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X-ray laser-induced structural changes in silicon undergoing femtosecond melting have been in-
vestigated by using an x-ray pump-x-ray probe technique. The experiment reveals that the atomic
displacements start to increase after ~20 fs since the irradiation with the x-ray exposure. By
comparing the observed time-dependence of the atomic disordering and the dedicated theoretical
simulations, we interpret that the energy transfer from the excited electrons to ions via electron-ion
coupling (thermal effect) as well as a strong modification of the interatomic potential due to elec-
tron excitations (non-thermal effect) trigger the ultrafast atomic disordering. Our results highlight
the need to consider the interplay of thermal and non-thermal effects in quantitative modeling the

interaction of intense x-rays with matter.

Ultrafast laser pulses can bring matter into highly non-
equilibrium states and induce exotic processes. The well-
known example is the femtosecond melting, which is often
called non-thermal melting. It has been observed in var-
ious semiconductors [1-12] and in two-dimensional ma-
terials [13, 14] irradiated with femtosecond optical laser
pulses, where the excitation of a large fraction (more than
a few percent) of the valence electrons modifies the inter-
atomic potential and drives ultrafast atomic disordering
without equilibrium between the electron and ion sub-
systems [15].

The recent advent of x-ray free-electron lasers
(XFELs)[16, 17], emitting intense femtosecond x-ray
pulses, has extended these studies to the x-ray regime.
Understanding the physics governing the x-ray-induced
ultrafast melting is of great importance in the context of
practical applications of XFELs, particularly the struc-
ture determination of nanocrystals [18, 19]. While x-ray
nanocrystallography of organic molecules and proteins is
challenging with conventional light sources due to radi-
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ation damage during x-ray exposure [20-23], the short
duration of the XFEL pulses allows measurement of the
diffraction signal before the manifestation of radiation
damage [24]. In those experiments, the XFEL pulses are
focused down to a micrometer size or even less so that the
beam size matches the crystal size. Since the irradiation
with the focused XFEL pulses inevitably excites many
valence electrons [25-27], setting the pulse duration to
be shorter than the onset time of the atomic disordering
is essential for the success of such experiments.

The mechanism of x-ray-induced atomic disordering
still remains unclear. For example, the x-ray-induced
femtosecond melting in silicon (Si) has been intensively
studied both experimentally [28, 29] and theoretically
[27, 30], but the detailed mechanism of the disorder-
ing processes is still under debate. An x-ray pump-x-ray
probe experiment [28] demonstrated that the root-mean-
square (rms) atomic displacements in Si, when excited
slightly above the damage threshold, increase with time
at a constant rate nearly equal to the velocity of atoms
in the equilibrium state (y/3kpT/m, where kg is the
Boltzmann constant, T is the sample temperature before
x-ray excitation, m is the mass of atom). The authors
of [28] claimed that electron excitations triggered by x-
ray exposure flatten the interatomic potential surface and
drive inertial atomic motion, a phenomenon non-thermal
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FIG. 1. (a) A schematic illustration of the experiment. (b)
The diffraction profiles of probe pulses for silicon at 300 K.
For better visibility, each diffraction profile is linearly shifted
along the vertical axis. Black dotted lines show the estimated
background.

semiconductors under weak excitation [7]. In another ex-
periment, Hartley et al. [29] measured the time-resolved
diffuse scattering of Si after irradiation with an intense
XFEL pulse (corresponding to an X-ray dose more than
ten times higher than the damage threshold). By com-
paring the experimental results with simulations, they
concluded that the modified interatomic potential due
to electron excitation (“non-thermal effect”) is the key
factor dominating the speed of atomic disordering. Re-
cent numerical simulations that investigated the dam-
age threshold of x-ray-induced ultrafast melting in var-
ious materials [30-32] suggested that not only the non-
thermal effect but also the energy transfer from the ex-
cited electrons to ions via electron-ion coupling (“thermal
effect”) may contribute to the atomic disordering on the
femtosecond timescale.

In experiments involving structure determination with
XFEL pulses, the x-ray dose absorbed by the sample is
far above the damage threshold [18, 19, 24]. Unveiling
the onset time and mechanism of atomic disordering for
materials exposed to intense X-ray pulses under high ra-
diation dose conditions is crucial for accurate interpre-
tation of experimental results. In order to elucidate the
impact of the three aforementioned factors (thermal ef-
fect, non-thermal effect, and initial equilibrium atomic
motion) on the atomic disordering, we measured XFEL-
induced structural changes in Si under strong excitation
conditions at various temperatures by using an x-ray
pump-x-ray probe technique [26, 33, 34]. By exploiting

XFEL pulses from SACLA with duration of much below
10 fs [35-39], we captured the initial stage of the atomic
disordering.

Figure 1 (a) shows a schematic illustration of the ex-
perimental setup at SACLA BL3 [40]. The XFEL ma-
chine was operated to generate 9.10-keV pump and 8.70-
keV probe pulses with the rms duration of 2.5 fs by a
split-undulator scheme [41]. Since the jitter of the time
interval between the double pulse was much less than 1
fs[41], the x-ray pulse duration determined the time res-
olution of the measurement (v/2x 2.5 fs = 3.6 fs). The
pump and probe pulses were focused to FWHM sizes
of 1.8 pm (horizontal) x 1.8 pm (vertical) and 1.0 ym
(horizontal) x 1.4 pum (vertical), respectively, by using
an x-ray mirror system [42, 43]. We used a 10-um-thick
nanocrystal Si film (grain size of 500 nm, US research
nanomaterials) as the target. The Si film attached to a
polyimide film was set to a helium closed-cycle cryostat
with a cylindrical x-ray window made of carbon fiber
reinforced plastics (CFRP). The sample was placed at
the focus and continuously translated spatially so that
each double pulse irradiated the undamaged surface. The
diffraction peaks from the sample (111, 220, and 311 re-
flections) in the horizontal plane were measured by us-
ing a multiport charge-coupled device (MPCCD) detec-
tor [44] that covered the scattering angle (20) range of
20°-55°. The top-half of the detector was covered by a
40-pm-thick copper foil such that the diffraction signals
from the probe pulses selectively impinged on the detec-
tor, while a 600-pm-thick aluminum foil covered bottom-
half of the detector to measured the diffraction signals
from the pump pulses. The shot-by-shot pulse energy
at the sample was characterized by using an inline spec-
trometer [45] located upstream of the focusing mirror sys-
tem and taking into account the reflectivity of the mirrors
and the transmittance of the CFPR window. The diffrac-
tion data at initial sample temperature T = 10, 100 and
300 K were collected by changing the delay time from 0.5
fs to 100 fs.

We extracted the detector data for double pulses with
specific pulse energies of the pump (100+£20 pJ) and
probe pulses (30+£20 uJ) and calculated the averaged
diffraction profile for each temperature and delay time.
The absorbed dose for the selected pump pulses was ~10
eV/atom, which was much higher than the predicted
damage threshold of Si (~1 eV/atom) [30]. Figure 1
(b) shows the probe diffraction profiles in the vicinity of
each reflection peak for the experiment at T =300 K.
It is clearly seen that the diffraction intensity decreased
with the delay time for each reflection index. We can
consider two possible reasons for the ultrafast decay of
the diffraction intensity: the change of atomic scatter-
ing factors and the progressing atomic disorder. The
change of atomic scattering factors is caused by the pho-
toionization and secondary ionizations [46-50]. Although
the atomic scattering factors of the ionized atoms are
mostly determined by the number of occupied core lev-
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FIG. 2. Probe diffraction efficiency as a function of delay
time for different sample temperatures (orange markers: 10 K,
blue markers: 100 K, and green markers: 300K). Solid curves
represent the diffraction efficiency predicted by the inertial
model.

els [51], the number of core holes per atom is here too
small (~ 1072 for the x-ray dose in the current experi-
ment [27]) to explain the experimental observations. The
only possible origin for the diffraction intensity decay is
the progressing atomic disorder. Since the Bragg diffrac-
tion angle for the probe pulses did not change for all
delay times, it is natural to consider that the lattice con-
stants did not change on the femtosecond time scale. In
this case, the diffraction intensity may be proportional to
exp(—q?(u2,;,;)) with the mean square of the atomic dis-
placement perpendicular to the (hkl) plane (u?,;) and
the scattering vector ¢ = 47 sin /X with the wavelength
A, as an analogy to the Debye-Waller factor in crystal-
lography.

We evaluated the atomic disorder from the measured
diffraction profiles of the pump and probe pulses as fol-
lows. First, the background of the diffraction profiles of
the probe pulses was estimated by fitting the profiles in
the vicinity of diffraction peaks with polynomial func-
tions (black dotted curves in Fig. 1(b)). After subtract-
ing the estimated background, each diffraction peak was
fitted by a Gaussian function and the integrated diffrac-
tion intensity (770, 155¢° ) IE79%) was determined. For
comparing the probe diffraction intensity between differ-
ent delay times, we compensated the inhomogeneity of
the sample thickness and the differences in the probe
pulse energy by calculating the diffraction efficiency of
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FIG. 3. (a) Simulated ion and electron temperatures in x-

ray-excited silicon of initial temperature of 300 K. Time zero
in the horizontal axis corresponds to the intensity maximum
of the pump pulse. (b) Enlarged plot of the ion temperatures
around time zero.

age pulse energy of the pump (probe) pulses on the sam-
ple, and I55™" is the pump diffraction intensity of the
220 reflection evaluated by the same procedures for the
pump diffraction intensity. Here, we used I553"", rather
than the pump diffraction intensity of other reflections
because the uncertainty of I}5;"" was smaller than those
for other reflections. Figure 2 shows the probe diffrac-
tion efficiency as a function of delay time. Here, the
diffraction efficiency for each initial sample temperature
and for each reflection is normalized such that the av-
eraged value for the short delay times (0.5-15 fs) equals
to the Debye-Waller factor exp(—g?(u3)) for the undam-
aged Si calculated with (u2) = 2.4 x 1072 A% (10 K) [52],
3.2 x 1073 A2 (100 K) [53], 5.6 x 103 A2 (300 K) [53].
The vertical error bars represent the standard deviation
of the diffraction efficiency calculated for five indepen-
dent sub-ensembles from the whole extracted pulses. The
diffraction efficiency for all temperatures was almost the
same at each delay time, indicating that thermal atomic
motion in the equilibrium state is not related to the speed
of the atomic disordering. Negligible contribution of the
initial thermal atomic motion to the ultrafast melting
can be also confirmed by comparing the experimental
results and the diffraction efficiency predicted by the in-
ertial model [28] given by

[ {eXP(—q2<U3)
hkl —

) if t <to
exp(—q*((ug) +v*(t — t0)?))

otherwise,

where tg is the onset time of the atomic displacement
and v = /kpT/m=5.4x10"% (10 K), 1.7 x10=3 (100
K), and 3.0 x10~2 A/fs (300 K). Even if we select the
onset to be tg = 0 fs, the diffraction efficiency predicted
by the inertial model is higher than that observed in the
experiment (Fig. 2).

Next, we discuss the thermal and non-thermal effects
in the ultrafast melting by comparing the experimental
results and theoretical simulations performed by using
XTANT (x-ray-induced thermal and non-thermal transi-
tions) code [54, 55]. First, we simulated the electron and



ion temperatures of the x-ray-excited Si within and with-
out Born-Oppenheimer approximation (BO- and non-
BO-simulations). In BO simulations, we simulate atomic
movement solely under the modified interatomic poten-
tial, neglecting the phonon-mediated energy exchange be-
tween electrons and lattice. This simulation accounts
only for non-thermal processes when following atomic
movement. In contrast, non-BO simulations predict
atomic movements under the modified interatomic po-
tential while also accounting for the energy transfer from
electrons to atoms (thermal process), which additionally
heats up atoms. The calculation was performed for a
216-atom-large supercell at 300 K irradiated with spa-
tially uniform x-ray pulse with 2.5 fs duration (root-
mean-square) and fluence corresponding to the average
fluence in the experiment (pulse energy divided by the
product of horizontal and vertical FWHM beam sizes).
For both simulations, the ion temperature changes in-
significantly during the first 10 fs after irradiation with
the pump pulse. Then, the ion temperature quickly in-
creases well above the original sample temperature (Fig.
3 (a)), which is consistent with our experimental observa-
tion that the equilibrium atomic motion did not signifi-
cantly contribute to the speed of atomic disordering. One
major difference in the results for the two simulations is
the onset time of the increase in ion temperature (Fig.
3(b)); the ion temperature starts to rapidly increase at
25 fs after the x-ray exposure in the non-BO simulation,
while the onset time of such temperature increase is 35
fs in the BO simulation. These results suggest that both
the thermal effect as well as the non-thermal effect may
contribute to the progressing atomic disordering, i.e., the
interplay between the thermal and non-thermal effects
may be present in the x-ray-induced ultrafast melting.

The interplay of thermal and non-thermal effects to
ultrafast melting can be investigated by comparing the
simulated and experimentally measured onset times of
atomic disordering.  Figures 4 (a)-(c) show the rms
atomic displacements perpendicular to the (hkl) plane
(hkl=111, 220, 311) in the BO- and the non-BO simula-
tions of Si at 300 K performed with the fluences of (a)
100%, (b) 48%, and (c) 16% of the average fluence in
the experiment. For all fluence conditions and reflection
indices, the onset time of atomic disordering predicted
by the non-BO simulation is 20-30 fs, which is approx-
imately 10 fs faster than the predicted value in the BO
simulation. Since the difference in the onset time is larger
than the time resolution in the present experiment, our
experimental data can be readily used to check the exis-
tence of thermal effects in ultrafast melting.

Figure 4 (d) shows the experimentally observed rms
atomic displacement perpendicular to the (220) plane
(\/(u340)) evaluated through the relationship Iagg =
exp(—q?(u3y)). The atomic displacement remains at its
original value for the first few tens of femtoseconds af-
ter irradiation with the pump pulse and then increases

with time. The time-dependence of \/(u3,,) can be well

described by

\/ﬁ _ \/@ if ¢ S t(] (2)
220 \/@ + v990(t —tp) otherwise,

where va9 is the slope and tq is the onset time of atomic
displacement. The green dotted line in Fig. 4 (a) repre-
sents the fitting results of \/(u3,) at 300 K by eq. (2).
to was estimated to 18 fs & 6 fs, which is consistent with
the results of the non-BO simulation and not with those
of the BO simulation. The consistency between the ex-
periment and the non-BO simulation supports our claim
that both thermal and non-thermal effects contribute to
the x-ray-induced ultrafast melting. The atomic displace-
ments perpendicular to the (111) and (311) planes, de-
termined using the same procedure, are presented in the
Supplemental Material. However, the lower accuracy of
diffraction efficiencies for the 111 and 311 reflections (as
shown in Fig. 2) hinders the precise determination of the
onset time of atomic displacements.

Although the non-BO simulation reproduces the onset
time of atomic disordering as evaluated by the exper-
iment, the predicted degree of atomic disorder for the
average fluence (Fig. 4(a)) is higher than the experi-
mentally measured values (Fig. 4(d)). This discrepancy
may be explained by the non-uniformity of the pump flu-
ence. Since the focal spots of the pump and probe pulses
had Gaussian shapes in the present experiment [42], the
probe diffraction signals originated from various sample
regions irradiated with different pump fluence. The sim-
ulation results shown in Figs. 4(a)-(c) predict that the
atomic disordering of crystals experiencing higher pump
fluence increases faster, implying that their contribution
to the probe diffraction intensity decreases with time.
Consequently, the “effective” pump fluence might be re-
duced with the increasing delay time in the present ex-
periment. Summing up the scattering amplitude over the
entire sample volume irradiated with the probe pulse, as
done in our previous study [27], would require an ex-
tensive and long-taking computational effort, not bring-
ing new aspects for the data understanding. We leave it
therefore out in the present paper.

In summary, we conducted an x-ray pump-x-ray probe
experiment on Si and observed femtosecond structural
changes under strong excitation conditions at various ini-
tial sample temperatures. The results of the experiment
revealed that the onset time and rate of atomic disorder-
ing were not affected by the initial sample temperature,
similarly as during the optically induced ultrafast melting
of semiconductors under strong excitation [8]. The com-
parison of the onset time of atomic displacement between
experiment and simulation indicates an interplay of non-
thermal and thermal effects in x-ray-induced ultrafast
melting. Accurate modeling of the x-ray-matter interac-
tion including the non-thermal and thermal effects will be
helpful for the planning and proper interpretation of var-
ious experiments utilizing focused XFEL pulses, such as
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in the experiment. (d) Experimentally observed root-mean-
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molecular imaging [56], protein nanocrystallography [18],
generation of warm-dense matter and plasma in the high-
energy-density regime [57], and the investigation and ap-
plications of nonlinear x-ray-matter interaction processes
[58-61].
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