PHYSICAL REVIEW LETTERS 128, 223203 (2022)

Delayed Onset and Directionality of X-Ray-Induced Atomic Displacements
Observed on Subatomic Length Scales
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Transient structural changes of Al,O5 on subatomic length scales following irradiation with an intense
x-ray laser pulse (photon energy: 8.70 keV; pulse duration: 6 fs; fluence: 8 x 10> J/cm?) have been
investigated by using an x-ray pump x-ray probe technique. The measurement reveals that aluminum and
oxygen atoms remain in their original positions by ~20 fs after the intensity maximum of the pump pulse,
followed by directional atomic displacements at the fixed unit cell parameters. By comparing the
experimental results and theoretical simulations, we interpret that electron excitation and relaxation
triggered by the pump pulse modify the potential energy surface and drives the directional atomic
displacements. Our results indicate that high-resolution x-ray structural analysis with the accuracy of
0.01 A is feasible even with intense x-ray pulses by making the pulse duration shorter than the timescale
needed to complete electron excitation and relaxation processes, which usually take up to a few tens of

femtoseconds.
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Knowledge of the structure of matter at subatomic
resolution is essential to understand and accurately predict
material properties. The interatomic distances measured
with the accuracy of the order of 0.01 A, for example, give
a clue to presume origins of chemical bonds (covalent,
ionic, metallic, and van der Waals bonds) [1-4] as well as
valence numbers of ions [2,3] and spin states of atoms [1].

X-ray scattering has been a primary tool for structural
studies of various systems in physical, chemical, and
biological sciences. The recent advent of x-ray free-
electron lasers (XFELs) [5,6], which generate brilliant
femtosecond x-ray pulses, is greatly enhancing the capa-
bilities of x rays as an atomic-resolution probe. One of the
most important applications of XFEL radiation is the
structure determination of nanocrystals [7], which is
challenging with conventional x-ray sources due to the
radiation damage occurring during x-ray irradiation [8—11].
When an XFEL pulse irradiates matter, photo-, Auger, and
secondary electrons are emitted during or shortly after the
pulse [12,13]. Although the electron excitation ultimately
triggers subsequent atomic disordering [14—16], it has been
predicted [17] that ultrafast x-ray pulses can complete
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diffraction measurement before the onset of the atomic
displacements [18], and thereby overcome the radiation
damage.

Even though the nominal duration of the x-ray pulses at
most XFEL facilities (30 fs or longer [19-22]) is longer
than the predicted onset time of atomic disordering,
structures of macromolecules were successfully determined
in serial femtosecond crystallography experiments [23,24].
These successes are attributed to the self-terminating
diffraction mechanism [25]; x-ray-induced atomic disor-
dering reduces the diffraction intensity, and the effective
x-ray pulse duration becomes shorter than the original pulse
duration. Theoretical simulations [26,27] and experiments
[28,29], however, suggested that the atomic displacements
are rather correlated than random, which may cause
artifacts in the determined structures [30] because the
diffraction intensity reflects the time-averaged structure
over the effective pulse duration.

Detailed understanding of the mechanism for x-ray-
induced atomic displacements is of great importance not
only for confirming the validity of current serial femto-
second crystallography experiments, but for future
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realization of high-resolution structure analysis with
intense XFEL pulses, such as visualizing charge-density
distribution and chemical properties in matter at subatomic
resolution (~0.01 A) [31]. A few pioneering groups
attempted to follow x-ray-induced transient structural
changes in various homoatomic materials (diamond
[32,33], silicon [34,35], bismuth [36], and Xenon clusters
[37]) and in protein crystals [29] by using x-ray pump x-ray
probe techniques. However, the initial disordering proc-
esses in these samples except for diamond [32,33] have not
been fully revealed due to the insufficient temporal reso-
lution. Thus, there remain fundamental questions, such as
how x-ray-induced atomic displacements proceed with
time and whether subatomic structure determination is
feasible with intense XFEL pulses.

Here, we describe intense x-ray-induced structural
changes in a two-element compound, Al,O5;, measured
by an x-ray pump x-ray probe technique. The experimen-
tally tested Al,O5 has a rhombohedral structure with space
group R3c. As discussed below, the structure of the sample
is very simple and can be described by only a few
parameters, which enabled structure determination with
short measurement time and straightforward data analysis,
and later, efficient theoretical simulations of the x-ray-
induced transient structure changes. By employing a
unique capability of SACLA [38] that can generate
XFEL pulses with duration of much below 10 fs [39—
41], we succeeded in capturing the onset of atomic
displacements. Furthermore, the small inherent atomic
disorder of Al,O5; [42] and the use of the probe pulse
with a short wavelength allowed us to accurately determine
the transient atomic positions.

Figure 1(a) shows a schematic illustration of the experi-
ment at SACLA beamline 3 [43]. The XFEL machine was
operated in the split undulator mode [44] to generate 8.70-
keV pump and 11.99-keV probe pulses with the FWHM
duration of 6 fs. The pump and probe pulses were focused
to FWHM sizes of 2.2 ym (horizontal) x 2.7 ym (vertical)
and 1.0 um (horizontal) x 1.4 um (vertical), respectively,
by using an x-ray mirror system [45,46]. A nanocrystal
Al,O3 film (grain size of 80 nm, US research nano-
materials) with a thickness of 1 um was placed at the
focus and continuously translated spatially to expose an
undamaged surface to each double pulse. The probe
diffraction peaks in the scattering angle (20) range of
16° to 90° were measured by using a multiport charge-
coupled device (MPCCD) detector [47], while changing the
delay time from 0.3 to 100 fs. Since the jitter of the delay
time (several tens of attoseconds [44]) was negligibly
small, the duration of the XFEL pulse determined the time
resolution of the measurement (\/i x 6 fs = 8.5 fs). Here,
a 600-um-thick aluminum foil in front of the detector
absorbed the diffracted pump photons. The shot-by-shot
pulse energy was characterized by an inline spectrometer
[48]. More than 1500 pulses with the specific pulse
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FIG. 1. (a) A schematic illustration of the experiment. (b) Dif-
fraction profiles for different delay times. For better visibility,
each diffraction profile is linearly shifted along the vertical axis.
Dotted lines show the positions of some of the diffraction peaks.

energies of the pump (49.0 £ 5.4 uJ) and the probe pulses
(17.1 £8.6 uJ) (the peak fluence of 8 x 10? J/cm? and
1 x 10° J/cm?, respectively) were extracted for each delay
condition, and the corresponding diffraction images were
used for the following analysis. For reference, the meas-
urement with reduced pump fluence below structural
damage threshold [49] was also performed by inserting a
200-um-thick silicon attenuator upstream of the focusing
mirror (the peak fluence of the pump and probe pulses were
8 x 10" J/cm? and 4 x 10? J/cm?, respectively).

Figure 1(b) shows the integrated one-dimensional pow-
der diffraction data (diffraction profile) for all delay times.
The positions of the diffraction peaks were the same for all
diffraction profiles. Moreover, no new diffraction peaks
appeared for the measured delay times. These observations
indicate that the unit cell parameters (space group, sym-
metry operations, and lattice constants) remained the same
as those before irradiation with the pump pulse. On the
other hand, the diffraction peaks for higher diffraction
angles (26 > 70°) almost disappeared at longer delay times,
indicating that the structural changes occurred on the
femtosecond timescale.

There are three possible reasons for this ultrafast decay
of the diffraction intensity. The first is the change in atomic
scattering factors due to progressing sample ionization. A
theoretical calculation shows that the atomic scattering
factors of the ionized atoms at the measured scattering
vectors are mostly determined by the number of occupied
deep-shell levels [50] and the valence electrons do not
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FIG. 2. Fractional coordinates of Al and O atoms around Al
atom at (0, 0, —z + 1/2). Al-Al;, and Al-Aly,y (Al-O, and
Al-O,,4) represent the first and second neighboring distances
between two Al atoms (Al and O atoms).

contribute much to the scattering intensity. As shown in the
Supplemental Material [51], the number of deep-shell holes
in both aluminum (Al) and oxygen (O) atoms was too small
to explain the experimental observations. The second
possible reason is the shift of atomic positions at the fixed
unit cell parameters, i.e., the x-ray exposure might change
the crystal-lattice sites. Such shift modifies relative phases
of the scattering waves from different atoms and changes
the diffraction intensity. Since the symmetry of the crystal
structure was found to be preserved for the measured delay
times, positions of all atoms within the unit cell can be
defined by two parameters: fractional coordinate of Al
atom along the ¢ axis (z) and that of O atom along the
a axis (x) (Fig. 2). The third possible reason of the observed
signal decrease is the progressing atomic disorder, i.e., the
positional fluctuation of atoms from the crystal-lattice sites
might be increased by the x-ray exposure. Under the
assumption that the atomic displacements from the crys-
tal-lattice sites are isotropic and follow a Gaussian dis-
tribution, the atomic scattering factor decreases by a factor
of exp[—8x?(u?) sin? §/(34%)], where A is the x-ray wave-
length and (u?) is the mean squared displacement. The
second and third reason will be considered in the following
analysis.

In order to characterize the x-ray-induced structural
change, Rietveld refinement was performed, assuming
fixed lattice constants (a = b =4.77 A, c=13.02 A,
a = f = 90° y = 120°) and isotropic positional fluctuation
of atoms from the crystal-lattice sites. Here, we refined four
structure parameters: (i), (ii) fractional coordinates of Al
atom along the ¢ axis (z) and O atom along the a axis (x),
and (ii1), (iv) degree of atomic disorder for Al and O atoms
(+/(u%;) and \/(ud)), which is given by the root mean
squared atomic displacement from the crystal-lattice sites.
Rietveld refinement of the diffraction profiles yielded quite
satisfactory fits (reliability factors R; and R,,, [52] were
~10% and ~0.5%, respectively) (see Fig. 3(a) and the
Supplemental Material [51]) and the structure parameters
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FIG. 3. (a) An example of Rietveld refinement. Red markers
show the measured diffraction profiles. Blue, light blue, and
green lines represent the fitted curve, the estimated background,
and the deviation between the measured and fitted diffraction
profiles, respectively. (b)—(e) Atomic positions and root mean
squared atomic displacements from the crystal-lattice sites
after irradiation with the pump pulse with the fluence of
8 x 10? J/cm? (red circles) and 8 x 10! J/cm? (gray squares).
Time zero corresponds to the intensity maximum of the pump
pulse. (f) Temporal changes of the interatomic distances
(Al-Alyg, Al-Alyyg, Al-Oqy, Al-O,,g) after irradiation with the
pump pulse.

as a function of time after the intensity maximum of the
pump pulse were successfully determined [Figs. 3(b)—(e)].
Notably, the positions of Al and O atoms within the unit
cell (position of Al atom along the ¢ axis cz and that of O
atom along the a axis ax) were determined with small
errors of the orders of 0.01 A (~0.02 A and ~0.04 A,
respectively) [Figs. 3(b) and 3(c)]. For comparison, the
structure parameters for the experiment with the reduced
pump fluence below damage threshold are also shown in
Figs. 3(b)—(e).
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It was found that the structure parameters remained almost
the same and equaled those obtained for the reduced pump
fluence until ~20 fs after the intensity maximum of the pump
pulse [Figs. 3(b)—(e)], clearly indicating that the x-ray-
induced atomic displacements were delayed in respect to
the pump pulse. Interestingly, the atomic displacements were
found to be highly directional; the positions of Al and O
atoms were clearly shifted along the ¢ axis and the a-b plane,
respectively, with time [Figs. 3(b) and 3(c)] in accordance
with the increase of the atomic disorder [Figs. 3(d) and 3(e)].
The directional atomic displacements caused the changes in
the interatomic distances [Fig. 3(f)]. The results shown in
Figs. 3(b)—(f) confirm the need for the ultrashort x-ray pulses
for accurate structure determination.

We can consider two possible mechanisms for the direc-
tional atomic displacements. One possibility is that the pump
excitation and subsequent processes increased the kinetic
energy of atoms and made it possible for atoms to reach the
positions at which the anharmonicity of the interatomic
potential was significant. Such anharmonicity may break
symmetric atomic distribution around the equilibrium posi-
tion and shift the atoms. However, given that the atomic
disorder along a particular axis (1/(u%,)/3 and \/(u3)/3)
was comparable to the shift of atomic position, this mecha-
nism seems to be irrelevant. Another possible mechanism is
that the electron excitation and relaxation induced by the
pump pulse modified the potential energy surface and drove
atomic displacements, i.e., the directional atomic displace-
ments were of a nonthermal origin. Previous simulations
predict that the excited high-energy photo- and Auger
electrons do not relax immediately after irradiation with
the x-ray pulse. The respective electron cascading can take up
to a few tens of fs [12,13,33,53]. This timescale is consistent
with the delayed onset of the atomic displacements observed
in the experiment.

To confirm the validity of the delayed onset and the
directionality of the atomic displacements, we simulated the
time evolution of atomic positions and electronic structure
within x-ray-excited Al,O5 by using XTANT+ (x-ray-induced
thermal and nonthermal transitions plus) code [54]. The
calculation was performed for a 240-atom-large supercell (96
Al atoms and 144 O atoms) irradiated with spatially uniform
8.70-keV x-ray pulse with 6 fs duration (FWHM). From the
results obtained at each time step, we determined structure

parameters for ALO; (x, z, v/(u%,), and \/(u3)), such that
V/(u%,) and \/(ud) were minimized.

Figures 4(a)—(d) show simulated structure parameters for
three fluence values, corresponding to 100%, 50%, 10%,
and 0% of the nominal peak fluence of the pump pulse in
the present experiment (8 x 10 J/cm?). For the case of the
10% nominal fluence, the structure parameters were almost
the same as those without x-ray exposure (0% fluence). For
higher fluence values (100% and 50% fluence), the
structure parameters start to deviate from those for 0%
fluence at ~20 fs after the intensity maximum of the x-ray
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FIG. 4. (a)-(d) Theoretical predictions for structure para-
meters of Al,O; after irradiation with an x-ray pulse. Time
zero corresponds to the intensity maximum of the x-ray
pulse. (e) Simulated electron (solid lines) and ion (dotted lines)
temperatures.

pulse. The simulation predicts that the fractional coordi-
nates of Al and O atoms change with time [Figs. 4(a) and
4(b)], which agree with the directional atomic displace-
ments observed in the experiment. Figure 4(e) shows
simulated electron and ion temperatures. The ions remain
“cold” before the x-ray-induced structural change, which
supports our interpretation that the directional atomic
displacements were of nonthermal origin and the onset
time of the structural changes was governed by the time-
scale needed to complete electron excitation and relaxation.
In fact, the simulated timescale of electron relaxation (20 to
30 fs after which the increase of the electron temperature
saturates) is consistent with the onset time of the structural
changes observed in the experiment. These simulation
results and the experimental observations indicate that
high-resolution structure determination at subatomic reso-
lution [31], which is a commonplace technique at synchro-
tron x-ray sources, is also feasible with intense XFEL
pulses by making the pulse duration sufficiently shorter
than the timescale of the electron excitation and relaxation.

Although the simulation for 100% fluence reproduces
the trend of the time dependence of the structure parameters
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observed in the experiment, the predicted shift of the
atomic positions and degree of the atomic disorder are
larger than those evaluated by the experiment. This
discrepancy can be explained by the nonuniformity of
the pump fluence [55]. Since the focal spots of the pump
and probe pulses had Gaussian shapes in the present
experiment [45], the probe diffraction signals originated
from various sample areas with different pump fluence.
Figures 4(c) and 4(c) show that the predicted degree of
atomic disorder increases with the pump fluence. Thus, we
can consider that the scattering power of the crystals that
experienced high pump fluence decayed faster and their
contribution to the probe diffraction intensity decreased
with time. Consequently, the ‘“effective” pump fluence
might be reduced with the increasing delay time in the
present experiment, explaining the differences in the
structure parameters for the experiment and the simulation.

In summary, we investigated femtosecond structural
changes of x-ray-excited Al,O3 on subatomic length scales.
It was found that the onset of the atomic displacements was
delayed by ~20 fs after the intensity maximum of the pump
pulse, and that the atomic displacements were directional
rather than random. By comparing the experimental results
and the theoretical simulation, we interpret that an x-ray-
induced change of the potential energy surface drove the
directional atomic displacements. Since the nonthermal
disordering would be ubiquitous for other covalent and
ionic compounds, our results prove that high-resolution
structure determination with the accuracy of the order of
0.01 A is feasible even with an intense x ray by making the
pulse duration shorter than the timescale of the electron
excitation and collisional electron relaxation [56]. Such
advanced structure analysis provides new opportunities for
x-ray science. For example, electron density mapping of
charge-transfer processes in condensed matter upon photo-
excitation could be an intriguing subject, accessible with
such ultrashort pulses.
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