LLNL-JRNL-871244

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Dynamic Competition between Hubbard and Superexchange
Interactions Selectively Localizes Electrons and Holes through
Polarons

Jocelyn L. Mendes, Hyun Jun Shin, Jae Yeon Seo, Nara Lee, Young Jai Choi, Joel B. Varley,
and Scott K. Cushing™

ABSTRACT: Controlling the effects of photoexcited polarons in transition metal oxides can
enable the long time-scale charge separation necessary for renewable energy applications and
controlling new quantum phases through dynamically tunable electron—phonon coupling. In
previously studied transition metal oxides, polaron formation is facilitated by a photoexcited
ligand-to-metal charge transfer (LMCT). When the polaron is formed, oxygen atoms move
away from iron centers, which increases carrier localization at the metal center and decreases
charge hopping. Studies of yttrium iron garnet and erbium iron oxide have suggested that
strong electron and spin correlations can modulate photoexcited polaron formation. To
understand the interplay between strong spin and electronic correlations in highly polar
materials, we studied gadolinium iron oxide (GdFeOs;), which selectively forms photoexcited
polarons through an Fe—O—Fe superexchange interaction. Excitation-wavelength-dependent
transient extreme ultraviolet (XUV) spectroscopy selectively excites LMCT and metal-to-metal
charge transfer (MMCT) transitions. The LMCT transition suppresses photoexcited polaron
formation due to the balance between superexchange and Hubbard interactions, while MMCT transitions result in photoexcited
polaron formation within 250 + 40 fs. Ab initio theory demonstrates that electron and hole polarons localize on iron centers
following MMCT. In addition to understanding how strong electronic and spin correlations can control strong electron—phonon
coupling, these experiments separately measure electron and hole polaron interactions on neighboring metal centers for the first
time, providing insight into a large range of charge-transfer and Mott—Hubbard insulators.

B INTRODUCTION

dominated by either mixed oxygen/metal orbitals or entirely

Polaron formation in transition metal oxide materials has been
widely explored for its effects on ground-state transport in
correlated materials and solar energy processes like photo-
catalysis.' > In highly polar materials, the coupling of
photoexcited charge carriers to phonons in the lattice localizes
carriers in the form of polarons.’ Parameters to dynamically
control laser-driven strong electron—phonon coupling is an
ongoing search. Understanding and controlling the underlying
physics that determines the formation of polarons in materials
could provide meaningful improvements to a wide range of
material classes, from organic electronics to solar energy
systems and exotic quantum phases.7’8

Hematite (a-Fe,O;) and other iron oxides have been
extensively explored for their photoexcited polaron formation
dynamics.”~'> Most of these materials are charge-transfer
insulators, where the valence band maximum (VBM) is
dominated by O 2p orbitals, and the conduction band
minimum (CBM) is dominated by metal 3d orbitals. An
above-band gap photoexcitation induces a ligand-to-metal
charge transfer (LMCT) transition from oxygen to the metal
center. The electronic structures of metal oxides also span
intermediate and Mott—Hubbard insulators, where the VBM is

metal orbitals, respectively. These differing electronic struc-
tures pose a unique route for the modulation of carrier
localization by polaron formation following photoexcitation.
Almost uniformly across iron oxides, photoexcited small
polaron formation occurs within a few hundred femtoseconds
of the charge transfer transition.'”"'* A subsequent expansion
of Fe—O bond lengths and localization of electron density on
polaronic iron sites has been measured using a variety of X-ray
spectroscopies. Recent work exploring the tunability of
polaronic properties has been demonstrated using structural
distortions and strong electron and spin correlations. For
example, rare-earth orthoferrite ErFeO; was found to have
weaker polaronic binding energies because the polaron
formation rate was slowed by strong electronic correlations.'”
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Figure 1. (A) GdFeO; crystal structure with electron (blue) and hole (green) polaron charge densities as calculated with exchange correlation
functionals that correct for self-interaction errors, referred to as defect supercell calculations. The electron and hole polarons are both predicted to
be centered on iron atoms. (B) Calculated electronic band structure and the projected density of states (PDOS) with the HSE06 hybrid functional
with 15% exact exchange for the studied AFM ground state, including tentative assignments of band transitions associated with the 800 nm (pink
arrow) and 400 nm (blue arrow) excitations that lead to the polaron formation. The bandgap is overestimated due to deficiencies associated with
the DFT of transition metals, but the band structure and contributions of relative orbitals are preserved. The excitation arrows are adjusted
accordingly to showcase the transition densities expected based upon the experimentally measured band gap.

Additional work comparing hematite and Y;Fe;0;, (YIG)
finds that strong spin-selective dynamics reduce polaron
formation in YIG and increase its photocatalytic efficiency by
an order of magnitude with respect to hematite."> Transient
XUV and X-ray spectroscopies, however, have yet to be applied
to the simultaneous measurement of electron and hole
polarons in intermediate and Mott—Hubbard insulating iron
oxides.

Here, we employ excitation-wavelength-dependent transient
extreme ultraviolet (XUV) reflection spectroscopy to explore
the relation between superexchange and Hubbard interactions
in influencing strong carrier localization through polarons in
single-crystal rare-earth orthoferrite GdFeOj;. This intermedi-
ate insulator (mixed O 2p/Fe 3d VBM) is a model material
system for many perovskite Mott—Hubbard insulators due to
its crystal structure.'”'” GdFeO, and other rare-earth
orthoferrites have been explored as candidates for photo-
electrochemical oxygen reduction and evolution, as well as
magneto-optical and spintronic applications due to their
demonstrated multiferroicity.'®'? Through transient XUV
spectroscopy, we find that LMCT from O 2p to Fe 3d orbitals
results in the suppression of photoexcited polaron formation,
while a metal-to-metal charge transfer (MMCT) induces
photoexcited polaron formation. The MMCT enables polarons
by superexchange across an Fe—O—Fe bond, resulting in hole
and electron polarons localized on neighboring iron centers,
and a reduced radiative lifetime (<100 ps for MMCT versus
1.2 + 04 ns for LMCT). Polaron formation is suppressed
following a higher energy LMCT due to the balance of on-site
Coulomb repulsion (U) from oxygen-dominated valence
orbitals and superexchange in the final spin state. While
thermalization of these carriers occurs in ~350 fs, the final spin
state from the LMCT prevents the polaron formation. Ab
initio density functional theory (DFT) and the Bethe—Salpeter
equation (BSE) simulate the photoexcited XUV dynamics.
Polaron-induced lattice distortions and charge localization
within a defect supercell approach were assessed with different
levels of electronic structure theory, ranging from DFT
incorporating on-site Hubbard U parameters with variational
polaron self-interaction-corrected (pSIC) total-energy func-
tional models to hybrid functionals with different fractions of

exact exchange. The results provide new insight into tuning
polaronic properties via strong electronic and spin correlations
for transition metal oxide materials, particularly identifying
superexchange interactions as a new dynamical carrier
localization and polaron design parameter.

B EXPERIMENTAL SECTION

Synthesis of Single-Crystalline GdFeO;. Single crystals of
GdFeO; were synthesized using the flux method, employing PbO,
PbF,, PbO,, and B,O; as fluxes in a high-temperature furnace. A
stoichiometric mixture of Gd,O; and Fe,0; powders was thoroughly
combined with the flux compounds and placed in a platinum crucible.
The mixture was heated to 1250 °C for 16 h to ensure complete
dissolution. Then, it was cooled slowly to 850 °C at a rate of 2 °C/h,
and further cooled to room temperature at a rate of 100 °C/h. This
process yielded large cuboid shaped GdFeOj; crystals, with individual
crystals obtaining lengths of up to 1 cm on a side. Characterization of
the GdFeO; single crystals can be found in the Supporting
Information.

Transient Extreme Ultraviolet (XUV) Spectroscopy. For both
photoexcitation wavelengths, the pump pulses are ~50 fs with a
fluence of ~11 mJ/cm” and are time-delayed with respect to the
probe pulse. In the case of 800 nm photoexcitation, this results in a
photoexcited carrier density of ~7.3 X 10*° cm™, and for 400 nm
excitation a carrier density of ~3.7 X 10%° cm™, details of the carrier
density calculation can be found in the Supporting Information. The
DFT-calculated unit cell of GdFeO; has a volume of ~2.4 X 107%
cm® and given that each unit cell contains 4 iron atoms, there are
approximately ~1.6 X 10** Fe atoms/cm®. This would result in ~4.5%
and ~2.3% of iron atoms excited following 800 and 400 nm
photoexcitation, respectively. The XUV probe pulse is generated by
high harmonic generation in Ar gas from a few-cycle white light pulse.
The transient extreme ultraviolet reflection experiment employs a 10°
grazing incidence geometry, which results in a ~2 nm penetration
depth.” The Fe M, ; edge at ~54 eV corresponds to transitions from
the 3p;/,5/, core levels into 3d core levels. The change in transient
reflection following photoexcitation is defined by AOD =
'10810(Ipump on/ Lpump oi)- Additional details about the transient extreme
ultraviolet spectrometer can be found in the Supporting Information.

Ab Initio Polaron and Core-Level Spectra Modeling. The
theoretical framework we employ to fully analyze the transient core-
level spectra has been described in detail previously.”' We compute
both the ground-state X-ray absorption at the Fe M,; edge in
GdFeO; and differential effects to the core-level GdFeO; spectra
following excitation-wavelength-dependent photoexcitation and polar-
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on formation. These effects are calculated with an ab initio theoretical
approach which employs density functional theory and the Bethe—
Salpeter equation (DFT+BSE). The DFT+BSE approach employs
DFT using the Quantum ESPRESSO package**’ and the existing
OCEAN code™ ™ (Obtaining Core-level Excitations using Ab-initio
calculations and the NIST BSE solver). We have modified the BSE to
use excited state distributions to determine transient changes in the
XUV spectra. We first calculate the band structure of GdFeO; using
DFT. Then, the BSE is solved to obtain the core—valence exciton
wave functions and transient XUV spectra can be plotted from the
complex dielectric function calculated by OCEAN. A modification to
the OCEAN code, discussed previously,””” is employed to model the
initial 800 nm MMCT and 400 nm LMCT states.

Polaronic distortions are modeled using a DFT+BSE approach
where we apply a semiempirical distortion to an FeOg4 octahedra and
calculate its resulting Fe M,; edge spectra. Polaronic distortions
calculated using this technique are termed DFT+BSE. The polaronic
distortions are modeled independently of the different charge transfer
transitions, but it is implied that only MMCT could induce hole
polarons on iron centers. We further model polaronic lattice
distortions using a defect supercell approach with hybrid and polaron
self-interaction corrected exchange-correlation functionals (HSE06
and pSIC) as implemented in the VASP code.”*>* These functionals
either incorporate a fraction of Hartree—Fock (HF) exact exchange to
improve self-interaction errors and a description of charge localization
(e.g., hybrid functionals) that depends on an empirical parameter (,
the HF mixing parameter), or employ a variational approach from a
closed-shell system for a parameter-free ab initio methodology for
calculating polaron properties that removes the sensitivity to empirical
parameters like & or Hubbard U parameters.”” These methods were
used to identify structural distortions and relative energetics
associated with electron and hole polaron formation at different
sites in GdFeOj and to assess their sensitivity to empirical parameters
in the calculations. We generally refer to the polaron-containing
structures and subsequent X-ray spectra obtained via these approaches
(hybrid functionals and/or with the pSIC approach) as pSIC+DFT
+BSE. Additional details about ab initio modeling of photoexcited
XUV dynamics can be found in the Supporting Information section.

B RESULTS AND DISCUSSION

Defect Supercell Calculations of Polarons. GdFeOj; has
an orthorhombic symmetry in the Pbnm space group, as shown
in Figure 1A."” The FeOy octahedra are strained due to the
large rare-earth atom in the crystal structure, resulting in a
154° Fe—O—Fe bond angle.”” Strong electron correlations
introduced by both the Fe d and Gd f orbitals enable a mixed
Fe d/O p band at the VBM and a metal d band at the CBM, as
shown in Figure 1B. This contrasts with previously measured
iron oxides whose density of states follow a charge-transfer
insulating structure where the VBM is dominated by O 2p
orbitals."”*" DET+U is used to accurately describe the extent
of carrier localization and on-site repulsion in GdFeOs."
Magnetization studies of GdFeO; have demonstrated that it is
a canted, G-type antiferromagnet (AFM) below its Néel
temperature (Ty) of ~650 K, resulting in a weak
ferromagnetism due to the Dzyaloshinskii—Moriya (DM)
interaction.”*™*® The Fe*" ions in the GdFeO; take a high-spin
(HS) electronic configuration in their ground state, and the
octahedral tilts of adjacent FeOg octahedra are measured to
have stron§ antisymmetric exchange interactions (super-
exchange).3 38

Figure 1B shows the two photoexcitation pathways used in
the excitation-wavelength-dependent XUV measurements. In
the case of the 400 nm (3.1 eV) photoexcitation, carriers are
excited from lower-lying valence bands that are dominated by
O 2p orbitals into higher-energy Fe 3d and Gd 6f orbital-

dominated conduction bands. Photoexcitation with 400 nm
light follows a LMCT mechanism. The lower-energy 800 nm
(1.55 eV) photoexcitation induces transitions from the VBM,
which are mixed in O 2p and Fe 3d orbital character, into
lower-energy conduction bands dominated by Fe 3d orbitals.
The mixed nature of the VBM in GdFeO; poses an
opportunity for both MMCT and LMCT to occur.” These
excitation energies provide different possible pathways for
polaron formation.

We employ a defect supercell approach with hybrid and
polaron self-interaction corrected exchange-correlation func-
tionals (HSE06 and pSIC) to calculate ab initio polaronic
distortions in GdFeOj;. Further details of the calculations can
be found in the Experimental section and the Supporting
Information. These methods identify structural distortions and
relative energetics associated with electron and hole polaron
formation at different sites in GdFeO; and assess their
sensitivity to empirical parameters in the calculations. The
charge localization of both electron and hole polarons from
defect supercell calculations (Figure 1A) predicts that the
electron polaron localizes on one single iron site. The hole
polaron is less localized than the electron polaron; however, its
charge density is predicted to be centered over an iron site as
well. A polaron formed following MMCT would induce both
electron and hole polaron formation on iron centers. We
hypothesize that the lack of an oxygen-centered polaron from
the mixed orbital VB means that the LMCT may not lead to
polaron formation.

Hubbard-Holstein Model of Polaron Formation. To
understand the defect supercell-predicted localization of
electron and hole polarons on iron centers in GdFeO;, we
must understand the conditions that make polaron formation
favorable in a material system. The model Hamiltonian that
follows the two-site Hubbard—Holstein model in eq 1 presents
the relevant properties that dictate polaron formation:

H=—t; ) (chey + H.C.) + U X myny +] D, S5,
(o i j

+ w, Z bini +g Z niﬂ(bi + biT) W
i i,o 1

where f; is the hopping integral, c;and ¢j; are the creation
and annihilation operators, respectively, with spin, o, for an
electron at site i and j.*** U is the on-site Coulombic
repulsion, n; is the number operator, g corresponds to the
electron—phonon coupling strength, and @, refers to the

phonon frequency. bl-T and b; are the creation and annihilation
operators, respectively, for phonons at site i. J denotes the
superexchange interaction between neighboring metal sites.*’
The Hubbard—Holstein Hamiltonian is commonly down-
folded to a t—J model.*”** Here we consider the Hubbard—
Holstein model for simplicity, but a t-J Hamiltonian could be
applied under certain coupling regimes.

Polarons exist in a strongly electron—phonon coupled
regime, as carriers are localized by strong interactions with
the lattice. Alternatively, when electron—phonon coupling is
sufficiently weak, carriers may conduct freely in materials and
polaron formation is suppressed. This indicates that for
polaron formation to be favorable t <« g while polaron
formation would be weak or suppressed when t > g. Ina U >
t regime at half-filling, ] ~ 4£2/U, and for an antiferromagnet Ly
x ] and tg o 1/U**%% We note that this is an
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Figure 2. (A) Transient XUV spectra following 400 nm photoexcitation. (B) Experimental lineout from 50 fs after 400 nm photoexcitation (blue)
compared to DFT+BSE theory lineouts that model the 400 nm LMCT state (red) and an electron polaron state on an iron atom (green) show
agreement with a LMCT state following 400 nm photoexcitation. (C) Fitting of the thermalization at the Fe M, ; edge following 400 nm

photoexcitation, averaged over the Fe M, ; edge feature.

oversimplification, as U and ] are changing many body wave
functions. DMFT work to study the interplay of electron—
phonon coupling and the superexchange interaction find that
as g increases, | decreases, meaning that superexchange is
suppressed in a strongly electron—phonon coupled regime.*!
On-site Coulombic repulsions are inversely related to J, and
thus, J is also expected to be suppressed in a regime where U is
sufficiently large.*’

The defect supercell calculations of GdFeOj; predict that
both electron and hole polarons will form on metal sites
(Figure 1A). This contradicts previous measurements of
polaron formation, in which the hole polaron would be
localized on a ligand site and the electron polaron would be
localized on a metal site. We hypothesize that this is primarily
due to the different accessible excitation manifolds within this
intermediate insulator. GdFeOj is expected to have strong ] in
its ground state due to the AFM configuration of adjacent Fe
sites and the tilted FeOg octahedra.”® However, the strong U
associated with an MMCT will decrease charge hopping and
increase the likelihood of polaron formation. On the other
hand, LMCT would originate from a ligand with weak U,
which would be associated with weakened electron—phonon
coupling. In this case, charge hopping would be expected to be
strong, and polaron formation will be suppressed.

Suppressed Polaron Formation Following LMCT.
XUV spectroscopy has been employed extensively for the
measurement of photoexcited polaron formation dynamics
because it can evaluate ultrafast, element-specific electronic-
structural dynamics.”'”'* Spectrally, polaron formation in iron
oxide materials has been characterized in the XUV as a shift to
higher energies at the Fe M, ; edge. As carriers localize on the
iron center, more energy is required to induce the core-to-
valence 3p to 3d transition at the iron site. This has held for
charge-transfer polarons across Fe—O materials with dynamics
that agree well with transient X-ray diffraction and ultrafast
optical techniques.’">

Transient XUV reflectivity at the Fe M, ; edge of GdFeO,
pumped with 400 nm (3.1 eV) light is shown in Figure 2A.
The Fe M,; edge is characterized immediately after photo-
excitation by a negative absorption feature (blue) centered
around 54 eV. This spectral feature can be described by a
reduction in the population of the Fe** ground state (Figure
S4) as electrons are excited into Fe d orbitals in the GdFeO,
conduction bands.'® Transient increases in absorption are
present in the 400 nm pumped spectra (Figure 2A) from
~52.6—52.9 and ~55.6—58.0 eV. Despite no spectral shift to
higher energies being observed at the Fe M, ; edge following

400 nm photoexcitation, there is a decrease in intensity over
time (Figure 2A). Figure 2C provides an exponential fit of this
decrease in intensity, resulting in a rate constant of
T400 nm hot carriers = 300 =+ 70 fs, which we attribute to the
cooling rate of the hot carriers, in line with XUV studies of
photoexcited carrier cooling.””**~>*

Due to the strong contribution of angular momentum to the
core-level transition Hamiltonian at the Fe M, ; edge, increases
(red) and decreases (blue) in absorption in the XUV spectrum
do not directly relate to electron and hole energies following
photoexcitation, but instead relate to changes in oxidation
state, phonon modes, and other structural distortions such as
small polarons.'”'” To understand the origin of the spectral
features at the Fe M,; edge of GdFeO;, we use a density
functional theory and Bethe—Salpeter equation (DFT+BSE)
approach to model the excited state X-ray edge dynamics. The
method uses the Quantum ESPRESSO”***® and the
OCEAN**"*° (Obtaining Core Excitations from the Ab initio
electronic structure and the NIST BSE solver) codes. Our
defect supercell approach with hybrid and polaron self-
interaction corrected exchange-correlation functionals
(HSE06 and pSIC) calculates ab initio polaronic distortions
in GdFeOj; which are applied to our DFT+BSE framework
(pSIC+DFT+BSE). We also model charge transfer and
semiempirical polaronic states using this DFT+BSE approach.
The theoretical methods applied here are discussed in more
detail in the Experimental section and Supporting Information.

Figure 2B compares an experimental lineout following 400
nm photoexcitation with DFT+BSE theory modeled 400 nm
LMCT and electron polaron states. There is good agreement
between experimental lineouts at varying time delays following
the 400 nm pump and the modeled 400 nm LMCT state.
There is poor agreement between the 400 nm experimental
lineouts and the DFT+BSE-modeled polaron state that shifts
to higher energy. Furthermore, the increases in absorption
following 400 nm photoexcitation (Figure 2A) from ~52.6—
52.9 and ~55.6—58.0 eV are described by high-spin Fe?* states
forming as LMCT from the oxygen to iron atoms occurs
(Figure 3A) using ligand-field multiplet theory.”® A low-spin
(LS) Fe’ state does not agree with the experimentally
measured spectrum (Figure 3A).

The photoexcited LMCT state occurs on the same time
scale as the pulse width and is present up to our temporal
detection limit of 1 ns (Figure SSB). The nonradiative
recombination is, therefore, longer than our instrument’s 1
ns temporal limit. An exponential fit of the radiative lifetime of
GdFeO; gives a time constant of 740 nm radiative = 1.2 = 0.4 ns
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Figure 3. Experimental (blue) 400 nm LMCT state (A) and 800 nm
polaron and trapped Fe®* low-spin state (B). CTM4XAS calculated
Fe** high-spin state (yellow), Fe** low-spin state (red), Fe** high-spin
state (green), and Fe’* low-spin state (purple). Each oxidation and
spin state are plotted for comparison, but the solid lines refer to the
assigned CTM4XAS calculated spin states for both experimental
spectra.

(Figure S3), but we cannot confirm if the radiative lifetime is
from defects or polarons based on our measurement limits.
Further details of fluorescence lifetime measurements can be
found in the Supporting Information.

If we consider the hot carrier thermalization from Figure 2C,
with a time constant of Ty nm hot carriers = 360 £ 70 fs and
compare it to the DFT-calculated phonon band dispersion for
GdFeO;, we can approximate the energetic extent of carrier
cooling to the CBM. GdFeO; has its highest frequency phonon
mode occurring around ~17 THz, which corresponds to ~70.3
meV.”” At a first-order approximation, we can apply eq 2 to
calculate the amount of energy the hot carriers cool by

AEhot carriors = 7400 nm hot carriers x Eph

Topi/2 )
where E;, is the highest frequency phonon mode and 7., is
the electron—phonon scattering rate, which can also be
approximated by the highest frequency phonon mode in the
phonon band dispersion. The factor of 2 corresponds to the
half phonon period frequency on which electron—phonon
scattering occurs, a common approximation in literature.”>>”
This results in ~750 meV of thermalization. The exper-
imentally measured direct band gap of single crystal GdFeOj is
~1.4 eV (Figure S1), so electrons excited by the 400 nm pump
would be ~2.2 eV above the VBM. This would indicate that
excitations occur from ~1 eV below the VBM and the PDOS
demonstrates that oxygen orbitals dominate those valence
bands (Figure 1B), which supports that a LMCT occurs
following 400 nm photoexcitation.

Our DFT+BSE, ligand-field multiplet theory, and fluores-
cence lifetime measurements, therefore, support that LMCT
following 400 nm photoexcitation forms a high-spin Fe®*
excited state, but strong coupling to phonons that would
induce a polaronic lattice distortion is not present. The lack of
a spectral shift to higher energies following 400 nm
photoexcitation suggests that polaron formation is suppressed
or so weak that it does not influence the transient spectra, and
does not compete with the free carriers and their thermal-
ization during the LMCT step (Figure 2B).'”"*

Polaron Formation Following MMCT. Transient XUV
reflectivity at the Fe M,; edge of GdFeOj; following 800 nm
(1.55 eV) photoexcitation is shown in Figure 4. Like 400 nm
pumped transient XUV reflectivity spectra, the Fe M, ; edge
following an 800 nm pump is characterized immediately after
photoexcitation by a negative absorption feature (blue)

Energy (eV)

Figure 4. Transient XUV reflection—absorption spectrum following
800 nm photoexcitation.

centered around 54 eV. Unlike in the 400 nm spectra, the
negative absorption feature pumped with 800 nm excitation
has a spectral blueshift at the Fe M, ; edge from ~52.8—55.8
eV (blue) that begins shortly after photoexcitation. This
spectral shift is most prominent from ~54.4—56.0 eV and has a
time constant of 250 + 40 fs (Figure S6) with an energy shift
of 420 + 150 meV. Following this spectral shift, a peak
splitting results in a positive absorption feature (red, ~53.5—
54.3 V) within the Fe M,; edge in the 800 nm pumped
spectra. Additionally, following 800 nm photoexcitation, an
increase in absorption (Figure 4) that appears from ~50.0—
52.8 eV and ~56.3—58.0 eV is measured.

The spectral lineout S0 fs after 800 nm photoexcitation in
Figure SA (blue) agrees well with DFT+BSE theory (red) for a

A x10* B
2
[a)
[e]
<0
2 —~
‘@ 2 [a)
j
2 S
£ =
-4 > DFT+BSE
g e+ h*polaron
50 52 54 56 58 g
Energy (eV) £
C T
% pSIC+DFT+BSE
’;3 1 e and h+ g e polaron
< polaron formation g
2
£0.5 pSIC+DFT+BSE
L h* polaron
£ ¥ 800 nm MMCT
C ; - i} 1 1 1 1 1 1 L
0 1 2 3 4 5 50 52 54 56 58
Time (ps) Energy (eV)

Figure S. (A) Experimental lineout (blue) SO fs after 800 nm
photoexcitation and DFT+BSE theory calculated 800 nm MMCT
state (red). (B) The polaron state that forms within a few hundred
femtoseconds of 800 nm photoexcitation is modeled using DFT+BSE
theory (black) for an electron and hole polaron and using the defect
supercell pSIC+DFT+BSE theory for electron (blue) and hole
(orange) polarons and is shown experimentally (green, 1 ps after 800
nm photoexcitation). Singular value decomposition (C) of the
experimental 800 nm pumped transient spectra reveals the kinetics
of photoexcited electron and hole polaron formation in GdFeOs.

modeled 800 nm MMCT state. The DFT-calculated PDOS
(Figure 1B) demonstrates that this excitation originates from
mixed O 2p/Fe 3d valence bands and, therefore, could be
either LMCT or MMCT in character. We find that the positive
absorption features (Figure 4) at lower energies (~50.0—52.8
eV) and higher energies (~56.3—58.0 eV) in the 800 nm
pumped spectra are associated with the creation of low-spin
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Fe’" and high-spin Fe*" states, respectively (Figure 3B). The
formation of high-spin Fe*' states and low-spin Fe" states
suggests that MMCT transitions are occurring between iron
atoms following photoexcitation.39 Section S5, in the
Supporting Information, further discusses ligand-field multiplet
theory to model these spin states.

Figure 5B shows agreement between the experiment after
the blueshift (green), DFT+BSE theory for a convolved
electron and hole polaron (black), and pSIC+DFT+BSE
theory for both electron (blue) and hole (orange) polarons at
neighboring iron sites. The pSIC+DFT+BSE-calculated
electron and hole polarons occur at similar energies, suggesting
that the electron and hole polarons are convolved spectrally.
This confirms agreement between semiempirical DFT+BSE
and ab initio pSIC+DFT+BSE theory, suggesting that different
levels of theory can similarly describe the spectral shifts and
features associated with convolved electron and hole polaron
formation at the Fe M, ; edge. Singular value decomposition
(SVD) in Figure SC illustrates the transition of the MMCT
state to the convolved electron and hole polaron state in the
spectra. Figure S7 provides further details of the SVD analysis.
The SVD plot demonstrates that the MMCT state transitions
to the convolved electron and hole polaron state within the
first picosecond following 800 nm photoexcitation. Long time-
scale 800 nm XUV spectra (Figure SSA) reveal that the
spectral shift lasts out to our instrument’s temporal detection
limit, and a fit of the exponential non-radiative decay reveals a
time constant of 150 + 30 ps.

Polaron Formation and Fe—O—Fe Superexchange. In
addition to forming photoexcited electron and hole polarons
on iron centers following 800 nm photoexcitation, a strong
spectral splitting of the Fe M, ; edge feature occurs following
polaron formation. The spectral splitting in the 800 nm spectra
(Figure 4) results in an increase in absorption at ~53.5—54.3
eV that arises 330 + 50 fs following photoexcitation. In the
transient XUV spectra following 400 nm photoexcitation
(Figure 2A), there is spectral splitting that occurs at the Fe
M, ; edge (53.8 V), but it is weaker in intensity than the 800
nm photoexcitation, does not result in a positive signal, and
does not change in intensity over time.

The spectral splitting can be attributed to t,, and e, crystal
field splitting expected from the GdFeO; Fe®* high-spin
ground state (Figure S$4).°”°° This high-spin electronic
configuration is preserved following 400 nm LMCT (Figure
3A), as demonstrated by the lack of change in spectral splitting
between the ground state spectra and excited state 400 nm
pumped spectra (Figures 2A and S4). Additionally, the
increases in absorption following 400 nm photoexcitation
(Figure 2A) result in the formation of an Fe®* high-spin state,
that appears as increases in absorption at ~52.6—52.9 and
~55.6—58 eV (Figure 3A). This indicates that the suppression
of polaron formation following 400 nm photoexcitation is
related to the preservation of the spin state of the iron atoms
following LMCT. Furthermore, the LMCT state does not
induce polaron formation because the electron density added
to the iron atom originates from an oxygen atom. The ground
state DFT predicted bond angle between Fe—O—Fe octahedra
(~147.1°) is highly conducive to superexchange. The Hubbard
interaction is also weak on the oxygen atom. In this regime, the
effective charge hopping integral, ,¢; remains large, suppressing
polaron formation in the final, thermalized high spin state.

In the case of 800 nm photoexcitation, the strong electron—
phonon coupling induced by photoexcited electron and hole

polarons influences the dynamics of spectral splitting at the Fe
M,; edge. This is evidenced by the t,, and e, crystal field
splitting in the 800 nm pumped spectra (Figure 4)
experiencing a transient increase in absorption at ~53.5—
54.3 eV.°" As demonstrated in the DEFT+BSE and pSIC+DFT
+BSE modeled spectra (Figure 5B), the Fe>* and Fe*" centers
created following MMCT begin forming electron and hole
polarons, respectively. The hole polaron charge density is
distributed across the oxygen and Fe** iron atom, while the
electron polaron charge density is localized on the Fe?* site
(Figure 1A). This is supported by ligand-field multiplet theory
modeling of both high-spin and low-spin configurations of Fe**
and Fe*" (Figure 3B), that agrees well with a low-spin Fe’"
configuration following photoexcitation. The Fe*" feature at
higher energies does not experience this spectral splitting,
which suggests that the iron that forms the hole polaron does
not experience this spin crossover and remains in a high-spin
configuration. This agrees with reports of delocalization, or
“sharing”, of holes across a metal and ligand participating in
superexchange.””®*

The distortion induced by the polarons is anisotropic
(Figure S10) and results in a Jahn—Teller distortion of the
axial Fe—O ligands between the Fe—O—Fe bond length that is
participating in polaron formation (Figure 6A). The Jahn—
Teller effect has been demonstrated to induce changes to Fe—
O—Fe bond angles that affect the superexchange interac-
tion.”* ™%’ This oxygen-ligand-mediated superexchange enables
spins that would have otherwise been misaligned in a high-spin
state on the neighboring iron atoms to be transferred to a low-
spin Fe?* orbital configuration.”® However, the bond angle is

A Ground State 800 nm MMCT Polaron State
Fe?+
<50fs YN\ >a00s
209 — € —
m oy, \ h*polaron
mp
Fe*
B C
400 nm LMCT
HS Fe?*

Ja00nm Hot Carrier
Cooling 800 nm MMCT e and h*

400 nm HS Fe?* LS Fe?* %,: Polaron State
pump 800 nm‘ LS Fe?*/ HS Fe**
Trecombination pump Ambmauon
HS Fe3*
_ Ground State

Ground State

Figure 6. (A) Schematic of superexchange across the Fe—O—Fe bond
that gives rise to spin crossover on Fe** centers during photoexcited
electron and hole polaron formation. Within the first 50 fs, the 800
nm MMCT state results in a charge transfer from one iron center to
another. After >400 fs, electron and hole polaron formation results in
an expansion and contraction along the Fe—O-—Fe bond length,
which modulates its bond angle, inducing Jahn—Teller distortions and
trapping the high-spin Fe®* state. Diagram of the excitation pathways
and spin manifolds present following both 400 nm (B) and 800 nm
excitation (C). The fitting for the time constants for both hot carrier
cooling following 400 nm LMCT (7,99 ,, = 360 # 70 fs) and polaron
formation and superexchange following 800 nm MMCT (7ggg py =
250 + 40 fs) are discussed further in the Supporting Information.
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reduced by ~1.2° according to the DFT calculations,
decreasin§ the superexchange and the effective charge hopping
integral.””~”" The Hubbard interaction is large for the MMCT
between Fe centers and electron—phonon coupling can
therefore dominate, resulting in polaron formation.

Iron oxides specifically have been reported to experience
optical modification of the exchange interaction on sub-
picosecond time scales, supporting this conclusion.”® Partic-
ularly in the case of Mott insulators, whose VBM and CBM are
dominated by metal orbitals, exchange interactions are
calculated to be reversibly modulated by electric fields on
ultrafast time scales.”” The octahedral site distortion in rare-
earth orthoferrites is responsible for orbital and spin ordering,
the modulation of that distortion through polaron formation
enables the trapping of a low-spin Fe** state induced by Fe—
O—Fe superexchange following 800 nm MMCT.”"~"?

Bl CONCLUSION

Excitation-wavelength-dependent small polaron formation is
measured in the intermediate insulator GdFeO; using transient
XUV reflection spectroscopy. Photoexcitation with an 800 nm
pump results in both electron and hole polaron formation at
neighboring iron sites and strong spectral splitting at the Fe
M, ; edge, a spin crossover occurring on the iron atoms. A
higher-energy 400 nm pump results in the suppression of
polarons. This suggests a metal-metal polaron formation
mechanism in which nearest-neighbor iron sites form a hole
and electron polaron. The ability to modulate polaron
formation by varying excitation wavelength has been studied
previously in hematite.'” However, this mostly results in
changes to the polaron’s mobility, lifetime, and recombination
properties as carriers populate different energy levels of the
conduction bands. In the case of GdFeO;, we have suppressed
photoexcited polaron formation with weak on-site repulsions
following a higher-energy 400 nm photoexcitation, while
inducing polaron formation when electron—phonon coupling
is dominated by MMCT following 800 nm photoexcitation.
The excitation-wavelength-dependent modulation of polaron
formation is of interest for applications that employ polarons
for charge separation and those that would benefit from carrier
mobility offered by the suppression of polaron formation.
Tuning spin properties and the exchange integral of these
materials presents additional variables for controlling polaron
formation in this class of highly polar materials. From a
materials engineering perspective, polaronic tunability merits
further study in intermediate and Mott—Hubbard insulating
transition metal oxide materials.
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