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Abstract

We present an extreme ultraviolet (EUV) transient grating (TG) experiment of the spinel CozOy
compound using tuneable incident energies across the Co M, 3-edge and a 395 nm probe pulse,
detecting both the first and the second diffraction orders (SDOs). While the first diffraction
order shows a monotonous behavior as a function of time, with a sharp response at ¢t = 0,
followed by a weak sub-picosecond component and a nearly constant signal thereafter, the time
dependence of SDO varies dramatically with the incident energy as it is tuned across the Co
M-edge, with the appearance of a component at 7 > 1 ps that grows with increasing energy. The
results are rationalized in terms of the deviations of the initial grating from sinusoidal to
non-sinusoidal, namely a flattening of the grating pattern, that introduces new Fourier
components. These deviations are due to higher order, three-body terms in the population
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relaxation kinetics. The present results highlight the use of the SDO response in EUV TG as a

tool to identify higher order terms in the population kinetics.

Supplementary material for this article is available online

Keywords: electron-hole recombination, transient gratings, spinel cobalt oxide, ultrafast,

extreme ultraviolet

1. Introduction

In solids, photoexcitation of charge carriers in solid mater-
ials, e.g. semiconductors, gives rise to a series of pro-
cesses, which include electron—electron, electron—phonon and
phonon—phonon scattering, polaron formation, and electron-
hole recombination. The latter can be described by a super-
position of first-, and higher-order recombination processes
[1, 2]. One of the key efforts in studies of charge carrier
dynamics in solids is to disentangle these various contribu-
tions and separate the different order terms. This is in particu-
lar the case for the electron-hole recombination, whose regime
strongly depends on the density of charge carriers. The separ-
ation of the various order terms in the recombination kinetics
of a photoexcited system is usually dealt with by conventional
time-resolved spectroscopies (e.g. transient absorption, fluor-
escence up-conversion, etc.), but this is complicated, as each
term contributes to the population of the same species.
Transient grating (TG) spectroscopy is a tool potentially
capable of separating the contributions of high and lower
kinetic terms. In TG experiments, two spatially and tem-
porally overlapped identical laser beams with wavelength
Aex are crossed at an angle 26 on the sample creating an
excitation grating by interference onto which a third, time-
delayed probe pulse scatters (figure 1) [3]. The interfer-
ence patterns by the two laser beams, yields a spatially

varying distribution of excitation, % where Ltg =
Aex/ (2sinf) is the grating period. TG spectroscopy follows
the same non-linear interaction sequence as transient absorp-
tion and it therefore yields the same spectroscopic content,
however with the advantage that the signal is detected in a
background-free region, and that the spectral information is
combined with a spatial one due to the periodic pattern of
excitation.

Optical-domain TG spectroscopy is commonly used to
study energy, charge and heat transport in gases, liquids
and solids [3-5], and has served as a stepping stone for the
development of ultrafast multi-dimensional spectroscopy [6].
However, only a handful of studies have pointed to the fact
that TG spectroscopy can reveal higher orders of the relaxation
kinetics by detecting the time dependence of higher diffraction
orders. These experiments were conducted on the picosecond
timescale, revealing exciton—exciton annihilation in organic
dyes [7, 8] and in the microsecond timescale, investigating the
rates of bimolecular reactions[9]. However, optical domain TG
experiments lack element-selectivity.

In this respect, there have been over the past few years,
major achievements aimed at extending TG experiments
to the short-wavelengths in the extreme ultraviolet (EUV)
and hard x-ray ranges [10, 11]. In addition to providing
element-selectivity via the core-transitions, the EUV/x-ray
wavelengths allow for smaller grating periods, down to the
nm-scale and, as a corollary, for larger momentum transfers
[11]. Short-wavelength TG was first demonstrated in the EUV
using an optical probe pulse [12] and later, using an EUV
probe pulse [13]. These initial demonstrations led to a flurry
of EUV TG studies on the generation of coherent acoustic and
optical phonons [14, 15], the element-specificity of the EUV-
generated resonant TG [16], and on the generation, control
and probing of magnetic patterns [17]. Recently, core-level TG
spectroscopy has been extended into the hard x-ray range and
the created TG was probed by an optical pulse [18]. It should
be stressed that the all-EUV TG study on magnetic gratings in
a GdFe alloy by Yao et al [19] reported both the first diffrac-
tion order (FDO) and second diffraction order (SDO) traces,
allowing them to demonstrate ultrafast all-optical switching on
the nanometer length scale.

Core-level excitation of materials releases a cascade of
electrons within the first instants of the interaction (<100 fs),
either via fast Auger decay of the atomic core-excitation or via
secondary impact ionization of high kinetic energy electrons.
This inner-valence or core-excitation represents a significantly
different type of excitation to a valence one, as the released
electrons then undergo a rich variety of cooling, diffusion and
recombination processes. Ultimately in solids, inter band-gap
electron-hole recombination will occur, which is described by
the following equation:

ON (x,1) 0°N ) 5

with N (x,) being the spatio-temporal distribution of carriers,
D the diffusion coefficient, ki, k» and k3 the single, two- or
three-body bulk recombination rates. The three-body process
is represented by the interband Auger recombination (IAR,
different to the intra-atomic one invoked above), in which an
electron recombines with a hole while exciting a third car-
rier to a higher-energy state. This can be viewed as two elec-
trons colliding in the vicinity of a hole, resulting in a radiation-
less e—h recombination event. Here, we show that by EUV-TG
spectroscopy on multiple orders of diffraction in the case of
spinel Co304, we can identify when the population kinetics
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are dominated by one or the other order term of equation (1),
depending on the initial conditions of charge carrier densities.
The choice of Co3z0y4 is motivated by its remarkable pho-
tophysical properties. It is composed of O’ anions forming a
face-centred cubic lattice where the Co?* and Co®™ ions are,
respectively, located in tetrahedral and octahedral sites with a
1:2 stoichiometry. The local coordination of the metallic cen-
ters determines a high spin (S = 3/2, 4 A, state) electronic con-
figuration for the tetrahedrally-coordinated d’ Co* ions and a
low spin (S =0, A, state) configuration for the octahedrally-
coordinated d® Co3* ones. This confers the system a pecu-
liar optical absorption spectrum [10], with Mott—Hubbard and
charge transfer gaps that are close in energy, and involves
excitations to metal-centred (d—d, 0.5-1 eV), metal-to-metal
charge transfer 1.3-2 eV and ligand-to-metal charge transfer
>2 eV states. The photophysics of the system has been invest-
igated by ultrafast methods, such as optical-pump/optical-
probe techniques [20], optical pump/EUV probe at the Co
M-edges [21] and O L; edge [22], and optical pump/near-
IR probe spectroscopies [23]. These studies show that by the
first ps, the excited population settles in the long-lived (up to
nanoseconds), presumably, the lowest lying d—d states.

We applied EUV-TG spectroscopy to the case of the elec-
tronic relaxation of a thin spinel Co3;O4 film excited at the
cobalt (Co) M;3-edges in the 57-67 eV region using the
FERMI free electron laser (FEL) [24, 25]. The importance
of the different kinetic rate orders as a function of the ini-
tial excited carrier density is evidenced via the tuning of the
FEL photon energy (Ec) across the Co M, 3 edge at con-
stant power. At lower excitation densities, i.e. when the E. is
below the Co edges, the time evolution of the FDO and SDO
shows that the photoinduced grating is only marginally distor-
ted by the high order kinetic terms of equation (1). As Ecx. is
scanned across the Co M, 3 edge, the initial excitation dens-
ity is increased from 2.5 x 10 cm™3 to 6.4 x 100 cm~3,
regardless of the mechanism that generates it, and phenomena
described by high order terms of equation (1) start to influence
the kinetics. The dominant mechanisms at the highest carrier
densities are attributed to the three-body process of IAR.

2. Results

The geometry of the TG experiment is displayed in figure 1
and detailed in the methods section. Briefly, the two energy-
tunable EUV pulses are incident at an angle of 26 = 2.7° on
the sample, generating a cosine excitation grating with Lyg
ranging from 478 to 376 nm depending on Ec.. The evolution
of the grating is followed by scattering a 395 nm pulse incident
at 45° on the sample, which is time-delayed with respect to the
EUV excitation pulses. The FDO and SDO can be followed by
rotating an in-vacuum camera at the phase matched directions.

Figure 2 shows the time evolution of the spatially integ-
rated FDO and SDO traces for different E... The traces are
the average of three consecutive scans and the error bars rep-
resent one sigma of the FEL shot-to-shot intensity fluctuation
as it is the main source of noise in the measurement. The FDO

2% order 1%t order

395 nm pulse

0" order

FEL X-ray pulses

Figure 1. Experimental layout for EUV transient grating
spectroscopy in the first and second diffraction orders.

traces (figure 2(a)) are characterized by a sharp response at
t = 0, followed by a slower decay (in the order of hundreds
of fs), and then a flat signal that further decays on the nano-
second timescale due to charge carrier diffusion and recombin-
ation. The long-time behavior of the FDO at 59 eV is shown
in figure S3, and it confirms the long-time signal reported in
pump-probe studies [20-24], pointing to the electronic origin
of this signal. Most important is that in figure 2(a), overall only
minor changes occur in the profile of the FDO traces as a func-
tion of Eey.. The FDO profiles follow a similar trend as the
ones obtained by Bohinc et al at the Si L,3 edge of silicon
nitride (Si3Ny) [16]. However, contrary to this report where
the decay time was seen to dramatically shorten upon cross-
ing into the Si L, 3 edge, in our case they lengthen as we scan
the incident energy across the Co M-edges. This warrants a
more detailed discussion, which we will present in a separ-
ate article, while the focus here is on comparison of FDO and
SDO traces.

The SDO temporal traces (figure 2(b)) show a quite dif-
ferent behaviour, with large variations as a function of Eyc.
Below the Co M, 3 edge, e.g. Ecxc = 57 €V, the SDO trace dis-
plays a temporal evolution similar to the FDO traces, i.e. an
intense time zero signal followed by a fast and a slow com-
ponent, although with relative different weights compared to
the FDO traces. One can also distinguish a weak broad fea-
ture peaking near 3 ps. When the initial carrier density is
increased by tuning E.x. across the Co M3 edge, the fast
component is still present but the signal increases at later
times, becoming even larger than the r = 0 signal. The data
are quite noisy but the trace at E.x. = 64 eV shows a clear
maximum around 3 ps. When comparing the relative intens-
ities of the + = 0 peak to the signal at 3—4 ps, we see that
for the SDO signal there is a four-fold increase in intens-
ity upon scanning E.y. across the Co M-edge, while on the
FDO traces the variation is negligible. Furthermore, there
seems to be a trend for the maximum signal to shift to earlier
times with increasing Eex, at least if one compares the 57,
64 and 67 eV traces. However, the data are overall quite
noisy, and further measurements would be needed to be more
affirmative.
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Figure 2. Time evolution of the first (FDO) and second diffraction order (SDO) of a 395 nm probe pulse on the EUV transient grating
created on Co3O4 with the FEL pulses tuned at the indicated incident energies. The FDO time traces display minor variations with incident
photon energy, while the SDO traces change dramatically and reveal a delayed signal increase as the photon energy is tuned across the Co
M, 3 edge. All trace intensities are scaled to the time zero signal and the error bars correspond to one sigma of the FEL shot-to-shot intensity

fluctuations.

These trends bear remarkable resemblances with the optical
TG traces reported by Samoc and Prasad for molecular
crystals [7]. In particular, they predicted by theory that for
the case of bimolecular decay kinetics, the time lag between
the maxima of the first-order and second-order diffraction
signals should decrease as the input power increases. Here,
as we tune the incident photon energy across the My 3-
edges of Co, we effectively increase the carrier density by
a factor of ~2.5 (see above), we can rule out effects due
to changes in Ltg as the latter is modified by ~100 nm
between 57 and 64 eV, while the signal exhibits a 4-fold
variation in intensity for the 395 nm probe. The ~100 nm
change in the line spacing will increase the diffraction intens-
ity by a factor of 1.6 between the 57 and 64 eV traces.
Unfortunately, due to experimental constraints the time traces
at the different photon energies cannot be compared in
intensity directly so the data analysis is done on normalized
amplitudes.

3. Discussion

In TG experiments, the spatial profile of the initial electronic
excitation grating follows the EUV beam interference pat-
tern. If the EUV energy is tuned above the core-ionization
threshold, the created core-holes are refilled by decay of elec-
trons from higher lying energy levels. For cobalt, the core-hole
decay occurs in less than 5 fs, i.e. well within the EUV pulse
duration (estimated to be ~50 fs) [26]. The released electrons
are thermalized via electron-electron scattering whose timing
strongly depends on the electron energy and the charge carrier
density [27]. At later times, electron-phonon scattering sets in
causing the generation of a lattice temperature grating, acous-
tic and optical phonons.

While for optical and UV excitations the electronic
thermalization time is considered to be in the range of tens
to hundreds of fs depending on the material and excitation
conditions [20, 28, 29], in the case of electrons with kinetic
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energies much higher than the band-gap energy it is consid-
erably faster (<25 fs), due to impact ionization [30, 31]. The
increase of charge carrier density through impact ionization
can be an order of magnitude higher than the initial charge
carrier density in the EUV range, depending on the density
of states and the ratio between E.x. and the bandgap energy.
On the ps timescale, charge carrier dynamics can be driven by
electron-hole recombination, IAR, and carrier diffusion [1, 2,
16]. For high charge carrier densities, IAR becomes dominant
on the short time scale due to its third order kinetic equation
[29, 32-34].

An accurate reporting of the time constants of these kin-
etics using TG is generally difficult. The intensity of a dif-
fraction order depends not only on the population of photo-
products but also on the Fourier components of the grating.
In the simplest case, i.e. with first order kinetic equations [9]
and non-saturated absorption [7], the time evolution of the
FDO signal is sufficient to determine the population kinetics.
Deviations from this case lead to complications in the sig-
nal’s interpretation. Samoc and Prasad [7] first reported that
the high-order kinetic equations led to an uneven reduction of
the grating pattern and the appearance of new Fourier compon-
ents. Vauthey [9] argued that in order to measure accurately
the population of photoproducts via TG, the FDO alone is not
sufficient.

To understand the origin of the FDO and SDO time evol-
ution in our case, we simulated the grating’s temporal evol-
ution of the charge carrier kinetics according to the rate
equation (1). The D, ky, k, and k3 coefficients are known for
valence excitation [20, 35, 36], but the EUV excitation (pre-
or post-edge) creates charge carriers with widely different kin-
etic energy distributions, whose behavior cannot be described
using the coefficients for valence excitation. The time scale
of relevance where these coefficients are operative is limited
to 10 ps. Under these conditions, k; and k, can be neglected
because the complete recovery of the system occurs on nsec
time scales (cf Weagele et al [20] as well as figure S3). As
argued by Bohinc et al [16], and confirmed by previous meas-
urement of diffusion coefficients [37], the diffusion time is
also not relevant on the sub-10 ps time scale and therefore,
the kinetics are dominated by TAR, captured by the three-
body bulk recombination rate k3. Here, we used a value of
3.1073" cm™% s7! to best reproduce the grating’s behavior.
Just as in the experiment, in the model we increase the contri-
bution of the AR component of equation (1) by maintaining
the FEL power constant while tuning E.. across the Co M3
edge. The initial carrier density is then scaled according to
the computed sample absorption. The gratings are propagated
by solving equation (1) for each initial condition. We added a
Gaussian function with a 150 fs standard deviation to simulate
the cross-correlation of the instrument, and a constant contri-
bution via a Heaviside function convoluted with the instrument
response in order to capture the dynamics at longer timescales.

Under our experimental conditions, the sample thickness is
small compared to the grating pitch and we can use the thin
grating approximation where the TG pattern modulates the
complex index of refraction of the sample. This modulation

can be decomposed into Fourier coefficients, whose square
values are directly linked to the diffraction order intensities
[7]. The computed FDO and SDO traces are shown in figure 3
along with the experimental data (dots) for low and high initial
carrier densities, respectively. They capture the main features
of the traces, i.e. the time zero signal and the grating evolution.
In particular, they capture the drastic difference between FDO
and SDO profiles and, for the latter, their changes as a function
of carrier density. Some deviations also show up, in particular
in the SDO, where the long-time response exhibits a double
structure at 64 eV with a maximum at 3 ps and another one at
8 ps. However, this double feature does not seem to occur at
59 and 61 eV (figure 2), and more systematic studies would be
needed to confirm or invalidate it.

To understand the differences between FDO and SDO
traces, we need to consider the time evolution of the grating’s
Fourier components. The initial photo-induced grating of elec-
tronic excitations contains a single Fourier component follow-
ing the interference of the FEL-beams. Considering only first
order kinetics in equation (1), the system’s temporal evolu-
tion would conserve such a single Fourier component and the
evolution of the FDO would directly reflect the charge carrier
lifetimes and diffusion [5]. This is the dominant contribution
to the traces obtained for small charge carrier densities (e.g.
FDO and SDO traces at 57 eV in figure 3). This behavior fails
when the light-matter interaction ventures away from the lin-
ear interaction as in the case of two-photon absorption, satur-
ated absorption or when the system’s evolution follows second
or higher-order kinetics [7]. In this later case, the carrier decay
rate depends on the local carrier density and varies across the
grating. This yields to an increased flattening of its pattern with
the appearance of higher order Fourier components, leading
to the marked changes in the SDO traces as a function of the
photon energy and, thus, carrier density. We would expect a
similar behavior at fixed FEL photon energy and by tuning of
the pulse energy.

The dominant mechanisms at the highest carrier densities
are attributed to the three-body process of IAR. The evolu-
tion from sinusoidal to non-sinusoidal gratings can be seen in
figures 4(a) and (b), where we show the grating patterns at dif-
ferent time delays and excitation conditions. In figure 4(a), we
show the time evolution of the grating corresponding to a high
initial carrier density of 6.4 x 10?° cm™3. The initial sinus-
oidal grating displayed as a dotted line is harmonic but as the
dynamics evolve, a clear flattening of the pattern is observed
and is responsible for the delayed increase of the SDO intens-
ity. In figure 4(b), the flattening of two gratings at 10 ps time
delay are compared with the initial sinusoidal grating. The
two flattened gratings correspond to the situation with initial
carrier densities of 2.5 x 10%° cm™3 and 6.4 x 10%* cm~3,
respectively. Here, the principal variation at the two excitation
energies in the grating pattern is their periodicities. The grat-
ing periodicity affects the phase matched emission angle but
has a negligible effect on the kinetics at these time delay and
therefore, this cannot explain the time evolution of the SDO.
The latter is instead dictated by the small variation of the grat-
ing pattern in regions of high carrier densities at the grating
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Figure 3. The dots represent the experimental FDO and SDO traces recorded at incident energies below (57 eV) and above (64 eV) the Co
M, 3-edge. The solid lines are simulations of the grating time evolution using equation (1).
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Figure 4. (a) Spatial modulation of the carrier density between 0 and 20 ps in steps of 1 ps following excitation at 64 eV. The initial grating
pattern is shown as a dotted line. (b) Full lines are the calculated gratings at 10 ps time delay after excitations below and above the cobalt
M, 3 edge (i.e. 57 and 64 eV, respectively). These two non-sinusoidal gratings are compared to the sinusoidal gratings (dashed lines) present

at time zero.

maxima. These changes in grating shapes amount to only a
few nanometres but are responsible for the large shape vari-
ations between the FDO and SDO time traces (unfortunately,
a direct comparison of FDO to SDO intensities is not possible
due to drifts in the spatial overlap when switching between dif-
fraction orders). This highlights the high spatial sensitivity of
TG spectroscopy resolved on the FDO and SDO traces.

4. Conclusion

We have carried out EUV-TG experiments of the spinel Co304
compound at various initial carrier densities by tuning Eey.
from 57 to 64 eV across the Co M, 3-edge, probing the first and
second order diffraction of a 395 nm pulse. The observed beha-
vior is attributed to the increased carrier density, resulting into
an increasing weight of high order kinetic terms in the master
kinetic rate equation, which triggers the appearance of high-
order Fourier components in the grating pattern. We thus con-
clude that the evolution from a sinusoidal to a non-sinusoidal
grating is due to processes that follow the third order kinetic
terms of the population relaxation, which can hereby be probed
thanks to the extreme sensitivity of the SOD signal to high
order kinetics.

The study of condensed matter systems following EUV
excitation is highly complex as the large amount of energy
deposited by the energetic photons brings the system far away
from its ground state behavior. Here, we demonstrate that
EUV TG resolved on multiple diffraction orders provides not
only spectroscopic information on the kinetics but also clear
insights on the order term of the kinetics equations at play.
Going to even higher orders (e.g. third order) [38] is in prin-
ciple possible. It may more precisely harness the evolution of
the grating. However, to our knowledge no such measurements
have so far been reported in the optical domain. In the EUV
domain, the phase matching conditions are not favorable using
an optical probe, but it is an open question for TG experiments
using EUV probe pulses.

5. Methods

Using the mini-TIMER set-up, two FEL pulses are crossed at
20 =2.7° on a 27 nm-thick Co3O4 sample deposited on a sap-
phire substrate at room temperature. The 395 nm probe beam
is incident on the sample at an angle of 45°. The FEL FERMI
with values of E.x. ranging from 55 to 70 eV, generating TG’s
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with values of Ltg from 478 to 376 nm, respectively [39]. FDO
and SDO signals are recorded in three consecutive scans with
similar FEL conditions (i.e. power, photon energy etc), and
then averaged. A direct comparison of FDO to SDO intens-
ities is not possible due to drifts in the spatial overlap when
switching between diffraction orders. The camera background
is collected and substracted by blocking the FEL beam at the
beginning of each scan. After each scan, we ensured that no
permanent grating is formed on the sample by checking that
no diffracted beam is detected with the 395 nm pulse alone.
The 6 = 45° incidence angle between the FEL and the probe
beam leads to smearing of the temporal resolution that also
depends on the relative laser spot sizes. Considering a focus
size of o = 100 um for the optical laser, this leads to an upper
limit on the temporal resolution of (¢ - tand) /¢ ~ 300 fs, which
is negligible compared to the temporal evolution monitored in
this work.

Figure S1 shows the computed absorption spectrum of a
27 nm thick spinel Co304 sample along with the element’s
contributions [40]. Excitation in the vicinity of the cobalt M 3-
edge implies non-negligible absorption by the tail of the oxy-
gen valence ionization continuum whose edge peaks at 20 eV.
In order to ensure the stability of the FEL radiation, the cur-
rent created by the EUV pulses on an up-stream mirror from
the experiment is recorded. This Iy value is shown in figure S2
for the various scans.
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