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ABSTRACT

Time-resolved transient grating (TG) spectroscopy facilitates detailed studies of electron dynamics and transport phenomena by means of a
periodic excitation of matter with coherent ultrashort light pulses. Several current and next generation free-electron laser (FEL) facilities pro-
vide fully coherent pulses with few femtosecond pulse durations and extreme ultraviolet (XUV) photon energies. Thus, they allow for tran-
sient grating experiments with periodicities as small as tens of nanometers and with element specific photon energies. Here, we demonstrate
the element specificity of XUV TG (X-TG) experiments by tuning the photon energy across the Si L2,3-edge of Si3N4. We observe a shorten-
ing of the signal decay when increasing the XUV photon energy above the absorption edge. The analysis of the wavelength dependent signal
shows that the faster decay is driven by the increase in the charge carrier density. From the decay constants the interband Auger coefficient
at elevated temperatures and high electron densities has been determined.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5085413

Nonlinear interaction of light with matter provides a powerful
tool to study dynamical processes in microscopic systems. Although
the majority of advances in nonlinear spectroscopy over the last few
decades were made in the optical regime, the feasibility to observe
nonlinear processes in materials is in principle not bound by the fre-
quency of interacting fields. While the excitation of matter with optical
and UV light promotes electronic transitions from the valence band,
the frequency of XUV light and X-rays is sufficient to excite core-shell
electrons. X-ray scattering typically shows a resonant behavior when
the photon energy is tuned near an atomic absorption edge of an ele-
ment. Unlike optical photons, X-rays selectively probe the electronic
structure of elements, conferring high locality to X-ray spectroscopic
methods. X-ray induced core-valence transitions provide insight into
electron correlations and can therefore provide information about cou-
pling mechanisms, coherence, and dynamics with an almost atomic
resolution and specification.1

To date, nonlinear X-ray processes, such as parametric down-
conversion,2 X-ray second-harmonic generation,3,4 X-ray/optical sum-
frequency generation,5 stimulated emission/Raman,6 nonlinear
Compton scattering,7 two-photon absorption8,9 and emission,8 and
two-photon ionization10,11 have been realized. These rather static
approaches rely on detecting characteristic (e.g., spectrally resolved)
photon or electron emissions at increased X-ray intensities. Charge
carrier dynamics at ultrafast timescales down to the attosecond regime
have been performed by optical pump XUV-probe experiments using
lab based HHG sources.12–14 X-ray nonlinear methodologies that com-
prise temporal information are scarce. With the development of X-ray
FEL sources to produce fully coherent fs X-ray pulses, however, time-
resolved X-ray four wave mixing (X-FWM) experiments became
potentially feasible. Due to spatial and temporal signal dependences,
X-FWM has the capability to measure quantum state correlations,
coherent motions, and electron dynamics. Up to now, FEL based
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X-FWM has been demonstrated in a transient grating (TG) configura-
tion for excitation energies in the XUV regime far below typical core-
ionization thresholds.15–17 In this work, we report time and energy-
dependent X-TG measurements on Si3N4 membranes with excitation
energies tuned around the Si L2,3-edge.

In the X-TG configuration, an interference pattern from two
crossed coherent FEL pulses with frequency xFEL is produced at the
sample position initiating the dynamics of charge carriers and nuclei
(see Fig. 1). The periodicity of the induced grating can be matched to
system relevant distances and allows the investigation on micro- (atom,
molecule, lattice, and quantummechanics), meso- (correlated spin, elec-
tron, complex matter, and many particle systems),18 and macroscopic
length scales (transport phenomena).19 The absorption of X-ray pho-
tons creates electron-hole pairs in the position of the fringes. If the
X-ray energy is tuned above the core-ionization thresholds, the created
core-holes are subsequently filled with electrons from higher energy lev-
els. For low Z materials, the core-hole decay occurring on the fs time
scale, e.g., sch� 10 fs for Si L2,3-edge,

20 is accompanied by the release of
a hot Auger electron. The thermalization of hot electrons is mediated
through electron-electron scattering, with the associated thermalization
time highly dependent on electron energy and charge carrier density,21

and electron-phonon scattering responsible for the generation of acous-
tic and optical phonons. While for optical and UV-excitations, thermali-
zation time ttherm is considered to be in the range of tens to hundreds of
fs depending on the material and excitation conditions,12,22,23 thermali-
zation of electrons with kinetic energies much higher than the bandgap
energy is even faster (<25 fs) due to impact ionization.24,25 The aug-
mentation of the charge carrier density through impact ionization can
amount to an order of magnitude of the initial charge carrier density in
the XUV range, depending on the density of states and the ratio
between the excitation energy and the bandgap energy.

After thermalization, electrons and holes are in a near-
equilibrium state with the same spatial distribution as ensured by the

Dember effect. Assuming a negligible proportion of electrons escaping
the material, electrons and holes contribute equally to the charge car-
rier density n. The charge carrier dynamics after thermalization is
driven by impact ionization, electron hole recombination, interband
Auger recombination (IAR), and charge carrier diffusion.26,27 At high
charge carrier densities, IAR processes become the dominant decay
mechanism on the short time scale28–30 and can be described as26

@nðt > ttherm; xÞ
@t

¼ �caun
3ðt; xÞ; (1a)

nðt ¼ ttherm; xÞ ¼ n0

1� cos
2px
K

� �

2
; (1b)

where cau and K are the IAR constant and the periodicity of the
induced grating, respectively. The three particle recombination pro-
cess, involving two conduction band electrons and a hole in the
valence band, can be mediated by electron-phonon scattering. The
charge carrier density modulation is considered to depend only on the
x-direction across the induced grating. Equation (1b) specifies the ini-
tial condition, with n0 being the maximal charge carrier density in the
center of the fringes after thermalization. An analytical solution to Eq.
(1a) is given by

nAuðt; xÞ ¼ n0
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 8
t

sAu

r
1� cos

2px
K

� �

2
; sAu ¼

4
n20cAu

; (2)

where sAu is referred to as the Auger lifetime. It is important to note
that the Auger lifetime strongly depends on the initial charge carrier
density n0.

The time-evolution of the charge carrier density is directly
reflected in the changes of the refractive index. It is therefore possible

FIG. 1. Schematic representation of the charge carrier dynamics after the excitation of Si3N4 at the Si L2,3 edge. “Hot” and “cold” electrons are shown in red and blue, respec-
tively, and phonons are depicted as red oscillatory lines. Although excitation, thermalization, and relaxation are depicted as three different phases, they occur simultaneously,
which is indicated by overlapping dashed and full lines.
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to follow charge carrier dynamics induced by the two XUV-FEL pulses
by probing the induced excitation with a third, time-delayed optical/
UV pulse. The measured X-TG signal ITGðdt;~rÞ is proportional to the
absolute squared third order polarization Pð3ÞTG and depends on the evo-
lution of the charge carrier density

ITGðdt;~rÞ /
ð1
�1
jPð3ÞTG t; dt;~rÞð Þj2dt; (3)

where dt is the delay between the XUV pump pulses and the optical
probe pulse. Signals are observed in a phase matched direction
~ks ¼~q þ~kpr , where ~kpr is the probe pulse wavevector and j~qj ¼ 2p

K .
Without specific probe pulse resonances and far from saturation, the
TG intensity simplifies to

ITGðdt; xÞ / n2ðdt; xÞIprL2sinc2
DkL
2

� �
; (4)

where Dk is the wavevector mismatch and L is the coherence length of
interaction well approximated with the XUV absorption length.

The X-TG FWM experiments were performed at the DIPROI
endstation of the FERMI FEL. The FERMI FEL 2 laser source, seeded
by an OPA output, was used to generate XUV laser pulses with a dura-
tion of about 40 fs FWHM at a repetition frequency of 50Hz.31 The
initial photon energy was set to 101.3 eV (harmonics M7 N3 of the
FEL II laser system). Tunability of the FEL 2 output was achieved by
tuning the seed laser wavelength between 245nm and 265nm or by
switching the harmonic combination of the two radiator sections of
FEL 2 to cover a range of 86 eV to 115 eV with a bandwidth of about
40meV. The average XUV pulse power during scans was varying
between 2 and 4 lJ/pulse. By manipulating the incoming FEL pulses
with the MINI-TIMER split and delay setup, an interference pattern
of size 140� 140 lm2 FWHM was created on a 200nm thick amor-
phous Si3N4 membrane. Si3N4 membranes are routinely used as tim-
ing tools at FEL facilities because of their strong reflectivity change
when impinged with X-rays. The FEL induced changes in the refrac-
tive index were probed by an optical (397.5 nm) probe-pulse with a
duration of about 100 fs FWHM. Similar to the pump beams, the
probe beam was vertically polarized. A FEL crossing angle of about
2h ¼ 2:6� was adapted to achieve comparable fringe spacing (K
� 270nm). Due to an angle of a ¼ 45� of the probe-pulse with respect
to the surface normal, the effective pulse duration increased to yield
an estimated total experimental resolution of (2106 33) fs. The TG-
signals were detected on an in-vacuum 2048� 2048 square pixel CCD
detector with a pixel size of 13.5lm, positioned at b ¼ �45� from the
normal of the surface behind the sample. Figure 2 shows a scheme of
the experimental setup, described in detail previously,15 and typical
signals observed during the measurements. The measurements at a
specific time-delay were performed by integrating the signal over the
region of interest on the CCD over 100 to 500 shots, depending on the
signal strength. X-TG signals were detected for time delays between
�3 and 120 ps on a logarithmic scale to allow us to cover a large
dynamic range with an adequate resolution. The data acquisition time
for a scan was around 1 to 2 h, and no formation of permanent grating
due to sample damage has been observed within this time. Data treat-
ment is discussed in the supplementary material. The XUV absorption
spectra of amorphous Si3N4 membranes have been measured in the
transmission mode at the BEAR beamline of the Elettra Synchrotron.

The monochromator slits were set at 50lm to yield an energy resolu-
tion of about 10�2 eV at 100 eV.

A series of X-TG time traces corresponding to excitation energies
ranging from 86 eV to 115 eV has been recorded for amorphous Si3N4

membranes. Figure 3 compares time traces recorded for excitation
energies above and below the Si L2,3 absorption edge. The two signals
show similar characteristics: A fast rise, a decay on a short sub-ps time
scale, and an almost persistent contribution for long delay times. The
latter dynamics originating from thermal diffusion will be discussed
elsewhere and is not further considered in the analysis of our data.
Time traces corresponding to excitations above and below the absorp-
tion edge mainly differ on short time scales. In particular, the above-
edge time trace shows a faster decay compared to the below-edge time
trace, indicating a higher initial charge density [see Eq. (2)]. An excita-
tion below the absorption edge yields hot photoelectrons originating
from valence [Si(3p) and N(2p) orbitals] and inner-valence [Si(3p, 3s)
and N(2s) orbitals] bands. The increase in the photon energy above
the absorption edge, on the other hand, additionally permits electrons
from the core level and the corresponding Auger electrons to be
excited into the conduction band causing a decrease in the XUV atten-
uation length from 193nm to 54nm.

To extract quantitative information from our data, transient sig-
nals were fitted by a global fitting algorithm in which thermalization
was neglected. The temporal characteristics of the observed TG-signals
could be well reproduced within our model (see supplementary

FIG. 2. (a) Scheme of the MINI-TIMER setup for performing FWM experiments.
The incident XUV pulse (blue) is split (mirror M0) and combined (mirrors M1 and
M2) at the sample position to be mixed with a temporally delayed optical pulse
(red). The transmitted XTG signal is detected using a CCD detector. (b) X-TG sig-
nals as observed on the CCD detector and the corresponding time trace for 100 eV
XUV excitation. The time delays dt for which the CCD images are shown are
marked red in the time trace.
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material). The fit indicates an experimental resolution of 207 fs, which
is close to the predicted experimental resolution, justifying the applica-
tion of the instantaneous thermalization model. The obtained Auger
lifetimes, shown in Fig. 4, indicate a steep drop from (996 14) fs to
(0.66 0.5) fs located around 103 eV. The extracted values correspond
to the decay time in the charge carrier density and are not to be con-
fused with the decay of the transient signal. The obtained Auger life-
times are compared with the Si L2,3 XUV-absorption spectrum of
amorphous Si3N4. The spectrum exhibits a broad white line positioned
at 105 eV with a long tail toward lower energies attributed to the pres-
ence of defects. The step in the Auger lifetime shown in Fig. 4 coin-
cides with the Si L2,3 absorption edge of amorphous Si3N4, in
agreement with the interpretation of our data in terms of an energy
dependent initial charge carrier density. Expanding our model with
respect to thermalization, a constant increase in the extracted Auger
lifetimes is obtained. The position and magnitude of the step in the
Auger lifetime are, however, not influenced by the inclusion of a finite
thermalization time (see supplementary material). For a correct inter-
pretation of our data, care has to be taken because an increase in the
FEL intensity can modify the signal decay in a similar way as the open-
ing of the core-excitation channel. In the data presented, the FEL
intensity IXUV, given in the lower part of Fig. 4, slightly decreases with
photon energy xXUV, and therefore, no correlation between the faster
decay at energies above the absorption edge and the applied intensities
is found. Our results therefore demonstrate that FEL based XUV TG-
FWM experiments are capable of measuring electron dynamics as a
function of the X-ray absorption process.

The dependence of the Auger lifetimes on the initial charge car-
rier density, deduced from measurements of the XUV attenuation
length, exhibits a near quadratic dependence as predicted by Eq. (2)
(see Fig. S10). From the extracted Auger lifetimes and the initial charge
carrier densities, we estimate an IAR coefficient of (1.26 1.3) � 10�29

cm6 s�1 in the instantaneous thermalization model (see supplemen-
tary material). Applying the Auger lifetimes extracted in the model of
maximal thermalization, a lower limit for the IAR coefficient of
(3.16 3.6)� 10�31 cm6 s�1 is deduced. The accuracy of these limiting
values is compromised by an approximate estimation of the multipli-
cation factor, i.e., the amount of charge carriers created through
impact ionization by a hot electron.24 For the possible contribution of
electron diffusion to the X-TG signal, we estimate a relative systematic
error in the obtained IAR coefficient of 37% (see supplementary mate-
rial). The estimated limits of the IAR coefficient agree with the IAR
coefficients of other materials ranging from 10�25 cm6 s�1 to 10�32

cm6 s�1.32–35 The coefficient increases with increasing temperature
and density and decreasing bandgap related activation energy.34 As
Si3N4 has an indirect bandgap of about 5.5 eV, the associated Auger
coefficient is expected to be small at room temperature. However, the
conditions in our experiment yielded a lattice temperature close to the
melting temperature of the material at 2170K and high charge carrier
densities increasing the value of the IAR coefficient.

A more accurate estimation of the IAR coefficient than the one
presented in this work is possible for measurements in which the charge
carrier density can precisely be determined. In the photo-induced lumi-
nescence from band to band recombination of highly doped semicon-
ductors, the dependence of the minority carrier Auger lifetime on the
majority carrier density is measured.32,33 The concentration of majority
carrier density can accurately be determined by measuring the resistivity
and the Hall coefficient of the material. The IAR coefficient can also be
determined by measuring reflectivity and transmission changes induced
by laser light at frequencies near the bandgap.35,36 For such excitations,
the charge carrier density can easily be determined from laser power
measurements as thermalization of excited electrons does not augment
the charge carrier density. In both methods, the Auger lifetime is deter-
mined for time delays much longer than thermalization time, enabling a

FIG. 4. (a) Fitted values of Auger lifetimes (black) along with the Si L2,3 XUV-
absorption spectrum of amorphous Si3N4 (blue). (b) XUV intensities during the cor-
responding measurements.

FIG. 3. Transient signals corresponding to excitation energies below (101 eV) and
above (104.5 eV) the absorption edge. The upper graph is an enlarged image of
the lower graph at short time delays.
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precise determination of the IAR coefficient. Measurements at long time
delays, however, restrict the determination of the IAR coefficient for
charge carrier density lower than �1020 cm�3. FEL based X-TG mea-
surements, on the other hand, provide access to IAR coefficients for sig-
nificantly higher charge carrier densities.

In this work, we have demonstrated time and energy resolved X-
TG experiments on Si3N4 membranes with the excitation energy tuned
around the Si L2,3 absorption edge. The induced charge carrier dynam-
ics indicated a fast signal decay due to IAR. The increase in the inci-
dent XUV energy above the Si L2,3 edge resulted in higher initial
charge carrier densities and consequently faster decay times of the
observed TG signal. A fitting analysis of the measured time traces indi-
cated a sharp decrease in the Auger lifetime at the position of the
absorption edge. The possibility to combine the X-FWM approach
with the atomic selectivity provided by XUV/X-ray photons may open
up the way for a manifold of studies on ultrafast processes and correla-
tions with chemical sensitivity.

See supplementary material for information about the X-TG
light-matter interaction, charge carrier dynamics, signal modeling,
UV-Vis spectra, data treatment, and IAR coefficient.
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