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ABSTRACT: The interaction of intense light with matter gives B 2 Intense femtosecond X-ray S e
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rise to competing nonlinear responses that can dynamically change D

material properties. Prominent examples are saturable absorption % < 1

(SA) and two-photon absorption (TPA), which dynamically Kg & [SA SATPA TPA| |

increase and decrease the transmission of a sample depending on
pulse intensity, respectively. The availability of intense soft X-ray
pulses from free-electron lasers (FELs) has led to observations of
SA and TPA in separate experiments, leaving open questions about
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the possible interplay between and relative strength of the two o - g ’ Intensity [Wicm?]

phenomena. Here, we systematically study both phenomena in one
experiment by exposing graphite films to soft X-ray FEL pulses of
varying intensity. By applying real-time electronic structure
calculations, we find that for lower intensities the nonlinear contribution to the absorption is dominated by SA attributed to
ground-state depletion; our model suggests that TPA becomes more dominant for larger intensities (>10'* W/cm?). Our results
demonstrate an approach of general utility for interpreting FEL spectroscopies.

S aturable absorption (SA) is a nonlinear optical response resonant with, and capable of depleting, a chosen ground state
characterized by a reduction in the relative absorption of in the XUV to hard X-ray regions. At the FLASH FEL, SA of
the sample—or, conversely, an increase in transmission—with the L-shell transition of aluminum was observed with photon
an increase in the intensity of incident light. Although this energies of 92 eV (13 nm).” Subsequent observations have
effect has been known since the 1940s," direct experimental been reported for the tin N-edge at 24 eV (52 nm) and for the
observation has been limited due to the high intensity required iron K-edge at 7.1 keV (0.17 nm).*” In these experiments, SA
of the incident light, which was unachievable before the was attributed to high photon flux depleting the ground state,
development of modern laser technology. The phenomenon which led to X-ray-induced transparency. The intensity at
has now been widely demonstrated and applied in the visible which this transparency occurs is dependent on the energy of
and infrared regions.2 Moreover, saturable absorbers play a key the absorption edge. Deeper lying electrons result in core-holes
role in passive mode-locking of femtosecond laser oscillators. ™ with shorter lifetime, which increases the intensity that is

necessary to observe SA.

In similar experimental settings, by contrast, unusually high
absorption has been observed at the aluminum K-edge at
1560 €V (0.79 nm) and carbon K-edge at 285 eV (4.35 nm),
which was attributed to two-photon absorption (TPA).'”'!
Both observations of TPA used photon energies close to
absorption edges where TPA is enhanced by resonance effects.
Stohr and Scherz separately proposed that X-ray induced

Saturable absorption is exquisitely sensitive to the electronic
state of the material being probed. As such, SA is often used as
a probe of dynamics and recovery following a pump—probe
event, typically using a probe in the visible or infrared. It can
be used to extract detailed information on photoexcited
scattering and diffusion of charge carriers, as well as structural
changes such as recovery following melting,”°

As compared with studying SA in transitions between
electronic valence states, which may exhibit significant

hybridization, studying SA in transitions from the well- Received: April 7, 2022
localized and minimally hybridized core to valence states Accepted:  September 2, 2022
provides a more direct route to understanding the underlying Published: September 27, 2022

processes. Such studies became possible with the advent of
free-electron lasers (FELs), which combine very high
intensities with high photon energies to enable excitations

© 2022 The Authors. Published b
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Figure 1. Experimental setup and transitions in graphite. (a) Tunable FEL pulses were focused on the graphite sample. Ni metal foil was used to
filter prevent camera saturation. An imaging spectrometer collected the transmitted X-ray light. To reference the incoming X-ray pulse intensity, a
gas ionization—based intensity monitor was used downstream. (b) X-ray absorption spectrum of a 500 nm graphite sample (data taken from ref
11). X-ray transmission measurements were conducted at discrete photon energies indicated with dashed lines. (c) Energy-level diagram of the
absorption at the absorption edge in resonance with the 7*-orbital (285.7 €V) and above the edge in resonance with the ¢*-orbital (309.2 eV) as
well as the respective two-photon absorptions. The dark blue box between 7 and 7* represents the Fermi energy.

transparency could be induced by stimulated elastic forward
scattering, and they worked out the consequences of this
mechanism in order to explain the properties of metallic cobalt
at the Lj-edge.'” Further support for this hypothesis was
provided by experiments on Co/Pd multilayers, where a strong
flux dependence was observed in the resulting transmission
and diffraction contrast. As the flux increased, transmission
increased and diffraction contrast decreased; this trend was
ascribed to stimulated processes, including stimulated
emission.”” The loss of diffraction was consistent with that
observed previously in Co/Pd multilayers."* These contrasting
observations and explanations demonstrate that a complete
physical picture of the processes at play when high-intensity X-
ray pulses interact with solid-state systems is still missing. In
addition, because core-hole lifetimes are typically on the order
of femtoseconds,"> comparable to the pulse duration of X-ray
FELs, these are transient phenomena exhibiting a strong
dependence on the pulse duration.

Here we employ femtosecond FEL light to systematically
study the intensity dependence of SA in graphite around the
carbon K-edge, in the soft X-ray region. We target several
transition energies to excite the carbon 1s core electrons into
different valence states. Moreover, time-dependent density
functional theory (TDDFT) simulations are used to show that
the experimental measurements contain signatures of both SA
and TPA, with TPA becoming more dominant at higher
intensities. While SA and TPA have been observed before, to
our knowledge, this work is the first to observe both regimes in
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one experiment and to disentangle the respective contribu-
tions. To separately account for SA and TPA is especially
important for interpreting X-ray spectra taken in intensity
regimes where both phenomena make significant contribu-
tions.

The experiments were performed at the EIS-TIMEX
beamline of the FERMI FEL.'*”"® The FEL beam first passed
through the Photon Analysis, Delivery, and Reduction System
(PADReS), which includes beam diagnostics and provides the
incident pulse energy for every FEL shot. The FEL pulse
(photon energy = 285.7—309.2 eV, pulse duration 7 & 25 fs
fwhm, pulse energy E, = 4—18 pJ, spot size 12 X 12 um?) was
focused on the sample (Figure la). The FEL was set to
maximum intensity for each photon energy which resulted in
higher maximum intensity for the lower energy of 285.7 eV.
The transmitted beam was propagated through a 50 nm Ni
filter to prevent camera saturation, then dispersed by a
spherical diffraction grating (HZB 1603 2, Au reflection
coated, 1000 + 2 gr/mm, 11 #+ 1.5 nm groove depth,
0.6 = 0.1 nm groove spacing, manufactured by Helmholtz
Zentrum Berlin) onto a CCD camera (Andor iKon-M SO). A
single spectrum was recorded for each pulse. The samples were
unsupported films of polycrystalline graphite with thickness of
80 + 8 nm. Because the FEL pulses caused sample damage, the
films were raster scanned to probe a pristine spot with each
shot. For each laser shot, comparing the recorded incident
photon flux with the recorded photon flux post-sample results
in a measure of sample transmission as a function of incident

https://doi.org/10.1021/acs.jpclett.2c01020
J. Phys. Chem. Lett. 2022, 13, 8963—8970
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Figure 2. Experimental and simulated transmission for resonant excitation from C 1s into 7* and o* states. (a, b) Experimental transmitted
intensity for z* (285.7 eV) and o™ (309.2 eV) for incoming FEL intensities in the regions shown in (c) and (d) as dotted lines. Plot (a) shows an
increase in absorption, while plot (b) shows a decrease in absorption relative to a linear absorption model. Respective linear fits to the first three
data points highlight the differing nonlinear behavior. (c, d) Simulated transmission vs intensity for 7* and ¢* fitted to the model in eq 1, including
two-photon absorption (TPA, purple dashed line). Comparison with a model neglecting TPA (green line) shows that TPA becomes dominant at
high intensities. Fluctuations in panel c are due to competition between the TPA process and relaxation of excited electrons; the 6* does not exhibit
this behavior due to a stronger TPA response. Gray dotted lines indicate the intensity range that was measured in the experiment. Note that (a) and
(b) show the transmitted intensity, while (c) and (d) show the transmitted intensity as a fraction of the incoming intensity.

flux. The observed transmission is subsequently compared to
the linear Beer—Lambert law. Use of the Beer—Lambert law
assumes negligible reflectivity at normal incidence, which holds
for carbon at 300 eV (refractive index n ~ 1).'” The FEL
photon energy is varied to probe z* (285.7 V) and o*
(309.2 eV) regions from the 1s core state. Knowledge of the
pulse envelope is essential for correctly determining the pulse
intensity; the seeded FERMI FEL is known to deliver pulses
with a Gaussian envelope, similar to the sin’
commonly used in theoretical calculations.”

For a mechanistic understanding of the experiment, velocity-
gauge real-time time-dependent density functional theory
(VG-RTTDDEFT) was employed”"** with a numerical atomic
orbital basis set in order to propagate the electronic structure

~
~

envelopes

of graphite under an intense laser field. Exchange-correlation
(XC)** effects are treated within the adiabatic local density
approximation using the Perdew—Zunger LDA.** The carbon
pseudopotential was generated by pseudoizing C:{1s2p,3d}
with the explicit inclusion of a 1s core-hole. The C 2s state was
then obtained as a higher energy solution of the atomic
Schrodinger equation. The graphite primitive unit cell was
subsequently propagated for 25 fs under a sin*-enveloped pulse
centered at t = 12.5 fs, with incident pulse intensities ranging
from 10'° to 10" W/cm?. The calculations were performed for
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photon energies corresponding to experimental values for the
7* and o™ regions.

The excitation scheme is illustrated in Fi%ure 1la, with the
linear X-ray absorption spectrum of graphite”> shown in Figure
1b as a reference for the FEL energies used in this study. We
note that the previously measured spectrum was taken from a
500 nm thick graphite foil. While we expect the thickness to
influence the nonlinear absorption characteristics, the spec-
trum should be comparable to our 80 nm sample. At the
selected energies, the FEL excites the core electrons into either
the 7* orbitals or the o orbitals. By tuning the FEL to two
different electronic transitions of graphite we can make use of
the different absorption properties of the 1s-to-7* and 1s-to-c*
transitions. The corresponding energy-level diagram is shown
in Figure lc, indicating the respective transitions. The
transmitted X-ray flux was measured as a function of varying
FEL intensity, and it was observed that the transmitted X-ray
intensity increases with the incoming intensity in a strongly
nonlinear fashion. Figure 2a,b shows the transmission through
the sample at a range of intensities and for two specific
energies. In Figure 2a, probing Is-to-z* transitions, the
transmitted intensity is lower than expected relative to the
linear absorption behavior modeled by the Beer—Lambert law,
i.e., sub-linear. This effect, also known as “reverse” SA, has
been reported for the aluminum K-edge and carbon K-edge

https://doi.org/10.1021/acs.jpclett.2c01020
J. Phys. Chem. Lett. 2022, 13, 8963—8970
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Figure 3. Simulation of time-dependent absorption for resonant excitation from C 1s into 7* and ¢*. (a, b) Time-dependent absorption for the
transitions C 1s—z* (285.7 eV) and C 1s—o¢™* (309.2 eV) for different X-ray intensities, respectively. The purple shaded area represents the
envelope of the driving pulse used for the numerical simulation. Shown in (c) and (d) are the corresponding normalized Fourier transforms of the
time evolution of the current at 10'* W/cm? indicating an additional component of the absorption at the highest intensities that stems from
absorption of two photons of the FEL pulse 2w. Both curves (c) and (d) are normalized to their maximum peak amplitude.

and was attributed to TPA.'”'" In Figure 2b, probing Is-to-o*

transitions, the transmitted intensity is greater than expected
from a linear response, i.e, super-linear. This nonlinear
increase in transmitted intensity mirrors the previously
reported observation of SA for the aluminum L-edge and
iron K-edge.”” In those cases, SA is caused by the finite core-
hole lifetime, which at soft X-ray energies depends mainly on
the rate of Auger decay. For graphite, the lifetime of the 1s hole
was calculated to be 7 fs,”® which is of the same order of
magnitude as the FEL pulse duration (~25 fs). We point out
that Figure 2a,)b plots the transmitted X-ray intensity itself,
while Figure 2¢,d plots the transmitted intensity as a fraction of
the incoming intensity. Consequently, a linear trend in Figure
2a,b corresponds to a constant trend in Figure 2¢,d. A more
direct comparison of our calculated results with the
experimental transmission would require calibration of the
FEL intensity downstream of the sample, which is not
available. The absence of this calibration neither limits our
ability to observe nonlinear effects (by comparison with a
linear fit) nor alters the trends we observed at each wavelength.

To gain additional insights into the observed trends, we turn
our attention to first-principles calculations. In these
calculations, the time evolution of the absorbed energy per
unit input, Epemea(t) = E(t) — E(0), is evaluated at two
different photon energies, representing the Is-to-z* and -o*
transitions. We note that the energy deposited into the system
is conserved. Additional calculations for the pre-edge can be
found in the Supporting Information, Figure S1.”” For z*
transitions (Figure 3a), a clear trend indicative of SA is visible
in the range of 10"—10" W/cm?, with the absorbed energy
decreasing as the intensity increases. Transitions at and above
an intensity of 10'* W/cm? do not uniformly follow this trend,
sometimes showing increasing absorption. For the o*
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transitions (Figure 3b), similar behavior indicative of SA is
observed for intensities of 10''—10" W/cm? Around
10" W/cm?, a drastically different behavior is observed in
the calculation, with the absorption increasing substantially.
The Fourier transform of the time-dependent current at
10'* W/cm? (Figure 3c,d) shows an emerging signal at 2w,
indicating TPA. In addition, the overall absorption increases
significantly for approximately 10 fs after excitation onset, then
levels off after another 5—10 fs. The plateau suggests a core-
depletion effect leading to two-photon excitations to very high
energy states. To test this hypothesis, we evaluated the final
energy of the system at t = 25 fs, i.e,, the total energy absorbed
from the X-ray pulse. The transmitted intensity inferred from
the energy absorbed by the system was fit to a model allowing
for contributions from saturable, non-saturable, and two-
photon absorption:

T(I)=exp—L+aNS+ﬂId
1+

0

Here T(I) is the transmission; @, ayg, and  are constants
related to saturable, non-saturable, and two-photon absorption,
respectively; and I is a characteristic saturation intensity. The
thickness d is set to 0.68 nm, matching the thickness of the
graphite primitive cell used in the simulation. The thickness of
the calculated graphite model increases the total transmission
relative to that of the experimental sample (80 nm) but does
not change the line shape. As shown in Figures 2c,d, this model
(purple dashed line) produces good fits to the calculated
intensity data (solid blue circles) for both the 1s-to-z* and -6*
transitions (R* = 0.98 and 0.96, respectively; see Supporting
Information, Table S1 for the parameter values).”” If TPA is
omitted (green line in Figures 2c,d), however, a monotonic

https://doi.org/10.1021/acs.jpclett.2c01020
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increase in transmission is observed. Our model indicates,
then, that the increase in transmission at relatively low
intensity is purely due to SA. At higher intensities, ratios of
the model constants (Table S1) show that SA is approximately
twice as strong at the 1s-to-z* transition compared to the 1s-
to-o* transition, and TPA is approximately 3 times stronger at
the o*.

Auger decay events—and any sequential absorption
processes following the formation of the resulting valence
hole***”—are not captured by the level of theory applied here.
That said, Auger decay is unlikely to have played a significant
role in these experiments due to the narrow spectral width and
high spectral stability of the FEL source tuned into resonance
with the 1s-to-7* and 1s-to-o™ transitions. A simulated linear
XAS spectrum for the same type of material exhibits the 1s-to-
7% and 1s-to-6* transitions for which the FEL experiments
were performed (see Supporting Information, Figure S2).
Therefore, any energy-level shifts arising from core-hole effects
or secondary excitations such as Auger decay should be
captured at least qualitatively correctly. Some uncertainty
remains due to the femtosecond nature of the photoexcitation
pulse, which may entail a slightly different balance of secondary
excitation events than in synchrotron-based XAS; sub-femto-
second screening effects, however, should be Iar§ely
independent of the time scales present in the experiment.””'
Another possible source of inconsistencies between the
experiment and simulations of the TPA process is the varying
thickness and structuring of the sample. In the simulation, we
assume a crystalline graphite sample oriented such that the
polarization of the electric field of the FEL is perpendicular to
the graphite layer (i.e., along the c-axis) for the z* excitation
and parallel to it (i, in the ab plane) for the ¢* excitation.
This geometry maximizes the overall absorption, which may
lead to an overestimation of absorption-induced effects from
theory.”> In the experiment, by contrast, the sample is
polycrystalline and by definition includes randomness in its
structure. To gauge the significance of this difference, we
simulate the effect of changing the polarization of the incoming
photon on the energy absorbed. We observe that the
absorption is indeed greatly reduced if the photon’s field of
polarization is not well-aligned with the respective excitation in
the sample. The simulated linear absorption spectrum,
additional details of the numerical simulation parameters,
and comparison of absorbed energies as a function of incident
photon polarization can be found in the Supporting
Information.

With these insights in hand, we can return to consideration
of the experiment, and in particular, the sub-linear (TPA-
dominated) and super-linear (SA-dominated) behavior of the
transmission with increasing intensity at the respective 1s-to-
7% and 1s-to-c™* transitions. To explain the difference between
7* and o transitions, we first note that excitation into the o*
state at normal incidence is known to have a larger oscillator
strength than excitation into the 7* state.”> While the samples
used here are polycrystalline rather than single crystals, we
expect that a similar reduction in the likelihood of initial core
excitation into the #* limits the ground-state depletion that
favors SA rather than TPA, thereby reducing the transmitted
intensity relative to the linear model. At the 1s-to-o™ transition,
by contrast, depletion of the 1s ground state is more likely, and
SA can dominate in the measured intensity range. Second, we
emphasize that Figure 2a,b covers different intensity ranges.
The experimental data for 1ls-to-7* transitions in Figure 2a
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span from 1.9 X 10" to 3.3 X 10"* W/cm?, while those for 1s-
to-c* transition in Figure 2b cover a more limited and lower
intensity range, from 1.3 X 102 to 22 X 10 W/cm?
Although TPA is calculated to be more likely for the 1s-to-o*
transition than for the Is-to-z* transition at comparable
intensities, the observed difference in behavior can be
attributed to the higher FEL intensities achieved during our
measurements'' for 7*. In previous measurements SA has not
been observed at 307.86 eV, which is close to the photon
energy of 309.2 eV that was applied here. Several parameters of
this experiment differ from previous measurements'' and
could lead to enhancement of SA. In particular, the sample
used here was thinner, and the FEL spot size was smaller,
which leads to larger measured intensities at similar pulse
energies.

To summarize, in this work we report the complex interplay
of SA and TPA of intense X-rays in graphite, taking advantage
of the high intensities available at EIS-TIMEX to measure
transmission near the carbon K-edge. In contrast to the
mechanism proposed to explain previous observations of SA in
graphite,'' our calculations indicate that this trend of
increasing transmission with increasing intensity originates in
depletion of the core by the intense FEL pulse which persists
until a regime is reached where TPA becomes dominant. Data
collected at intensities of up to ~10' W/cm? exhibited a
decrease or an increase in transmission with intensity, relative
to a linear response, for the respective 1s-to-z* and 1s-to-c*
transitions. We attribute this behavior to different transition
dipoles shifting the regime where TPA becomes dominant over
SA at different threshold intensities. Our calculations indicate
that TPA will dominate for both photon energies at intensities
greater than ~10"* W/cm” We expect that improvements in
the simulation methodology, including a better description of
the electron—hole screening and more extensive sampling of
the ground state starting structure to include finite temperature
effects, will lead to even better agreement in the predicted
intensities, and will be explored in future works. Our
experimental methods combined with theoretical calculations
enable additional insights into nonlinear processes that occur
due to the absorption of intense radiation at X-ray energies and
can readily be extended to other materials. These findings are
relevant for correctly interpreting X-ray absorption and
scattering data collected at high intensities, especially in
regimes where both phenomena make significant contribu-
tions.
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