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Femtosecond x-ray diffraction can discern nonthermal from thermal melting
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We theoretically investigate which experimental observations enable discrimination between thermal and
nonthermal melting in femtosecond laser pulse-irradiated semiconductors. We identify that coherent phonon
excitation, visible in the oscillations of various diffraction peaks, provides an opportunity to observe ongoing
modifications of interatomic potential. Decoupling the effects of anharmonicity, caused by thermal heating,
from the effects of evolution of the interatomic potential, due to electronic excitation, potentially enables

differentiation between the two damage channels.
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The phenomenon of ultrafast melting, which later acquired
the name of nonthermal melting, has been observed in fem-
tosecond laser pulse-irradiated covalently bonded semicon-
ductors [1,2]. The experimental observation of a few-hundred
femtosecond melting has been plausibly explained as a result
of the changes of the interatomic potential surface due to high
electronic excitation [3,4]. Laser-induced lattice instability
is thus thought to be a result of the potential energy of
the electronic system. A detailed summary of the original
observations of nonthermal phenomena is given in Ref. [5].

Alternatively, the exchange of the kinetic energy between
electrons and the lattice could lead to thermal melting, i.e.,
heating of atoms above the melting point inducing disordering
in the system. Such a process lasts at the timescales of
electron-phonon (or, more generally, electron-ion) coupling,
which typically requires a few picoseconds [6].

It has been suggested, e.g., in [7], that an enhanced
electron-phonon energy exchange could be responsible for the
ultrafast melting observed in experiments. Despite a dubious
theoretical basis, such suggestions raised a valid point of
concern, i.e., could the two damage channels, thermal and
nonthermal, be unambiguously distinguished from one an-
other experimentally [8,9]?

So far, the nonthermal nature of ultrafast melting was only
inferred from the timescales of the observed material changes
[8,10,11]. Such considerations, together with the solid the-
oretical basis [3,12,13], make for a strong case. However,
the possibility of direct discrimination between the processes
involved is still lacking. In this work, we suggest that a direct
observation with x-ray pump/x-ray probe has the capability
to directly distinguish between the two kinds of processes
and help to settle the ongoing debate. With the advent of
x-ray free-electron lasers (XFELs) supporting pump-probe
techniques, the proposed type of experiment has become
feasible [14,15].
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In this work, we used the recently developed hybrid
code X-ray-induced Thermal And Nonthermal Transitions
(XTANT [16]) to study theoretically transient kinetics in
XFEL irradiated silicon. XTANT is capable of tracing
nonequilibrium evolution of high-energy electron cascades
starting from photoabsorption, Auger decays, impact ioniza-
tions, and quasielastic electron scattering (fraction of elec-
trons out of equilibrium); low-energy electron-ion coupling;
changes in the electron band structure and atomic poten-
tial energy surface; atomic motion and phase transitions;
and changes in optical properties [16]. Using this model,
it was previously demonstrated that upon XFEL irradiation,
silicon can undergo both kinds of phase transitions [13]:
(a) for an absorbed dose above ~0.65eV/atom, Si melts
thermally due to electron-ion coupling; (b) for an absorbed
doses above ~0.9 eV /atom, silicon melts nonthermally due to
modification of the atomic potential energy surface by excited
electrons from the bonding valence orbitals to antibonding
conduction states. This shows that XFEL excited Si is an
ideal study case for a comparative investigation attempting to
untangle the contributions of both effects.

We selected irradiation parameters corresponding to the ex-
pected parameters of the European XFEL [17], namely, a pho-
ton energy of 24 keV, pulse duration of ~50 fs FWHM, and
fluences sufficient to trigger either of the above-mentioned
phase transitions in a single shot. First, we start by analyzing
transient processes that take place at such high photon ener-
gies. Excitation of silicon after an XFEL irradiation starts with
photoabsorption, which promotes electrons into high-energy
states [18]. The fraction of such electrons with respect to
the total number of the valence-band electrons in unexcited
Si is shown in Fig. 1. One can see that the increase of
the high-energy electron density takes place after the XFEL
pulse has finished, and then decreases after ~150 fs. This
is due to the fact that the majority of electrons are excited
via impact ionization. The photoelectron only serves as a
seed, which initiates the electron cascade. This effect delays
energy deposition into the low-energy electrons populating
the bottom of the conduction band and forming interatomic
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FIG. 1. Percentage of high-energy electrons (energy >10 eV, top
panel) and low-energy electrons (energy <10 eV, bottom panel) in
silicon exposed to a 50 fs (FWHM) laser pulse of 24 keV radiation
at different absorbed doses.

bonds. Qualitatively, such a delay was observed experimen-
tally, albeit at different XFEL parameters [15]. However, this
stage of electron cascade does not alter the nature of the phase
transition, as is discussed below.

High-energy excited electrons deliver energy into the low-
energy fraction of electrons within the valence and the bottom
of the conduction band (with energies <10 eV counted from
the bottom of the conduction band). The fraction of such
electrons is shown in Fig. 1, which demonstrates that for the
lowest modeled dose of 0.6 eV/atom, below the estimated
thermal damage threshold, the density of excited electrons
is nonetheless high, with ~3.5% at its maximum reached by
the end of ionization cascade (~150—200 fs). Furthermore,
the density decreases due to cooling down via electron-ion
coupling. A decreasing electron temperature leads to a smaller
and smaller fraction of excited electrons being present in the
conduction band.

For an absorbed dose of 0.8 eV/atom, thermal melt-
ing is induced in silicon [13,19]. The electron density in
Fig. 1 reaches a maximum at about ~4.5%. This density is
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FIG. 2. Modeled band gap in silicon exposed to a 50 fs (FWHM)
laser pulse of 24 keV radiation at different absorbed doses.

insufficient to trigger nonthermal melting; however, it is suffi-
ciently high to raise the question as to what is the contribution
of the modified interatomic potential to the thermal damage.
This effect, at below damaging fluences, is known as phonon
softening; see, e.g., [20,21].

For an absorbed dose of 1 eV /atom, the maximum elec-
tron density reaches over 5%, which is sufficient to trigger
nonthermal melting with a contribution of the thermal heating
of atoms [13,19].

As was discussed in previous works [13,19,22], the band-
gap collapse in covalently bonded semiconductors indicates
a phase transition into a metallic phase. The timescales of
the band-gap collapse are indicative of nonthermal melting
occurring within 300-500 fs for a dose of 1 eV /atom, as seen
in Fig. 2. These timescales are a little prolonged with respect
to the XUV irradiation; cf. Refs. [13,19]. Timescales over 1 ps
for a dose of 0.8 eV /atom suggest thermal melting; and there
is no collapse for a dose of 0.6 eV /atom corresponding to a
dose which is below the damage threshold. In addition, these
oscillations are observed at the sub-ps scale. As is shown be-
low, these oscillations reflect the behavior of atomic structure.

Temperatures of the low-energy fraction of electrons after
irradiation with the discussed doses peak at about 10 to
12 kK, and then reduce due to coupling into the lattice; see
Fig. 3. Correspondingly, the atomic temperature increases up
to 1800-2000 K, approximately the melting temperature of
silicon, almost identically in all cases. It is worth noting that
the electronic temperature decreases faster at higher maximal
temperatures (the electron temperature curves intersect in
Fig. 3). This reflects the nonlinear behavior of the electron-ion
coupling parameter as a function of the electronic and atomic
temperatures in silicon, as discussed in Ref. [19].

Theoretically, it is now clear that a dose of 1 eV /atom trig-
gers a nonthermal phase transition as the melting takes place
within a relatively cold lattice, i.e., at lattice temperatures
below the melting point, as has been discussed in the literature
[9,13]. Let us now consider what experimental observations
could validate this prediction. We calculated the femtosecond
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FIG. 3. Temperature of electrons and atoms in silicon exposed to
a 50 fs (FWHM) laser pulse of 24 keV radiation at different absorbed
doses.

diffraction patterns, as expected from an x-ray pump/x-ray
probe scheme at an XFEL.

Figure 4 shows the evolution of the Bragg peaks (111),
(311), and (333) in silicon after irradiation; in addition, peaks
of nonirradiated silicon at room temperature and at 1800 K
(close to melting) are shown for comparison. First, we note
that a comparison of the period of oscillations seen in the
diffraction peak’s intensity for the room and elevated atomic
temperatures (300 vs 1800 K) shows that a ~120 fs period
stretches to ~130 fs. Such a change indicates anharmonicity
of the interatomic potential, without significant electronic
excitation. Any changes beyond that would be indicative of
the modification of the potential induced by high levels of
electronic excitation described above.

For irradiated cases, one can observe a presence of strong
oscillations in the Bragg reflections. They are a result of an
excitation of coherent phonons by the femtosecond laser pulse
[23-25]. For a 0.6 eV /atom absorbed dose, the oscillation pe-
riod is about 170 fs. We can see a difference of 40 fs from the
high-temperature equilibrium case (1800 K discussed above),
despite nearly identical atomic temperatures (cf. Fig. 3). A
high electronic temperature (and high number of excited elec-
trons in the conduction band, ~3.5%; see Fig. 1) causes this
additional change. This effect is known as a phonon squeezing
precursor to nonthermal melting [20].

For the case of a 0.8 eV /atom absorbed dose, the oscilla-
tions exhibit a more complex character, with an approximate
periodicity of ~280 fs. This stretching of the oscillations
indicates that the electronic excitation softens the interatomic
potential to a large degree and even below nonthermal melt-
ing. The amplitudes of these oscillations decrease with time,
and such phonon damping indicates that melting is occurring
in the material.

At a dose of 1 eV/atom, the oscillations are most pro-
nounced, with their initial period of ~350 fs. A noticeable
feature in this case is that the period of oscillations lengthens
over time where the next oscillation is already ~370—400 fs
and is broadened. The third oscillation is barely noticeable
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FIG. 4. Bragg peaks (111) (top panel), (311) (middle panel),
and (333) (bottom panel), in silicon exposed to a 50 fs (FWHM)
laser pulse of 24 keV radiation at different absorbed doses. For
comparison, peaks of nonirradiated silicon at room temperature and
at 1800 K are shown.

at 1.3—1.5 ps, with a period of ~500—700 fs, and then com-
pletely vanishing. At even higher deposited doses, oscillations
would completely vanish quicker, leading to atomic disorder.

Comparing the results of the three deposited doses, it is
clearly seen that for the same atomic but different electronic
temperatures, the oscillations of the Bragg peaks have dif-
ferent periods, i.e., they lengthen with increasing dose. Such
an effect is a clear signature of nonthermal modifications of
interatomic potential due to electronic excitation.

Note also that interestingly, oscillations observed in Fig. 4
resemble oscillations of the band gap in Fig. 2. Thus, exper-
imental methods accessing the band-gap evolution over time
might also be used to distinguish between thermal and non-
thermal melting, although indirectly. This must be validated in
dedicated experiments by simultaneously measuring coherent
phonon dynamics.

Another important observation is that different Bragg
peaks are disappearing at different times in both cases, i.e.,
nonthermal as well as thermal melting. Thus, an event of
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nonconcerted disappearance of diffraction peaks cannot be
used as a signature of nonthermal melting, as was suggested
in [8], i.e., femtosecond laser pulse-induced thermal melting
also exhibits a nonconcerted decrease in diffraction peaks.

In order to experimentally distinguish between thermal and
nonthermal melting, time-resolved x-ray diffraction (tXRD)
can be employed. As follows from the above summarized the-
ory, keeping track of intensity variations at particular Bragg
reflections should answer this question since an increasing pe-
riod of oscillations is correlated with (nonthermal) interatomic
potential softening. It has been shown that coherent phonon
excitations with an FEL pulse are observable experimentally,
and it is indeed possible to infer a shape of interatomic
potential from them [26]. This requires a sufficiently pre-
cise single-color pump-and-probe measurement, which would
monitor intensity variations in the probe beam as a function
of time delay and dose deposited by the pump pulse. An x-ray
free-electron laser is the most appropriate candidate for such
an experiment since it provides sufficiently high intensities,
photon energies, and homogeneous irradiation (to exclude
transport effects) by means of ultrashort laser pulses.

Current designs of split-and-delay devices integrated or to
be integrated into FEL beam lines provide temporal resolu-
tion sufficient for the characteristic timescales of nonthermal
melting [27-30]. Dedicated FEL beam lines enable tXRD
measurements in wide-angle x-ray scattering (WAXS) ge-
ometry accessing high-index Bragg reflections and enabling
noncollinear x-ray pump and x-ray probe measurements while
both beams are focused on the same spot of the sample
surface. However, the major difficulty of the suggested experi-
ment originates in the enormous nonlinearity of the interaction
process as atomic kinetics varies considerably with local
energy density. Consequently, as the intensity profile of the
pump x-ray beam is not uniform, each part of the exposed
sample region will respond differently. This, in fact, prevents

the use of a monocrystalline silicon target since the Bragg
reflection will consist of unequal contributions from the entire
exposed volume, therefore making analysis very difficult. In
order to overcome this issue, we propose using powder sam-
ples with a well-defined grain size (tailored to the beam size,
divergence, penetration depth, and bandwidth) such that the
maximum possible but spatially separated number of Bragg
reflections is observed at the detector. Since a typical grain
size is a few-tens of microns, the grains represent an ensemble
of bulk Si samples. As the powder sample homogenously
fills the interaction volume, different Bragg peaks correspond
to different energy densities delivered by the pump to each
particular grain. Appropriate data analysis, tracking every par-
ticular Bragg reflection, combined with accurate beam profile
characterization and preexposure referencing make it possible
to analyze the atomic kinetics as a function of time (delay)
and local pump intensity (energy density) at each particular
grain.

In conclusion, we have demonstrated theoretically that
in femtosecond XFEL irradiated silicon, nonthermal effects
resulting in softening of the interatomic potential are visible in
the stretching of oscillations of diffraction peaks as a function
of fluence (or the absorbed dose). Thermal vs nonthermal
melting can be identified by the absence or presence of the
changes in the oscillation periods of the coherent phonons
reflected in the diffraction peaks. Thus, we conclude that
an experimentum crucis is possible with currently available
XFELs, which would allow discriminating thermal phase
transitions from nonthermal occurrences.
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