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Time-resolved soft-x-ray photoemission spectroscopy is used to simultaneously measure the ultrafast

dynamics of core-level spectral functions and excited states upon excitation of excitons in WSe,.

We present a many-body approximation for the Green’s function, which excellently describes the transient

core-hole spectral function. The relative dynamics of excited-state signal and core levels clearly show a
delayed core-hole renormalization due to screening by excited quasifree carriers resulting from an excitonic
Moott transition. These findings establish time-resolved core-level photoelectron spectroscopy as a sensitive

probe of subtle electronic many-body interactions and ultrafast electronic phase transitions.

DOI: 10.1103/PhysRevLett.125.096401

Optoelectronic properties of semiconductors are largely
governed by two types of excitations—excitons [1], the
bosonic quasiparticles comprised of an electron and a hole
bound by Coulomb interaction, and quasifree carriers
(QFCs) of single-particle character [2,3]. While the inter-
play between excitons and QFCs has been studied exper-
imentally with terahertz and optical spectroscopies [4,5],
these techniques are restricted to optically allowed tran-
sitions and do not provide direct information about the
underlying many-body interactions. In this Letter, we show
that detailed information about the dynamics of both
excitons and QFCs can be deduced from the simultaneous
measurement of the core-hole spectral function and the
excited state population with ultrafast time-resolved x-ray
photoelectron spectroscopy (trXPS) [6]. We observe strong
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renormalization of the W 4 f spectral function after optical
excitation of WSe, bulk crystals. The transient spectral
function is excellently reproduced using a many-body
approximation for the Green’s function [7], which accounts
for the core-hole screening by photoexcited QFCs. The
simultaneous measurement of the excited-state population
in the conduction band (CB) reveals a ~100 fs delay of the
core-hole screening compared to the initial buildup of the
exciton population, which we ascribe to an ultrafast Mott
transition from optically prepared excitons to an uncorre-
lated QFC plasma.

Static XPS has been a workhorse of surface science by
driving the understanding of catalytic processes [8—10],
chemical states of interfaces [11], and functional materials
[12]. The measured photoelectron distribution is pro-
portional to the core-hole spectral function and carries
information about the many-body interactions such as
Auger scattering, electron-phonon coupling, plasmonic
excitations, and local screening [13-16]. The XPS line
shape of metals is usually asymmetric and phenomeno-
logically well described by the Doniach-Sunji¢ (DS)
function [17], where the characteristic heavy tail towards

Published by the American Physical Society
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higher binding energy originates from the core-hole screen-
ing by conduction electrons. For semiconductors, on the
other hand, the observed line shape is typically symmetric
and can be described by a Voigt profile [18,19]. In the
presence of excited carriers, a semiconductor becomes
partially metallic and one can expect a renormalization
of the core-hole line shape. This opens up the possibility of
studying nonequilibrium dynamics with XPS. Recently,
technological advances of femtosecond x-ray sources [20]
and photoelectron detectors [21] have made ultrafast trXPS
experiments possible. These include the observation of
melting of charge-density wave states in Mott insulators
[22,23], charge-transfer dynamics at semiconductor inter-
faces [24] or transient surface-photovoltage control [25]. In
this work, we show a potential for trXPS studies of
excitonic Mott transition, which is important for under-
standing the fundamental processes behind the dynamics of
optically excited semiconductors. This is especially rel-
evant to 2D materials, such as transition metal dichalco-
genides (TMDCs), in which excitonic effects dominate
low-energy behavior due to large exciton binding energy
and reduced dielectric screening. However, an accurate
theoretical description of the out-of-equilibrium core-hole
spectral function is still missing and direct application of
the DS theory to the dynamic case is problematic. In this
work, we generalize the DS theory to cover the case of a
photoexcited semiconductor, which enables a quantitative
description of the fundamental processes governing the
experimentally observed core-hole spectral changes.

Bulk WSe, is an indirect semiconductor with valence
and conduction edges situated at I” and X, respectively [26].
The direct band gap at K points enables an efficient optical
excitation of excitons and QFCs. Previous time- and angle-
resolved photoemission spectroscopy experiments revealed
ca. 90 meV energy difference between these species and
scattering of the excited states population towards global
conduction band minimum at £ on the timescale of ca. 15 fs
[27]. We performed core-cum-conduction trXPS experi-
ments of WSe, using the FLASH free-electron laser and
optical pump pulses tuned to the optical A-exciton reso-
nance at 1.6 eV at room temperature. A time-of-flight
(TOF) momentum microscope was used as the photo-
electron analyzer, which enabled us to simultaneously
probe a ~40 eV-broad spectral window including the
excited states, valence band, and the highest W and Se
core levels [28,35]. Schematics of the setup and a model
conduction-core energy level diagram are shown in the
Figs. 1(a)-1(b). The observed time-dependent trXPS spec-
tra of W 4f5,, shown in Fig. 1(c) exhibit distinct dynamics
with respect to pump-probe delay time, showing character-
istic changes of photoemission peak position and width. In
addition, we observed a buildup of asymmetry (skewness)
that resembles the DS asymmetry. Simultaneously, we
observed a transient population of excited carriers respon-
sible for the core-hole line shape modifications.

In order to understand the origin of the observed trXPS
spectral changes, we propose a theoretical model to
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FIG. 1. (a) Sketch of the experimental setup for pump-probe

trXPS on WSe, using a momentum microscope, which enables
the simultaneous analysis of core, valence, and conduction
electrons. A sample is excited with a near-infrared (NIR) pulse
and probed with an extreme ultraviolet (XUV) pulse. (b) Energy
band diagram of the photoexcited WSe, near the K valley: the NIR
pulse (red) resonant with the exciton energy generates excited
carrier populations in the valence (4) and conduction (e™) bands.
Transient conduction band population as well as the induced
renormalization of the screened core-hole spectral function are
detected by the XUV pulse (violet). The core linewidth is affected
by the screening (polarization bubbles) generated by particle-hole
excitations both in the valence and conduction bands, here
included through the self-energy X. (c) Core-cum-conduction
trXPS spectra showing W 45/, (left) and momentum-integrated
conduction band (right) regions, before (blue) and after the
excitation (red). Colored arrows indicate corresponding full width
at half maximum of the spectra and the shaded area is the
symmetric part of the line shape, illustrating its asymmetry.

describe the dynamical screening of the core hole due to
the photoinduced valence holes and conduction electrons.
We refer the reader to Ref. [28] for details. Briefly, the core-
level photoemission signal is proportional to the core-hole
spectral function within the adiabatic approximation [14]

Alw) = —7"'Im[G(w)], (1)
with G(®) being the core-hole Green’s function

1

G(w) :w—ec—Z(a))—i-i}/'

(2)

Here, ¢, is the core energy, X(w) is the correlation self-
energy due to scatterings between the core electron and
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FIG. 2. (a) Representative energy spectra at four delay times marked in (e). Red points, black lines, and blue lines mark experimental

data, fit result, and normalized residuals, respectively. Normalized residuals are presented in multiples of the data’s Poisson distribution
standard error. (e) trXPS spectrum of W 4’5, as a function of pump-probe delay time. Photoemission intensity is encoded in the false-
color scale. (f) Corresponding modeled spectral function, defined by Eqs. (1)-(4).

conduction or valence electrons, and y quantifies the broad-
ening due to other decay channels, such as Auger or phonon
scattering. According to the DS theory, the noninteracting
line shape is mainly renormalized by dynamical screening
effects [36,37]. In the diagrammatic formalism, this means
that the self-energy X(w) is dominated by the GW term [38],
where W is the screened interaction in the random phase
approximation. In this work, we show that screening the
interaction with the single polarization bubble of QFCs [see
Fig. 1(b)] is enough to reproduce the core-level shift and the
asymmetric line shape. The screening due to excitons is
much weaker in comparison to QFCs for TMDC materials
[2] and it is therefore neglected. The resulting self-energy
takes the form

Y(w) = Alog| ——— |, 3
(@) = atog () 3
where D is a parameter proportional to the average of
conduction and valence bandwidths, while the renormalized
core energy reads

5 A= 7 I’lQFcl/Z. <4)

€. =¢€.+ AL (e ) m

In Eq. (4), L(x) is the Lambert function, m* is the effective
mass at the band edge (the average value of conduction and

valence band effective masses), NQrC is the quasifree carrier
density and v is the average Coulomb interaction between
the core electron and the valence or conduction electrons. In
the absence of QFCs, A(w) reduces to a Lorentzian profile
with width dictated by y, while at a finite QFC density,
the real and imaginary parts of the self-energy are respon-
sible for the shift of the core energy and the asymmetric
line shape.

Qualitatively similar results of core-hole renormalization
were observed for both W 4 f and Se 3d states [35]. Although
quantitative differences due to different screening inter-
actions with excited carriers occur, the observed dynamics of
these core-level states are consistent. Interestingly, Se 4s
states showed no renormalization effects [28], probably due
to much shorter core-hole lifetime. Figure 2 presents the
experimental data of W 4f5,, which can be excellently
reproduced by the modeled spectral function [Egs. (1)—(4)]
convoluted with a constant Gaussian to account for the
experimental energy resolution. This is evidenced by the
featureless normalized residuals, shown for four represen-
tative time delays in Figs. 2(a)-2(d). The entire time series
[see Figs. 2(e)-2(f)] can be reproduced by fixing the average
bandwidth D = 0.8 eV and effective mass m* = 0.5 (in
units of the electron mass) of the material and solely fitting
the broadening y() and the product ngrc(7)? (the average
interaction v is independent of time) for every delay time 7.
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FIG. 3. (a) Comparison of the time-dependent effective screening nQFCu2 (black circles) and broadening y (red triangles), obtained from
fitting the theoretical model to the experimental data presented in Fig. 2. (b) Comparison of the photoemission signal above the Fermi level,
corresponding to the CB population, (blue squares) and y (red triangles). (c) Decomposition of the dynamics of excitons (red squares),
QFC (blue circles), and total excited carriers (green triangles). Black lines present fitted double exponential and single exponential decay
forexcitons and QFC, correspondingly. (d) The degree of ionization dynamics, as defined in the main text. Three different temporal regions
are marked by the background color: before the excitation (white), Mott transition (red), and QFC regions (blue).

The transient spectral function can thus be described by
just two independent parameters, as nQFCz/Z couples the
experimentally observed peak shift and asymmetry of the
line shape and y describes the symmetric broadening.
Interestingly, these parameters exhibit drastically different
dynamics, with nQFCy2 rising ca. 100 fs later and decaying
slower than y [see Fig. 3(a)]. This effect is not induced by the
applied model, as the same behavior is present in model-
independent quantities such as the higher moments of the
photoelectron distribution [28].

The TOF momentum microscope allows simultaneous
detection of photoelectrons over a large energy range,
spanning electrons from the core levels, valence band, and
excited population in the CB, within a single experiment
(see Fig. 1). Therefore, it is possible to directly compare the
dynamics of y with the buildup of the excited-state
population n, and we find a strong correlation between
the two quantities [see Fig. 3(b)], i.e., the core-level
broadening immediately follows the buildup of excited
carriers n which includes contributions from both excitons
[39] and QFCs in the CB. In contrast, the core-hole line
shape renormalization governed by the quasiparticle
screening ngrcy” shows a clear delay in buildup compared
to y and n. This is consistent with the prediction that the
pump energy tuned to the excitonic resonance should favor
the creation of excitons [40] up to a critical density [41],
and can be explained by means of an excitonic Mott
transition—the initial stage of the dynamics is dominated
by excitons which subsequently break into a QFC plasma
due to increased screening as well as many-particle

renormalizations [41]. An estimation of the excitation
density per layer, n = 7(1.4) x 10'3 cm™2 [28], used in
our experiment indeed significantly exceeds the predicted
critical excitation density of approximately 3 x 10> cm™
[2], and is close to the density of 1.1 x 10'* ¢cm™2 reported
for experimental observation of excitonic Mott transition in
single-layered WS, [42].

The simultaneous acquisition of both excited states
population in the whole surface Brillouin zone and renor-
malized core-hole spectral function excludes the effect of
space charge, often observed in ultrafast photoemission
experiments [43,44], as space charge would not contribute
to the CB population. We also exclude the influence of the
interband K — X scattering due to much faster dynamics of
ca. 15 fs [27]. Moreover, we exclude surface-photovoltage
observed before for WSe, [25] as origin of the observed
renormalization. This effect can influence the peak posi-
tion, but not the asymmetry of the XPS spectra. In addition,
the lack of VB or Se 4s core-level shift reaffirms that the
effect of space charge or surface photovoltage is negligible.
Finally, the effect of laser-assisted photoemission is mini-
mized by the choice of s polarization for the pump. All
these observations are consistent with the electronic exci-
tation as the origin of the line shape renormalization.
Nevertheless, we cannot exclude a small contribution of
the aforementioned effects to the observed dynamics.

Based on the Mott transition interpretation and the
assumption that screening by excitons is negligible com-
pared to QFCs [2], we can effectively disentangle both of
these populations, as presented in the Fig. 3(c) [28]. The
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result indicates that the excitonic population reaches the
critical value within the pump pulse envelope, which is then
followed by a rapid decay with a lifetime of 7; = 98(43) fs.
The remaining exciton population decays at a much lower
rate [, = 687(289) fs]. In contrast, the QFC population
continues to rise even after excitation as a result of exciton
dissociation, and decays with a lifetime 7 = 748(50) fs.
Interestingly, this decay seems to correlate with the slow
component of exciton decay that is likely due to diffusion
into the bulk, as excited-carrier lifetimes are typically
observed on the ~100 ps timescale [45].

Previous experimental studies of the excitonic Mott
transition in TMDCs have observed either continuous [42]
or discontinuous behavior [46], while theory predicts that
both of these cases can be realized depending on the
interaction strength [3]. Our results shed new light into
the ultrafast dynamics of the exciton-QFC transition [see
Fig. 3(d)]. The observed degree of ionization a = ngpc/n
stays in the range of 0.2-1 for the first 1 ps after photo-
excitation. For longer time delays, the excited carriers are
found exclusively in the QFC state. The observation is
indicative of a continuous transition with coexisting phases.
It should be underlined that details of the transition will
depend on the excitation density. Additional data acquired
simultaneously, but with 25% lower pump fluence indicate
that both o and the initial decay of exciton population
depend on the total excitation density, corroborating our
data interpretation [28].

The possibility to disentangle the dynamics of excitons
and QFCs by trXPS is quite surprising due to the small
energy difference between these two phases, typically
~50 meV, in comparison to the characteristic core-state
energy scale of tens of eV. However, it was shown before
that small changes in the valence band structure can have a
dramatic effect on the shape of core-level spectra [19].
Discrimination of excitons and QFCs is based on the
different screening of the core-hole created during the
photoemission process (see Fig 4). This can be understood
quite intuitively—excitons, being localized charge dipoles,
are expected to interact much more weakly with the
suddenly created core-hole potential than delocalized
QFCs. The most cogent manifestation of this effect is
the ~100 fs delay of the core-level peak-position shift with
respect to the peak-width increase [see Fig. 3(a) for the
dynamics of closely related parameters], which is con-
nected to the time needed for the critical density of excitons
to be reached. Our results support the continuous phase
transition scenario of the excitonic Mott transition in
TMDC materials. The detailed interpretations of these
results rely on the proposed theoretical model which,
we believe, is readily applicable to further ultrafast studies
of many-body states as well as electronic phase transitions.
The advantage of the twXPS approach over optical
spectroscopy techniques is element-specific information.
This seems to be especially appealing in combination with
hard x-ray photoemission due to its larger probing depth,
providing access to buried interfaces in realistic semi-
conducting devices or heterostructures.

(2 - ¢ ¢
'Y & e &
core-hole ’ ’ 3 core-hole
exciton screened
w ) % 00,y by QFCs
N % ©e s &
' Mott transition @ <
e _’ L
Alw) Alw)
w w
FIG. 4. TIllustration of the effect of excitons and QFCs on the

core-hole line shape. Charge-neutral electron-hole pairs only
weakly screen the core holes and have a negligible effect on its
spectral function (left). In contrast, single-particle-like QFCs
more effectively screen the localized charge residing in the core
hole, resulting in a renormalization of the photoemission line
shape (right).

All photoemission data used for the presented analysis
are publicly available [47].
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