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CONSPECTUS:

Extreme ultraviolet (XUV) light sources based on high
harmonic generation are enabling the development of novel
spectroscopic methods to help advance the frontiers of ul-
trafast science and technology. In this account we discuss
the development of XUV-RA spectroscopy at near grazing
incident reflection geometry and highlight recent applica-
tions of this method to study ultrafast electron dynamics at
surfaces. Measuring core-to-valence transitions with broad-
band, femtosecond pulses of XUV light extends the benefits
of x-ray absorption spectroscopy to a laboratory tabletop by
providing a chemical fingerprint of materials, including the
ability to resolve individual elements with sensitivity to ox-
idation state, spin state, carrier polarity, and coordination
geometry. Combining this chemical state sensitivity with
femtosecond time resolution provides new insight into the
material properties that govern charge carrier dynamics in
complex materials. It is well known that surface dynamics
differ significantly from equivalent processes in bulk mate-
rials, and that charge separation, trapping, transport, and
recombination occurring uniquely at surfaces governs the ef-
ficiency of numerous technologically relevant processes span-
ning photocatalysis, photovoltaics, and information storage
and processing. Importantly, XUV-RA spectroscopy at near
grazing angle is also surface sensitive with a probe depth of
~3 nm, providing a new window into electronic and struc-
tural dynamics at surfaces and interfaces. Here we high-
light the unique capabilities and recent applications of XUV-
RA spectroscopy to study photo-induced surface dynamics
in metal oxide semiconductors, including photocatalytic ox-
ides (Fe,O3, Coz304 NiO, and CuFeO,) as well as photo-
switchable magnetic oxide (CoFeyO4). We first compare the
ultrafast electron self-trapping rates via small polaron for-
mation at the surface and bulk of Fe,O3 where we note that
the energetics and kinetics of this process differ significantly
at the surface. Additionally, we demonstrate the ability to
systematically tune this kinetics by molecular functional-
ization, thereby, providing a route to control carrier trans-
port at surfaces. We also measure the spectral signatures
of charge transfer excitons with site specific localization of
both electrons and holes in a series of transition metal ox-
ide semiconductors (Fe;O3, NiO, Co30,4). The presence of
valence band holes probed at the oxygen Li-edge confirms
a direct relationship between the metal-oxygen bond cova-
lency and water oxidation efficiency. For a mixed metal ox-
ide CuFeO, in the layered delafossite structure, XUV-RA
reveals that the sub-picosecond hole thermalization from O
2p to Cu 3d states of CuFeO, leads to the spatial separa-
tion of electrons and holes, resulting in exceptional photo-
catalytic performance for H, evolution and CO, reduction
of this material. Finally, we provide an example to show the
ability of XUV-RA to probe spin state specific dynamics in a

the photo-switchable ferrimagnet, cobalt ferrite (CoFe;O,).
This study provides a detailed understating of ultrafast spin
switching in a complex magnetic material with site-specific
resolution. In summary, the applications of XUV-RA spec-
troscopy demonstrated here illustrate the current abilities
and future promise of this method to extend molecule-level
understanding from well-defined photochemical complexes
to complex materials so that charge and spin dynamics at
surfaces can be tuned with the precision of molecular pho-
tochemistry.
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1. INTRODUCTION

Many energy conversion systems rely on heterogenous
catalysis to accomplish at surfaces what nature does using
molecular assemblies. >® Directly probing electron dynamics
at surfaces with chemical state resolution promises to extend
molecular-level understanding from well-defined photochem-
ical complexes to heterogeneous interfaces so that energy
conversion devices can eventually be tuned with the preci-
sion of molecular photochemistry. The major challenge of
studying charge and spin dynamics at surfaces is that sur-
faces present a heterogeneous and inherently complex elec-
tronic structure due to under-coordination,” interface bond-
ing,® and chemical and structural defects.® Additionally, it
is well established that the bulk electronic properties and
photophysical dynamics of materials are significantly differ-
ent from the analogous dynamics occurring at surfaces. %*°
As a result, photo-physical reaction dynamics at solid sur-
faces are not very well understood.

Obtaining a molecular understanding of these processes
is difficult due to the challenge of probing surfaces with
ultrafast time resolution as well as the required chemical
state sensitivity to observe the transient evolution of oxi-
dation state, spin state, lattice distortions, electron—phonon
coupling and carrier thermalization on individual elements.
In time resolved spectroscopy of molecular systems, spec-
tral signatures are directly correlated with coupling between
electronic and vibrational excitations, which control impor-
tant processes such as charge migration, '1'!? intra and in-
termolecular vibrational relaxation, ** internal conversion, '
and intersystem crossing.'® Translating these processes to
dynamics at surfaces, semiconductor photochemistry simi-
larly depends on the kinetics of interfacial charge transport,
hot carrier cooling, trapping, and recombination. These pro-
cesses represent the solid-state analog of excited state re-
laxation dynamics in molecules. However, the challenge of
probing these pathways and their associated rates with ul-
trafast time resolution and surface sensitivity motivates the
goal to extend a molecular-level understanding to dynamics
at surfaces and interfaces. In this article, we describe re-
cent progress toward this goal uniquely enabled by XUV-RA
spectroscopy, which provides the ability to observe dynamics
at surfaces by probing state-specific, core-to-valence transi-
tions with surface sensitivity and ultrafast time resolution.

This progress is facilitated by the ability to produce ul-
trafast, broadband pulses of XUV light by tabletop high
harmonic generation (HHG).'® Using ultrafast XUV light
produced by HHG, it is possible to perform absorption mea-
surements similar to x-ray absorption spectroscopy. ! In
x-ray absorption the absolute core-to-valence transition en-
ergy serves as an element specific tag similar to x-ray pho-
toelectron spectroscopy, while the absorption lineshape can
be interpreted as a projection of the valence band electronic
structure. Although this picture of a single electron exci-
tation is a useful approximation, multi-electron interactions
may also influence the measured systems and should be con-
sidered.

To accurately calculate absorption cross sections, it is nec-
essary to know the true initial and final state wavefunctions.
An alternative to these challenging, multibody calculations
is the one electron approximation. In this approximation,
the initial state is a core wave function, the final state is
a free electron wave function, and all the other electrons
are considered to not participate in the transition. Within
this approximation the absorption spectrum resembles the

partial density of empty states projected onto the core or-
bital of the absorbing site. Although this approximation can
accurately describe K-edge transitions (1s — 4p) for the 3d
transition metals, it often breaks down for L-edge (2p — 3d)
and M-edge (3p — 3d) transitions, where the interaction of
the core-hole with the 3d valence band is significant. These
interactions can be partially accounted for by considering
angular momentum coupling between the core-hole and the
partially filled valence band, and this treatment is the ba-
sis for ligand field multiplet simulations of x-ray absorption
spectra.17!° X-ray absorption spectroscopy has been widely
used to measure local coordination and electronic structure
with element-specific resolution in a variety of molecular sys-
tems. 2021

As XUV light also probes core-to-valence transitions,
XUV absorption spectroscopy based on HHG offers the ben-
efits of performing x-ray absorption spectroscopy on a lab-
oratory tabletop, providing element-specific resolution with
sensitivity to oxidation state, spin state, carrier polarity, and
coordination geometry. *822:23 Thig means that in ultrafast
XUV measurements it is possible to resolve the contribution
of individual atoms to the overall charge and spin dynamics
of a material. In this way XUV spectroscopy fills an im-
portant gap by combining the time resolution inherent in
ultrafast optical methods with the chemical state resolution
typical of x-ray absorption methods. %4

To extend this method to the study of surface dynam-
ics, we have recently pioneered a reflection analog to XUV
transient absorption and demonstrated that measuring XUV
reflectance at near grazing angle represents a surface specific
measurement with a sampling depth <3 nm.?% As described
in this article, this method is now enabling real time obser-
vation of dynamics at surfaces with the ability to resolve ele-
ment, 2% oxidation state,?” spin state,#2?® coordination envi-
ronment,* and carrier specific! dynamics with femtosecond
time resolution. The examples provided highlight the ability
of this method to address the long-standing challenge of ob-
taining a molecule-level understanding of surface dynamics
in complex materials.

2. ADVANTAGES OF XUV SPECTROSCOPY

2.1 Resolving Oxidation State, Spin State and Co-
ordination Geometry with Element Specificity

In this section, we describe how XUV spectroscopy based on
HHG extends the benefits of x-ray absorption spectroscopy
to a tabletop laboratory instrument. 3% HHG is an highly
nonlinear, strong field process that operates in the non-
purterbative regime. It enables production of XUV and soft
x-ray pulses with femtosecond to attosecond pulse durations.
The maximum photon energy produced during HHG is pro-
portional to the electron pondermotive energy (U,) gained
in the strong laser field plus the ionization potential of the
generation medium (I, = 24.6 €V for helium). The pon-
dermotive energy scales with A2 of the driving laser, where
longer wavelengths give rise to greater electron acceleration
resulting in higher photon energies.'® By this process 800
nm pulses can produce XUV photon energies >100 eV, and
longer wavelength driving fields can extend the HHG spec-
trum into the soft x-ray region (>300 eV). Our study fo-
cuses on the Mj 3-edges of the first row transition metals
that range from 30 to 80 eV. This range of photon energy is
readily accessed using the 800 nm output of a Ti:Sapphire
chirped pulse amplifier. A schematic diagram of tabletop
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Figure 1.

(a)Schematic of XUV-RA spectrometer (b) The high harmonics of He reflected from the Si and Fe,O4 substrate. The gray

lineshape shows the XUV-RA of Fe;O5 (c) XUV-RA line shapes for a series of first row transition metal oxides, showiing the element
specificity of XUV spectroscopy. (d) spin (e) oxidation state (f) and geometric environment specificity of XUV-RA spectroscopy. Panel
a is adapted with permission from ref. 27. Royal Society of Chemistry. Panel c is reproduced with permission from ref. 29. Copyright
2020 American Chemical Society. Panel d, e, f are reproduced with permission from ref. 22. Copyright 2016 American Chemical Society.

XUV spectrometer in a reflection geometry is provided in
Figure 1a.?” In this setup, broadband high harmonics (Fig-
ure 1b) are generated in helium via a two-color driving field
(2mJ of 800nm and 40uJ of 400nm). Here the 400 nm pulse
serves to break to symmetry of the 800 nm field to allow
production of both even and odd harmonics. These funda-
mental beams are filtered using an Al foil (F), which trans-
mits the XUV beam. A toroidal mirror (TM) is used to
focus the XUV beam on the sample (S) at a near grazing
incidence (8°). A spherical variable line-spaced grating (G)
is used to spectrally disperse the XUV beam on to a CCD
detector. The broadband high-harmonics reflected off a sili-
con substrate extend from 30-72 eV, as shown in Figure 1b,
where the cutoff at 72 eV is defined by the transmission of
the Al filter. If a specific core-to-valence absorption edge
falls within this energy range, this light-source has the ad-
vantage of measuring element, oxidation state, spin state,
and geometric environment specific information similar to
traditional x-ray absorption edges.

To show the capability of element specificity of XUV spec-
troscopy, Figure 1c compares the XUV absorption lineshapes
for a series of first row transition metal oxides in a reflec-
tion geometry.?>?° The absorption lineshapes are a result

of Ms 3-edge absorption which corresponds to the 3p — 3d
transitions. The M 3-edge transition energy increases with
the atomic number as the effective nuclear charge increases
from left to right of the periodic table, retaining the element
specific signature of core-to-valence spectroscopy. Measure-
ments by Zhang et al. on bulk molecular thin film systems
show that the shape and position of these absorption edges
are additionally sensitive to the spin state (Figure 1d), oxi-
dation state (Figure le), and coordination geometry (Figure
1f) of the respective metal center. > XUV-RA measurements
of ferrimagnetic spinel metal oxides also demonstrate the
sensitivity of this method to spin state, oxidation state, and
coordination geometry.*?® It should be noted that the ad-
vantages of XUV spectroscopy described in this section are
general phenomena of core-level spectroscopy ranging from
XUV spectral domain to soft and hard x-ray regime. How-
ever, the ability to measure core-hole spectra using a table-
top instrument with ultrafast time resolution combined with
the surface specificity of XUV light make XUV-RA spec-
troscopy uniquely suited to provide a detailed understanding
of dynamics at surfaces.

2.2 Surface Specificity
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Figure 2. (a,b)In transmission experiments, the resonant atten-
uation of the transmitted beam is inversely proportional to the
attenuation coefficient . For grazing angle reflection geometry
the depth of interaction decreases by a factor of sinf. (c) The ex-
perimentally determined probe depth for XUV-RA spectroscopy
and XPS. Fitting an exponential rise to the XPS data points yields
a probe depth of 2.8 nm (shown by the black line). Reproduced
with permission from ref. 26. Copyright 2018 Royal Society of
Chemistry

As described above, the difficulty of making chemically
precise, state-resolved measurements of surface dynamics
represents a significant challenge.3'3* Many theoretical
studies predict that equilibrium structure as well as non-
equilibrium dynamics of charge carriers at surfaces are very
different compared to the equivalent processes in bulk. 3537
This can be a result of undercoordination of surface atoms,
interface bonding, and surface segregation of structural de-
fects, all which can be difficult to accurately character-
ize. 57833 Accordingly, correct understanding of charge and
spin dynamics at surfaces, which are relevant for numerous
processes in energy conversion and information processing,
require the ability to make state-resolved surface sensitive
measurements with ultrafast time resolution.

To address this challenge, we designed a time-resolved
XUV spectrometer in a reflection geometry, where the XUV
probe beam reflects from a sample surface at a near grazing
incidence angle.?® Figure 2a and b qualitatively show the
advantage of performing a reflection experiment compared
to a transmission measurement in terms of the attenuation
length, which defines the probe depth. Compared to a trans-
mission geometry, the attenuation length of XUV light pro-
jected along the surface normal at near grazing incidence is
reduced by a factor of sin(6), where 6 is the incidence angle
of the probe beam relative to the sample plane.?® In this
present experimental design, near grazing angle is set to 8°,
reducing the probe depth by a factor of 7.2 . For a series of
first row transition metal oxides, this limits the interaction

of the probe beam in these reflection measurements only a
few nm from the sample surface (Table 1), enabling surface
sensitive measurements. Although this report is focused pri-
marily on the first row transition metal oxides, the resonant
attenuation length of XUV light is similarly low for many
materials, ®® indicating this technique can be applied more
generally to probe surface dynamics in a wide range of ma-
terial systems. XUV spectroscopy in a reflection geometry
can also be used measure complex dielectric functions in the
XUV region®® and is sensitive to changes in the non-resonant
photo-ionization cross-section of materials. 4°

It should be noted that line shapes differ for reflection
spectra compared to absorption spectra because absorption
depends only the imaginary component of the refractive
index, while reflection depends on the complex refractive
index. However, because real and imaginary components
of the complex index represent Kramers-Kronig pairs, the
same resonance information is inherently contained in ei-
ther measurement. In fact, we have shown that absorp-
tion simulations can also predict reflection spectra, under
the assumptions required for Kramers-Kronig transforma-
tions. Interested readers are referred to previous work 2°27
for details of interpreting XUV-RA lineshapes using semi-
empirical charge transfer multiplet theory and classical elec-
tromagnetic theory.

Table 1. Attenuation coefficients and probe beam interaction
regions in transmission and reflection-absorption experiments for
Fe,O03, Co30,, and NiO. Adapted from Ref. 26 with permission
from the Royal Society of Chemistry

Metal oxide « /nm~ ' 1, /nm
Fe,O, 0.1027% 1.36
Co,0, 0.036*! 3.87
NiO 0.06438 2.17
TiO, 0.136°8 1.02

In order to experimentally validate the predicted surface
specificity of XUV-RA, we compare the probe depth of XUV-
RA with a widely used surface analysis technique, x-ray pho-
toelectron spectroscopy (XPS). It is expected that for XUV-
RA measurements as a function of film thickness, the mea-
sured XUV-RA intensity should saturate beyond the limit
where the material thickness exceeds the probe depth.3® To
verify this, we plot the XUV Mj 3-edge resonant intensity
of TiO, films grown by atomic layer deposition on a SiO,
substrate as a function of TiO, film thickness (Figure 2c). 2
As expected, we observe an intensity saturation at higher
film thickness, and the probe depth is defined by fitting this
curve to an exponential. For comparison, the probe depth
of XPS is obtained from the same samples by measuring the
atomic fraction of Ti as a function of film thickness, and this
result obtained by XPS follows nearly identical fit (Figure
2¢). 25 The best fit to these data provides a measured probe
depth of 2.8 nm, confirming that XUV-RA is well-suited to
elucidate ultrafast dynamics at surfaces with chemical state
resolution. It has also been shown that XUV-RA is sensi-
tive to photoemission cross sections through the nonresonant
offset of the imaginary refractive index. *°

Utilizing the surface specificity, we compare the time-
resolved surface and bulk polaron formation dynamics in
hematite, an earth abundant photocatalyst, which suffers
from poor carrier mobility due to small polarons. 4042744 In
the photoexcited state of hematite, the excited electrons cou-
ple to optical phonons, resulting in an ultrafast lattice dis-
tortion and small polaron formation within several hundred
femtoseconds. This process severely limits charge carrier
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mobility and increases recombination events. For Fe,Oj3 it
has been predicted that the kinetics of polaron formation
and hopping are unique to the surface, but converge to bulk
values within 3-4 atomic layers.%® Using XUV-RA we mea-
sure these surface kinetics, which confirm that the polaron
formation time constant (7po; = 250 %+ 40 fs) is about three
times slower compared to bulk (90 + 5 fs) as shown in Figure
3a.42

To understand this significant difference, we consider a
Marcus polaron hopping model as illustrated in Figure 3b
and described in Equation 1. The parabolas in this Marcus
model represent the potential energy surfaces of the same
states observed in XUV measurements, where the initial ex-
cited state is the charge transfer state, and the self-trapped
or stabilized state is the small polaron. Here the reaction
coordinate primarily represents expansion of the Fe-O bond
at photoexcited Fe?* centers.

act (AEPS + Erel)2

AE*" = By (1)
In Equation 1, AEP® is the polaron stabilization energy,
which can also be described as the thermodynamic driv-
ing force of polaron formation, and E™® is the lattice re-
organization energy associated with polaron formation. 4647
From the measured rate we calculate the activation barrier
of polaron formation (239 £+ 8 meV), which is about 50 meV
greater than in bulk. Analysis shows that this difference is
a result of lower steric hindrance at the surface, accommo-
dating greater lattice reorganization (E"') along the Fe-O
reaction coordinate. We also show this barrier is tunable
based on surface functionalization with organic molecules
(Figure 3c), which can stabilize or destabilize the surface
polaron state by controlling the interfacial dipole moment.
This study demonstrates the use of XUV-RA spectroscopy
to probe time-resolved dynamics at surfaces, and provides
a new direction for improving interfacial charge transport
at hematite surfaces based on molecular understanding the
electron trapping process.

3. CARRIER SPECIFICITY OF XUV SPEC-
TROSCOPY

Probing photoexcited dynamics with carrier specificity refers
to the ability to independently resolve charge carriers with
opposite polarity (i.e. electrons vs holes). Although chal-
lenging, this ability has the potential to provide unique
chemical insights into the ultrafast processes that ultimately

determine charge separation and transport in complex ma-
terials. *° Optical spectroscopy in the visible and ultra-violet
regime probes the joint density of states, therefore separat-
ing the signatures of electrons and holes in the frequency
space is difficult. *® Consequently, time-resolved observation
of electron and hole thermalization simultaneously in the
optical regime is challenging due to the overlapping spectral
features of electrons and holes. Because XUV probes core
transitions, separate signature of electrons and holes can be
obtained through transitions from core orbitals to conduc-
tion and valence bands, respectively. We note that hard x-
ray spectroscopy has also been used to probe the dynamics of
both electrons and holes in metal oxides and inorganic per-
ovskites materials. °* 52 Here we provide several illustrative
examples where tabletop XUV spectroscopy has been used
to independently resolve the signature of both electrons and
holes simultaneously.

Figure 4a shows a simple molecular orbital diagram of
a M-O bond where photoexcitation produces electrons in
the metal based 3d orbitals and holes in the hybridized M
(3d) and O (2p) orbitals.! According to this diagram, the
metal M 3-edge absorption informs the electron dynamics
where the O Lji-edge absorption enables detection of pho-
toexcited hole dynamics. Figure 4b compares the transient
XUV-RA spectra after 2 ps following photoexcitation for
Fe; O3, Co304, NiO and FeS,. In each case the shaded back-
ground represents the static XUV-RA spectrum to the corre-
sponding transient spectrum. Photoexcited states in Fe; O3,
Co30,4 and NiO each show a similar nature of the charge
transfer excited states where photoexcitation (O 2p—M 3d)
leads to one-electron reduction of the respective metal cen-
ters. In addition to the spectral features corresponding to
the metal M 3-edge transitions of Fe, Co, and Ni, which
increase from 50 to 70 eV, we observe an additional excited
state absorption feature around 42 eV, which appears consis-
tently in Fe; O3, Coz0,4 and NiO as shown in Figure 4b. Ac-
cording to the Henke table, this common positive absorption
feature observed at 42 eV matches the O Li-edge (2s—2p)
transition energy (41.6 €V) and is assigned to the hole in
the O 2p based valence band following photoexcitation as
schematically depicted in Figure 4a.3® The spectral feature
in FeSy at the Fe Mj 3-edge is similar to Fe;Oz, however,
no positive feature around 42 eV is observed in FeS,. This
observation confirms that the positive feature at 42 eV repre-
sents the O Lji-edge transition associated with the presence
of a transient hole in the O 2p based valence band in pho-
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toexcited Fe,O3, Co30,4 and NiO. The localization of the
hole in O 2p valence band and the electron in the M 3d
conduction band confirms the nature of the charge-transfer
exciton in this series of metal oxide semiconductors.

Additionally, the spectral feature at the O Li-edge in each
metal oxide shows that there is a gradual red-shift of the L1-
edge peak position from Fe; O3 to CozO,4 to NiO. This trend
is associated with the M-O bond covalency in these metal
oxides. To explain, as M-O bond covalency increases, the
O 2p bonding states are stabilized. This shift of the O 2p
states decreases the O L; transition energy occurring from
the O 2s core to the O 2p valence band. Therefore, tran-
sient XUV spectroscopy is directly probing the M-O bond
covalency in these metal oxides in the photoexcited state by
sampling the stabilization of the valence band hole. Ground
state O K-edge x-ray absorption can indirectly probe the
M-O bond covalency because it represents a measure of the
O 2p character in the unoccupied metal 3d conduction band
states. However, accurate interpretation of M-O bond cova-
lency requires knowledge of the metal 3d occupancy as well
as the relative hybridization of O 2p states with the metal
ey and tzg conduction band states, making a comparison of
covalency difficult, particularly for the late transition metal
oxides. *?

Metal oxides are a compound semiconductor with different
elemental contributions to the electron and hole wavefunc-
tions, but XUV can also differentiate carriers in single ele-
ment semiconductors. For example, XUV transient absorp-
tion spectroscopy of Ge and Si reveals spectrally resolved
signatures of electrons and holes, and their time-resolved
dynamics can be independently measured as shown in Fig-
ure 4c and d.*85455 In a related experiment on Sig.25Geq.75
alloy, it was possible to detect electron trapping to detect

states near the conduction bands by probing Ge M4,5 ab-
sorption. ¢ Similarly, Lin et. al. observed separate signa-
tures of electrons and holes by probing the I 4d core level
(I Ny s-edge) transitions in photoexcited Pbl,.?* Recently,
Attar et al. observed carrier specific relaxation in nanoscale
thin films of layered 2H-MoTe, semiconductor.®”

4. ULTRAFAST SPATIAL CHARGE SEPARA-
TION IN CuFeO, SOLAR PHOTOCATHODES

CuFeO, is an earth-abundant metal oxide semiconductor,
showing promising ability as a solar photocathode for H,
evolution and CO, reduction. *®%° Analogous to Fe,O3, pho-
toexcitation of CuFeQO, excites electrons from O 2p valence
band to Fe 3d conduction bands, however, cathodic pho-
tocurrent is only observed in CuFeO, as shown in Figure 5a.
A clear mechanism for the exceptional photocatalytic perfor-
mance of CuFeO, is not well understood. With the ability of
XUV-RA spectroscopy to observe element, oxidation state,
and carrier specific dynamics, we find that a subpicosecond
spatial separation of photoexcited electrons and hole occurs
within the CuFeO, delafossite lattice. In particularly, hole
thermalization from O 2p to Cu 3d states of CuFeO, leads
to the spatial separation of electrons and holes which cannot
occur in Fe;O3. This spatial charge separation in CuFeO, is
enabled by the layered delafossite structure, where interband
hole thermalization results in spatial separation of holes from
electrons across separate layers of this material.

Figure 5b and ¢ compare the XUV-RA spectra of photoex-
cited Fe5 O3 and CuFeO,, respectively as a function of time.
The spectral features of Fe,O3 at the Fe My 3-edge (50-60
eV) consist of a ground state bleach at 54 eV which is as-
sociated with the charge transfer state. This bleach feature
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the case of Fe,O5 no photoinduced cathodic current is observed. By comparison, delafossite CuFeO, displays significant catalytic
photocurrent. Transient XUV-RA spectra of (b) Fe;O4 and (c) CuFeO, as a function of time. (d) Normalized kinetic traces showing
the transient response at the Fe Mg 3-edge, the Cu M3 3-edge, and the O Li-edge. (e) Schematic showing the time evolution of XUV
transient reflectionabsorption features for an initial O 2p — Fe 3d charge transfer excitation followed by hole thermalization to strongly
hybridized Cu 3d states at the valence band edge. (f) Spatial separation of electrons and holes within the CuFeO, lattice, where electrons
localizes to the Fe 3d centers and holes localizes to the Cu 3d centers in between the layers of Fe octahedra. Adapted with permission

from ref. 3. Copyright 2018 American Chemical Society.

blue-shifts as a function of time with a correlated formation
of excited state absorption at 52 eV within few hundreds of
femtoseconds. This is a signature of lattice expansion as-
sociated with surface electron trapping and small polaron
formation.?” Similar kinetics and spectral features were ob-
served in case of photoexcited CuFeO, at the Fe My s-edge
(50-60 eV), indicating the presence of similar charge transfer
state and surface electron trapping dynamics. However, in
case of CuFeQ,, interestingly we observe strong excited state
absorption at the O Li-edge (40-47 eV) and Cu M 3-edge
(above 63 €V). Time evolution of these features is correlated
in time (Figure 5d) and delayed (time constant of ~500fs)
with respect to the near-instantaneous transient signal ob-
served at the Fe M3 3 edge. These observations are explained
schematically in Figure 5e. Photoexcitation creates a charge
transfer state where transient holes are localized in O 2p va-
lence bands, while the electrons are localised in Fe 3d con-
duction bands. However, at a measurable, sub-picosecond
time delay following photoexcitation, the hole thermaliza-
tion occurs from the O 2p valence bands to the hybridised
Cu 3d and O 2p orbitals near the valence band maximum.
As the hole thermalizes to these hybridised Cu 3d and O 2p
valence bands, two additional channels of XUV transitions
appear 1) O 2s— Cu 3d + O 2p (O L;) 2) Cu 3p— Cu 3d
+ O 2p (Cu Mz 3). We note that although the electron lo-
calizes in the Fe 3d conduction band states in both Fe,Og3
and CuFeO,, hole thermalization in CuFeO, facilitates the

sub-picosecond spatial separation of charge carriers (Figure
5f). Therefore, ultrafast hole thermalization in CuFeO, from
localized O 2p to the delocalized hybridized O 2p and Cu
3d valence bands weakens the exciton binding energy and
is likely responsible for the significantly improved photocat-
alytic performance. These results are supported by DFT
calculations confirming strong covalency of Cu 3d and O 2p
states at the valence band through pCOHP calculations.

These findings are also consistent with x-ray absorption
and resonant inelastic x-ray scattering measurements of
CuFeO,, which have assigned photoexcitation in this mate-
rial to a metal-to-metal (Cut/Fe*™ — Cu **/Fe*") charge
transfer leading to hole localization in Cu 3d valence band
states and electron localization to the Fe 3d conduction
band.®® However, the XUV measurements described here
benefit from a 3 order of magnitude increase in time resolu-
tion (<100 fs for tabletop XUV spectroscopy compared to
100 ps for third generation synchrotrons), so synchrotron-
based measurements are unable to see the ligand-to-metal
charge transfer character in the initial photoexcited state or
the sub-picosecond spatial charge separation leading to the
final metal-to-metal charge transfer state.

5. ULTRAFAST SPIN SENSITIVE DYNAMICS

Another important application for XUV-RA spectroscopy
is to probe time-resolved spin sate specific dynamics. Here
we show an example of this capability using cobalt ferrite
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(CFO) as a model system. CFO is a metal oxide semi-
conductor that belongs to the class of ferrimagnetic inverse
spinel ferrites having the general formula CoFe,O,4 where,
Fet occupies all of the tetrahedral sites and half of the
octahedral sites, and Co?" occupies the remaining half of
the octahedral sites. In this material all the metal centers
are in the high-spin state with the tetrahedral and octahe-
dral sublattices aligned antiparallel to each other to create
ferrimagnetic ordering with a nonvanishing magnetization.
Interestingly, CFO has a similar valence shell structure com-
parable to Co-Fe prussian blue analogues (PBAs), therefore
there exists the possibility of photoinduced spin crossover via
charge-transfer induced spin transition (CTIST). XUV RA
measurements confirm this, showing that excitation with 400
nm light leads to a high spin (HS) to low spin (LS) transition
on photoexcited Co®" with near unity internal quantum ef-
ficiency. The kinetic data in Figure 6a represents amplitude
coefficients for an initial and final state obtained by global
kinetic analysis of the experimental data. Using ligand field
multiplet simulations, the initial state (blue) is assigned as
a HS Co®", and the final state (orange) is assigned as a
LS Co®* state.* Based on this kinetic analysis we find that
the time constant for photo-induced spin crossover (SCO) is
405 + 29 fs. This sub-picosecond time constant for SCO is
similar to the case for several PBAs reported before. There-
fore, CFO thin films are able to show CTIST following pho-
toexcitation with a 400nm light that drives the system to
a MMCT state where Co®* is initially in a HS state, which
subsequently relaxes to a LS Co>" state within few hundreds
of femtoseconds (Figure 6b). In a related study on nickel fer-
rite, we similarly observed optical spin state switching with
element specific resolution. 2®

6. SUMMARY AND FUTURE DIRECTIONS

XUV-RA spectroscopy is currently extending a molecular-
level understanding of dynamics at surfaces from well-
defined photochemical complexes to complex material inter-
faces. An important emerging direction is to extend HHG
to the water window (280-535 €V) and utilize these light
sources to access C, N and O K-edges to study dynamics of
solvated systems in liquid environments. A number of stud-
ies have demonstrated spectroscopy at the C K-edge (285
éV) using a mid-IR driving field. '®®' Recent studies show
that the N and O K-edges (410 and 535 eV) are now also
accessible, 2062754 indicating that ultrafast spectroscopy of
solvated systems in the water window is a frontier, which is
now on the horizon. °>%® XUV and soft x-ray experiments at
these higher photon energy will enable in situ measurements
of catalytic reaction dynamics with unprecedented time res-
olution.

Ongoing technological advances are also underway to in-
crease the brightness of these tabletop light sources. The
National eXtreme Ultrafast Science Facilty (NeXUS) is one
such effort. At the heart of NeXUS is a kW-class ultrafast
laser, which will provide a two order of magnitude increase
in the XUV pulse repetition rate compared to traditional
HHG sources. Similar efforts are also underway through the
Extreme Light Infrastructure Attosecond Light Pulse Source
(ELI-ALPS). Together these facilities will open the door to a
variety of non-linear XUV measurements as well as ultrafast
in situ measurements that are currently limited by a lack of
sufficient XUV photon flux.

Recent efforts on non-linear experiments using a transient
grating approach as well as four wave-mixing experiments
show the promise of multidimensional XUV spectroscopy
with attosecond time resolution.®”%® While making phase-
stable pulses in this domain is challenging, ongoing devel-
opment of XUV and x-ray optics, interfered-pulse stabiliza-
tion, and high brilliance tabletop XUV sources with high
repetition rates will advance multidimensional spectroscopy
to these high energy spectral domains with a extremely high
temporal resolution. >7° Rapid advances in this developing
field promise to provide new physical insights into ultrafast
nonadiabatic transitions at conical intersections, where elec-
tronic states are degenerate, electrons and nuclei evolve on
comparable timescales and thus become strongly coupled.
These studies, which are recently accessible in molecular sys-
tems, ! are in the process of being extended to solid surfaces
and interfaces in order to provide a molecular understanding
of photo-induced electron and nuclear dynamics in relevant
material systems. To conclude, XUV spectroscopy of sur-
faces is an emerging frontier of ultrafast science, and this
rapidly growing field is providing needed physical insights
required to inform important applications in fields ranging
from energy conversion and catalysis to ultrafast spin-based
information storage and processing.
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