
UC Berkeley
UC Berkeley Previously Published Works

Title
Extreme ultraviolet transient absorption of solids from femtosecond to attosecond 
timescales [Invited]

Permalink
https://escholarship.org/uc/item/6g1094x6

Journal
Journal of the Optical Society of America B: Optical Physics, 33(7)

ISSN
0740-3224

Authors
Borja, LJ
Zürch, M
Pemmaraju, CD
et al.

Publication Date
2016-07-01

DOI
10.1364/JOSAB.33.000C57
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6g1094x6
https://escholarship.org/uc/item/6g1094x6#author
https://escholarship.org
http://www.cdlib.org/


Extreme ultraviolet transient absorption of solids
from femtosecond to attosecond timescales

LAUREN J. BORJA,1 M. ZÜRCH,1 C. D. PEMMARAJU,2,3 MARTIN SCHULTZE,1,5 KRUPA RAMASESHA,1,6

ANDREY GANDMAN,1,7 JAMES S. PRELL,1,8 DAVID PRENDERGAST,2 DANIEL M. NEUMARK,1,3 AND

STEPHEN R. LEONE
1,3,4,*

1Department of Chemistry, University of California, Berkeley, California 94720, USA
2The Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
3Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
4Department of Physics, University of California, Berkeley, California 94720, USA
5Current Address: Fakultät für Physik, Ludwig-Maximilians-Universität, Am Coulombwall 1, D-85748 Garching, Germany
6Current Address: Combustion Research Facility, Sandia National Laboratories, Mail Stop 9055, Livermore, California 94551-0969, USA
7Current Address: Solid State Institute, Technion–Israel Institute of Technology, Haifa, 32000, Israel
8Current Address: Department of Chemistry and Biochemistry, University of Oregon, Eugene, Oregon 97403, USA

*Corresponding author: srl@berkeley.edu

Received 29 February 2016; revised 28 March 2016; accepted 29 March 2016; posted 30 March 2016 (Doc. ID 260159); published 26 April 2016

High-harmonic generation (HHG) produces ultrashort pulses of extreme ultraviolet radiation (XUV), which can
be used for pump–probe transient absorption spectroscopy in metal oxides, semiconductors, and dielectrics.
Femtosecond transient absorption on iron and cobalt oxides identifies ligand-to-metal charge transfer as the main
spectroscopic transition, rather than metal-to-metal charge transfer or d–d transitions, upon photoexcitation in the
visible. In silicon, attosecond transient absorption reveals that electrons tunnel into the conduction band from the
valence band under strong-field excitation, to energies as high as 6 eV above the conduction band minimum.
Extensions of these experiments to other semiconductors, such as germanium, and other transition metal oxides, such
as vanadium dioxide, are discussed. Germanium is of particular interest because it should be possible to follow both
electron and hole dynamics in a singlemeasurement using transient XUV absorption. © 2016 Optical Society of America

OCIS codes: (190.4160) Multiharmonic generation; (300.6470) Spectroscopy, semiconductors; (320.7130) Ultrafast processes in

condensed matter, including semiconductors.

http://dx.doi.org/10.1364/JOSAB.33.000C57

1. INTRODUCTION

Highly nonlinear interactions between intense laser pulses andno-
ble gasmedia have led to the creation of high-order harmonics [1],
largely due to the advances of femtosecond laser technology [2].
Importantly, high-harmonic generation (HHG) has led to the
creation of femtosecond and attosecond pulses in the extreme
ultraviolet (XUV) with a spectral bandwidth spanning up to tens
of electron volts, allowing attosecond pulse production [3].
Extreme ultraviolet light is resonant with core level transitions,
whicharewell separated for individualelements, comparedtotran-
sitions in the optical or near-infrared (NIR) regions. As has been
demonstrated at synchrotron x-ray sources with longer pulses,
core level spectroscopy provides element, oxidation [4], and spin
[5] state specificity. High-harmonic XUV pulses are ultrashort
in duration and this combined with core-level specificity make
them ideal probes for unraveling dynamics in the solid state.

Because the emitted XUV radiation generated by HHG
is intrinsically phase locked to the driving pulse, establishing

various pump–probe experimental schemes is readily realized.
The broadband spectral distribution of the XUV pulse is used
as a high-temporal-resolution probe, which can be used to ex-
cite or probe a wide range of core state transitions in atoms,
molecules, and solids. XUV photoelectron spectroscopy has
been performed with HHG on atoms [3], molecules [6], and
solids [7,8], and all-optical detection pump–probe experiments
have also been established, with transient absorption being the
most ubiquitous. In the gas phase, XUV transient absorption
experiments have been used extensively in the femtosecond
[9,10] and attosecond [11,12] regimes, and such experiments
have been reviewed elsewhere [13–15]. Transient reflectivity
experiments have also been developed to monitor magnetiza-
tion dynamics [16,17]. This article focuses on XUV transient
absorption in solids using femtosecond and attosecond sources
as probes. In the experiments discussed in this paper, optical
or NIR light excites carriers in metal oxides, dielectrics, or
semiconductor materials, and the ensuing dynamics are traced
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by typically probing a core-level M- or L-edge absorption using
a time-delayed XUV pulse; excitation of N- and O- levels with
existing HHG pulses is also possible. First, a brief summary
of ultrafast dynamics in solids is considered, followed by a
discussion of the experimental considerations for undertaking
transient absorption experiments. Several femtosecond and
attosecond transient absorption results are then reviewed, and
future directions for the field are presented.

2. CARRIER EXCITATION IN SEMICONDUCTORS

The observation of electronic processes that occur in solids after
ultrafast excitation has been a goal of picosecond [18], femtosec-
ond [19–25], and now attosecond [15,26,27] spectroscopy.
Semiconductors, metal oxides, and even metals form the basis
of many photovoltaic and transistor devices, and an understand-
ing of charge separation and migration in these materials can
provide more informed design and increased efficiency, which
motivates these ultrafast experiments. Upon interaction with an
ultrafast near-infrared (NIR) or optical pulse, carriers are excited
to non-equilibrium distributions in the valence and conduction
band. Considering specific materials of interest, semiconductors
and transition metal oxides are used as photocatalysts [28], pho-
tovoltaics [29–31], and components in transistor devices [32]
primarily because of their tunable bandgaps in the visible and
charge carrier separation properties, as well as their high natural
abundance and stability [29,33]. Silicon transistors remain
ubiquitous in computing devices and detectors, while III–V
compounds are frequently used in photovoltaic devices and
light-emitting diodes [30,31]. The bonding in transition metal
oxides is more ionic in nature than the covalent bonding of semi-
conductors like silicon, germanium, and gallium arsenide, giving
rise to both catalytic and semiconductor-like properties. Many
transition metal oxides also exhibit strong electronic correlations
that drive reversible changes in physical properties, such as insu-
lator to metal transitions, responsive to pressure, temperature, or
dopant concentration. Important questions remain as to whether
the transitions are driven by purely electronic processes (Mott) or
whether electron–phonon interactions (Peierls) are important
[32]. Further understanding of hot carrier relaxation can inform
these mechanistic debates while potentially contributing to the
development of novel field effect transistor devices, as well [34].

Immediately following carrier excitation, momentum ran-
domization takes place via carrier–carrier and carrier–phonon
scattering. Within the first tens [19] to hundreds [20,21,
23,35] of femtoseconds, a carrier distribution that is described
by an elevated Fermi–Dirac temperature forms. Observation of
these initial fast processes, often driven by electron correlation,
compels the use of state-of-the-art ultrafast experiments. After
an initial hot carrier energy redistribution, continued scatter-
ing with phonons brings the lattice temperature into equilib-
rium with the carrier distribution, over tens to hundreds of
picoseconds. Finally, carrier recombination processes, such as
direct or Auger recombination [18,36,37], return the system
to its initial state. Disentangling carrier–carrier and carrier–
phonon scattering has been of interest for many decades.
The two-temperature model simply assigns separate electron
and phonon relaxation timescales [38]; extending this model
[39] or developing new models based on quantum kinetics

[40,41] is needed. Control of the electron–phonon scattering
[42], carrier inversion [43], and coherent phonon oscillations
[44,45] have all been observed and explained within newer
quantum frameworks. Spectroscopy with the shortest possible
light pulses holds promise to continue to shed light on the
evolution of various relaxation and recombination pathways.

3. EXPERIMENTAL CONSIDERATIONS FOR

SOLID-STATE EXPERIMENTS WITH HHG

Extreme ultraviolet light from 30 to 300 eV and even higher [46]
can be produced with table-top sources. The XUV pulses gen-
erated via HHG are now routinely used to study metals [7,8],
semiconductors [27], dielectrics [26], and transition metal oxides
[24,25] in addition to gases [10–12,47,48]. Although the con-
version efficiency is low, HHG sources offer additional advan-
tages over traditional XUV sources, such as synchrotrons, in
that the emitted radiation is intrinsically locked in time to the
generating laser pulse and pulses as short as 67 as in duration can
be produced [49]. The pulse pairs, one in the NIR and one in the
XUV, can thus be readily used in ultrafast pump–probe schemes
such as transient absorption (Fig. 1), providing time resolution of
femtoseconds and even attoseconds. In a typical transient absorp-
tion experiment in solids, a NIR or optical pulse is used to excite
carriers in the sample, and the XUV attosecond pulse train or
isolated attosecond pulse is used as a broadband probe in absorp-
tion. By varying the conditions for HHG, the probe can sample
the band edges of different elements, such as silicon, iron, cobalt,
and germanium. The relatively small number of XUV photons
(conversion efficiencies of 10−6 for isolated attosecond pulses
[50] and 10−4 for XUV pulse trains [51], although an efficiency
of 10−4 has been reported for isolated attosecond pulses, as well
[52]) is sufficient for transient absorption experiments when
coupled with a stronger NIR or optical pulse. The relatively weak
XUV flux ensures that the XUV probe pulses will not induce
significant carrier redistribution themselves. Complications arise,
however, in the overlap of the XUV and NIR pulses due to the
AC Stark effect and phase shifts imparted by coupling to nearby
states [53]. In contrast to gas-phase experiments where core–hole
lifetimes of tens of femtoseconds [54,55] modify the observed
pump–probe time-delay-dependent changes, in solids, screening
and dephasing of the core hole happens much faster, on a time-
scale of 1 fs [56]. This rapid response makes these transitions
suitable for probing ultrafast charge transfer dynamics.

Figure 1 is a schematic of a HHG pump–probe apparatus.
A beam splitter (BS) is used to divide the femtosecond pulse
into a pump and probe arm. The probe arm (bottom) is
focused using a focusing mirror (FM1) into the HHG cell,

Fig. 1. Schematic representation of a HHG XUV transient absorp-
tion experimental apparatus.
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which contains the nonlinear medium used to generate the
broadband XUV probe. The residual NIR light is blocked with
a metallic filter (MF), and a toroidal mirror (TM) focuses the
XUV probe through the hole in the annular mirror (AM) onto
the solid-state sample. The pump arm (top) is sent onto mirrors
mounted on piezoelectric translational stages to precisely con-
trol the time delay �Δt�. The pump is then focused with a
focusing mirror (FM2) onto an annular mirror (AM) for col-
linear recombination with the pump pulse. After transmitting
through the sample, the remaining pump NIR light is blocked
with a second metal filter and the XUV light is dispersed with a
flat-field grating onto an XUV CCD camera.

For solid-state transient absorption experiments, ultrathin
samples must be used. Many materials have attenuation lengths,
or the distance at which the intensity of the XUV is reduced to
1∕e � 36.8% of the incident light, of 10–50 nm at 100 eV
[57], meaning that solid-state samples for XUV transient absorp-
tion should be of that order of magnitude of thickness for use in
table-top experiments. Moreover, the index of refraction differ-
ence between optical wavelengths and XUV radiation leads to a
temporal slip in transmission experiments between the two in
thick samples. While some free-standing samples are available
for XUV transient absorption measurements (e.g., silicon dioxide
[26] and silicon [27]), for manymaterials it is difficult to produce
free-standing samples thinner than hundreds of nanometers.
Instead, it is possible to deposit such materials on ultrathin
membranes such as silicon nitride for support. This is especially
true for composite materials, such as transition metal oxide semi-
conductors or materials with morphology-dependent structural
properties.

As a versatile support material, thin silicon nitride mem-
branes, 30–100 nm thick, have been used in both XUV
[24,25,58] and x-ray [59,60] transient absorption experiments.
Thin films and free-standing samples pose additional experi-
mental challenges, as they have low thermal conductivity com-
pared to bulk samples [61], and often the NIR or optical
intensities desired to induce a particular process are at or close
to the damage thresholds of these submicrometer thick samples
[62]. To excite a strong field process the flux must be high, but
often this is done at a nonresonant frequency, and the process is
adiabatic [26]. Excitation at a resonance can excite carriers at
lower field intensities, but then increased absorption of the
pump occurs and, consequently, sample damage can also result.

As noted, another consideration for attosecond resolution is
the vastly different indices of refraction of the NIR and XUV
pulses in the solid sample. The NIR or optical excitation pulse
typically has a much larger index of refraction for a semiconduc-
tor or transition metal oxide sample [63], compared to the index
for the XUV [57]. Hence, the XUV pulse averages over a range
of NIR or optical pulse electric field phases. In very thin samples,
the XUV probe signal follows the half-cycles of the driving laser
fields in solids [26,27,64], and to observe these fast modulations
of optical properties in a transient absorption experiment, it is
necessary to keep the phase slip to less than a half-cycle of NIR
or optical light. An upper bound for thin film thickness, d , for a
central frequency of the pump, λNIR , in nanometers, is

d �nm� ≤
1

2

λNIR

nNIR − nXUV
; (1)

where nNIR and nXUV are the indices of refraction of the NIR and
XUV in the material, respectively. For an experiment in silicon
with aNIR pump at 1.5 eV probed using the L2;3-edge at 100 eV,
which has nNIR �1.5 eV� � 3.673 and nXUV �100 eV� � 1.03,
the maximum allowed thickness is ∼150 nm. As a comparison,
an experiment in germanium with a NIR pump at 1.5 eV probed
using theM4;5-edge at 30 eV, nNIR �1.5 eV� � 4.653 and nXUV
�30 eV� � 0.95, would require samples thinner than∼105 nm.
All index of refraction data are taken from [63].

4. FEMTOSECOND TRANSIENT ABSORPTION

EXPERIMENTS

The interesting band structure of transition metal oxides arises
primarily because the partially filled d orbitals of the transition
metal can take on a different bonding character when bound to
oxygen. Bonding and antibonding orbitals are formed by a
combination of the d atomic orbitals of the transition metal
and the 2p atomic orbitals of oxygen. Between these, however,
lie the nonbonding d orbitals of the transition metal oxide,
which are themselves partially filled. This allows for three dif-
ferent types of electronic charge transfer transitions: metal-to-
metal, metal-to-ligand, and ligand-to-metal charge transfer. In
the metal-to-metal charge transfer process (MMCT), an elec-
tron moves from a filled to an empty nonbonding d orbital on
a different metal atom. In a metal-to-ligand charge transfer
process (MLCT), the electron instead transfers from the metal
to an orbital with more ligand character, such as the antibond-
ing orbitals between the transition metal and the oxygen. A
third pathway for optical excitation is the ligand-to-metal
charge transfer (LMCT), where the electron transfers from an
orbital of ligand character to an empty d orbital on the metal
[65]. These orbitals form the basis of the extended band struc-
ture in the bulk. The existence of so many transitions compli-
cates the assignment of transitions in the visible and ultraviolet
spectra of transition metal oxides; disentangling such transi-
tions from one another has been addressed by various electronic
structure calculations [66–70]. Experimentally, the assignments
can be obtained via x-ray or XUV transient absorption spectros-
copy [71,72].

In iron oxide, many electronic structure calculations have
offered competing assignments of the transitions in the ultra-
violet and visible spectrum. The visible spectrum of α-iron
oxide shows peaks at both 2.2 and 3.2 eV [67,68], and theory
is unable to reach a consensus on the nature of these two tran-
sitions [66–68]. Calculations initially assigned the energetically
lower feature in the visible spectrum to a d–d spin allowed
transition within iron ions and the energetically higher feature
to a LMCT state between the oxygen and the iron [66].
Other calculations found the LMCT state to be the lower
energy state [67], conflicting with the earlier work. To correctly
assign these transitions, a probe with oxidation specificity is
needed; a reduction of the iron ion occurs in the LMCT but
not in the d–d transition, making a clear distinction.

The transition metal oxides are good candidates for XUV
transient absorption, because many transition metals have
M-edge absorption features from 30–70 eV, a range accessible
with current HHG technology. With a table-top HHG
instrument [Fig. 1(a)], XUV transient absorption spectroscopy,
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coupled with semi-empirical ligand field multiplet calculations
[73], identified the nature of the charge transfer after photo-
excitation at 3.1 eV (400 nm) [19] in α-iron oxide, also known
as hematite. For solid-state XUV transient absorption spectros-
copy, 14 nm thick α-iron oxide was deposited onto a 100 nm
thick silicon nitride substrate. High harmonics from 45 to 70 eV
are well centered about the iron M2;3-edge at 57 eV, corre-
sponding to an excitation from the iron 3p core state. An excited
state is formed immediately after interaction with the 3.1 eV
pulse, whose differential optical density is shown as the black
line in Fig. 2. The differential optical density of the excited state
is compared to two different differential optical densities simu-
lated using the CTM4XAS55 program [73], and the LMCT
state (blue line in Fig. 2) is in excellent agreement. The simu-
lated d–d transition (red line in Fig. 2) does not match the ex-
cited state, supporting one of the previous calculations [67].

In a similar experiment, the charge transfer state in spinel co-
balt oxide at 3.1 eV was also assigned [25]. Because of the spinel
structure, the cobalt atoms exist in mixed-valence cobalt (II) or
(III) oxidation states. This gives rise to awealth of possible charge
transfer pathways, where an electron can transfer from the oxy-
gen to either of the cobalt ions (LMCT), between cobalt ions
(MMCT), or within each cobalt ion (d–d transition). The initial
state best matches the simulated LMCT from the oxygen anion
to the cobalt (III) cation. This state then decays in amplitude
within 190 fs, while shifting to lower energies over 535 fs.
The 190 fs decay in amplitude is also intensity dependent, in-
creasing at higher excitation density. This intensity-dependent
decay rate could indicate Auger relaxation, while the slower
spectral shift over 535 fs may be related to hot carrier–phonon
scattering.

5. ATTOSECOND TRANSIENT ABSORPTION

EXPERIMENTS

After the first attosecond transient absorption experiment in
a solid was performed on a dielectric, silicon dioxide [26], a
seminal transient absorption experiment in a semiconductor,

silicon [27], tracked carrier excitation after ultrashort laser pulse
excitation and the resulting band structure modifications. The
attosecond transient absorption experiment was performed on
free-standing 140–250 nm thick single crystal silicon mem-
branes in the h100i orientation [27]. The sample was excited
with 4 fs carrier–envelope phase (CEP)-stabilized NIR laser
pulses comprising spectral components with photon energies
between 1.1 and 2.7 eV [Fig. 3(a)]. These intense few-cycle
pulses promote up to 1% of all the valence band electrons into
the conduction band and significantly alter the band structure of
silicon. Probing of the conduction band modifications is
achieved with attosecond pulses centered around the L2;3-edge
of silicon at 99 eV, corresponding to a 2p core transition
[Fig. 3(b)]. The experiments allowed identification of the elec-
tron excitation mechanism and tracked the resulting conduction
bandgap shift that is found to occur before the fastest optical
phonon is excited. By comparing the excited-state experimental
spectra to state-of-the-art calculations of the silicon L2;3-edge
coupled with time-dependent density functional theory
(TD-DFT) [74,75], these effects can be disentangled.

At intensities of 1012 W∕cm2 the experiment in tandem with
TD-DFT computations finds that electrons are promoted across
the bandgap via tunneling to reach states more energetic in the
conduction band than if excited via multiphoton coupling by the
NIR pulse across the indirect band gap. This excitation mecha-
nism excites up to 1% of the valence electrons before sample
damage occurs due to the extremely short pump duration.
Broadening of the L2;3-edge features are observed that extend
to 6 eV above the edge onset [Fig. 4(a)], which TD-DFT cal-
culations showed to be evidence of the strong-field tunneling
mechanism. Half-cycle steps are visible in the transmission at
the band edge of silicon [Fig. 4(b)]. Error function fits to indi-
vidual steps extract a time duration for the electronic response of
<450 as [inset, Fig. 4(b)]. Assuming the electrons tunnel instan-
taneously in the presence of the field [64,76,77], it appears that
their arrival in the conduction band rather immediately affects
the core-level electron transition. The observed step rise time
places an upper bound on the time it takes for the excited state
to affect the XUV absorption, which is considered a many-body
carrier scattering response to a core electron transition.

Additionally, broadening of the entire silicon L2;3-edge
occurs and persists beyond the 200 fs time period measured
in this experiment. Looking at the derivative of the XUV ab-
sorption versus time, the sharp features existing at negative time
delays decrease in amplitude and broaden spectrally. The time
evolution of the differential absorption at 100.2 eV shows a
biexponential-like decay [Fig. 4(c)]. The initial sharp decrease
occurring within τe � 5 fs is indicative of the fast rate of elec-
tronic relaxation that occurs before the onset of lattice dynam-
ics. An additional 20% broadening over the remaining time
delays has a timescale of τp � 60 fs. The 60 fs decay matches
the period of the fastest optical phonon [44,45], which is
coherently excited by the electronic response due to the
few-cycle pulse. During this lattice motion, the ion cores in the
silicon lattice are displaced a distance of 6 pm from their initial
equilibrium positions, according to calculations that estimate
the spectral changes that correspond to the observed additional
20% broadening of the silicon L2;3 edge. The results support

Fig. 2. Differential optical density �ΔA� for the LMCT state (red)
and d–d transition state (blue), which were compared to the experimen-
tally observed excited state differential absorption (black). The experi-
mentally observed state matches the simulated LMCT state, while
bearing little resemblance to the simulated differential absorption for
the d–d transition. Reprinted with permission from Vura-Weis et al.,
J. Phys. Chem. Lett., 4, 3667–3671 (2013) [24]. Copyright 2013
American Chemical Society.

C60 Vol. 33, No. 7 / July 2016 / Journal of the Optical Society of America B Research Article



that the features occurring at later times correspond to the re-
sponse to the onset of coherent phonon motion. Recurrences
due to coherent phonon motion were not observed, but future
work is desirable to search for such motion and to determine
whether it is observable in XUV absorption.

Out to 200 fs, no further changes were observed, and a study
of further time dynamics remains an open goal of XUV
transient absorption. A previous time-resolved photoelectron
experiment in silicon [20] reported that the electron–electron
thermalization temperature, the time for electrons to form a

distribution described by an elevated electronic temperature that
is greater than the temperature of the lattice, occurs in less than
an experimental resolution of 120 fs [20]. Moreover, femtosec-
ond pump–probe reflectivity experiments revealed an electron
thermalization in the conduction band that occurs within
32 fs followed by a 260 fs electron–phonon relaxation time
[23]. Coherent phonon oscillations have also been observed
in silicon, with a period of 64 fs, which persist for several pico-
seconds even at room temperature [44,45]. Further XUV tran-
sient absorption experiments at longer time delays need to be
performed to characterize how these effects manifest themselves.

6. FUTURE DIRECTIONS FOR XUV TRANSIENT

ABSORPTION

In the attosecond transient absorption experiment in silicon, the
primary mechanism for carrier excitation was tunneling, because

Fig. 4. (a) The differential absorbance, �∂A∕∂E�, versus time delay
over the silicon L2;3-edge. (b) Sub-cycle steps in the transmission at the
band edge of silicon, shown with (inset) a 450 as error function fit to a
single step. (c) The biexponential decay of the differential data, showing
a separation of electronic and lattice dynamics. From Schultze et al.,
Science, 346, 1348–1352 (2014) [27]. Reprinted with permission from
AAAS.

Fig. 3. (a) In silicon, electrons excited into the conduction band
alter (b) the XUV absorbance (A) and differential absorbance �∂A∕∂E�
of the silicon L2;3-edge at 100 eV. (c) In germanium, electrons excited
into the conduction band of germanium alter (d) the XUV absorbance
(A) of the germanium M4;5-edge at 30 eV. Adapted from [27].
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of the intense few-cycle excitation pulse. However, for different
materials, such as gallium arsenide [43] or germanium, single
photon excitation at lower intensities is possible. In single-
photon absorption, electrons are excited to a narrower region of
the conduction band and excess energies may be more straight-
forward to interpret. Because the carriers are concentrated in a
discrete region of the band structure, their effect on the XUV
absorption may be analyzed more completely. Hence, it is more
likely that effects such as Pauli blocking of the XUV transition
may be observed in the one-photon limit.

Electrons are also not the only carrier of interest in bandgap
materials. Holes are also created in the valence band, and their
presence was not detected in the XUV transient absorption ex-
periments in either silicon dioxide [26] or silicon [27]. In sil-
icon the L2;3-edge is a transition from a 2p core state, and the
valence band in silicon is primarily of 3p character, leading to a
weak oscillator strength for a transition from the 2p core state to
the valence band, if it were partially occupied by holes. X-ray
photoelectron emission spectroscopy (XES) from the silicon
L2;3-edge measures the density of states in the valence band,
and this, coupled with x-ray absorption spectroscopy, can pro-
vide a more complete picture of the bandgap dynamics [78].

Another approach is to find a material for which XUV tran-
sient absorption reports on both the conduction and valence
band dynamics, such as germanium. While germanium is an
indirect bandgap material, it also has a direct bandgap of
0.805 eV at room temperature [79]. Photons with energies of
1.5 eV emitted from a typical titanium–sapphire laser source
have sufficient energy to promote electrons into the conduction
band with excess energy. An example of a NIR pump–XUV-
probe experiment in germanium is shown in Fig. 3(c). The XUV
probe would be centered about the M4;5-edge of germanium,
which lies at 29.5 eV [Fig. 3(d)] and is a transition from the 3d
core level. As the valence band in germanium is primarily of 4p
character, a transition from the 3d core state to the valence band
is dipole allowed if the valence band is not completely filled. The
ground-state XUV absorption edge of materials is a transition
from the core level to the empty conduction band density of
states, with no sensitivity to the completely filled valence band
density of states. However, after pump excitation, the available
states in the conduction band decrease, reducing the XUV ab-
sorption signal [26], and holes in the valence band open up new
transitions from the core level. The magnitude of the changes in
the XUV absorption is governed by the oscillator strengths of
the core transition to the valence and conduction bands. In ger-
manium it should be possible to observe whether, upon carrier
excitation, the conduction band decrease occurs with an increase
of the valence band after ultrafast excitation [78]. Observation of
both the conduction and valence band dynamics simultaneously
would yield direct insight into this mechanism.

Theoretical simulations of the density of states weighted by
the germanium M4;5-edge oscillator strengths enable a compari-
son between the expected strength of the XUV transitions to
the valence and conduction bands of germanium. Considering
the calculated oscillator strengths of the 3d core state excitations
[Fig. 5(a)], which are broadened due to spin–orbit effects, the
values sharply increase on both sides of the Fermi edge, indicat-
ing that a signal from the holes would indeed be visible in an

ultrafast experiment. Because the hole and electron features will
occur in different spectral regions, they can be tracked simulta-
neously in real time. To corroborate this, core-level absorption
spectra were simulated for the germanium M4;5-edge, including
1% electron-hole doping, and compared to the undoped case
[Fig. 5(b)]. The calculations shown in Fig. 5 were carried out
within the independent particle approximation and neglecting
excitonic effects, the latter of which are expected to be weak in
germanium. The electron-hole doping was simulated within the
occupation-constrained DFT approach [80]. It is clear that the
doped and undoped spectra show distinct differences, with
the doped case indicating a clear enhancement of absorbance
on the valence band side due to the presence of holes. A con-
comitant reduction of the intensity on the conduction band side
is also expected in a different spectral region due to the presence
of change in conduction band electrons.

7. CONCLUSION

In summary, using XUV transient absorption to investigate
solid-state materials, electron dynamics in metals, semiconduc-
tors and dielectrics are obtained with unprecedented temporal
and spectral resolution. Because processes such as electron–
electron scattering and electron–phonon scattering occur within
the first tens of femtoseconds in many materials, it is necessary to
employ methods with attosecond resolution to observe and
disentangle these early time competing events. By taking the
XUV transitions into account, these measurements give insight
into charge-carrier excitation in a spectrally resolved and time-
dependent fashion. A combination of ultrafast experiments and
sophisticated theory has elucidated the mechanism behind
ligand-to-metal charge transfer, electron tunneling, and evidence
for separation of purely electronic timescales from slower lattice
dynamics. These methods can be extended to investigate electron
and hole dynamics and the mechanism of the phase changes in
strongly correlated materials in the near future.
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