [53], with the
lateral periodicity of the array matching that of the original
semicoherent interface, Fig. 1b. A schematic representation
of a pyramid is shown in Fig. 7b. The partial dislocations
in the base of each pyramid are identified as Lomer–Cottrell
locks with �b = 1

6 〈110〉 and the partial dislocations forming

the edges of the pyramids are Hirth locks with �b = 1
3 〈010〉.

The faces of the pyramids are intrinsic stacking faults that
show up as the layers of hcp atoms in Fig. 7a.

The interfacial structure consisting of the stacking fault
pyramids can be considered as a product of dissociation of
the original grid of perfect �b = 1

2 〈110〉 dislocations shown
in Fig. 1b. The corresponding dislocation reactions can be
illustrated by considering a perfect dislocation with �b =
1
2 [110] and dislocation line oriented along the [11̄0] di-
rection (intersection of (111) and (1̄1̄1) crystallographic
planes). This dislocation can split into two perfect dislo-
cations, 1

2 [110] = 1
2 [011] + 1

2 [101̄], with the corresponding
slip planes of (1̄1̄1) and (111). These two dislocations can
dissociate into two partial dislocations by the following re-
actions: 1

2 [011] = 1
6 [112] + 1

6 [1̄21] in the (1̄1̄1) plane and
1
2 [101̄] = 1

6 [21̄1̄] + 1
6 [112̄] in the (111) plane. Then 1

6 [1̄21]
can react with 1

6 [21̄1̄] to generate a Lomer–Cottrell lock at

the intersection [11̄0] of planes (111) and (1̄1̄1) through
the reaction 1

6 [1̄21] + 1
6 [21̄1̄] = 1

6 [110] shown in Fig. 7a.
Similarly, a Lomer–Cottrell lock at the intersection [110] of
planes (11̄1̄) and (1̄11̄) can be generated through the reac-
tion 1

6 [121̄] + 1
6 [2̄1̄1] = 1

6 [1̄10], etc. As an example of the
generation of Hirth locks along the edges of the pyramids,
a reaction 1

6 [112] + 1
6 [1̄12̄] = 1

3 [010] producing a stair-rod
partial dislocation at the intersection [1̄01̄] of planes (11̄1̄)

and (1̄1̄1) is also shown in Fig. 7a.
The formation of continuous stacking fault interfacial

structures similar to the ones described above has been
suggested in [54] for Cu–Ni interfaces subjected to tensile
stresses in the plane of the interface. The results of Monte
Carlo simulations performed for Ag–Cu interfaces [55,
56] also suggest that the (001) Cu–Ag interface is unsta-
ble against decomposition into {111} facets, which leads to
the formation of Ag-rich pyramidal protrusions into the Cu-
rich phase. The dissociation of the interface into the stacking
fault pyramids creates a strong barrier to slip [54] and results
in the effective hardening of the interfacial region.

4 Summary

The atomic mixing and structural transformations in a Ag
film–Cu substrate system irradiated by a femtosecond laser
pulse were investigated with a computational model that
combines the classical MD method with a continuum de-
scription of laser excitation, electron–phonon equilibration,
and electron heat conduction. The initial energy redistribu-
tion and the location/depth of the region undergoing melt-
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ing and resolidification are strongly affected by the differ-
ence in the strength of electron–phonon coupling of the film
and substrate materials and by the transient variations of the
electron–phonon coupling related to the thermal excitation
of lower band electrons. The higher strength of the electron–
phonon coupling in Cu compared to Ag results in a prefer-
ential sub-surface heating and melting of the Cu substrate.

The steep temperature gradient and fast electronic heat
conduction in Cu result in a very high cooling rate, up to
∼3 × 1011 K/s, and create the conditions of strong under-
cooling in the melted region. Although the velocity of epi-
taxial regrowth of the Cu substrate reaches its maximum
value of ∼100 m/s, the complete resolidification of the
melted part of the target takes almost a nanosecond and the
temperature of the interfacial region drops to values that are
close to the eutectic temperature of the Cu–Ag system. At
these temperatures, the second resolidification front starts to
propagate from the side of the Ag film, crosses the mixing
region, and meets the first resolidification front moving from
the Cu side. As a result of this resolidification process, the
new lattice-mismatched interface is separated from the Ag–
Cu mixing region and shifted into the Cu substrate.

Detailed analysis of the structure of the resolidified part
of the layered target indicates that the Cu–Ag mixing re-
gion is separated from the new lattice-mismatched interface
by an intermediate 2-nm-wide pseudomorphic bcc Cu layer
that grows epitaxially from the (001) face of the fcc Ag
film during the final stage of the resolidification process.
The lattice-mismatched interface that separates the pseudo-
morphic epitaxial bcc Cu from the rest of the Cu substrate
is found to have a complex three-dimensional corrugated
structure consisting of a periodic array of stacking fault
pyramids outlined by stair-rod partial dislocations (Lomer–
Cottrell locks in the base of the pyramids and Hirth locks at
the edges of the pyramids). The intermediate bcc layer and
the stacking fault pyramid structure of the ‘runaway’ mis-
matched interface are likely to present a strong barrier for
dislocation propagation, resulting in the effective hardening
of the layered structure treated by the laser irradiation.

The concentration profiles in the atomic mixing region
generated as a result of laser-induced melting and resolid-
ification are more than five times wider compared to the
width of the equilibrium interface in this immiscible sys-
tem. Moreover, the preferential melting of the Cu substrate
creates the conditions for the formation of asymmetric con-
centration profiles, with a more extensive diffusion of Ag
atoms into the Cu substrate compared to the diffusion of Cu
atoms into the Ag film.
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