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ABSTRACT 

Long timescale charge separation and high carrier mobilities are necessary for efficient 

devices. In highly polar transition metal oxide materials, photoexcited polarons remain a 

bottleneck to realizing highly mobile carriers, while also offering an exciting route for long 

timescale charge separation. Controlling photoexcited polaron formation in transition metal 

oxides is therefore necessary. This thesis uses transient extreme ultraviolet (XUV) reflection-

absorption spectroscopy and ab initio density functional theory (DFT) and the Bethe–

Salpeter equation (BSE) to elucidate photoexcited polaronic dynamics in a series of iron 

oxide photocatalysts. By systematically varying structure, on-site repulsions, electron–

phonon coupling, and exchange interactions, this work identifies the fundamental materials 

parameters that govern ultrafast polaron formation. The results demonstrate that 

photoexcited polaron formation can be tuned and, in some cases, suppressed. In CuFeO2, 

small polarons form on ~100 fs timescales, followed by dynamic delocalization mediated by 

coherent lattice expansion and charge sharing with surrounding Fe sites. In ErFeO3, 

frustrated iron-centered octahedra enable favorable exchange pathways, where exchange-

mediated charge hopping thermalizes carriers prior to localization as polarons. In GdFeO3, 

excitation-wavelength-dependent XUV spectroscopy reveals that ligand-to-metal and metal-

to-metal charge transfer pathways modulate polaron formation, demonstrating that strong 

electronic and spin correlations can either suppress or enable polaron formation. In Fe2SiO4 

polaron formation is present following metal-to-metal charge transfer. These experimental 

observables are then mapped onto the Holstein, Hubbard–Holstein, and t-J–Holstein models 

to define a parameter space for polaron control. These ground-state Hamiltonians act as a 

ground-state calculable roadmap for materials design parameters based upon measured 

excited state polaronic dynamics. Together, these studies provide design principles for 

controlling polaronic behavior in transition metal oxides for photocatalytic, electronic, and 

quantum materials applications. 
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1 
C h a p t e r  1  

INTRODUCTION 

Understanding the fundamental physical phenomena that dictate device efficiency in 

materials is necessary for rational design. Ultrafast femtosecond to nanosecond processes 

between charge carriers and the crystal lattice dictate properties such as transport, reactivity, 

and magnetism. One such process is carrier self-trapping induced by polaron formation. 

While polaron formation occurs on femtosecond to picosecond timescales, this phenomenon 

has been demonstrated to localize carriers out to their lifetimes and results in limited charge 

mobility and transport. While this results in long timescale charge separation necessary for 

chemical reactions, it also reduces carrier mobility needed for facile charge transport within 

electronic devices. Time-resolved spectroscopic methods aim to characterize these types of 

phenomena across representative timescales, from initial charge trapping in the form of 

polarons on the order of hundreds of femtoseconds, out to nanosecond and microsecond 

carrier diffusion and recombination. This thesis focuses on the characterization of 

photoexcited polaron formation on ultrafast timescales using core-level extreme ultraviolet 

(XUV) spectroscopy. A particular focus centers on understanding the nature of electron–

phonon coupling and how electron–phonon coupling might be tuned. A range of materials 

have been characterized to extract meaningful parameters by which design principles might 

be developed to inform rational design of polaron-forming materials. Ultimately, 

fundamentally understanding and controlling these types of charge-trapping phenomena can 

be leveraged to design efficient devices. 

1.1 Semiconductor and Insulator Physics 

Unlike molecular systems, condensed matter systems have a periodic repeating structure.1 

Due to the periodicity of crystal lattices, rather than having distinct orbitals and distinct 

energy levels for those orbitals, the overlapping orbitals of these periodic atoms are 

delocalized. The degeneracy of many of these overlapping orbitals gives rise to energy bands. 

In semiconductors and insulators, these bands are separated by some energy, which is 



 

 

2 
referred to as a band gap. Excitation of electrons from the valence band (VB) into the 

conduction band (CB) of a semiconductor or insulator requires energy greater than or equal 

to the band gap and creates holes in the VB.2  

Several types of insulators are investigated in this thesis in transition metal oxide systems, 

specifically iron oxides. They can be understood by considering their band gaps, where the 

charge transfer energy (ΔCT) and on-site repulsion (U) of the d orbitals compete to dictate the 

orbital character of the valence and conduction bands.3,4 In the case of a charge-transfer 

insulator, ΔCT < U, as shown in Figure 1.1A. It is more energetically favorable for electrons 

in charge-transfer insulators to transfer between ligand p orbitals and metal d orbitals in 

transition metal oxides. This results in a projected density of states that has ligand p orbitals 

at its valence band maximum (VBM) and metal d orbitals at its conduction band minimum 

(CBM), meaning that the lowest energy charge transfer possible is a ligand-to-metal charge 

transfer (LMCT). On the other hand, Mott insulators have U < ΔCT, such that the lowest 

possible electronic transitions across the band gap are from electron transfer between 

adjacent metal sites.5–8 This is because U is sufficiently small to enable this transfer, and 

results in metal-to-metal charge transfer (MMCT) transitions being the lowest energy above 

band gap charge transfer possible (Fig 1.1C). In the case where ΔCT ≈ U, the insulator is 

considered an intermediate insulator (Fig 1.1B) and has MMCT and LMCT transitions 

accessible as the lowest energy above band gap excitation.  

 
Figure 1.1 Schematic depiction of charge transfer (A), intermediate (B), and Mott (C) insulators in iron oxide 
systems. The balance between charge transfer energy and on-site Coulombic repulsions dictates insulator 
character. 



 

 

3 
Following above band gap excitation of these insulators, several pathways exist for carriers 

to relax and recombine, and the duration of such dynamics can play a great role in device 

efficiency. For example, the formation of polarons, which is when a charge carrier couples 

to lattice vibrations, reduces carrier mobility resulting in poor performance of 

photoelectrodes.9,10 Generally, long carrier lifetimes and limited charge trapping give rise to 

highly efficient devices. Engineering materials to have these properties is possible, but only 

if the properties that reduce device efficiency, such as small polaron formation and charge 

trapping, are well understood. 

1.1.2 Polarons 

Excited charge carriers interact with lattice vibrations to dissipate excess energy in solid 

crystals through electron–phonon interactions.11 Polaron formation occurs in polarizable 

crystal lattices when these excess charge carriers couple to vibrational modes. This coupling 

results in localization of the carrier as it generates a potential energy well.12 Polarons have 

been demonstrated in a wide range of materials including semiconductors,13 insulators,14 

organic crystals,15 and superconductors.16–18 The properties of this quasiparticle have been 

extensively studied experimentally and theoretically in both the ground and excited states.  

 
Figure 1.2 Schematic depiction of small (A) and large (B) polaron charge localization and lattice deformation 
in a crystal lattice. The carrier’s localized wavefunction is denoted in green. In the case of small polarons (A), 
the carrier is localized to a unit cell or less, often a single atomic site, and thus, the lattice distortion is highly 
anisotropic around the site of the polaron. In the case of large polarons, the carriers are localized over a larger 
area. 



 

 

4 
The extent of carrier localization has historically been separated into two theoretical 

frameworks dependent upon the coupling regime being considered and marks a distinction 

in polaron size, or the spatial extent of the localized carrier wavefunction. Figure 1.2 shows 

a schematic depiction comparing small and large polarons and visualizes the localization of 

their carrier wavefunctions. The Fröhlich model considers long-range electron–phonon 

interactions typically applied in a large polaron regime that describes polaronic carrier 

wavefunctions localized over an area greater than a unit cell.19,20 The Fröhlich Hamiltonian 

can be described by Equation 1.1:21,22 

𝐻 =	∑ 𝜀!𝑐!
"𝑐!! + 𝜔#$ ∑ 𝑏%

"𝑏%% + ∑ 𝑉%𝑐!&%
" 𝑐!(𝑏% + 𝑏'%

" )!,%       (1.1) 

where 𝜀! is the band energy, and k and q are electron and phonon momentum, respectively. 

𝑐!
" (𝑐!) and 𝑏%

" (𝑏%) are the electron and phonon creation (annihilation) operators, 

respectively. 𝜔#$ refers to the dispersionless longitudinal optical phonon frequency in the 

continuum limit. 𝑉% = 𝑖(2√2𝛼𝜋))/+ )% represents the electron–phonon coupling term which 

is dependent upon a dimensionless electron–phonon coupling constant, a. This Hamiltonian 

considers an approximation based upon a charge carrier in continuous polarizable medium 

and as such does not consider a discrete crystal lattice symmetry, but rather long-range 

optical phonons in a continuum limit. 

On the other hand, the Holstein model describes short-range electron–phonon 

interactions.12,23 This model best describes small polarons that are localized to a unit cell or 

smaller, often a single atomic site. However, because the Holstein model treats the lattice 

discretely, it can be applied to describe the transition between small to large polarons, while 

the Fröhlich model best describes large polarons in a continuum limit due to the fact that the 

carrier’s wavefunction is localized over multiple unit cells. While the Fröhlich model does 

not have an exact solution, the Holstein model has an exact analytic solution in specific cases, 

including a two-site model, shown in Equation 1.2:24 

𝐻 =	−𝑡 ∑ 4𝑐,-
" 𝑐.- + 𝑐.-

" 𝑐,-5 + 𝜔/ ∑ 𝑏,
"𝑏, + 𝑔∑ 𝑛,-(𝑏, + 𝑏,

"),,-,〈,.〉-        (1.2) 
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where t is the hopping integral, 𝑐,-

"  and 𝑐.- are the electron creation and annihilation 

operators, respectively, with spin, σ, for an electron at sites i and j. 𝑛,- is the number operator 

for electron spin, g corresponds to the electron–phonon coupling strength, and ω0 refers to 

the phonon frequency. 𝑏,
" and 𝑏, are the creation and annihilation operators, respectively, for 

phonons at site i. Both models consider how electron–phonon coupling dictates polaron 

formation, localization, and transport. In this thesis, we consider the short-range electron–

phonon effects of small polaron formation in highly polar transition metal oxide species. This 

class of materials is best described by Holstein-based models. 

While these model Hamiltonians have provided a simplified framework under which 

polaronic localization and transport may be modeled, they require further information to 

accurately predict polarons across a range of solid crystals.25 To that end, much ab initio 

theory development has been undertaken since Landau and Pekar’s first studies of polarons.26 

For example, Feynman’s path integral approach has been numerically integrated into 

diagrammatic Monte Carlo simulations to predict polaronic ground state energies and 

effective masses.27 Dynamical mean-field theory can be extended beyond predicting ground 

state energies and effective masses to modeling spectral and transport properties of 

polarons.28 Molecular dynamics simulations can predict the lattice distortions and 

configurations of localized polarons ab initio.29 These theories have been compared to 

experiments to advance the field of polarons; however, most are limited to ground state 

modeling. While a few methods have been extended into the excited state, they remain 

computationally challenging and method dependent. 

Spectroscopic experiments have also been advanced since the conception of polarons. These 

experiments aim to directly measure carrier localization, subsequent lattice deformation, and 

polaron-hopping-limited transport. For example, time- and momentum-resolved 

photoemission electron microscopy (PEEM) has been employed to directly image polaronic 

lattice distortions and subsequent changes in carrier effective mass in BiOI nanoplatelets.30 

Transient absorption spectroscopies leveraging photon probe energies from infrared to X-ray 

have been used to establish photoexcited polaronic binding energies and formation 12,31–34. 
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This range of spectroscopic experimentation aimed at elucidating all aspects of polaron 

formation and localization from the ground- to excited-states has enabled a deep 

understanding of polaron properties. However, the study of polaron properties remains an 

ongoing area of interest. Particularly, while spectroscopic and theory technique development 

have both been advanced greatly in the past fifty years, there are few studies that combine 

the two approaches. The work presented in this thesis aims to couple ultrafast experimental 

insights into polaron formation and localization with ground-state models that enable more 

facile prediction of polaronic properties.  

1.2 Core-Level Spectroscopy 

X-rays span tens to thousands of electron volts (<100 nm) and upon interacting with matter 

they induce core-level electronic transitions. Most elements have multiple core-level 

transitions, called edges, which correspond to the orbital being probed. These transitions are 

element and edge specific in energy. Figure 1.3 shows a schematic diagram of the core-

valence transitions induced by an X-ray photon. A core-hole is left behind when an electron 

transitions from a core to valence orbital and this core-hole perturbs the final X-ray 

absorption spectrum.35 A distinct absorption peak will occur in the absorption spectrum at 

the energy of the core-level transition being probed and at energies above the edge. 

 
Figure 1.3 Schematic depiction of an electronic transition induced by an X-ray photon between a 1s orbital and 
a 2p orbital, probing a K edge. 
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In this thesis, transient extreme ultraviolet (XUV) spectroscopy is employed to measure 

photoexcited polaron dynamics in transition metal oxide semiconductors at their metal M 

edges. The XUV probe photons induce core-to-valence transitions of electrons that have 

element-specificity and are dependent upon which core-level orbitals are being probed, much 

like X-rays. The XUV photons are absorbed if the core-valence transitions occur. A change 

in probe absorption is subsequently measured.  

To understand the origins of these M edge core-level transitions and subsequent XUV 

absorption, we must first consider the X-ray interaction Hamiltonian, approximated under 

first order perturbation theory, that describes the interactions of the XUV photons with 

electrons in the atoms being probed: 

𝐻,23 =
4
56
∑ 𝑝, ∙ 𝐴(𝑟,),   (1.3) 

where e is the electron charge, m is electron mass, and c is the speed of light. 𝑝, is the 

momentum operator of an electron and 𝐴(𝑟,) is the vector field that describes the plane wave 

of the interacting XUV photons.35,36 If we apply the interaction Hamiltonian in Equation 1.3 

to Fermi’s golden rule to predict the probability of an X-ray transition occurring, we have 

the form of Equation 1.4: 

𝑊7, =	
+8
ℏ
∑ =>Φ7=𝑇=Φ,A=

+𝛿(𝐸7 − 𝐸, − ℏ𝜔)7,   (1.4) 

where 𝑊7, is the transition probability between final and initial states and Φ7 (Φ,) are the 

wavefunctions of the final (initial) state. The delta function considers conservation of energy 

and momentum, and a transition will occur if the energy of the final state is equal to the 

energy of the initial state plus the XUV photon energy.37 T is the transition operator, considers 

all possible transitions, and to a first approximation its first term (T1) is equal to the first term 

of the interaction Hamiltonian (H1).  

Figure 1.4 schematically depicts a transient XUV experiment in which an above band gap 

excitation prepares an excited state and changes in the XUV probe absorption are measured 
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to observe the changes in accessible, dipole-allowed electronic transitions following 

changes in state-filling. The dipole selection rules associated with these transitions conserve 

angular momentum and parity. Orbital angular momentum (l) follows the dipole selection 

rule Dl = ± 1. Total angular momentum (j) must follow the dipole selection rule Dj = 0, ± 1. 

And spin (DS) = 0 because the X-ray and XUV photons do not directly affect electronic spin. 

In this regard, because of orbital angular momentum selection rules, electrons originating 

from s orbitals can transition to p orbitals, while those originating in p orbitals could 

transition to either s or d orbitals. In this work, we mostly consider M2,3 edges, which 

according to X-ray dipole selection rules typically probe 3p to 3d transitions. 

 
Figure 1.4 Schematic depiction of a transient XUV experiment in which an above band gap pump promotes 
electrons into the CBs, creating holes in the VBs. In a typical transient XUV experiment, the core-valence probe 
would probe dipole-allowed XUV transitions both before and after the photoexcitation arrives to differentiate 
between the ground and excited state. 

1.2.1 Extreme Ultraviolet Reflection-Absorption Spectroscopy 

Transient extreme ultraviolet (XUV) spectroscopy is a pump-probe spectroscopy that can 

resolve element-specific carrier and structural dynamics on the femtosecond (fs) to 

nanosecond (ns) time scale.38–41 The energy range of XUV light is lower than that used in 

XAS (10–150 eV).42 When a pump pulse photoexcites electrons from the conduction band 

to the valence band, transitions from the core level are either newly allowed (valence band 

holes) or blocked (conduction band electrons). XUV spectroscopy in a transmission mode 

provides bulk-sensitive material information, however, it requires sample thicknesses on the 
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order of hundreds of nanometers (nm) because of the attenuation length of XUV light.43 On 

the other hand, XUV reflection-absorption spectroscopy provides surface-sensitive 

information (1–10 nm), where the penetration depth depends on the angle of reflection, 

though samples must be optically smooth to maximize reflected signal.  

Transmission and reflection spectroscopies differ fundamentally in terms of the information 

being collected. Let us first consider the complex refractive index, 𝑛E(𝜔), and dielectric 

function, 𝜀(𝜔), of a material: 

𝑛E(𝜔) = 	𝑛(𝜔) + 𝑖𝑘(𝜔) = 	G𝜀(𝜔)     (1.5) 

where the real part of the complex refractive index (n) is dominated by refraction and 

indicates phase shift, the imaginary component contains the extinction coefficient (k), which 

is dominated by light attenuation and can be directly mathematically related to the absorption 

coefficient of a material as a function of frequency (𝜔).44–47 When light hits a sample the 

light can be reflected, absorbed, scattered, or transmitted.45,48 If we consider the Fresnel 

equations for transmitted light at normal incidence, the cos(θ) terms go to zero and we can 

simplify to:  

𝑡:/ =	
+2!

2!&2"
     (1.6) 

𝑡;/ =	
+2!

2"&2!
     (1.7) 

where n1 and n2 are the refractive indices of the vacuum and sample, respectively. In 

Equation 1.6, ts0 describes the transmission of s polarized light at normal incidence and in 

Equation 1.7 tp0 represents the transmission of p polarized light at normal incidence. For all 

positive values of complex refractive index, the Fresnel equations for both polarizations of 

transmitted light are equivalent, which indicates that phase differences are negligible at 

normal incidence in transmission and therefore the spectra will be dominated by k.49 On the 

other hand, different angles of reflected light will have different contributions from the real 
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and imaginary parts of the complex refractive index, as seen in the Fresnel equations for 

reflected light: 

𝑟: =	
2!6<:=#'2"6<:=$
2!6<:=#&2"6<:=$

     (1.8) 

𝑟; =	
2"6<:=#'2!6<:=$
2"6<:=#&2!6<:=$

     (1.9) 

The s and p polarized reflections (Equations 1.8 and 1.9) are not the same equation for 

positive refractive indices and as a result, transient XUV reflection-absorption spectroscopy 

measures both parts of the complex refractive index and both parts of the complex dielectric 

function, as the two are related. This has been both theoretically and experimentally verified 

for wavelengths in the XUV, as the complex refractive index is wavelength 

dependent.9,46,48,50,51 This indicates that transient XUV measurements in a reflection 

geometry will provide different information than in a transmission geometry. As a result, the 

interpretation of reflection measurements can be complicated to deconvolve, as there are two 

parts of the complex refractive index contributing to transient signal.46,48–50 In this thesis, we 

employ density functional theory (DFT) and the Bethe–Salpeter equation (BSE) to 

deconvolve our spectra.  

1.2.2 Pump-Probe Spectroscopy 

Pump-probe spectroscopy measures the ultrafast phenomena that determine electronic 

transport and optical properties of materials. This method relies on ultrafast laser pulses to 

maintain temporal control of the pump and probe. The pump pulse acts as an excitation to 

the sample. Changes to the probe pulse are then measured as a result of excitation after a 

time delay. This can mathematically be represented as:48,52,53 

∆𝑂𝐷 = 	−𝑙𝑜𝑔)/(
>%&'%	)*

>%&'%	)++
)      (1.10) 

In terms of the timing of pump-probe spectroscopy in the ultrafast regime, one of the two 

beams will be time delayed (∆t) with respect to the other. The pump beam arrives at the 
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sample before the probe beam and the two beams must be spatially overlapped to measure 

the excited area of the sample. The relative time delay in practice can be varied by changing 

the distance that the pump beam must travel to reach the sample with a mechanical delay 

stage or by electronically triggering the pulse. This method is invaluable to understanding 

the ultrafast dynamics of materials and has been broadly applied with different pump and 

probe wavelengths and expanded beyond the detection of light to instead the detection of 

photoelectrons.54–57 

1.3 Thesis Overview 

Transient XUV reflection-absorption spectroscopy is applied throughout this thesis to study 

the transient dynamics of carriers in iron oxide photocatalysts. Specifically, we probe 

photoexcited polaron formation on iron centers to understand the extent of electron–phonon 

coupling strength and carrier localization effects. In Chapter 2, we discuss the transient 

XUV experiment used in these studies. In Chapters 3-6 we consider measurements of 

several iron oxides, systematically tuning structure, on-site repulsions, electron–phonon 

coupling strength, and exchange interactions to tune and even suppress photoexcited polaron 

formation. Finally, in Chapter 7 we relate the result of systematically tuning materials 

parameters and measuring the resulting ultrafast polaron dynamics to several ground-state 

model Hamiltonians to provide design parameters that could aid in control of polaronic 

behavior in polaron forming materials. This work aims to present polaronic design principles 

that can be applied to device-relevant design rules for rational materials design.  
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C h a p t e r  2  

TRANSIENT EXTREME ULTRAVIOLET SPECTROSCOPY 

2.1 High Harmonic Generation 

Extreme ultraviolet (XUV) light is generated using the high harmonic generation (HHG) 

process. HHG in noble gases generally follows semiclassical a three-step model, initially 

presented by Corkum.1,2 Figure 2.1 illustrates this process.  

 
Figure 2.1 Schematic illustration of the high harmonic generation process. (A) The semi-classical three step 
model of HHG in which a noble gas atom in an intense laser field in step 1 has its atomic potential modified 
such that tunnel ionization of the valence electrons can occur. In step 2, the electron is accelerated in the laser 
field and in step 3 when the laser field switches sign, the electron recombines with its parent ion, resulting in 
photoemission of a harmonic multiple of the driving frequency. (B) Depiction of steps 1-3 of the three-step 
model in the laser field. 

In the first step, an intense laser pulse with a power density >1014 W/cm2 removes an electron 

from the noble gas being ionized by tunnel ionization near the peak of the laser pulse’s 

electric field.2,3 Tunnel ionization occurs when an atom has its Coulomb potential barrier 

lowered by an intense enough electric field such that there is a nonzero probability of the 

electron being able to tunnel through the Coulomb potential barrier and away from the 

nucleus.4 The tunneling is most probable when the amplitude of the electric field is at a 

maximum, which occurs twice during an optical cycle, exhibited by the trace Figure 2.1B.5 

During the second step, the electron is accelerated away from the ion in the same laser pulse 

and propagates classically in the electric field.3 This is what gives the approach a 

semiclassical nature, as the electron is considered quantum in steps 1 and 3.2 As the pulse 

switches sign there is an acceleration back towards the nucleus of the ion. In step three the 
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acceleration of the electron back towards the ion causes a recombination resulting in 

emission of coherent radiation at an energies equivalent to the sum of the kinetic energy of 

the electron and the ionization potential of the gas atom.3 The energy of the coherent radiation 

emitted correspond to harmonic frequencies of the fundamental pulse.6  

Based upon Corkum’s model we know that the typical harmonic spectrum emitted via HHG 

in noble gases contains odd harmonics that have a maximum energy equal to that shown in 

Equation 2.1:  

𝐸;?<3<2 ≤ 3.17 R 4"@,"

A5-B"
S + 𝐼C       (2.1) 

where Ip is the atomic ionization potential of the noble gas and the expression R 4"@,"

A5-B"
S is 

equal to the ponderomotive potential (Up) of a free electron in an electromagnetic field of 

strength E0 and frequency 𝜔.1 Due to the nature of harmonic emission, Equation 2.1 

determines the maximum energy of the emitted radiation as recombination of the electron 

with the ion may result in a range of energies that scales nonlinearly as a harmonic spectrum. 

The range of emitted photon energies originates from electrons ionized at different phases of 

the driving field, which follow specific trajectories and recombine with the parent ion with 

varying kinetic energies. This maximum energy is often referred to as the cutoff energy and 

explains why different noble gases will produce different energy harmonics.7  

The emission of odd harmonics by noble gases can be understood by Equations 2.2 and 2.3. 

The polarization (P) of an electric field (E) can be represented as: 

𝑃 = 	 𝜀/V𝜒()) ∗ 𝐸 + 𝜒(+) ∗ 𝐸+ + 𝜒(F) ∗ 𝐸F +⋯Z       (2.2) 

where 𝜀/ is the permittivity of free space and 𝜒 is the susceptibility of the medium. Then, in 

the case of noble gases which are centrosymmetric, we can assume that the electron 

displacement is independent of the direction of the electric field.6,8 This would result in all 
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even orders of 𝜒 being zero, with only odd numbered harmonics generated if the electric 

field follows the form of Equation 2.3: 

𝐸(𝑡) = 𝐸/𝑒,B3        (2.3) 

Essentially, this demonstrates that even numbered harmonic transitions would be symmetry 

forbidden in the case of HHG in a centrosymmetric medium. On the other hand, even number 

harmonics have been observed in materials that are non-centrosymmetric, such as zincblende 

structured GaP bulk crystals.9  

In addition to the presence of only odd harmonics in noble gases, the produced harmonic 

spectra exhibit several characteristic features. Specifically, the shape and intensity of the 

produced harmonic spectrum of a noble gas has low-energy harmonics that decrease in 

intensity until a plateau, at which point the harmonics remain at around the same relative 

intensity.1 The low-energy harmonics decrease in intensity due to their classification within 

the perturbative regime, while harmonics after the plateau are within the nonperturbative 

regime.7 This is followed by what is referred to as an “abrupt” cutoff for the highest energy 

harmonic, where the spectrum immediately stops at the cutoff energy, rather than slowly 

decreasing in harmonic intensity until the cutoff energy.10 However, as the intensity of the 

laser pulse increases, the size of the plateau also increases, which affords more intense 

harmonics.11 That is why the advent of powerful, few-cycle, mJ lasers has greatly improved 

HHG flux, bandwidth, and cutoff energies.3 

2.2 Transient Extreme Ultraviolet Spectrometer 

Figure 2.2 provides a detailed schematic of the transient XUV beamline. In brief, a Legend 

Elite Duo laser system (Coherent Inc.) provides 35 fs, 13 mJ, 1 kHz pulses centered at 800 
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nm. The output of the laser is split by a 75:25 beam splitter with ~3 mJ being used for the 

probe and ~10 mJ for the pump path.  

 
Figure 2.2 Schematic diagram of the transient XUV spectrometer. 

The pump path is equipped for excitation using the p-polarized 800 nm fundamental, the 400 

nm frequency doubled output of a beta-barium borate (BBO) crystal with p-polarization, or 

third harmonic generation (THG) of the 800 nm fundamental beam using two BBO crystals 

and a Michelson interferometer resulting in 266 nm excitation. The frequency doubling 

achieved through second harmonic generation (SHG) results in a 400 nm pump pulse energy 

of ~800 µJ and the tripling achieved via THG provides ~100 µJ of a 266 nm pump pulse. 

Pump power is modulated using a neutral density (ND) filter wheel (Thorlabs) which enables 

changes to pump pulse energy within ~1 µJ. Excitation wavelengths are selected based upon 

the type of excitation desired for the material system being studied. Typically for 

semiconductor samples an above band gap photoexcitation is selected, and the 266 nm and 

400 nm pump wavelengths are sufficient. 

The 35 fs, 800 nm probe pulses are spectrally broadened in a 500 µm diameter, 1 m hollow 

core fiber (HCF, Few-Cycle) filled with ~50 PSI of Ne gas. Fiber broadening results in 50% 
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transmission of white light with a spectrum spanning 550–950 nm. The spectrally 

broadened pulse is dispersion compensated on chirped mirror pairs (Ultrafast Innovation 

PC70) with 12 bounces. The chirped mirrors (CMs) are in pairs, with the first pair being at 

an incidence angle of 5° and the second pair having an angle of incidence of 19°. The chirped 

mirrors add -40 fs2 per bounce by compensating group delay dispersion (GDD) oscillations.12 

This is enabled by the multilayer structure of the CMs in which a gradual change in thickness 

across the rectangular mirror causes a wavelength-dependent penetration depth of the 

incident broadband light.13 This results in <7 fs pulses as verified by a dispersion scan shown 

in Figure 2.3. The broadband few-cycle white light probe (s-polarized) is focused into a 

Teflon infinite gas jet in the vacuum chamber to drive HHG. The gas jet has a ~150 µm hole 

at the beam focus and Ar gas flows through it during standard operation. 

Following high harmonic generation, the residual white light beam is removed with a 100-

200 nm thick Al filter (Luxel). A toroidal mirror focuses the XUV beam at the sample 

position. The XUV beam interacts with the sample at a 10° grazing incidence (80° from 

normal incidence) and is reflected onto a gold coated, concave X-ray grating (Hitachi) and 

into a UV-enhanced CCD camera (Greateyes GmbH). The pump beam enters the vacuum 

chamber in a recombination chamber between the toroidal mirror and the sample and is 90° 

with respect to the XUV probe. A d-mirror routes the pump to the sample in a near-collinear 

geometry with the XUV probe. An additional 100 nm Al filter between the grating and CCD 

filters pump scatter. Transient reflection measures the varying delay times between the pump 

and probe pulses by an optomechanical delay stage on the pump path. 
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Figure 2.3 Dispersion scan of the spectrally broadened and temporally compressed output from the Ne-filled 
hollow-core fiber. (A) Shows the measured d-scan of the pulse which is retrieved in (B). (C) The spectrum of 
the pulse spans ~500–950 nm. (D) The temporal width of the pulse is found to be 6.4 fs. 

2.3 Transient Extreme Ultraviolet Spectrometer Operation 

Temporal overlap, or t0, is verified via a visible pump, visible probe measurement. 

Schematically, the Al filter after the gas jet is retracted so that the fundamental broadband 

white light beam hits the sample following the same beam path as the XUV beam. A mirror 

mounted on a flipping stage that can flip into the XUV beam path after the sample points the 

visible probe outside of the chamber where it travels an equivalent distance outside of the 

chamber as it would travel to reach the CCD camera. The probe beam is measured outside 

of the vacuum chamber using a photodiode connected to a lock-in amplifier. A MATLAB 

code correlates the signal from the lock-in amplifier with changes in timing based upon the 

position of the pump’s delay stage. The pump beam is unblocked, set to a pulse energy 

ranging from 50–100 µJ (1.74 mJ/cm2 at 40 µJ), and chopped at a frequency of 250 Hz with 

an optical chopper (Thorlabs, MC1F10). Time zero measurements are collected on Si 
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samples and a step function is visible when carriers have been photoexcited in the Si 

samples at time zero (Fig. 2.4A).  

 
Figure 2.4 Visible pump-probe experiments and a burn test confirm temporal and spatial overlap. (A) Visible 
pump-probe experiments exhibit a step function in the visible probe beams intensity on the photodiode at time 
zero, plotted as a function of delay stage position. (B) A burn test to confirm spatial overlap of the visible pump 
and XUV probe beam is confirmed by damaging a Si substrate with the pump beam. The blue line denotes the 
harmonic spectrum prior to the burn test, while the orange line denotes the harmonic spectrum following 10 
seconds of exposure to a 200 μJ 400 nm beam. 

While temporal overlap can be extrapolated with the visible probe beam because the timing 

of the fundamental and the XUV beam should be equal if they travel the same distance, there 

is no simple way to confirm that the XUV mode matches spatially with the visible probe’s 

mode. Typically, to overcome this a pinhole could be utilized for spatial filtering; however, 

this is challenging in a reflection geometry where both the pump and probe beams become 

elongated and smeared due to the grazing angle. Therefore, to confirm spatial overlap in the 

reflection geometry we conduct a burn test, in which we increase the intensity of the pump 

beam above the damage threshold of a sample to damage the sample until it no longer reflects 

harmonics in that spot. In practice, we again use silicon wafers. For damaging Si, we use 

~200 µJ of the pump and raster the position of the pump beam while watching the harmonic 

profile in the CCD until the intensity of the harmonic profile decreases. Figure 2.4B is a 

before and after of the harmonic profile following ~10 seconds of burning.  

With temporal and spatial overlap confirmed a transient measurement can be collected. 

Transient XUV spectra are collected using a MATLAB code that collects pump-on and 

pump-off measurements using a shutter in the pump path and a pump delay. Typical 
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measurements require >200 scan averages to resolve a transient signal above the noise 

floor, but this number of averages differs depending on the intensity of signal that a particular 

sample reflects and the X-ray edge of interest.  
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3.1 Abstract 

Small polarons remain a bottleneck in realizing efficient transition metal oxide de-vices. 

Routes to engineer small polaron coupling to electronic states and lattice modes to control 

carrier localization remain unclear. Here, we measure small polaron formation in CuFeO2 

using transient extreme ultraviolet reflection spectroscopy and compare to theoretical 

predictions in realistically parameterized Holstein models, demonstrating that polaron 

localization depends on coupling to high-frequency versus low-frequency phonon bath 

components. We measure small polaron formation on a comparable ∼100 fs timescale to other 

Fe(III) compounds. Dynamic delocalization of the polaron follows formation through a 

coherent lattice expansion between Fe-O layers and charge-sharing with surrounding Fe(IV) 

states. Simulations reveal two major factors dictate polaron formation timescales: phonon 

density and reorganization energy distributions between acoustic and optical modes, matching 

experimental findings. Our work shows how electronic-structural coupling in a polaron-host 

material can be leveraged to suppress polaronic effects for various applications. 

3.2 Introduction 

Polarons play a significant role in various material physics, encompassing superconductivity, 

charge density waves, and electronic transport in both organic and inorganic materials.1–6 In 

transition metal oxides with narrow bandwidth, the interplay between strong electron 
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correlations and strong electron-phonon coupling determines properties ranging from band 

structure to charge transport.6 For materials with photocatalytic applications, the effect on 

surface chemical kinetics that benefit from charge localization and lattice reorganization 

must also be considered.7,8 Iron oxide compounds, such as α-Fe2O3 (hematite), are 

prototypical photocatalysts that possess ideal charge-transfer-based band gaps in the visible 

spectrum and surface kinetics due to their localized d-orbitals. However, their efficiency falls 

short of the theoretical maximum because the same properties lead to the formation of 

photoexcited small polarons, which reduce carrier mobility.9 While transition metal oxides 

that have an empty d-shell after bonding, such as TiO2, tend to form photoexcited large 

polarons with sufficient carrier mobilities to approach near-theoretical efficiencies, the same 

bonding also usually leads to large UV bandgaps that limit overall solar absorption 

efficiency.10 

The dynamics of small polaron formation are well studied and understood, but the 

mechanism for delocalizing polarons to improve carrier lifetimes remains unclear.8,11 In α-

Fe2O3, the photoexcited electron distorts the local lattice upon the initial electron-optical 

phonon scattering, forming small polarons that trap photoexcited carriers with a large carrier 

effective mass. One proposed approach to suppress small polaron formation is to introduce 

new atoms at the unit cell level, thereby decreasing the reorganization energy of the small 

polaron below the thermal energy.12 Understanding the effect of atomic substitutions on 

small polaron formation dynamics and their correlation to photoexcited charge transport is 

necessary for improving photocatalysis and engineering other small-polaron-based 

applications. 

In this work, we measure the delocalization of small polarons in CuFeO2 using transient 

extreme ultraviolet (XUV) spectroscopy and compare the formation dynamics directly to ab-

initio calculations, which consider coupling to both the optical and acoustic phonon bath. 

CuFeO2 has a delafossite structure (Fig. 3.1A) with 2D Cu atomic layers substituted between 

Fe–O networks, and was identified by high-throughput screening techniques as a potential 

high-performing photocatalyst.13–15 XUV measurements of CuFeO2 have demonstrated 
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cathodic photocurrent not present in hematite in addition to suggestions of small polaron 

formation, which are further explored here.16 The Cu atoms are expected to modulate small 

polaron formation in two ways: by providing increased electronic screening between 

photoexcited polarons in the Fe–O layers and by allowing the lattice to expand perpendicular 

to the Fe–O plane to reduce reorganization potentials. Our transient XUV measurements 

indicate that electronic screening between layers does not change the small polaron formation 

rate from the standard <100 fs measured for most Fe(III) oxides.11,17,18 Quantum dynamics 

simulations demonstrate that this polaron formation timescale depends on electronic-

structural coupling to different frequency components of the phonon bath. The ability for the 

lattice to expand perpendicular to the Fe–O plane, is measured to enable a polaron 

delocalization on a picosecond timescale through a coherent Cu–(Fe–O) c-axis phonon 

mode.19 A corresponding nearest-neighbor Fe(III) to Fe(IV) charge compensation supports 

the hypothesis of an initial small-electron-polaron delocalizing beyond the initial Fe(III) site 

to the near-est neighbors.20 Transient absorption microscopy reveals that the delocalized 

polaron leads to a longer recombination timescale when compared to α-Fe2O3 with similar 

crystallinity conditions.17,21–23 Beyond photocatalysis, the results provide insight into a broad 

range of small polaron based materials and how lattice interactions and electron correlations 

can be leveraged to tune their properties. 

3.3 Results 

Figure 3.1A shows the crystal structure of CuFeO2, where the Fe–O sublattices are capped by 

Cu layers along the c-axis. α-Fe2O3 is a prototypical example of photoexcited small polaron 

formation at an Fe(III) site and is shown in Figure 3.1B for reference.8,17 CuFeO2 is a charge 

transfer insulator (Fig. 3.1C) similar to α-Fe2O3, in which the valence band maximum (VBM) 

is dominated by Cu–O hybridization and the conduction band minimum (CBM) is dominated by 

Fe 3d orbitals. The additional electron density offered by the Cu atoms in the CuFeO2 

provides hybridization between the Cu and O atoms, which reduces the material’s band gap 

compared to α-Fe2O3 and increases valence band dispersion (Fig. 3.1D). The conduction bands 
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are still relatively flat despite the delocalization offered by the Cu atoms, suggesting that 

localized electronic states persist in the Fe–O sublattice despite the addition of Cu. 

 
Figure 3.1 A comparison of the (A) delafossite crystal structure of CuFeO2 where Cu atoms are inserted between 
Fe–O layers and (B) hematite (α-Fe2O3). (C) The projected density of states shows that the conduction bands 
are dominated by Fe orbital character while the valence bands are mixed with Cu–O orbitals. (D) The band 
structure of CuFeO2 – where red (blue) stars indicate the VBM (CBM). The weights indicate the extent to which 
each supercell Bloch state contributes to the corresponding primitive cell state. 

Transient XUV spectroscopy is used to measure small polaron formation dynamics in thin 

film CuFeO2 following a 3.1 eV (400 nm) photoexcitation of the charge transfer transition 

from the Cu–O orbitals to Fe 3d orbitals. The optical excitation fluence was ∼6 mJ/cm2, 

which results in an initial photoexcited carrier density of ∼4.4 × 1021 cm−3.24–26 The XUV 

pulse is generated from few-cycle broadband white light with energy centered around the Fe 

M2,3 edge at ∼54 eV. Transient XUV reflection spectroscopy is performed at a 10° grazing 

incidence angle, resulting in a penetration depth estimated as ∼2 nm.27 After photoexcitation, 

the change in the XUV spectrum is defined as ∆OD = − log10(Ipump on/Ipump off). The definition 

is often termed reflection-absorption due to the negative sign. Under this convention, the 

increase in spectral intensity (red color) in Figure 3.2A is roughly associated with increased 

absorption, whereas the blue color is roughly associated with decreased absorption. 
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Additional experimental details, including characterization of the CuFeO2 sample, can be 

found in the Supplementary Materials in Appendix B. 

 
Figure 3.2 Transient XUV reflection–absorption spectrum of CuFeO2 (A) following photoexcitation with a 400 
nm pump. The red and blue colors represent increased and decreased absorption after photoexcitation, 
respectively. Four main spectral features are labeled in the plot. At pump–probe overlap (t0), a series of positive 
and negative peaks are observed (label 1). Immediately after photoexcitation, an ultrafast spectral blue shift is 
observed around 55 eV (label 2), which is attributed to octahedra expansion and small polaron formation. At 
longer pump–probe time delays, spectral intensity and energy oscillations are observed (label 3), which is 
attributed to polaron induced coherent acoustic phonons. At higher XUV transition energies, increased XUV 
absorption is observed and attributed to photoinduced Fe(IV) states (label 4). Experimental lineouts (B) at 30 fs 
(blue), 180 fs (red), and 2.04 ps (green) which correspond to dynamics in label 1, label 2, and label 3, 
respectively. (C) Kinetics plot of the charge transfer (blue), polaron (green), and lattice expansion (red) states 
with “best fit” lines to visualize the kinetics of the chosen dynamics while disregarding the coherent phonon 
oscillations. 

The measured transient XUV spectrum for the Fe M2,3 edge is shown in Figure 3.2. Four 

distinct spectral features are identified (Fig. 3.2A). Immediately following photoexcitation, 

a series of positive and negative spectral features occur between 51 and 56 eV (Fig. 3.2A, 

label 1). This is followed by a fast spectral blue shift around 55 eV within the first ∼100 fs 

(Fig. 3.2A, label 2). There are intensity oscillations in the measured spectra at longer time 

delays. A clear intensity oscillation is observed for the main negative peak at ∼55 eV. An 

increased oscillation in spectral density occurs between 55.5 and 56.6 eV, which is out-of-

phase compared to the oscillation of the main negative peak between 54.5 and 55.5 eV (Fig. 

3.2A, label 3). In addition to the features between 51 and 56 eV, there are two major 

absorption peaks above 56 eV. These peaks emerge immediately after photoexcitation and 

exhibit oscillating spectral features that strongly correlate with spectral intensities below 56 

eV and are out-of-phase with the oscillations between 54.5 and 55.5 eV. It should be noted 

that while the features in labels 1 and 2 are common among transient XUV measurements of 

α-Fe2O3 and other prototypical Fe(III) small polaron materials,8,11,28,29 the features in labels 
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3 and 4 are not typically observed in the transient XUV spectra of photoexcited iron oxides. 

This suggests that the interstitial Cu layer between the Fe–O octahedra influences longer 

timescale dynamics. 

The observed spectral changes are dominated by changes to the angular momentum coupling 

X-ray transition Hamiltonian at the Fe M2,3 edge, so the measured spectra relate more to 

oxidation states and local bonding rather than state-filling of photoexcited carriers.30 To 

understand the spectral features, we simulate the transient XUV reflection spectra of 

CuFeO2 using a previously verified adiabatic approximation to an ab initio excited state 

Bethe–Salpeter equation (BSE) treatment of the XUV spectra (Supporting Information, 

Appendix B). Figure 3.3A–C compares experimental spectral lineouts taken from 30 fs 

after photoexcitation to 2 ps after photoexcitation (Fig. 3.3A–C) with BSE theory. The 

lineout immediately following photoexcitation at 30 fs matches a modeled photoexcited 

charge transfer state (Fig. 3.3A). In contrast, the lineout at 180 fs agrees with a modeled 

small polaron state (Fig. 3.3B). Kinetically, the small polaron forms in 90 ± 20 fs, consistent 

with previous measurements of Fe(III) oxides.17,18 The theoretically predicted changes match 

for both lineouts in terms of the shift of the zero crossing and the appearance of a new 

multiplet peak at 54.5 eV. 
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Figure 3.3 Experimental lineouts (solid lines) compared to BSE theory (dashed lines) for immediately after 
photoexcitation (A), following polaron formation (B), and the change to the polaron spectrum following lattice 
expansion (C), which correspond the label 1, label 2, and labels 3 and 4 in Figure 3.2A, respectively. Ligand-
field theory (D) for differing oxidation states of iron. The blue trace corresponding to Fe(IV) appears at the same 
energy as Figure 3.2A, label 4. 

The spectral features in labels 3 and 4 in Figure 3.2A are where the dynamics of 

CuFeO2 differ from previously measured iron oxide materials. The spectral splitting seen 

in Figure 3.2A, label 3 matches theory for a c-axis lattice expansion in the DFT unit cell 

starting around one picosecond after the small polaron has formed (Fig. 3.3C). When the 

small polaron is formed, the oxygen octahedra around the new Fe(II) site expand locally due 

to the quench of the Fe–O bond strength. This secondary lattice expansion around the polaron 

site expands the bond length between the oxygen and nearest neighboring Fe(IV) sites 

through a c-axis expansion, delocalizing the polaron wave function from its initial state. The 

lattice expansion correlates with coherent phonon oscillations measured within this region. 

Specifically, intensity modulation occurs between 55.4 and 56.4 eV, oscillating out of phase 

compared to the intensity between 54.5 and 55.2 eV (Fig. 3.2A, labels 3 and 4). The intensity 

oscillations of the differential spectra between 55.4–56.4 eV is plotted in Figure 3.4A. Initial 

oscillations are damped due to the optical phonons associated with small polaron formation, 

but after ∼1 ps, a Fourier analysis reveals that dominant oscillations at 1.4 and 5.3 THz are 
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present (Fig. 3.4B). These frequencies correspond to mixed acoustic and optical Cu–(Fe–

O plane) modes along the c-axis and along Fe–O bond lengths, respectively.19 Due to the 

large anisotropy of the CuFeO2 lattice, phonon modes polarized along the c-axis are much 

softer and anharmonic than those along the ab-plane, enabling a low-frequency c-axis lattice 

expansion that coherently couples to localized polaron-induced octahedra expansion. 

 
Figure 3.4 Spectral oscillations (A) in the main negative feature at ∼55 eV in Figure 3.2A label 3. The 
oscillations in the red box were Fourier transformed (B) and demonstrate Cu–(Fe–O) c-axis acoustic modes at 
1.4 THz and a mixture of Fe–O modes at 5.3 THz. 

The spectral features at energies above 56 eV (Fig. 3.2A, label 4) are well represented by the 

formation of a local Fe(IV) state immediately after photoexcitation which would agree with 

a delocalization of the Fe(II) small-polaron state through lattice expansion. Modeling local 

oxidation states in the BSE calculations is challenging, given that carriers are filled up to the 

photoexcited energy in the adiabatic perturbation limit. To understand oxidation state effects, 

a ligand-field theory calculation using CTM4XAS is performed and reinforces that the 

increased XUV absorption above 56 eV is due to Fe(IV) absorption (Fig. 3.3D).31 This 

feature also has oscillations that are out-of-phase with the Fe–O and Cu–O bond motions 

seen in the negative spectral features at 1.4 and 5.3 THz and plotted in Figure 3.4A-B. The 

intrinsic oxidation state in CuFeO2 in the ground state is Fe(III); our measurement suggests 

that there is a sudden increase in Fe(IV) states after the photoexcited charge transfer 
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transition. This state then oscillates out-of-phase with the Fe–O and Cu c-axis lattice 

motions, coupling to the polaronic state and dynamically delocalizing it. 

The kinetics for each spectral feature are shown in Figure 3.2C. The Fe(IV) state in the 

nearest-neighbor shell forms immediately after the Fe(III) to Fe(II) charge transfer transition 

from photoexcitation. However, the polaron delocalization through the oscillation between 

the ground state bleach and Fe(IV) states does not occur until an order of magnitude longer 

∼1 ps timescale, compared to the ∼100 fs small polaron formation measured here and in 

other Fe(III) oxide systems.17,18 The transient XUV data confirm that Cu-hybridization does 

not alter the small polaron formation energy or kinetics through electronic screening, but 

rather reduces the on-site reorganization energy, which ultimately delocalizes the small 

polaron. The small polaron formation and delocalization process are shown schematically 

in Figure 3.5 for CuFeO2. Comparatively, in α-Fe2O3, the charge transfer initiated by 

photoexcitation induces a small electron polaronic state, resulting in lattice distortion and 

carrier trapping until recombination. In CuFeO2, charge transfer also induces small polaron 

formation; however, the nearest neighboring atoms compensate for this charge transfer by 

becoming Fe(IV) in character. The lattice expansion then allows for polaron delocalization 

on a picosecond timescale. 

 
Figure 3.5 Schematic representation of the polaron formation mechanism in CuFeO2. The formation of 
Fe4+ states around polaron sites and the expansion of the lattice enables delocalization of polarons on a ps 
timescale. 

To theoretically investigate small polaron formation and its associated kinetics, we employ 

the dispersive Holstein Hamiltonian,32 which encodes the coupling between electronic 

excitations and local phonons. We parametrize this model using experimental 

measurements33 (i.e., Raman spectra) and electronic structure calculations of the materials of 
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interest34−37 (see Supporting Information, Appendix B). We describe coupling to phonon 

modes via a continuous spectral density, J(ω), which we model using two Lorentzians 

centered on clusters of Raman-active modes around 545 and 1100 cm–1. Figure 3.6A shows 

six peaks taken from the experimental Raman spectrum of CuFeO2 and the resulting bimodal 

spectral density.38 We further note that, consistent with spectral densities parametrized from 

molecular dynamics simulations in other materials, one expects the coupling distributions to 

low-frequency phonons to be broad and high-frequency phonon modes to be narrow.39−42 In 

CuFeO2, the reorganization energy (λ) that quantifies the total exciton–phonon coupling 

significantly exceeds the exciton hopping integral (v). This allows us to employ the 

perturbative Non-Interacting Blip Approximation (NIBA),43 augmented with our recent 

generalized master equation framework to reach large system sizes free from finite-size 

effects,44 to predict the quantum dynamics of the polaron, and enabling us to quantify the 

influence of phonon timescales on the speed of polaron formation. 
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Figure 3.6 Tunability of Holstein polaron formation times via the exciton–phonon coupling distributions. (A) 
Bimodal Lorentzian spectral density based on Raman-detected phonon modes (gray dashed lines). The green 
and red shaded regions correspond to the low- and high-frequency regions of the full spectral density, 
respectively. (B)–(D) Polaron formation times for exciton–phonon couplings described by (B) the bimodal 
distribution in (A), (C) the low-frequency contribution of the bimodal distribution in (A) with the full 
reorganization energy, and (D) the high-frequency contribution of the bimodal distribution in (A) with the full 
reorganization energy. (B)–(D) show the derivative of the polaron’s mean squared displacement, dMSD/dt, for 
both polarized and unpolarized nonequilibrium initial conditions. Gray dashed lines indicate the polaron 
formation times (i.e., when both nonequilibrium simulations start to agree). 

Because polaron formation timescales are not a direct observable from the quantum 

dynamics, we extract them indirectly.45 Since the lattice relaxation of polaron formation is a 

nonequilibrium effect, the time required for the dynamics to become independent of the 

initial nonequilibrium preparation of the electronic excitation quantifies the polaron 

formation time. We employ two distinct nonequilibrium preparations of the initial excitation: 

one where the bare exciton arises from an impulsive Franck–Condon excitation (unpolarized) 

and is subsequently allowed to move and one where we allow a static exciton to fully polarize 

its lattice before it is allowed to move (polarized). We track the deviation between the 
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derivatives of their mean squared displacement (MSD), which encodes polaron mobility, 

and when these derivatives agree, the polarons have shed their global nonequilibrium 

preparation, signaling the completion of their local lattice relaxation. We identify the 

duration of this nonequilibrium relaxation as the polaron formation time.45 

To understand how the form of the spectral density affects the polaron formation time, and 

therefore how to engineer exciton–phonon couplings to control these, we perform a detailed 

numerical study (see the Supporting Information section VII). In addition to our earlier 

insight that increased exciton-nuclear coupling decreases polaron formation times,45 we also 

observe that polaron formation becomes faster when coupled to a wide and 

continuous distribution of phonon frequencies. Further, for a given coupling, these 

timescales are modulated by the distribution of reorganization energy between the optical 

and acoustic modes, with increasing weight in the narrow, high-frequency optical modes 

slowing down polaron formation. Surprisingly, the rate of formation was insensitive to the 

(mean) vibrational frequency. 

For the spectral density appropriate to CuFeO2, there is a competition of factors, with the 

larger, high-frequency phonon couplings also having a narrow distribution. Computationally, 

we unpack the spectral density to understand the relative importance of the low- and high-

frequency regions. Keeping the reorganization energy fixed, when considering only the 

broadly distributed slow (low-frequency) phonons, the timescale of polaron formation is 

∼130 fs (Fig. 3.6C). Contrastingly, the narrowly distributed fast (high-frequency) phonons 

exhibit a much longer formation timescale of ∼230 fs (Fig. 3.6D). Together, the full J(ω) 

encompassing both regions (Fig. 3.6B) gives a value of ∼185 fs (which is a weighted 

combination of the above; see Fig. B.17). We therefore conclude that the addition of 

narrowly distributed, high-frequency optical phonon modes increases the polaron formation 

times. Since it is a general feature of condensed phase systems for low-frequency phonon 

couplings to exhibit spectrally dense, quasi-continuous distributions while couplings to high-
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frequency phonons are narrowly spectrally distributed, these results are likely applicable 

beyond transition metal oxides. 

We further conclude that broadly distributed, low-frequency modes dissipate energy faster 

and more smoothly than narrowly distributed, high-frequency modes (see the Supporting 

Information section VII). The smoother response and shorter timescale for low-energy 

acoustic phonon coupling indicate that the multipicosecond rise of polaron delocalization 

in Fig. 3.2C likely represents the growing occupation of the acoustic phonon bath as the 

polaron couples to a lattice expansion. 

The intersection of experimental and theoretical results also has substantial implications for 

the description of small polaron physics in transition metal oxides. In particular, the 

experiment further suggests that, after the polaron is formed, acoustic modes are populated, 

both in response to the polaron formation and due to the decay of high-energy optical 

phonons. However, the Holstein model, which offers the standard description of small 

polaron formation in these materials,46−48 cannot account for such hierarchical energy flow 

among phonon modes. Instead, the Holstein model offers a field theoretical description of 

nuclear fluctuations that subsumes energy transfer-facilitating anharmonicities into an 

effective Gaussian phonon bath. Hence, while Holstein descriptions of small polaron physics 

can yield useful insights and design principles as we have shown above, precise vibrational 

engineering further requires the ability to explicitly probe vibrational energy flow in the 

presence of anharmonic phonons. 

Finally, we measure the role of the delocalized polaron state on the carrier lifetime. 

Interconversion between the polaron and charge transfer state is also examined and 

confirmed by a variant of optical transient reflectance spectroscopy.49,50 A pump beam of 

540 nm center wavelength and ∼0.5 ps duration is focused down to a spot with 1/e2 width of 

270 nm on the sample to create above-bandgap excitations in the CFO. Subsequently, a wide-

field 707 nm probe pulse of similar duration illuminates the sample. The probe reflection is 

collected by a CMOS camera, and its intensity is integrated over spatial coordinates. The 
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transient reflectance signal is the difference between probe reflectance with and without 

the pump pulse, scaled by the pump-off reflectance: Δ𝑅/𝑅 = >./0.	12'>./0.	133

>./0.	133
. 

In Figure 3.7, signatures of both the polaron and charge transfer state have negative 

amplitude but with different strengths. At short timescales (∼ps), a very sharp drop is 

observed in the transient reflectance signal (Fig. 3.7A), corresponding to the fast decay of 

the charge transfer state as it is converted to the lower amplitude polaron. This longer-lived 

polaron signal persists for hundreds of ps. The entire kinetic trace is fitted with an instrument 

response function (0.7 ps) convolved with kinetic equation 𝐴e'!3 + 𝐵 !
!%'!

Ve'!3−e'!%3Z, 

where A and B are relative amplitudes of the charge transfer and polaron states, respectively. 

The extracted lifetimes of the charge transfer state (1/k) and polaron (1/kp) are 0.52 and 770 

ps. The amplitudes of the charge transfer state and polaron have a ratio of 5.6:1. A low energy 

acoustic mode at 8 GHz also modulates the signal. Optical transient absorption 

spectroscopies have observed these low-energy GHz acoustic coherent phonons in other 

polaron-forming iron oxides and perovskites.51,52 

 

Figure 3.7 Optical reflectivity of CuFeO2 (A) and extracted lifetimes of the charge transfer state and polaron 
state (B). An 8 GHz acoustic phonon oscillation is observed at longer times in the spectra. 

The measured kinetics using transient reflectance agree with the transient XUV findings. 

Given the temporal resolution of the instrument response function, an initial charge transfer 

state convolved with a localized polaron persists for picoseconds before transforming into 

the delocalized polaron state, which then persists on the order of a nanosecond. The finding 
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is intriguing because, although the CuFeO2 is polycrystalline with grain boundaries, it has 

a lifetime that persists several hundred picoseconds longer than hematite with similar 

crystallinity conditions.21−23 The delocalization of the polaron acts to mitigate carrier 

recombination and extend the lifetime of the localized carriers enabled by population of the 

acoustic phonon bath. This presents a parameter to tune when engineering polaron-forming 

semiconductors for photocatalysis, optoelectronics, and other applications. 

3.4 Conclusion 

The outcomes of this work provide new insight into small polaron-dominated materials and 

phenomena. We did not find that Cu atom hybridization changed the small polaron formation 

kinetics, most likely due to strong Fe–Fe electron correlations still dominating interactions. 

However, changing the lattice degrees of freedom was directly correlated with increasing the 

delocalization of the small polarons by lowering polaron reorganization energies. Leveraging 

simulations of lattice descriptions of small polarons in transition metal oxides, we further 

find that two major factors dictate polaron formation timescales: spectral phonon density and 

reorganization energy distributions between acoustic and optical modes. Specifically, we 

find that phonon bath engineering favoring strong coupling to broad acoustic phonon 

distributions in favor of narrowly distributed optical modes decreases polaron formation 

timescales. We further find that polaron delocalization is a dynamical process that occurs 

after the formation of small polarons, contrasting with the concept of immediate delocalized 

polaron formation.28 Furthermore, the delocalization of the polaron appears to be related to 

longer photoexcited lifetimes in the material when compared to prototypical hematite. This 

work provides insights into more mobile polarons in desirable transition metal oxides, as 

well insights into coherent control of the lattice response to small polaron formation. 
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C h a p t e r  4  

COHERENT CHARGE HOPPING SUPPRESSES PHOTOEXCITED 
SMALL POLARONS IN ERFEO3 BY ANTIADIABATIC FORMATION 

MECHANISM 

This chapter is adapted with permission from:  

Kim, Y.-J.; Mendes, J. L.; Michelsen, J. M.; Shin, H. J.; Lee, N.; Choi, Y. J.; Cushing, S. K. 
Coherent Charge Hopping Suppresses Photoexcited Small Polarons in ErFeO3 by 
Antiadiabatic Formation Mechanism. Sci. Adv. 2024, 10 (12), eadk4282. 
https://doi.org/10.1126/sciadv.adk4282 

4.1 Abstract 

Polarons are prevalent in condensed matter systems with strong electron-phonon coupling. 

The adiabaticity of the polaron relates to its transport properties and spatial extent. To date, 

only adiabatic small polaron formation has been measured following photoexcitation. The 

lattice reorganization energy is large enough that the first electron–optical phonon scattering 

event creates a small polaron without requiring substantial carrier thermalization. We 

measure that frustrating the iron-centered octahedra in the rare-earth orthoferrite 

ErFeO3 leads to antiadiabatic polaron formation. Coherent charge hopping between 

neighboring Fe3+–Fe2+ sites is measured with transient extreme ultraviolet spectroscopy and 

lasts several picoseconds before the polaron forms. The resulting small polaron formation 

time is an order of magnitude longer than previous measurements and indicates a shallow 

potential well, even in the excited state. The results emphasize the importance of considering 

dynamic electron-electron correlations, not just electron-phonon–induced lattice changes, for 

small polarons for transport, catalysis, and photoexcited applications. 

4.2 Introduction 

The interaction between charge carriers and a polar lattice can lead to charge localization by 

the local lattice deformation which is referred to as polaron formation. Polarons are of major 

interest for semiconducting, superconducting, and insulating materials because they 
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dominate transport properties.1–4 In the strong-coupling limit, sublattice-sized small 

(Holstein) polarons5, 6 reconfigure electronic states to control surface reactivity,7, 8 ion 

mobility,9, 10 and high-temperature superconductivity.11 Understanding how the relationship 

between strong electron-phonon coupling and electron correlations controls polaron 

formation is important from both a ground-state materials and photodynamics perspective. 

Optical excitation can generate electron and hole polarons by photodoping the lattice.12-17 To 

date, photoexcited small polarons are measured to form within the first electron–optical 

phonon scattering event, even when the charge carrier has excess energy above the band 

edge.16,18-23 Within the Hubbard-Holstein model for correlated electron materials, this 

indicates that the reorganization energy (electron-phonon coupling strength) of the small 

polaron is larger than the hopping integral between metal sites.24 The hundreds of 

femtoseconds small polaron formation is termed adiabatic as it occurs without substantial 

thermalization. In this case, the photoexcited small polaron formation is almost an impulsive 

excitation. 

In this study, we measure that the distorted FeO6 octahedron in erbium iron oxide (ErFeO3), 

a rare-earth orthoferrite, leads to antiadiabatic small polaron formation using transient 

extreme ultraviolet (XUV) spectroscopy. Photoexcitation of a ligand-to-metal charge-

transfer transition creates an axially elongated FeO6 octahedron. Multiple coherent charge 

hopping events are then measured between neighboring Fe3+─Fe2+ sites. The coherent charge 

hopping is associated with an optical phonon mode that modulates the distance between the 

neighboring Fe–O–Fe bonds. The charge hopping continues until the photoexcited carriers 

thermalize and small polaron formation occurs on a picosecond timescale, as is characteristic 

of an antiadiabatic interaction.25 The polaron formation time is an order of magnitude longer 

than previously measured.16,18,20-23 The lattice reorganization energy estimated from the 

experiments is also smaller than the magnitude of the hopping integral, roughly estimated by 

the Fe d-orbital conduction band width, in line with time-dependent Holstein and Hubbard-
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Holstein model predictions for the conditions of excited-state antiadiabatic polaron 

formation. 

Overall, our measurements confirm that dynamical electron correlations play a critical role 

in controlling small polaron formation in correlated electron materials and must be 

considered beyond just the lattice reorganization energy.26 This result is in contrast to a 

variety of previous studies in other Fe–O materials where changes to defects, dopants, spin, 

and symmetry always lead to a similar, adiabatic small polaron formation time, suggesting 

that knowledge of the reorganization energy alone was sufficient to compare the 

dynamics.16,18-23 The measured interplay between optical phonons, electron correlations, and 

local lattice deformation provides a clear picture of how antiadiabatic excited-state polaron 

formation occurs. The measurement of the conditions under which antiadiabatic polaron 

formation occurs is also important to a broad range of small polaron-dominated applications 

such as polaronic superconductivity theories, charge-density wave ordering, 

antiferromagnetism, and charge transport in both solid-state and molecular systems.27-29 For 

example, using high-frequency phonons and their instantaneous response to photoexcitation 

in the antiadiabatic regime is proposed for tuning electron correlations to modulate 

metallicity in relation to Peierls ordering.30,31 Moreover, by confirming general Hubbard-

Holstein model predictions with the experimental evidence of the excited-state behavior, the 

measurements increase our fundamental understanding of how strong electron-phonon 

coupling unfolds in correlated electron systems in nonequilibrium situations. 

4.3 Results and Discussion 

ErFeO3 is an antiferromagnetic, charge-transfer insulator that crystallizes in an 

orthorhombically distorted perovskite structure with the space group Pbnm, as confirmed by 

x-ray diffraction (Appendix C.1, Fig. C.1, and Table C.1)32 and depicted in Figure 4.1A. It 

belongs to the rare-earth orthoferrite family RFeO3 (where R is a trivalent rare-earth cation) 

and features corner-shared FeO6 octahedra that are orthorhombically distorted and 

orthorhombically rotated about the [001] axis.33 ErFeO3 exhibits rich magnetic properties 

arising from the magnetic transitions between the 3d and 4f electrons of Fe3+ and Er3+ ions, 
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respectively. These properties include a high Néel temperature,34 large magnetoelectric 

coupling,35 and ultrafast optical control of spins,36,37 making it a potential room-temperature 

multiferroic candidate. Here, we use this control of the frustrated lattice versus electron 

correlations to explore the structural factors that determine small polaron formation. 

 
Figure 4.1 Electronic and lattice structure of ErFeO3. (A) Crystal structure of ErFeO3. The crystal has a distorted 
perovskite structure with an orthorhombic symmetry. Corner-sharing FeO6 octahedra are distorted because of 
the presence of an Er3+ ion. ErFeO3 is photoexcited with 50-fs, 3.1-eV pump pulses while XUV pulses probe 
photoinduced dynamics of the material. The unit cell of the crystal is indicated with a dotted box. (B) Calculated 
total PDOS of ErFeO3. Photoexcitation generates holes (a white circle) and electrons (a black filled circle) in 
the O 2p and Fe 3d bands, respectively. EF is the Fermi energy. (C) Calculated band structure of ErFeO3 along 
the high-symmetry k-points. 

Figure 4.1B and C presents the calculated electronic structure of ErFeO3 by using density 

functional theory (DFT) with the Hubbard U correction (DFT + U). The calculations give a 

charge-transfer bandgap of approximately 1.8 eV (calculation details in Appendix C.2.1 and 

Fig. C.2), which is consistent with the measured charge-transfer optical absorption feature 

at 1.8 ± 0.1 eV (Fig. C.3). Within the approximations of DFT + U,38 the calculated projected 

density of states (PDOS) in Figure 4.1B has a valence band that predominantly consists of 

O 2p orbitals and a conduction band predominantly of lower-lying Fe 3d and higher-lying Er 

5d orbitals.39,40 The optical excitation used in these experiments, at 3.1 eV (400 nm), 

promotes electrons from the O 2p orbital to the unoccupied Fe 3d orbital through a ligand-

to-metal charge-transfer transition. The calculated band structure in Figure 4.1C along high-

symmetry k-points reveals that the valence band maximum and the conduction band 
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minimum are flat from the Γ- to Y-points of the Brillouin zone, indicative of strong 

electron correlations,41 similar to other rare-earth orthoferrites.42,43 

Transient XUV spectroscopy is used to measure element-specific electron and hole dynamics 

following a ligand-to-metal charge-transfer photoexcitation. Time-resolved differential 

absorption spectra are collected at the Fe M2,3 edge around 54 eV, which corresponds to a 

transition from the 3p3/2,5/2 core states to the 3d valence state. The sample is photoexcited 

with a 50-fs pulse at a pump fluence of 3 mJ/cm2 under ambient temperature (293 K). The 

differential absorption signal, ΔA, is calculated as ΔA = log(Roff/Ron), where Roff and Ron are 

the XUV reflectance spectra with the pump beam blocked and unblocked, respectively. High 

harmonic generation creates the XUV probe pulse (upper panel in Fig. 4.2A) from a few-

cycle white light pulse in an argon gas medium (experimental details in Appendix C.3 and 

Fig. C.4).44 By using a grazing incidence angle of 10°, the XUV probe has a penetration 

depth of approximately 2 nm, providing a surface-sensitive geometry.44,45 In the previous 

measurement of small polaron formation times in α-Fe2O3, bulk versus surface 

measurements only showed variations in the 30% range,18 smaller than the order of 

magnitude change in small polaron formation time measured here. 

 
Figure 4.2 Photoinduced structural distortion and small polaron formation. (A) High-order harmonic profile for 
the XUV probe pulses (top). The color scale corresponds to the normalized harmonic intensity. Two-
dimensional false color plot of time-resolved differential absorption spectra obtained at a pump fluence of 3 
mJ/cm2 (bottom). The color scale corresponds to differential absorbance (ΔA). Spectral vectors for singular 
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value decomposition are overlaid, representing the charge-transfer (top) and the polaron states (bottom). The 
spectral blue shift of the main absorption feature at ~54 eV, typically indicative of small polaron formation, is 
measured as 100 ± 10 meV. Dotted lines represent the fitted spectral shift (Fig. C.5). (B) Calculated differential 
absorption spectra compared to the primary spectral vectors. For the charge-transfer state, the FeO6 octahedron 
is axially elongated because of an optical phonon within our temporal resolution, giving rise to crystal field 
splitting, as shown in the calculated excited-state absorption spectra of Fe2+ (dotted line). State-filling effects 
were incorporated for the photoexcited electrons and holes. For the polaron state, six Fe–O bonds in the 
octahedron are expanded with the overall enlargement of the unit cell. 

The time-resolved differential absorption spectra are shown in Figure 4.2A as a pseudo-

color plot (see Fig. C.5 for the temporal lineout spectra). The first 5 ps after photoexcitation 

are plotted, after which the dynamics reach a steady state out to the 1-ns measurement limit 

of our instrument (Fig. C.6). The core-level transition Hamiltonian for the Fe M2,3 edge is 

dominated by angular momentum components.46 The increase and decrease in absorption in 

the XUV spectrum therefore do not directly relate to electron and hole energies but instead 

relate to the change in overall Fe site occupation (oxidation state), the presence of phonon 

modes, and other structural excitations such as small polarons.46,47 

The spectral evolution exhibits two distinctive vectors and timescales within the 5-ps time 

frame, which can be confirmed by singular value decomposition20,48 (see overlays in Fig. 

4.2A). An excited-state approximation to the Bethe–Salpeter equation (BSE) is used to 

interpret the spectral contributions.49,50 Briefly, the OCEAN (Obtaining Core Excitations 

from the Ab initio electronic structure and the NIST BSE solver) code is modified using an 

adiabatic approximation of the photoexcited electronic states or lattice distortions to calculate 

the change in the core-valence excitons that make up the XUV spectra (calculation details in 

Appendix C.2.2).44,46,47 The initial photoexcited charge-transfer state creates four distinct 

bands positioned at 51.6, 52.1, 54.1, and 54.5 eV when compared to the Fe3+ ground state, 

which can be assigned to eg, b2g, a1g, and b1g multiplets, respectively51 (Fig. 4.2B). A local 

elongation of the Fe–O bond in the axial direction, and a contraction of the equatorial in-

plane bonds from the Jahn-Teller distortion (Fig. C.7), must also be included. The 

interatomic distance between neighboring Fe sites decreases because of this distortion.52 

Next, at a pump-probe time delay of ∆t = 1 ps, the main spectral feature at 54-eV blue shifts. 

This spectral shift of 100 ± 10 meV (Fig. C.5), which also results in changes to 

the eg and b2g spectral amplitudes over time, corresponds to the formation of the small 
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polaron.16,20,23 This is modeled as an overall expansion of the Fe–O bonds, and good 

agreement exists between theory and experiment in both cases. 

The kinetics of the small polaron formation are determined using the assigned spectral 

features. A multivariate regression analysis using the spectral components is depicted 

in Figure 4.3A. A three-state sequential kinetic model is used for the best fit as outlined 

in Figure 4.3B (fitting details in Appendix C.4 and Fig. C.8), including the 50-fs 

photoexcitation pulse. The kinetic model is consistent with past small polaron formation 

studies20,21 so that relative timescales can be compared. The initial charge-transfer state 

thermalizes on the order of τ1 = 250 ± 80 fs, but small polaron formation is delayed by τ2 = 

2.3 ± 0.3 ps with the incorporation of an intermediate step. This is characteristic of a balance 

between carrier thermalization and small polaron formation through the coherent charge 

hopping in the antiadiabatic regime as discussed in the next paragraph. 

 
Figure 4.3 Kinetic model of the relaxation dynamics and coherent hopping motions. (A) The time-dependent 
amplitude of the charge-transfer and polaron states using a multivariate regression of the experimental data. A 



 

 

49 
three-state model was used to incorporate the intermediate step of the charge hopping events in the 
antiadiabatic regime. The amplitudes are fitted with a rate equation model for small polaron formation (solid 
and dotted lines). (B) Schematic of the three-state sequential kinetic model with the three time constants of τ1, 
τ2, and τ3. (C) The coherent modulation of transient signals extracted at 53.2 and 52.2 eV, representing the main 
absorption of Fe3+ and Fe2+, respectively. Oscillations from the initial electron–optical phonon scattering lead 
to coherent hopping between the photoexcited Fe3+ and its Fe2+ nearest neighbors. The fast Fourier transforms 
(FFT) are shown on the right. (D) The out-of-phase oscillations between the Fe3+ and Fe2+ spectral features at 
Δt between 0.3 to 0.6 ps indicative of the charge-hopping process that delays small polaron formation in the 
antiadiabatic regime. 

Further insight into the small polaron formation process is given by the coherent oscillations 

in the transient XUV spectra. Figure 4.3C shows coherent oscillations for lineouts at 53.2 

and 52.2 eV. The main decrease in absorption observed at 52.8 to 54.7 eV is indicative of 

the depletion of the initial Fe3+ state, while the main increase in absorption in the red-shifted 

region of 51.5 to 52.8 eV signifies the formation of the Fe2+ state following photoexcitation, 

based on the spectral assignment (see Figs. C.7, C.9, and C.10 for the full spectrum and 

analysis). The coherent oscillations have a periodicity of approximately 170 fs, 

corresponding to a frequency of around 5.0 THz (170 cm−1). The measured oscillation 

frequency can be correlated with a Raman-active optical phonon mode with Ag symmetry 

that corresponds to a rocking motion of the FeO6 octahedra between the Er3+ ions;33,53 see 

the schematic in Figure 4.3D. The optical phonon mode leads to coherent charge hopping 

between neighboring Fe sites by modulating the Fe–O–Fe bond length, as evidenced by the 

180° out-of-phase oscillating signal between the Fe3+ and Fe2+ signals (Fig. 4.3D). The 

coherent charge hopping events in Figure 4.3C do not onset until carrier thermalization has 

occurred, matching the timescale of τ1 from Figure 4.3A. Similarly, small polaron formation 

is not complete in Figure 4.3A until after the multiple coherent charge hopping events decay 

in Figure 4.3C, matching τ2, designating the process as antiadiabatic. 

Transient XUV measurements, therefore, provide a detailed picture of antiadiabatic small 

polaron formation (Fig. 4.4). The photoexcited electrons of the axially elongated 

FeO6 octahedra thermalize through scattering with optical phonon modes, some of which 

correspond to FeO6 octahedral rotations within the Er3+ sublattice. The octahedral rotations 

modulate Fe–O–Fe bond lengths, leading to a periodic hopping between sites. Only after 

multiple electron–optical phonon scattering events does the electron hopping decay, 
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corresponding to the creation of the small polaron. The small polaron does not lead to 

recombination within the hundreds-of-picoseconds timescale of the transient XUV 

measurement. The measured small polaron formation process is in contrast with the 

previously measured adiabatic mechanism, wherein the small polaron forms immediately 

within the first electron–optical phonon scattering event without substantial carrier 

thermalization.16,18,20-23 

 

Figure 4.4 Summary of the antiadiabatic photoinduced polaron formation dynamics in ErFeO3. (A) Potential 
energy curves comparing small polaron formation in the antiadiabatic (left) and adiabatic regimes (right). Upon 
photoexcitation, electrons instantaneously transfer from the O2− to Fe3+ ions, generating photoexcited electrons 
and holes in the conduction and valence bands, respectively. In the charge-transfer state, the axial Fe─O bond 
is elongated, resulting in the splitting of the Fe 3d band at a slightly shifted nuclear coordinate from the ground- 
to excited-state configurations (Qgr → Qex). Hot carriers in the high-energy conduction band then thermalize in 
hundreds of femtoseconds. In the antiadiabatic polaron formation of this work, coherent charge hopping 
between the Fe3+ and Fe2+ lasts for a few picoseconds, delaying small polaron formation at Qpolaron, while 
electron tunneling is dominant in the adiabatic pictures. (B) Schematics of lattice deformation in ErFeO3 at the 
charge-transfer (Δt = 0) and polaron states (Δt > 0), where the FeO6 octahedron axially elongates upon 
photoexcitation and then expands equally in all axes during the small polaron formation. 
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The Hubbard-Holstein model predicts that the adiabaticity of small polaron formation 

depends on the balance of the hopping integral between Fe sites and the small polaron 

reorganization energy. The Hamiltonian for the Hubbard-Holstein model is shown as:5,54 

H = –t∑ (ciσ
† cjσ + H.c.) + U∑ ni↑ni↓	i + ω0∑ bi

†bii  + g∑ niσ(bi
† + bi)i,σ<ij>,σ     (4.1) 

where ciσ
†  and ciσ are the creation and annihilation operators for an electron with spin σ at site 

i, respectively. bi
† and bi are the phonon creation and annihilation operators, respectively. niσ 

is the on-site electron–phonon coupling density of ciσ
† ciσ with strength g, which reflects the 

electron-phonon coupling and therefore polaron reorganization energy. The hopping 

amplitude is denoted by t and ω0 is a dispersionless phonon frequency. The reorganization 

energy is typically parameterized by the phonon frequency and deformation potential, 

balanced with the on-site interaction.  

Previous studies on α-Fe2O3 demonstrated that the blue shift of the main XUV spectral 

feature can be related to the small polaron reorganization energy.16,18-23 In these studies, a 

spectral shift of ~1 eV corresponded to a formation energy of 0.4 to 0.6 eV, consistent with 

the theoretical predictions. Here, the measured spectral shift is 100 ± 10 meV, which is 1/10 of 

the reported value for α-Fe2O3. This would bound the small polaron formation energy of 

ErFeO3 as <100 meV, or <50 meV if the same XUV relation holds. In support of this 

estimate, the polaron formation rate is roughly 1/10 of that reported for α-Fe2O3. th can be 

bounded as <300 meV by the half-bandwidth of the relevant Fe 3d conduction band (~0.6 

eV; Fig. 4.1B), and ω0 corresponds to the measured phonon energy at approximately 20 meV 

(Fig. 4.3C). 

A time-dependent solution of the Hubbard-Holstein model is needed to parameterize the 

antiadiabatic excited-state small polaron formation.25 In ground-state solutions to the 

Hubbard-Holstein or Holstein model, the “adiabaticity ratio” parameterization of ω0/th would 

here denote an adiabatic regime for polaron hopping.26,55,56 In the ground state, adiabatic 

refers to whether the lattice changes instantaneously upon polaron motion and should not be 
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confused with the excited-state or nonequilibrium definition of adiabaticity used in this 

paper, which refers to the formation time after photoexcitation. The measured coherent 

electron hopping and decreased polaron formation energy is consistent, however, with 

ground-state definitions of a “large” polaron regime but transport measurements are needed 

before further comment can be made. 

4.4 Conclusion 

Our measurements therefore indicate that a complete picture of photoexcited polaron 

formation in correlated electron systems must include the balance of the charge hopping 

integral versus the lattice-based reorganization energy. Usually, a Holstein-like model is 

considered sufficient, focusing mainly on the reorganization energy, but our results suggest 

that a full Hubbard-Holstein-like model needs to be used when the polaron formation energy 

approaches the electron bandwidth. The coherent charge hopping between Fe–Fe sites 

suggests small polaron transport in ErFeO3 requires a coordination of phonons, electron 

correlations, and lattice deformations at adjacent sites. This behavior is opposite to previous 

measurements of adiabatic excited-state dynamics where polaron hopping occurs only 

through a phonon-mediated lattice deformation.16,18,20-23 
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5.1 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 (GdFeO3), 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 
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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. 

5.2 Introduction 

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 

photocatalysis.1−5 In highly polar materials, the coupling of photoexcited charge carriers to 

phonons in the lattice localizes carriers in the form of polarons.6 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 (α-Fe2O3) and other iron oxides have been extensively explored for their 

photoexcited polaron formation dynamics.9−12 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 dominated by either mixed oxygen/metal orbitals or 

entirely metal orbitals, respectively. These differing electronic structures 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.10,13,14 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 ErFeO3 was found to have weaker 
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polaronic binding energies because the polaron formation rate was slowed by strong 

electronic correlations.12 Additional work comparing hematite and Y3Fe5O12 (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.15 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 GdFeO3. This intermediate insulator (mixed O 2p/Fe 3d VBM) is a model 

material system for many perovskite Mott–Hubbard insulators due to its crystal 

structure.16,17 GdFeO3 and other rare-earth orthoferrites have been explored as candidates for 

photoelectrochemical oxygen reduction and evolution, as well as magneto-optical and 

spintronic applications due to their demonstrated multiferroicity.18,19 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 ± 0.4 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 functional models to hybrid functionals with different fractions of exact 
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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. 

5.3 Experimental Section 

5.3.1 Synthesis of Single-Crystalline GdFeO3 

Single crystals of GdFeO3 were synthesized using the flux method, employing PbO, PbF2, 

PbO2, and B2O3 as fluxes in a high-temperature furnace. A stoichiometric mixture of 

Gd2O3 and Fe2O3 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 

GdFeO3 crystals, with individual crystals obtaining lengths of up to 1 cm on a side. 

Characterization of the GdFeO3 single crystals can be found in the Supporting Information, 

Appendix D. 

5.3.2 Transient Extreme Ultraviolet (XUV) Spectroscopy 

For both photoexcitation wavelengths, the pump pulses are ∼50 fs with a fluence of ∼11 

mJ/cm2 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 × 1020 cm–3, and for 

400 nm excitation a carrier density of ∼3.7 × 1020 cm–3, details of the carrier density 

calculation can be found in the Supporting Information, Appendix D. The DFT-calculated 

unit cell of GdFeO3 has a volume of ∼2.4 × 10–22 cm3 and given that each unit cell contains 

4 iron atoms, there are approximately ∼1.6 × 1022 Fe atoms/cm3. 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.20 The Fe M2,3 edge 
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at ∼54 eV corresponds to transitions from the 3p3/2,5/2 core levels into 3d core levels. The 

change in transient reflection following photoexcitation is defined by ΔOD = -

log10(Ipump on/Ipump off). Additional details about the transient extreme ultraviolet spectrometer 

can be found in the Supporting Information, Appendix D. 

5.3.3 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.21 We compute both the ground-state X-ray absorption at 

the Fe M2,3 edge in GdFeO3 and differential effects to the core-level GdFeO3 spectra 

following excitation-wavelength-dependent photoexcitation and polaron 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 package22,23 and the existing OCEAN code24−26 (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 GdFeO3 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,21,27 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 FeO6 octahedra and calculate its resulting Fe M2,3 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.28−32 These functionals either incorporate a fraction of 

Hartree–Fock (HF) exact exchange to improve self-interaction errors and a description of 
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charge localization (e.g., hybrid functionals) that depends on an empirical parameter (α, 

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 α or Hubbard U parameters.29 These methods were 

used to identify structural distortions and relative energetics associated with electron and hole 

polaron formation at different sites in GdFeO3 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, Appendix 

D. 

5.4 Results and Discussion 

5.4.1 Defect Supercell Calculations of Polarons 

GdFeO3 has an orthorhombic symmetry in the Pbnm space group, as shown in Figure 

5.1A.17 The FeO6 octahedra are strained due to the large rare-earth atom in the crystal 

structure, resulting in a 154° Fe–O–Fe bond angle.33 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 5.1B. 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.10,21 DFT+U is used to accurately describe the extent of carrier 

localization and on-site repulsion in GdFeO3.17 Magnetization studies of GdFeO3 have 

demonstrated that it is a canted, G-type antiferromagnet (AFM) below its Néel temperature 

(TN) of ∼650 K, resulting in a weak ferromagnetism due to the Dzyaloshinskii–Moriya 

(DM) interaction.34−36 The Fe3+ ions in the GdFeO3 take a high-spin (HS) electronic 

configuration in their ground state, and the octahedral tilts of adjacent FeO6 octahedra are 

measured to have strong antisymmetric exchange interactions (superexchange).37,38 
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Figure 5.1 GdFeO3 crystal structure, calculated electronic band structure, and projected density of states. (A) 
GdFeO3 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. 

Figure 5.1B 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 GdFeO3 poses an opportunity for both MMCT and LMCT to occur.39 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 functionals (HSE06 and pSIC) to calculate ab initio polaronic 

distortions in GdFeO3. Further details of the calculations can be found in the Experimental 

section and the Supporting Information, Appendix D. These methods identify structural 

distortions and relative energetics associated with electron and hole polaron formation at 
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different sites in GdFeO3 and assess their sensitivity to empirical parameters in the 

calculations. The charge localization of both electron and hole polarons from defect supercell 

calculations (Fig. 5.1A) 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. 

5.4.2 Hubbard–Holstein Model of Polaron Formation 

To understand the defect supercell-predicted localization of electron and hole polarons on 

iron centers in GdFeO3, 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: 
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where tij is the hopping integral, 𝑐,-
" and 𝑐.- are the creation and annihilation operators, 

respectively, with spin, σ, for an electron at site i and j.40−45 U is the on-site Coulombic 

repulsion, ni is the number operator, g corresponds to the electron–phonon coupling strength, 

and ω0 refers to the phonon frequency. 𝑏,
" and 𝑏, are the creation and annihilation operators, 

respectively, for phonons at site i. J denotes the superexchange interaction between 

neighboring metal sites.46 The Hubbard–Holstein Hamiltonian is commonly downfolded to 

a t–J model.47,48 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 
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suppressed. This indicates that for polaron formation to be favorable t ≪ g, while polaron 

formation would be weak or suppressed when t ≫ g. In a U ≫ t regime at half-filling, J ≈ 

4t2/U, and for an antiferromagnet teff ∝ J and teff ∝ 1/U.46,49,50 We note that this is an 

oversimplification, as U and J 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, J decreases, meaning that superexchange is suppressed in a strongly electron–

phonon coupled regime.41 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.46 

The defect supercell calculations of GdFeO3 predict that both electron and hole polarons will 

form on metal sites (Fig. 5.1A). 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. GdFeO3 is 

expected to have strong J in its ground state due to the AFM configuration of adjacent Fe 

sites and the tilted FeO6 octahedra.38 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. 

5.4.3 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.9,10,14 Spectrally, polaron formation in iron oxide materials has been 

characterized in the XUV as a shift to higher energies at the Fe M2,3 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.51,52 



 

 

65 
Transient XUV reflectivity at the Fe M2,3 edge of GdFeO3 pumped with 400 nm (3.1 eV) 

light is shown in Figure 5.2A. The Fe M2,3 edge is characterized immediately after 

photoexcitation by a negative absorption feature (blue) centered around 54 eV. This spectral 

feature can be described by a reduction in the population of the Fe3+ ground state (Fig. D.4) 

as electrons are excited into Fe d orbitals in the GdFeO3 conduction bands.10 Transient 

increases in absorption are present in the 400 nm pumped spectra (Fig. 5.2A) from ∼52.6–

52.9 and ∼55.6–58.0 eV. Despite no spectral shift to higher energies being observed at the 

Fe M2,3 edge following 400 nm photoexcitation, there is a decrease in intensity over time 

(Fig. 5.2A). Figure 5.2C provides an exponential fit of this decrease in intensity, resulting 

in a rate constant of τ400 nm hot carriers = 360 ± 70 fs, which we attribute to the cooling rate of the 

hot carriers, in line with XUV studies of photoexcited carrier cooling.20,53−55 

 
Figure 5.2 Transient XUV spectra following 400 nm photoexcitation and DFT+BSE theory lineouts. (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 M2,3 edge following 400 nm photoexcitation, 
averaged over the Fe M2,3 edge feature. 

Due to the strong contribution of angular momentum to the core-level transition Hamiltonian 

at the Fe M2,3 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.10,12 To understand the origin of the spectral features at the Fe M2,3 edge of 

GdFeO3, 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 

ESPRESSO22,23 and the OCEAN24−26 (Obtaining Core Excitations from the Ab initio 



 

 

66 
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 GdFeO3 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, Appendix 

D. 

Figure 5.2B 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 (Fig. 5.2A) from 

∼52.6–52.9 and ∼55.6–58.0 eV are described by high-spin Fe2+ states forming as LMCT 

from the oxygen to iron atoms occurs (Fig. 5.3A) using ligand-field multiplet theory.56 A 

low-spin (LS) Fe2+ state does not agree with the experimentally measured spectrum (Fig. 

5.3A). 

 
Figure 5.3 Experimental (blue) 400 nm LMCT state (A) and 800 nm polaron and trapped Fe2+ low-spin state 
(B). CTM4XAS calculated Fe4+ high-spin state (yellow), Fe4+ low-spin state (red), Fe2+ high-spin state (green), 
and Fe2+ 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. 
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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 (Fig. D.5B). The nonradiative 

recombination is, therefore, longer than our instrument’s 1 ns temporal limit. An exponential 

fit of the radiative lifetime of GdFeO3 gives a time constant of τ400 nm radiative = 1.2 ± 0.4 ns 

(Fig. D.3), 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, Appendix D. 

If we consider the hot carrier thermalization from Figure 5.2C, with a time constant of 

τ400 nm hot carriers = 360 ± 70 fs and compare it to the DFT-calculated phonon band dispersion 

for GdFeO3, we can approximate the energetic extent of carrier cooling to the CBM. 

GdFeO3 has its highest frequency phonon mode occurring around ∼17 THz, which 

corresponds to ∼70.3 meV.57 At a first-order approximation, we can apply Equation 5.2 to 

calculate the amount of energy the hot carriers cool by 

∆𝐸-./	1233!435 =
𝜏6++	78	-./	1233!435

𝜏49:-	/2
∗ 𝐸:-		(𝟓. 𝟐)	

where Eph is the highest frequency phonon mode and τe-ph 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.58,59 This results in 

∼750 meV of thermalization. The experimentally measured direct band gap of single crystal 

GdFeO3 is ∼1.4 eV (Fig. D.1), 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 (Fig. 5.1B), 

which supports that a LMCT occurs following 400 nm photoexcitation. 

Our DFT+BSE, ligand-field multiplet theory, and fluorescence lifetime measurements, 

therefore, support that LMCT following 400 nm photoexcitation forms a high-spin 

Fe2+ 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 
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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 

thermalization during the LMCT step (Fig. 5.2B).10,12 

5.4.4 Polaron Formation Following MMCT 

Transient XUV reflectivity at the Fe M2,3 edge of GdFeO3 following 800 nm (1.55 eV) 

photoexcitation is shown in Figure 5.4. Like 400 nm pumped transient XUV reflectivity 

spectra, the Fe M2,3 edge following an 800 nm pump is characterized immediately after 

photoexcitation by a negative absorption feature (blue) 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 M2,3 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 (Fig. D.6) 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 eV) 

within the Fe M2,3 edge in the 800 nm pumped spectra. Additionally, following 800 nm 

photoexcitation, an increase in absorption (Fig. 5.4) that appears from ∼50.0–52.8 eV and 

∼56.3–58.0 eV is measured. 

 
Figure 5.4 Transient XUV reflection–absorption spectrum following 800 nm photoexcitation. 

The spectral lineout 50 fs after 800 nm photoexcitation in Figure 5.5A (blue) agrees well 

with DFT+BSE theory (red) for a modeled 800 nm MMCT state. The DFT-calculated PDOS 

(Fig. 5.1B) demonstrates that this excitation originates from mixed O 2p/Fe 3d valence bands 
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and, therefore, could be either LMCT or MMCT in character. We find that the positive 

absorption features (Fig. 5.4) 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 Fe2+ and 

high-spin Fe4+ states, respectively (Fig. 5.3B). The formation of high-spin Fe4+ states and 

low-spin Fe2+ states suggests that MMCT transitions are occurring between iron atoms 

following photoexcitation.39 Section D.5, in the Supporting Information, Appendix D, 

further discusses ligand-field multiplet theory to model these spin states. 

 
Figure 5.5 Experimental lineouts after 800 nm photoexcitation and DFT+BSE theory. (A) Experimental lineout 
(blue) 50 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 GdFeO3. 

Figure 5.5B 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 
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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 M2,3 edge. Singular value 

decomposition (SVD) in Figure 5.5C illustrates the transition of the MMCT state to the 

convolved electron and hole polaron state in the spectra. Figure D.7 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 (Fig. D.5A) 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. 

5.4.5 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 M2,3 edge feature occurs following 

polaron formation. The spectral splitting in the 800 nm spectra (Fig. 5.4) 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 (Fig. 5.2A), there is spectral 

splitting that occurs at the Fe M2,3 edge (53.8 eV), 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 t2g and eg crystal field splitting expected from the 

GdFeO3 Fe3+ high-spin ground state (Fig. D.4).37,60 This high-spin electronic configuration 

is preserved following 400 nm LMCT (Fig. 5.3A), as demonstrated by the lack of change in 

spectral splitting between the ground state spectra and excited state 400 nm pumped spectra 

(Figs. 5.2A and D.4). Additionally, the increases in absorption following 400 nm 

photoexcitation (Fig. 5.2A) result in the formation of an Fe2+ high-spin state, that appears as 

increases in absorption at ∼52.6–52.9 and ∼55.6–58 eV (Fig. 5.3A). This indicates that the 

suppression of polaron formation following 400 nm photoexcitation is related to the 
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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, teff, 

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 M2,3 edge. This is evidenced by the t2g and eg crystal field splitting in the 800 nm pumped 

spectra (Fig. 5.4) experiencing a transient increase in absorption at ∼53.5–54.3 eV.61 As 

demonstrated in the DFT+BSE and pSIC+DFT+BSE modeled spectra (Fig. 5.5B), the 

Fe2+ and Fe4+ centers created following MMCT begin forming electron and hole polarons, 

respectively. The hole polaron charge density is distributed across the oxygen and Fe4+ iron 

atom, while the electron polaron charge density is localized on the Fe2+ site (Fig. 5.1A). This 

is supported by ligand-field multiplet theory modeling of both high-spin and low-spin 

configurations of Fe2+ and Fe4+ (Fig. 5.3B), that agrees well with a low-spin 

Fe2+ configuration following photoexcitation. The Fe4+ 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.62,63 

The distortion induced by the polarons is anisotropic (Fig. D.10) 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 (Fig. 5.6A). The Jahn–Teller effect has been demonstrated to induce 

changes to Fe–O–Fe bond angles that affect the superexchange interaction.64−67 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 Fe2+ orbital 

configuration.68 However, the bond angle is reduced by ∼1.2° according to the DFT 
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calculations, decreasing the superexchange and the effective charge hopping 

integral.69−71 The Hubbard interaction is large for the MMCT between Fe centers and 

electron–phonon coupling can therefore dominate, resulting in polaron formation. 

 
Figure 5.6 Schematic of superexchange across the Fe–O–Fe bond that gives rise to spin crossover on 
Fe2+ centers during photoexcited electron and hole polaron formation. (A) 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 Fe2+ 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 (τ400 nm = 360 ± 70 fs) and polaron formation 
and superexchange following 800 nm MMCT (τ800 nm = 250 ± 40 fs) are discussed further in the Supporting 
Information, Appendix D. 

Iron oxides specifically have been reported to experience optical modification of the 

exchange interaction on sub-picosecond time scales, supporting this 

conclusion.68 Particularly 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.42 The octahedral site distortion in rare-earth 

orthoferrites is responsible for orbital and spin ordering, the modulation of that distortion 
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through polaron formation enables the trapping of a low-spin Fe2+ state induced by Fe–O–

Fe superexchange following 800 nm MMCT.71−73 

5.5 Conclusion 

Excitation-wavelength-dependent small polaron formation is measured in the intermediate 

insulator GdFeO3 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 M2,3 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.10 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 GdFeO3, 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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C h a p t e r  6  

METAL-TO-METAL CHARGE TRANSFER POLARON DYNAMICS IN 
MOTT-HUBBARD INSULATOR FAYALITE  

6.1 Abstract 

Photoexcited carrier localization through the formation of polarons remains a bottleneck in 

realizing efficient, earth-abundant photocatalyst devices. Understanding the fundamental 

properties that dictate polaron dynamics in transition metal oxide photocatalysts is necessary 

to tune and control polarons. While many studies of polaronic characteristics in charge-

transfer insulators have been undertaken, few exist of Mott insulators. Here, we measure 

photoexcited polaron formation in Mott insulator fayalite (Fe2SiO4) using element-specific 

transient extreme ultraviolet (XUV) spectroscopy. We find that this Fe(II) oxide exhibits the 

characteristic spectral blueshift at the Fe M2,3 associated with small polaron formation. The 

polaron forms with a 130 ± 40 fs time constant and a magnitude of 460 ± 90 meV. Electronic 

structure calculations support a Mott-Hubbard picture in which Fe 3d states dominate the 

band edges for metal-to-metal charge transfer transitions, distinguishing fayalite from more 

widely studied charge-transfer iron oxides with ligand-to-metal charge transfer transitions. 

Our results show that strong electronic correlations in Fe2SiO4 drive ultrafast carrier 

localization on ultrafast timescales and establish transient XUV spectroscopy as a sensitive 

probe of polaron formation in Mott insulating iron oxides. 

6.2 Introduction 

Mott insulators, while not metallic in character, have large carrier densities that compete with 

on-site Coulomb repulsions that could become conductive in the excited state, but ultimately 

localize carriers in the ground state.1 When on-site Coulomb repulsions are smaller than the 

charge transfer energy, a lower Hubbard band containing metal d orbitals arises at the valence 

band maximum. This electronic structure gives rise to a wide range of strongly correlated 

properties in the form of strong magnetic interactions,2 superconductivity,3 and metal-

insulator transitions (MIT).4,5 These strong on-site Coulombic repulsions also serve to 
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strongly localize the carriers in the metal orbitals of Mott insulators. This strong carrier 

localization can result in the formation of polarons and has been demonstrated across a range 

of Mott insulators through both theory6–9 and experiments.10,11  

Photoexcited polarons form when excess charge carriers couple strongly to lattice vibrations 

and localize. In Fe(III) oxide systems small polaron formation, dynamics, and transport have 

been well characterized in many charge transfer insulators,12–15 however Mott insulators have 

yet to be explored as widely in these systems. Recent transient extreme ultraviolet (XUV) 

spectroscopy of intermediate iron oxide insulators has suggested that photoexcitation can 

induce both metal-to-metal charge transfer (MMCT) and ligand-to-metal charge transfer 

(MMCT) transitions to modify polaronic dynamics.16 In charge transfer insulators, 

photoexcited small polarons are generally formed following charge transfer from O 2p 

orbitals to Fe 3d orbitals, or a LMCT.17,18 This differs in intermediate insulators where 

polarons may also form following MMCT.16 The dynamics of photoexcited small polaron 

formation in Mott insulators would therefore be expected to follow a charge transfer pathway 

that more closely resembles that of intermediate insulators, rather than charge transfer 

insulators. Mott insulating Fe2SiO4 therefore presents an interesting route through which 

strong electronic correlations and MMCT-accessible charge transfer pathways dictate 

photoexcited small polaron formation in Fe(II) oxides. 

Fe2SiO4 is a particularly useful model Mott insulator to compare to polaron formation in 

charge-transfer and intermediate insulating iron oxides. Its band gap energy is reported to be 

in the visible spectrum, and thus accessible via optical excitation, and occurs naturally as a 

mineral.19,20 As a result, Fe2SiO4 provides an opportunity to examine if photoexcited carrier 

localization and polaron formation in a Mott insulator follows the same mechanism as 

charge-transfer insulators, or whether the correlated Fe 3d orbitals and resulting Hubbard d 

bands in the electronic structure modulate polaron formation, much like intermediate 

insulators. Transient extreme ultraviolet (XUV) spectroscopy at the Fe M2,3 edge is 
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particularly valuable because it has been widely employed to directly measure the electron-

structural effects of polaron formation across a myriad of iron oxides.15–18,21 

Here we investigate photoexcited polaron formation in the Mott Insulator fayalite (Fe2SiO4) 

measured with transient XUV reflection-absorption spectroscopy at the Fe M2,3 X-ray edge. 

This probe is particularly sensitive to changes in local Fe electronic structure and oxidation 

state that follows polaron-induced carrier localization and has been demonstrated across a 

range of charge-transfer and intermediate insulating Fe(III) oxides. We observe a spectral 

shift to higher energy characteristic of photoexcited small polaron formation with a rate 

constant of 130 ± 40 fs and a magnitude of 460 ± 90 meV. We use density functional theory 

and Bethe–Salpeter equation (DFT+BSE) theory to disentangle the resulting dynamics in 

this Fe(II) Mott insulator. Together, these results provide insight into the nature of 

photoexcited carrier localization through polarons in strongly correlated iron oxide systems. 

6.3 Methods 

6.3.1 Transient Extreme Ultraviolet Spectrometer 

Here we describe the experimental methods used to measure the Fe2SiO4 samples. The 

transient extreme ultraviolet (XUV) reflectivity spectrometer is described previously.15,22 A 

Legend Elite Duo laser system (Coherent Inc.) with 35 fs, 13 mJ, 1 kHz pulses centered at 

800 nm is split by a 75:25 beam splitter with ~10 mJ used for the pump path and ~3 mJ being 

used to generate a few-cycle white light beam (<6 fs, 550-950 nm) for high harmonic 

generation (HHG). The pump path uses the 400 nm frequency doubled output of a BBO 

crystal with p-polarization, pumped with the 800 nm output of the Ti:Sapphire laser. The 

optical excitation fluence used in the Fe2SiO4 measurements was ~14 mJ/cm2. Transient 

reflection is measured at a 10° grazing incidence (80° from normal incidence) geometry and 

measures the varying delay times between the pump and probe pulses by an optomechanical 

delay stage. The photoexcited dynamics were probed with an XUV pulse produced with an 

s-polarized few-cycle white light pulse by HHG in argon. The residual white light beam is 

removed with a 100 nm thick Al filter (Luxel). The generated XUV continuum is used to 
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probe the Fe M2,3 absorption edges at ~54 eV. An edge-pixel referencing scheme was used 

to denoise the spectra due to intensity fluctuations and used signal-free spectral regions.23  

The static XUV reflectivity of Fe2SiO4 is obtained by normalizing the static XUV reflectivity 

spectrum of the sample by the static reflectivity of a Si wafer, which should not absorb the 

XUV beam below the Si K edge at ~100 nm. The spectrometer was calibrated using the 

photoionization continuum of neon gas.24 

6.3.2 Core-Level Spectral Modeling 

Geometry optimization and density functional theory (DFT) calculations were conducted 

using the Quantum ESPRESSO package with norm-conserving general gradient 

approximation (GGA), Perdew– Burke–Ernzerhof (PBE) pseudopotentials.25–27 Geometry 

optimizations employed an input Fe2SiO4 unit cell containing 28 atoms and were based upon 

the lattice constants for the unit cell of a = 10.4710 Å, b = 6.1414 Å, and c = 4.7979 Å. A 

200 Rydberg kinetic energy cutoff and a 4 × 6 × 8 Monkhorst– Pack k-mesh sampling of the 

first Brillouin zone sampled 100 bands. The starting magnetization was set to a sum of zero 

for Fe2+ ions to represent the antiferromagnetic orientation of neighboring spins at 293 K. 

The structures employed in the DFT and DFT+BSE calculations described below were fully 

relaxed and calculations were performed to a convergence of 10−8 eV/atom with the forces 

on ions under 10−3 eV/Å. 

The theoretical framework we employ to model the ground-state core-level Fe2SiO4 spectra 

at the Fe M2,3 has been described previously.14 Briefly, the ground-state spectrum is 

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 package26,27 and the existing OCEAN code (Obtaining Core-level 

Excitations using Ab-initio calculations and the NIST BSE solver).28–30  

In practice, we first calculate the band structure of Fe2SiO4 using DFT. Then, the BSE is 

solved to obtain the core–valence exciton wave functions and the XUV spectra can be plotted 

from the complex dielectric function calculated by OCEAN. For Fe2SiO4 the BSE was solved 
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using a 4 × 6 × 8 k-point mesh and a dielectric constant of 11.0. A 1.0 scaling factor for 

the Slater G parameter was employed with a 100 Rydberg energy cutoff. A 4.0 Bohr 

screening radius and a 2 ×2 ×2 screening mesh were applied. Finally, a 0.1 eV broadening 

was implemented to replicate the linewidth broadening observed in the experiment.  

6.4 Results and Discussion 

Fayalite belongs to the olivine mineral group, being the end member in a series where x = 2 

in the stoichiometry Mg2-xFexSiO4.31 These olivine minerals are abundant in the earth’s crust 

and have been shown to participate in the silicate-carbonate cycle to sequester CO2 on 

geologically-relevant, millennia timescales.32,33 It has an orthorhombic symmetry, belonging 

to the Pnma space group, as depicted in Figure 6.1A. Its UV-Visible reflection spectrum, 

shown in Figure 6.1B, is characterized by a lower energy peak, attributed to dipole forbidden 

d-d transitions, or MMCT. These d-d transitions are expected to be present in Mott insulators 

and are not typically observed in charge-transfer insulators. This characterization confirms 

some of the Mott insulating properties of fayalite. An increase in reflectivity at higher photon 

energies in the UV-Visible reflection spectrum of Fe2SiO4 is characteristic of dipole allowed 

p-d transitions, denoting LMCT transitions. This UV-Visible reflection spectrum agrees with 

the DFT predicted band structure and atom-projected density of states shown in Figure 6.1C 

and D. The Mott insulating nature of the material results in a VBM and CMB dominated by 

Fe 3d orbital character (Fig. 6.1D). 
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Figure 6.1 Fayalite crystal structure, UV-Visible reflection spectrum, DFT calculated band structure for 
fayalite, and atom-projected density of states. (A) The olivine phase of fayalite crystallizes in an orthorhombic 
crystal structure. (B) UV-Visible reflection spectrum of fayalite where the initial increase in reflectivity is 
attributed to dipole forbidden d-d transitions, appearing at ~1.75 eV, and is followed by dipole allowed p-d 
transitions more characteristic of an insulator. (C) DFT calculated band structure for fayalite, no Hubbard U 
value was applied in this calculation. (D) Atom-projected density of states, where the lower and upper Hubbard 
bands from Fe 3d orbitals can be seen centered around the fermi level, and lower energy valence bands have O 
2p character. 

Transient XUV reflection-absorption spectroscopy measures the photoexcited polaron 

formation dynamics of Fe2SiO4 following photoexcitation with a 3.1 eV (400 nm) pump 

beam. Measurements result in surface sensitive spectra, with a probe penetration depth of ~2 

nm. The differential reflection-absorption following photoexcitation is defined as DOD = -

log10(Ipump on/Ipump off). 

Figure 6.2A shows a representative transient spectrum of Fe2SiO4 measured at the Fe M2,3 

X-ray edge at ~54 eV, probing 3p to 3d transitions. Immediately following photoexcitation, 

there is an increase in absorption at ~53.0 – 54.0 eV (Fig. 6.2A, red feature) and a 
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neighboring decrease in absorption from ~54.0 – 55.8 eV (Fig. 6.2A, blue feature). The 

transient features experience a blue shift that begins immediately after photoexcitation, and 

this spectral shift is complete after ~200 fs. Figure 6.2B demonstrates lineouts from the 

transient spectra immediately following photoexcitation (blue) and 1 ps after photoexcitation 

(green) when the spectral shift is complete. We attribute the blue lineout in Figure 6.2B to 

the charge transfer state immediately following photoexcitation, as a range of XUV 

experiments at the Fe M2,3 edge support this assignment.15–18,34,35 However, excited-state 

DFT+BSE theory is necessary to confirm these states. We assign the green lineout in Figure 

6.2B to the photoexcited polaron state, as is indicated in literature. A fitting of the spectral 

blueshift associated with the polaron formation (Fig. 6.2C) results in a shift with a magnitude 

of 460 ± 90 meV and a time constant of 130 ± 40 fs. 

 
Figure 6.2 Representative transient XUV spectrum at the Fe M2,3 edge centered at ~54 eV (A). Spectral 
lineouts 30 fs (blue) and 1 ps (green) after photoexcitation with a 400 nm pump (B), where the lineout at 30 fs 
is attributed to the charge transfer state and the lineout at 1 ps is attributed to the polaron state. A fitting of the 
spectra blueshift at the Fe M2,3 edge (C), taken by averaging the signal at the blue feature in (A) from ~54.0 – 
55.0 eV, reveals that polaron formation occurs with a time constant of 130 ± 40 fs. Singular value decomposition 
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(D) of the charge transfer (blue) and polaron (green) states from (B) where the charge transfer state begins to 
transition to the polaron state within 10s of fs. 

We further conduct singular value decomposition (SVD) to extract the contributions of the 

charge transfer and polaronic states to the spectrum at different timepoints. Figure 6.2D 

shows the SVD of the Fe2SiO4 spectrum and demonstrates a transition from the charge 

transfer state to the polaron state that occurs in 10s of fs.  

Figure 6.3 shows preliminary DFT+BSE theory of the ground-state Fe M2,3 edge spectrum 

of Fe2SiO4 (blue line), in moderate agreement with the experimentally measured ground state 

XUV absorption. The higher energy feature above the edge is not as well described by theory, 

and further development, through tuning of on-site repulsions and the Hubbard U parameter 

may be necessary to fully describe the ground state spectrum.   

 
Figure 6.3 Preliminary DFT+BSE theory of the ground state reflectivity of Fe2SiO4 at the Fe M2,3 edge.  

Additionally, excited-state DFT+BSE theory is merited in the case of Fe2SiO4 to model not 

only state-filling dynamics associated with an above band gap excitation, but also the 

character of the spectral shift. While much XUV literature that suggests the spectral shift to 

higher energy is associated with a polaron, the exact character of the polaron remains 

unclear.12,14,15 As discussed in Chapter 5 of this thesis, in the case of MMCT, hole polarons 

may also form on Fe centers, and may not necessarily be spectrally distinct from electron 

polarons on iron centers.16 DFT+BSE modeling of both hole and electron polarons in fayalite 
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following photoexcited polaron formation is merited here to deconvolve the excited state 

dynamics observed in these experiments. 

6.5 Conclusion 

In this work, we measured the photoexcited dynamics of Mott insulator fayalite using 

transient XUV spectroscopy at the Fe M2,3 edge. Following 400 nm above band gap 

photoexcitation, we observe a spectral shift to higher energy, characteristic of photoexcited 

polaron formation in other iron oxide systems. Having MMCT and LMCT excitation 

manifolds accessible suggests that electron and hole polarons may form at Fe sites. While 

these measurements, in the context of the other studies in this thesis, support assignment of 

the spectral blueshift to photoexcited polaron formation, additional excited-state DFT+BSE 

calculations are required to fully assign the physical phenomena occurring. Overall, this 

study demonstrates that fayalite is an important comparison between charge-transfer, 

intermediate, and Mott insulating iron oxides and provides new insight into how strong 

electronic correlations govern carrier localization. 
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C h a p t e r  7  

EXPERIMENTALLY MAPPING THE PHASE DIAGRAMS OF 
PHOTOEXCITED SMALL POLARONS 

7.1 Abstract 

Understanding the fundamental properties that dictate photoexcited polarons in materials is 

critical to tuning their properties. Theoretical models of polarons have only recently been 

extended to the excited state. Experimental measurements of polaron formation and transport 

have been widely undertaken across a range of materials, from photocatalysts and 

superconductors to soft conducting polymers. Here, we map quasi-equilibrated excited state 

experimental measurements of quantities such as polaron strength onto phase diagrams of 

the Holstein, Hubbard–Holstein, and t-J–Holstein models. This work demonstrates that 

tuning electron–phonon coupling strength, electron localization, and spin exchange can be 

leveraged to suppress or control polarons in transition metal oxides. We find that the t-J–

Holstein model best describes the measured iron oxides and could be generally applied to a 

wide range of systems that exhibit polaron formation in the excited state. This work combines 

experimental data with ground state models to provide a robust parameter space for 

informing photoexcited polaron design. 

7.2 Introduction 

Polarons dominate material physics, ranging from solar energy materials,1 O-LEDs,2 organic 

semiconductors,3 conducting polymers,4 and even superconductors.5 A polaron is the 

localization of a charge carrier due to coupling with local lattice deformations. The extent of 

the charge carrier’s localization results in a distinction between small and large polarons, but 

this definition is often ambiguous.6 It is generally accepted that a small polaron is localized 

to a unit cell or less in a strong coupling perturbation limit, while large polarons span multiple 

unit cells; however, the crossover between small and large polarons is an active area of 

study.6,7 Extensive work has been undertaken both experimentally and computationally to 

understand and model polaronic behavior in emergent materials, ranging from scanning 
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probe microscopy and core-level spectroscopies to numerical solutions of the Holstein 

model, which describes polaronic mobility.8–12 Small polarons have been measured and 

theoretically described in the ground state for decades.13–16 Here, we focus on understanding 

the fundamental properties of photoexcited polarons in solid-state materials, an area that 

remains less understood, despite a range of measurements of individual systems.  

Photoexcited polarons form when a charge transfer transition redistributes the charge density 

between two local orbitals and the carriers couple to lattice vibrations. For example, in a 

transition metal oxide that is a charge transfer insulator, photoexcitation transfers an electron 

from a dispersive O 2p orbital to a localized transition metal d-orbital. Usually, during the 

photoexcited carrier thermalization time, the polarizable lattice of the transition-metal oxide 

locally distorts, trapping the charge carrier. This has been widely studied in the candidate 

photoelectrode hematite (α-Fe2O3), showing that small-polaron formation occurs within 

<100 fs during the first electron–optical-phonon scattering event.10,17,18 It has been further 

demonstrated that though these polarons form within the first electron–optical-phonon 

scattering event, the resulting localized polaronic state dominates carrier transport and 

persists up to carrier recombination and relaxation.17 Polaron localization reduces carrier 

mobility and photoconversion efficiency, limiting the solar energy and fuel applications of 

hematite despite its otherwise favorable energetic properties.  

Since initial measurements on a-Fe2O3, a wide range of transition metal oxides have been 

measured to modify, understand, and suppress small polaron formation in strongly polar 

semiconductors.17–21 Altering the nature of the local lattice, the metal center, surface 

functionalization, and spin correlations has reduced the strength and even suppressed small 

polarons in this class of materials. However, succinct design rules that can be used to predict 

new materials or extend ground state small polaron properties to the excited state have yet to 

be realized.  

Here, we map a range of experimental photoexcited small polaron measurements in transition 

metal oxides onto three ground-state models: the Holstein, Hubbard–Holstein, and t-J–

Holstein Hamiltonians. The resulting phase diagrams are constructed using ultrafast X-ray 
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spectroscopy techniques that measure polaron and phonon energies which can be used to 

approximate the polaron binding energy and electron–phonon coupling strength, 

supplemented by experimentally derived exchange energies per spin in literature. We focus 

particularly on iron oxide systems to standardize metal centers for comparison of the results. 

Additionally, we consider only measurements of electron polarons on metal centers within 

these transition metal oxides, due largely to the fact that more X-ray spectroscopy-based 

measurements of electron polarons exist in literature. While hole polarons are likely also 

forming on ligand sites during the photoexcited polaron formation process in these materials, 

it is challenging to measure both simultaneously. We demonstrate that commonly employed 

scaling factors for polaron mobility and strength remain valid in the quasi-equilibrated 

excited state employed here and can be derived from ground state parameters. The Holstein 

model effectively maps long-lived excited state dynamics onto the small-to-large polaron 

transition but provides limited insight beyond the role of the electron–phonon coupling 

strength. The Hubbard–Holstein model accounts for on-site repulsion (U) and well describes 

the small-to-large polaron transition, but it predicts bipolaron regimes that are rarely 

observed experimentally in the systems considered here. The t-J–Holstein model, related to 

the Hubbard–Holstein model in the strong coupling limit, provides the most insight by 

accurately describing when superexchange competes with electron–phonon coupling to 

reduce polaron localization in the excited state. These findings highlight that on-site electron-

spin correlations are critical design parameters for controlling polarons in the photoexcited 

state. The resulting phase diagram parameterizations provide an applicable quasi-equilibrium 

excited-state descriptor not only for solid-state systems but also molecular semiconductors,22 

and therefore we expect it to find wide use across solar energy materials,23 soft conducting 

polymers,24 and even insight into correlated quantum phases like superconductors.25,26  
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7.3 Theory 

In the ground state, polarons at their simplest can be described by the Holstein 

Hamiltonian:7,27 

𝐻 =	−𝑡 ∑ (𝑐,-
" 𝑐.- + 𝑐.-

" 𝑐,-)⟨,.⟩- +	𝜔/∑ 𝑏,
"𝑏,, 	+ 	𝑔∑ 	𝑛,-4𝑏, + 𝑏,

"5,,- 				(7.1) 

where t is the hopping integral, 𝑐,-
" and 𝑐.- are the creation and annihilation operators, 

respectively, with spin, σ, for an electron at sites i and j. U is the on-site Coulombic repulsion, 

ni is the number operator for electron spin, g corresponds to the electron–phonon coupling 

strength, and ω0 refers to the phonon frequency. 𝑏,
" and 𝑏, are the creation and annihilation 

operators, respectively, for phonons at site i.  

The Holstein Hamiltonian, while insightful regarding the balance of electron–phonon 

coupling strengths, phonon frequency, and hopping integral, does not sufficiently capture the 

physics of complex transition-metal oxides. A Hubbard U term can be added to the Holstein 

model to accurately describe strong on-site repulsions of the d orbitals, particularly at half-

filling, as is the case for most of the Fe(III) oxides considered in this work.28,29 The ratio of 

the charge hopping integral, t, to U influences the orbital mixing within the band structure. 

It determines whether the material is a charge transfer insulator or a Mott insulator.30 In a 

charge transfer insulator, the upper valence bands (VBs) are dominated by ligand orbitals, 

and metal d orbitals dominate the lower conduction bands (CBs). In a Mott insulator, the 

upper VBs and lower CBs are dominated by metal d orbitals due to the emergence of the 

Hubbard d band. U contributes to carrier localization and thus modulates polaron formation. 

A representative Hubbard–Holstein Hamiltonian can be written as: 

𝐻 =	−𝑡 ∑ (𝑐,-
" 𝑐.- + 𝑐.-

" 𝑐,-)⟨,.⟩- + 	𝑈∑ 𝑛,↑𝑛,↓, + 𝜔/ ∑ 𝑏,
"𝑏,, 	+ 	𝑔 ∑ 	𝑛,-4𝑏, +,,-

𝑏,
"5				(7.2) 

This Hamiltonian can be further downfolded into a t-J–Holstein model in the limit 𝑈 >> 𝑡, 

which holds for the measured transition metal oxides in this work.31,32 This downfold 
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includes the spin-exchange integral (J) and, for antiferromagnetic (AFM) materials, 

describes superexchange in which a spin can undergo indirect exchange mediated by a ligand 

between two metal sites. AFM superexchange is favored when metal-ligand-metal bond 

angles are close to 180° and scales with the bond distance and bond angles, as described by 

Goodenough-Kanamori rules.33–35 At half-filling, J = 4t2/U. If 𝑡 + 𝐽	 >> 	𝑔, then no polaron 

forms, and photoexcited carriers thermalize to the band edge. If 𝑡 + 𝐽 << 𝑔, a polaron forms 

– often without significant thermalization following photoexcitation. As J, t, and U are all 

interrelated, modifying one through materials design will modify the others, and thus a 

balance must be struck between the parameters when considering materials design that aims 

to tune polarons. The downfolded t-J–Holstein Hamiltonian can be written as: 

𝐻 =	−𝑡 ∑ (𝑐,-
" 𝑐.- + 𝑐.-

" 𝑐,-)⟨,.⟩- + 	𝐽 ∑ 𝑆Kkkk⃗ ⋅𝑆Lkkk⃗,. + 𝜔/ ∑ 𝑏,
"𝑏,, 	+ 	𝑔 ∑ 	𝑛,-4𝑏, + 𝑏,

"5,,- 			(7.3) 

Each Hamiltonian outlined above describes different polaronic coupling regimes and models 

polaronic properties accordingly. The consideration of on-site repulsions and spin exchange 

in the Hubbard–Holstein and t-J–Holstein models, respectively, increases the complexity of 

each model Hamiltonian, but also acts to more accurately predict the polaronic properties of 

strongly electron- and spin-correlated materials. 
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7.4 Polaron Parameterization from Experimental Measurements 

 
Figure 7.1 Transient XUV spectroscopy probes Fe M2,3 edge to measure polaron formation. (A) Schematic 
representation of the 3p to 3d core-valence transition being probed during a transient XUV experiment following 
an above band gap photoexcitation. (B) Diagram of the carrier localization and structural distortion caused by 
photoexcited small electron polaron formation where photoexcitation typically induces ligand-to-metal charge 
transfer (LMCT). The excited electron density (green) on the metal sites couples to a lattice mode that locally 
expands the FeO6 octahedron and further localizes the carriers. (C) Representative transient XUV reflectivity 
spectra at the Fe M2,3 edge in GdFeO3 centered at ~54 eV. At pump-probe overlap (t0), a series of positive and 
negative peaks are observed. Immediately after photoexcitation with an 800 nm pump, an ultrafast spectral 
blueshift is observed around ~55 eV, which is attributed to octahedra expansion and small polaron formation. 
(D) Representative experimental lineout after polaron formation is complete (1 ps) compared with DFT+BSE 
calculated polaronic spectra. 

While these models, especially the Holstein model, have been widely applied to ground state 

polaronic properties, they are rarely compared to excited state polaron dynamics. Extensive 

nonequilibrium modeling of photoexcited polaron formation and trapping suggest that these 

equilibrium models are insufficient when considering the ultrafast dynamics within the first 

electron–phonon scattering event as photoexcited charge transfer and polaron formation 

occurs.1,36–39 Here, we consider the parameterization of excited-state experiments within the 

framework of these ground-state model Hamiltonians using thermalized, quasi-equilibrated 

localized polaronic states. In this regime, the parameterization considers polaron binding 
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energies following formation. The spectral shifts associated with these binding energies 

persist for tens to hundreds of picoseconds and do not recover to their ground states within 

the temporal window of the experiments considered. Therefore, we consider these long-lived 

spectral shifts to be quasi-equilibrated when considering their role in the photoexcited 

polaronic dynamics and applicable to the ground-state Hamiltonian framework considered 

herein.  

We employ transient extreme ultraviolet (XUV) reflection-absorption spectroscopy to 

measure the photoexcited polaron energy and phonon frequency. Transient XUV employs 

an above band gap pump to photoexcite samples and a core-valence probe that is sensitive 

to changes in electronic structure, local coordination, and oxidation state. An example of the 

experimental characterization is shown in Figure 7.1.  

In the iron oxide systems considered here, a 3p to 3d core-to-valence transition is probed at 

the Fe M2,3 edge. Figure 7.1A schematically represents the core-valence transition being 

probed following above band gap excitation. The resulting transient XUV spectrum is 

directly sensitive to the changes of the angular momentum coupling, electronic screening, 

and structural distortions following photoexcitation at the Fe M2,3 edge. Upon 

photoexcitation, electron polarons are formed and localize carriers onto Fe sites and induce 

anisotropic lattice distortions, expanding Fe–O bond lengths (Fig. 7.1B). This reduces the 

overlap between Fe 3d and O 2p orbitals, further localizing the electron polaron at the Fe 

site. As a result, a higher energy XUV photon is necessary to induce the Fe 3p to 3d core-

valence transition following photoexcitation, which is why a transient blueshift is observed. 

The magnitude and kinetics of this shift report on the extent and speed of the photoexcited 

polaron localization (Fig. 7.1C).  

These spectral shifts dominate the transient spectra out to hundreds of picoseconds to 

nanoseconds, suggesting that the localized polaronic state dominates these spectra well after 

initial formation and hot carrier thermalization. The spectral shifts associated with 

photoexcited polaron formation dominate the spectra such that we can ascribe them to be 

quasi-equilibrated out to long timescales, as has been demonstrated in perovskite 
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systems.40,41Further, pump-fluence-dependent studies of photoexcited polarons using 

transient XUV spectroscopy finds that the transient dynamics are independent of fluence, 

though high excitation densities are typically required in these experiments to resolve 

signal.42 

This spectral shift to higher energies has been verified through a range of theoretical 

predictions of X-ray edges, extending from semi-empirical charge transfer multiplet theory 

to first-principles density functional theory (DFT) and Bethe-Salpeter equation (BSE) 

theory.43–49 In our work, we validate the differential spectrum of the polaron feature using a 

DFT+BSE calculated X-ray spectrum that accounts for photoexcited carriers and polaronic 

lattice distortions (Fig. 7.1D).20,48 The spectrum is then decomposed into the appropriate 

excited states to extract the related kinetics using singular value decomposition (Fig. 7.2). 

Heating effects are deconvolved from the spectra by modeling isotropic lattice expansions 

associated with lattice heating models and are not found to meaningfully contribute to the 

measured dynamics out to nanosecond timescales.20  

We particularly expect electron polaron formation in charge transfer insulating iron oxides, 

which have conduction bands dominated by iron d orbitals. An above band gap excitation 

would thus induce a ligand-to-metal charge transfer (LMCT) from ligand dominated valence 

bands to metal dominated conduction bands, forming electron polarons on metal sites and 

hole polarons on ligand sites. Here, we cannot experimentally resolve the O K edge and 

therefore consider only electron polarons. This polaron formation may differ for intermediate 

and Mott insulators, which have different accessible excitation manifolds. These 

intermediate and Mott insulators may have metal-to-metal charge transfer (MMCT) 

transitions induced by photoexcitation, where electron and hole polarons can both be formed 

on metal sites.  

As shown in Figure 7.2, a variety of polaron formation kinetics have been measured using 

transient XUV spectroscopy. In hematite, polaron formation occurs within the first electron–

optical-phonon scattering time of ~100 fs.50 In CuFeO2, a polaron forms on the same 

timescale as hematite, but a c-axis lattice expansion on a picosecond timescale enables a 
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delocalization of the initial polaron state.51 In ErFeO3, coherent charge hopping occurs 

before dephasing, and polarons are formed on a 2.3 ± 0.3 ps timescale, indicating large-

polaron or mixed polaron/free electron conduction behavior.52 GdFeO3 does not form a 

polaron under 400 nm photoexcitation of a ligand-to-metal charge transfer (LMCT) that 

preserves the high-spin ground state. In contrast, 800 nm photoexcitation of a metal-to-metal 

charge transfer (MMCT) forms polarons in 250 ± 40 fs.20  

 
Figure 7.2 Formation timescales and dynamics for polaron-forming Fe-O-based materials. (A) Hematite forms 
a polaron within ~100 fs, leaving few free carriers. (B) CuFeO2 forms a polaron within ~100 fs, which relaxes 
on a picosecond timescale through a c-axis expansion and subsequent delocalization. (C) ErFeO3 forms a 
polaron only after a period of Fe2+–Fe3+ charge hopping associated with superexchange. (D) GdFeO3 only forms 
a polaron following an 800 nm metal-to-metal charge transfer (MMCT) whereas no polarons form following a 
400 nm ligand-to-metal charge transfer due to superexchange mechanisms under different spin configurations.  

We have found, consistent with optical reflectivity experiments,53 that the spectral blueshift 

of the XUV signal corresponding to polaron formation is approximately twice the polaron 

binding energy (Epolaron), to a first order approximation. Epolaron is calculated from the 
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magnitude of the spectral shift at the Fe M2,3 edge, and the timescale of this shift measures 

the phonon energy associated with the polaron formation (w0). For most materials, w0 is on 

the order of the highest optical phonon frequency, which is fairly consistent for iron oxide-

based materials at 80–100 meV.54 The polaron energy can be described by Equation 7.4: 

𝐸;<MNO<2 = −
𝑔+

𝑤/
+ 𝑡 exp q−

𝑔+

𝜔/+
r 𝑐𝑜𝑠(𝑘) + ⋯								(𝟕. 𝟒) 

where k is momentum. For the materials measured here, except ErFeO3 which exhibits large-

polaron-like behavior, we can truncate the sum of the polaron energy in the first term due to 

the small electronic bandwidths of the measured iron oxides. Using the parameterization of 

experimental XUV spectra and the truncation of Equation 7.4, we can estimate the electron–

phonon coupling parameter, g. DFT+U calculations are used to approximate the electronic 

hopping integral t.55,56 Note that the expression for electronic bandwidth goes as 2dt where d 

is the dimensionality, here d is taken as three. We employ a ground-state approximation of t 

however we note that during photoexcitation there can be subtle changes that modify t, where 

intuitively it is found that the electron hopping decreases as polaron formation and 

renormalization occur, due to localization effects.57 Direct experimental measurements of the 

renormalization of the electronic hopping integral remain scarce in literature, and excited-

state calculations require computationally demanding, method-dependent quantum 

dynamics methods.58–60 A Lang-Firsov approach can be used to estimate the effective 

electronic hopping integral (teff) following photoexcited polaron formation, however, because 

we approximate the electronic hopping integral (t) from ground-state theory, we consider the 

undressed hopping integral, rather than direct approximations of the polaronic excited 

state.7,61,62  

The measured and calculated parameterization of the scalar quantities of the Holstein, 

Hubbard–Holstein, and t-J–Holstein models for a range of polaron forming transition metal 

oxides are given in Table 7.1, following the above outlined parameterization.  

Table 7.1 Parameters of the Holstein, Hubbard–Holstein, and t-J–Holstein Hamiltonians. All values are in units 
of eV. J is approximated as exchange energy per spin. A detailed discussion of the errors associated with these 
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parameters can be found in the Supporting Information. “–” denotes no known literature value for one of the 
necessary parameters. 

 Epolaron 𝜔! 2dt J 
𝑔 =	

%𝐸"#$%&#'∗)! 
𝜆 =

𝑔*

2𝑑𝑡𝜔!
 𝛾 =

𝜔!
2𝑑𝑡 𝑔/2𝑑𝑡 4/.

𝐽
𝑡0

= 𝑈/𝑡 

a-Fe2O3 0.50 ± 0.05 50 0.08 63 0.19 48 
0.0097 ± 
0.0031 
64,65 

0.20 ± 0.01 2.63 ± 0.26 1.26 1.05 ± 
0.05 13.07 ± 4.18 

CuFeO2 0.35 ± 0.05 51 0.09 66 0.34 51 0.025 ± 
0.018 67 0.18 ± 0.013 1.03 ± 0.15 0.79 0.52 ± 

0.04 9.21 ± 6.63 

ErFeO3 0.05 ± 0.005 52 0.02 52 0.91 52 0.38 ± 
0.16 68 0.03 ± 0.002 0.05 ± 0.005 0.07 0.03 ± 

0.0015 1.59 ± 0.067 

BiFeO3 0.65 ± – 69 0.07 69–71 0.33 69 0.176 ± 
0.05 72 0.21 ± – 1.97 ± – 0.64 0.65 ± 

– 1.32 ± 0.38 

a-FeOOH 0.55 ± – 73 0.08 73–75 0.22 76 0.19 ± –77 0.21 ± – 2.50 ± – 1.09 0.84 ± 
– 0.79 ± – 

GdFeO3 0.20 ± 0.08 20 0.07 54 0.13 20 0.136 ± 
0.04 78 0.12 ± 0.02 1.54 ± 0.62 1.62 0.91 ± 

0.18 0.68 ± 0.20 

a-TiO2 0.10 ± – 79 0.11 80,81 1.51 82 – 0.10 ± – 0.07 ± – 0.21 0.07 ± 
– – 

BiVO4 0.44 ± – 83 0.10 84 0.79 85 – 0.21 ± – 1.86 ± – 0.39 0.27 ± 
– – 

 

For some of the systems described in Table 7.1, it is important to consider superexchange 

and the Hubbard interaction. Of the above materials, GdFeO3 is the only material that is not 

a charge transfer insulator. A charge transfer insulator has a valence band (VB) dominated 

by O 2p orbitals and a conduction band (CB) primarily composed of Fe 3d orbitals. GdFeO3 

is an intermediate insulator, meaning that the VB is composed of mixed Fe and O orbital 

character, the CB is dominated by Fe d orbitals much like charge transfer insulators. This 

enables above band gap excitation of both LMCT and MMCT transitions. To determine the 

magnitude of the exchange integral, J is taken as the exchange energy per spin, which is 

equivalent to zJ1S2 where z is the connectivity, J1 corresponds to values derived from inelastic 

neutron scattering (INS) and Raman scattering experiments in literature, and S corresponds 
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to the spin of the system.86,87 Further details on the experimentally derived exchange 

energies and their associated uncertainties can be found in the Supporting Information. 

Superexchange at half-filling goes as J = 4t2/U, so changes to either J or U will modulate 

polaron formation. U/t is thus 4/(J/t) in the strong coupling limit of small polarons.  

7.5 Mapping to Phase Diagrams 

Here we consider the experimentally derived parameters in terms of the phase diagrams of 

the Holstein, Hubbard–Holstein, and t-J–Holstein Hamiltonians. These phase diagrams serve 

to visualize the influence of different parameters on properties such as polaron strength, 

carrier localization, on-site repulsions, and spin exchange. We map the measured iron oxide 

materials to identify different material properties that modulate polaronic parameters, 

thereby informing design rules. We note that these phase diagrams serve as schematic 

frameworks to visualize the effects of changes to the parameters from the previous section, 

rather than quantitative predictions of polaronic behavior. 

For the Holstein phase diagram, we use two scalar ratios. The first relates to the polaron's 

strength, 𝑔+/2𝑑𝑡𝜔/. The second is 𝜔//2𝑑𝑡, which describes the mobility of the polaron via 

phonons versus free-carrier conduction. Based on Table 7.1 and the scalar ratios, we 

construct a phase diagram mapping the measured and derived parameters within the stated 

approximations in Figure 7.3. We consider the atomic limit to be the upper right corner of 

Figure 7.3, where carriers are completely localized. In the bottom left of Figure 7.3, 

photoexcited carriers approach a free carrier limit. We can make a general yet representative 

cutoff between large and small polarons based on when Equation 7.4 approaches zero. This 

is a blurred, approximate transition that is widely debated in the literature, but it is depicted 

here for simplicity and as a guide to the eye so that the polaron strength can be contextualized 

in terms of extent of carrier localization.6,88,89  
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Figure 7.3 Mapping measured polarons onto a Holstein Hamiltonian’s phase diagram. Materials and their 
symmetry group are shown next to the orange dots. The transition between small (blue) and large (green) 
polarons is schematically denoted by color shading and the solid black line. The upper right corner that we 
attribute to the atomic limit where carriers are strongly localized depicts a regime where t << g, while the lower 
left corner denotes a free conduction regime in which t >> g.  

The circles in Figure 7.3 represent transient XUV data from References 20,50–52,69,73,90 and 

optical transient absorption spectra for BiVO4.83 The agreement between measured polaron 

properties, where the material falls on the phase diagram with respect to the scaling factors, 

and the small-to-large polaron crossover is found to be qualitatively predictive. For example, 

a-Fe2O3 and a-FeOOH are found to be in the upper right corner near the limit of strong 

polarons and low mobility, which has been widely experimentally demonstrated.36,91,92 

CuFeO2, which has been found to have a polaron with a weaker binding energy than hematite 

and goethite due to a coherent c-axis lattice expansion that delocalizes the polaron, falls into 

the middle of the diagram. BiVO4, which is often debated as having an intermediate-sized 

polaron, falls on the left boundary close to the crossover between small and large 

polarons.93,94 ErFeO3 can be found in the lower left corner because t >> g due to strong 

superexchange interactions, which result in a strong electron hopping integral (t) and 

weakened electron–phonon coupling strength (g).95 Anatase TiO2, a large polaron material, 

is also shown for comparison and agrees with the small-to-large polaron crossover depicted 
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in the phase diagram. It is notable that the Holstein model does not well describe materials 

in the free-carrier limit as Epolaron ~ 2dt.7,12 

 
Figure 7.4 Mapping experimentally measured polarons to the diagram of the Hubbard–Holstein model. Small 
(blue) to large (green) polaron behavior is depicted by the color shading. The black dotted line depicts the 
boundary between individual polarons and bipolarons. Orange dots depict each measured iron oxide. We do not 
include the measured materials for which there are no reported J values. The S1/S0 regions indicate where the 
model predicts bipolaron behavior. The lack of measured bipolarons suggests over-localization is predicted 
within the Hubbard–Holstein model. Adapted from reference 96. 

We next increase the complexity of our phase diagram by considering a two-particle 

Hubbard–Holstein model in Figure 7.4. Only materials with a reported J value, as given in 

Table 7.1, are shown. We do not consider literature reported U values as they vary widely 

depending on the level of theory and functionals applied. The Hubbard parameter acts in 

multiple regimes. On the phase diagram, it is plotted on the left-hand side by using the 

relation J = 4t2/U where J is the exchange energy per spin. We consider the experimentally 

derived J values to be more reliable reporters of exchange and on-site repulsions, as selecting 

accurate U parameters in DFT remains a challenge. We note that this is only a first-order 

approximation, since the relation between U and J depend on many-body wave functions. 

On the x-axis the polaron strength is parameterized the same as the y-axis of the Holstein 

model. Depending on the ratio of U to polaron strength, the Hubbard-Holstein model predicts 
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a range of large to small polarons in both extended and bipolaron states. For a relatively 

small electron–phonon coupling strength, the polarons exist independently of each other. 

Under the strong electron–phonon coupling limit, the U term is overcome, and bipolarons 

are predicted either on the same site (S0) or neighboring bound sites (S1).  

In the weak-coupling region, where U dominates the electron–phonon coupling strength, we 

find that the model accurately maps the small-to-intermediate-to-large polaron regime for 

the single-polaron case, providing more detail than the Holstein model alone. On the other 

hand, in the strong-coupling region, bipolarons are predicted but are not observed 

experimentally, resulting in an inaccurate mapping. For example, spatially resolved 

measurements of hematite down to the quasiparticle limit do not support the presence of S1 

bipolarons on neighboring bound sites,97 which suggests that as polaron strength increases 

with respect to U, an overestimation of the carrier effective mass suggests bipolarons when 

they are not observed experimentally. Notably, when the Hubbard model is applied to models 

of superconductivity and two-dimensional materials, it is found that this model also 

overestimates the carrier’s effective mass in a strong electron–phonon coupled limit, due to 

over-localization.98–100 This supports that the Hubbard–Holstein model overestimates 

bipolarons, and while a sufficient framework for systems with weaker electron–phonon 

coupling strength, may not be sufficient for describing those at the strong electron–phonon 

coupling limit.101–103 However, including the Hubbard term for these transition-metal oxides 

yields a more accurate delineation of the single-polaron species on the left side of Figure 7.4 

and their classification. 
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Figure 7.5 Experimentally derived polaronic parameters mapped to a phase diagram of the t-J–Holstein model. 
Regions corresponding to small polaron (blue), large polaron (green), and near-free carrier (yellow – 
homogenous state) behavior are shown by shading. Materials are represented by an orange dot and labelled to 
include their symmetry group. Adapted from reference 104. 

We then map the measured iron oxides onto the phase diagram of the t-J–Holstein 

Hamiltonian for the materials where measured J values exist in literature (Table 7.1). Figure 

7.5 shows the phase diagram for the ratios of 𝑔/2𝑑𝑡 and 4/(𝐽/𝑡). The parameters g and J 

must be scaled by that material’s t for comparison to the phase diagram of Reference 104. 

Figure 7.5 compares how polaron formation varies as J is modulated for the measured 

materials. Areas corresponding to small polaron, large polaron, and near-free carrier 

conduction (homogenous state) are mapped.  

The materials that form small polarons mostly agree with the small polaron designation on 

the phase diagram, while ErFeO3, with its balance of charge hopping and spin exchange, falls 

into the large polaron regime of the phase diagram. While measurements of ErFeO3 have 

suggested small polaron behavior, spatially resolved measurements or ab initio theory 

determining the polaron size must be undertaken to confirm its size.52 Given that ErFeO3 has 

polaron binding energies an order of magnitude weaker than hematite and on par with a-



 

 

105 
TiO2, which is known to form large polarons, further studies are merited to understand 

the size of polarons within this material. 

The diagram depicts that tuning the spin exchange interaction is an effective, though not 

necessarily straightforward, way to control the small polaron. It must be balanced against the 

strength of the electron–phonon coupling parameter. Considering these two parameters 

together reveals that tuning the spin exchange can lead to a rich range of polaron sizes, 

dynamics, and strengths, extending beyond the electron–phonon parameter of the Holstein 

model. Superexchange depends on both the Fe-O bond length and the Fe-O-Fe bond angle, 

as well as spin interactions, providing general guidelines for polaron-based material design. 

This schematic depiction achieved by mapping experimentally derived parameters to 

ground-state-theory-based phase diagrams suggests that exchange is a promising route by 

which polaronic properties may be modulated. 

7.6 Conclusions 

We find that the Holstein, Hubbard–Holstein, and t-J–Holstein models provide useful 

qualitative frameworks to classify excited state polaronic dynamics across a range of 

transition metal oxides. We find that experimental transient XUV experiments can be 

parameterized within each Hamiltonian’s framework and schematically applied to phase-

space diagrams previously limited to theory, yielding agreement between experiment and 

theory. In particular, the t-J–Holstein Hamiltonian yields the clearest set of design parameters 

by incorporating spin degrees of freedom and providing the most accurate qualitative 

distinctions between the measured iron oxides. Although this is of particular interest for iron 

oxides with half-filled d orbitals, the design parameter can be generalized to other transition-

metal oxides for which measured superexchange interactions are available.105,106 We 

demonstrate that tuning electron–phonon coupling strength (g), electron localization (t), and 

spin exchange (J) can be leveraged to suppress or control polaron formation in transition 

metal oxides. Because these values are interrelated, one must balance them to optimize 

control over polarons. This work combines experimental data with ground-state theoretical 

models to provide qualitative phase diagrams that inform polaron design and extract specific 
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material parameters that can be tuned for polaron modulation, while also highlighting a 

need for future nonequilibrium theory and ultrafast experiments to fully connect ultrafast 

dynamics to ground-state polaronic predictions. 
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A p p e n d i x  A  

ULTRAFAST HOLE TRANSPORT AND ELECTRON LOCALIZATION 
IN SUPERATOMIC RE6SE8CL2  

A.1 Abstract 

Cluster-assembled van der Waals superatomic crystals represent an intriguing class of 

materials, exhibiting unique ultrafast electronic and structural responses arising from their 

hierarchical crystal structure. These materials bridge the properties of semiconductors, 

molecular solids, and nanocrystal arrays, hosting a range of many-body interactions that can 

be controlled with atomically precise structures. To establish the structure-function 

correlation, it is necessary to understand element-specific electronic states arising from 

complex superatomic unit cells. Here, we use transient XUV spectroscopy to individually 

probe the dynamics of photoexcited electrons and holes in Re6Se8Cl2 superatomic crystals. 

We simultaneously measure photodynamics at the Re O2 and Se M4,5 edges, enabling 

decomposition of excited-state dynamics into the contributions of electron, hole, band gap, 

and phonon dynamics occurring around Re and Se atoms. By correlating spectral features at 

the Re and Se edges, we infer the existence of flat conduction bands and identify hot hole 

transfer from Re to Se atoms. The system exhibits phonon oscillations driven by hole-

mediated displacive excitations. The measurements highlight that carrier transport is 

dominated by charge transfer between metallic sites and drives phonon coupling in the 

nonequilibrium state. This work provides insights into the optoelectronic applications of 

superatomic crystals for future tuning of emergent material properties. 

A.2 Introduction 

The material properties and functions in hierarchical structures are an emerging field in 

materials science.1–3 While structure-function relationships are well understood in many 

cases, they are challenging for hierarchical materials with complex chemical compositions 

and structures due to the correlated behavior of electrons and phonons.4 Two-dimensional 

van der Waals (vdW) superatomic crystals are emerging materials that have this challenge. 
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Unlike conventional crystals, superatomic crystals use atomically precise clusters as 

building blocks that form long-range crystalline order. The materials are composed of 

discrete, modular clusters that mirror traditional atomic solids.1,2,5,6 The macroscopic 

properties of superatomic crystals can be widely tuned by modifications of the chemical 

composition7–9 or atomic coordination,10 leading to complex many-body interactions and rich 

dynamics.  

Meanwhile, superatomic crystals have shown promising applications in optoelectronics,11 

thermoelectricity,12–14 and catalysis.15 For example, superatomic materials have 

demonstrated significant thermoelectric performance without systematic material 

optimization.16 Recent optical studies reveal efficient quasi-ballistic exciton transport in 

superatomic crystals up to room temperature, with exciton mobility exceeding Si, making 

them promising candidates for efficient optoelectronic devices.17 Other optical studies have 

provided insight into charge density waves, coherent exciton transport, carrier, and phonon 

dynamics in Re6Se8Cl2.6,17–19 Further, tuning of electron and phonon bandwidths1 and 

superconductivity9,20,21 have been demonstrated.  

The observed material properties are largely due to the intrinsically strong electron-phonon 

interactions in superatomic cyrstals.22,23 Superatomic crystals have a complex unit cell and 

hierarchical lattice structure, enabling these unique phonon dynamics. Typical phonon 

spectra consist of both localized molecular vibrations and long-range coherent phonons 

expected for crystals.24,25 Meanwhile, electronic excitations create molecular-like excitons 

that exhibit large binding energies. Despite its fundamental importance, understanding 

excited-state carrier-phonon dynamics in superatomic crystals is challenging due to the 

interplay between the complex unit-cell structure, electronic band structures, and various 

vibrational modes.  

In this work, we measure the carrier- and element-resolved ultrafast electronic dynamics in 

the vdW superatomic semiconductor, Re6Se8Cl2 (Figure A.1A), using transient extreme 

ultraviolet (XUV) reflection-absorption spectroscopy. In our measurements, carrier- and 

element-specific relaxation processes following photoexcitation are separately resolved. We 
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measure the thermalization and intervalley charge redistribution of holes from Re to Se 

sites and confirm the existence of flat conduction bands (CBs) through minimal electron 

thermalization dynamics. Hole-mediated coherent cluster-tilt displacive phonon motions are 

observed in the transient spectra, supporting carrier-phonon coupling within the two-

dimensional layers of Re6Se8Cl2. The element-specific observation of flat CBs and the 

displacive excitation of coherent phonon motions provides insights into the nature of 

enhanced thermal transport properties within this class of superatomic crystals.17,25,26 Our 

observations provide a guide for designing chemical structures and atomic-precise spatial 

layouts in these hierarchical superatomic crystals, which can potentially enhance energy 

transport from the nanoscale to mesoscopic levels. 

A.3 Results and Discussion 

 
Figure A.1 Re6Se8Cl2 crystal and electronic structure. (A) Crystal structure of the Re6Se8Cl2 single crystal 
projected along the a-axis. The broadband XUV probe can selectively measure the transient dynamics of charge 
carriers at both the Re O2 and Se M4,5 edges following photoexcitation. (B) Calculated projected electronic 
density of states (PDOS). The valence states are composed of Re 6d, Se 4p, and Cl 3p orbitals. Core electrons 
in Re 5p and Se 3d orbitals are excited to these states by the XUV probe pulses. The calculation includes the 
spin-orbit splitting of the core orbitals. EF is Fermi energy and valence states are scaled by a factor of 9 for better 
visibility. (C) Calculated atom-projected band structure of Re6Se8Cl2 along the high-symmetry k-path. The 
atomic contributions to the electronic structure indicated by a color gradient from red to blue, representing Se 
to Re, respectively. The CBs are predominantly composed of Re 6d orbitals, while the VBs are hybridized with 
Re 6d and Se 4p orbitals. 

The layered structure of Re6Se8Cl2 is shown in Figure A.1A. Each layer in this superatomic 

semiconductor is composed of covalently bonded Re6Se8Cl2 clusters arranged in a pseudo-
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square lattice within the a–b plane. These two-dimensional layers are stacked along the 

c-axis through vdW interactions, giving rise to a hierarchical crystal structure.5 This 

hierarchical structure leads to unusual electron-phonon coupling,17,18 primarily due to the 

interplay between bound excitons, localized molecular dynamics, and the long-range 

collective response. The calculated projected density of states (PDOS) using density 

functional theory (DFT) predicts an indirect band gap (Eg) of 1.2 eV as shown in Figure 

A.1B, similar to measured and reported values (see the Supporting Information Section 

for details of DFT calculations).5 The upper valence bands (VBs) have strong hybridization 

between the Re 6d and Se 4p orbitals, with minor contributions from Cl 3p orbitals. The 

atomic orbital-resolved electronic band structure, shown in Figure A.1C, shows that 

Re6Se8Cl2 has an indirect band gap between the valence band maximum (VBM) at the Γ 

point and the conduction band minimum (CBM) at the T point.24  

Transient XUV reflection-absorption spectroscopy measures element-specific core-to-

valence transitions and can separate electron and hole dynamics at individual elemental X-

ray edges.27 In our experiment, a 3.1 eV (400 nm) excitation pulse generates electron-hole 

pairs across the band gap of single crystalline Re6Se8Cl2. The excitation fluence used in 

transient XUV experiments was ~9 mJ/cm2, resulting in an excited carrier density of ~4.1 x 

1021 cm-3. The resulting carrier dynamics are probed by a broadband XUV pulse in a 10° 

grazing incidence reflection geometry. The XUV pulse simultaneously measures the Re O2 

and Se M4,5 edges, revealing the local chemical environment around Re and Se sites, as 

shown in Figures A.2 and A.3, respectively. More details of the experimental configuration 

can be found in the Supporting Information Section. 
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Figure A.2 Carrier relaxation dynamics at the Re O2 edge. (A) Transient XUV reflection-absorption spectra at 
the Re O2 edge. Three main spectral features for the valence bands (VB), band gap renormalization (BGR), and 
conduction bands (CB) are denoted as dotted lines. (B) Experimental and BSE theory calculated transient 
differential absorption spectra, shown as solid and dotted lines, respectively, at two time delays (0.07 and 1.7 
ps) following photoexcitation. The BSE calculated spectra model an initial charge transfer state with electrons 
filled to the same energy (2.0 eV) above the VBM in both time points. In comparison, holes are filled up to 3.1 
eV below the CBM (0.07 ps, purple dashed line) and 1.5 eV below the CBM (1.7 ps, orange dashed line), 
suggesting strong hole thermalization in the VBs with very minimal electron thermalization. (C) BSE theory 
calculated Re O2 edge spectra for holes only (top) and electrons only (bottom). The BSE modeling of holes and 
electrons uses a state-filling model in which holes are modeled from the VBM down to energies as low as 3.1 
eV below the CBM, to consider the possible allowed transitions following the 3.1 eV pump. Similarly, electrons 
are modeled starting at the CBM and up to 3.1 eV above the VBM. The modeled hole energies in c correspond 
to hole cutoff energies of 3.1 eV (purple), 2.5 eV (yellow), 2.0 eV (orange), and 1.5 eV (blue). The modeled 
electron energies correspond to electron cutoff energies of 3.1 eV (blue), 2.5 eV (orange), 2.0 eV (yellow), and 
1.5 eV (purple). (D) Kinetic trace of hot hole thermalization at the Re O2 edge averaged across ~44–45 eV. The 
solid line indicates a fitted curve. (E) Re projected band structure of Re6Se8Cl2. The colored arrows (right) depict 
the corresponding state-filling electron and hole energies that are modeled in C and are color coded accordingly. 

We first focus on understanding the photodynamics occurring at the Re sites. Figure A.2A 

shows the transient XUV reflection-absorption at the Re O2 edge. The reflection-absorption 

is defined as ∆OD= -log10( Ipump on

Ipump off
). In this definition, a positive signal (Fig. A.2A, yellow) 

represents a transient decrease in XUV reflectivity, which corresponds to an increase in XUV 

absorption. The two transient spectral lineouts at Δt = 0.07 and 1.7 ps show a clear difference 

between the initial and final excited states (Fig. A.2B). The positive signal at ~45 eV shifts 

to higher energies (blueshift) with concomitant decreases in amplitude. The increase in 

absorption around ~46.5 eV also blueshifts but with a lesser magnitude than the peak at ~45 
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eV. There is a decrease in absorption (Fig. A.2A, blue) that is centered around ~47.8 eV 

and does not shift spectrally or experience a decrease in amplitude. 

To understand the origin of the spectral features at the Re O2 and Se M4,5 edges of Re6Se8Cl2, 

we use a density functional theory (DFT) and Bethe–Salpeter equation (BSE) approach to 

model the excited state X-ray edge dynamics. The method uses Quantum ESPRESSO28,29 

and an excited state modification to the OCEAN (Obtaining Core Excitations from the 

electronic structure and the NIST BSE solver) code.30–33 The theoretical methods applied 

here are discussed in more detail in A.S4. Briefly, to model carrier thermalization, we define 

two state-filling cutoff energies, Eh and Ee. Where Eh is the maximum hole depth in the VBs 

referenced from the CMB to encompass all possible transitions in momentum space by the 

pump and Ee is the maximum electron height in the CBs referenced from the VBM. In the 

case of our 3.1 eV excitation employed in the transient XUV experiments, this means that 

Ee, Eh ≤ 3.1 eV, and smaller values correspond to carrier thermalization toward the respective 

band edges of the carriers. Eh and Ee are phenomenological state-filling cutoff energies that 

parameterize the modeled spectral sensitivity to hole and electron occupations. While these 

cutoffs describe the bounds of the pump-accessible excitations, they do not imply that a 

single photoexcited electron–hole pair simultaneously occupies both cutoffs. Additionally, 

the BSE state-filling model considers dynamically blocking (electrons) and allowing (holes) 

core-level transitions and does not consider carrier density. More details on these cutoff 

energies can be found in A.S4.B. 

Figure A.2B shows experimental and BSE modeled lineouts for two different time delays in 

the transient spectra. We model the state immediately following photoexcitation (Fig. A.2B, 

purple dashed line) based upon an electron cutoff energy of 2.0 eV and a hole cutoff energy 

of 3.1 eV. This suggests that the increased absorption between ~44–46.5 eV is primarily due 

to the photoexcited hole population in the VBs. The increased absorption is due to this state-

filling effect, where photoinjected holes increase the available density of states in the VBs, 

leading to enhanced XUV absorption.34 Similarly, the decrease in absorption from ~46.5–49 

eV is well described by photoexcited electrons occupying CBs and blocking XUV 
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transitions, leading to decreased XUV absorption. This theoretical assignment agrees 

well with experimental spectra immediately following photoexcitation, suggesting that 

transitions are being probed from deep VBs into CBs near the CBM.  

The orange dashed line in Figure A.2B well describes the transient spectra at later times (1.7 

ps). This lineout was modeled with a state-blocking Ee and Eh of 2.0 eV. This suggests that 

there is significant thermalization of holes at the Re O2 edge following photoexcitation, but 

minimal thermalization of electrons. Further, the blueshift observed experimentally at ~45 

eV in Figure A.2A is well described by BSE theory modeling hole thermalization at the Re 

O2 edge, with no electron thermalization modeled. The spectral shift associated with hole 

thermalization in the VBs occurs on a timescale of 0.8 ± 0.2 ps, with an energy shift of ~0.4 

eV (Fig. A.2D).  

The photoinduced changes at the Re O2 edge can be understood as a mixed contribution from 

photoexcited electrons, holes, and band gap dynamics. To quantify their relative 

contribution, we apply a singular value decomposition (SVD), described in more detail in 

A.S3. The first component is best described by hole thermalization in the VBs, as 

demonstrated by our BSE theory in Figure A.2C (top). The second and third components 

are well described by band gap renormalization (BGR) and absorption by electrons in the 

CBs. In addition to photoexcited electron and hole dynamics, SVD reveals that BGR is 

observed around ~46.5 eV. Microscopically, photoexcitation modifies the Coulomb 

screening, reducing the band gap.35 The reduction of the minimum band gap enables XUV 

transition into the otherwise forbidden gap region, causing a red shift of the XUV transition 

to the CB immediately following photoexcitation. 
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Figure A.3 Carrier relaxation dynamics in Se. (A) Transient XUV reflection-absorption spectra at the Se 
M4,5 edge. (B) Experimental and BSE calculated transient differential absorption spectra, shown as solid and 
dashed lines, respectively, at two time delays (Δt = 0.07 and 2.3 ps) following photoexcitation. The Se 3d5/2 and 
3d3/2 transitions are depicted as vertical dashed black lines, with one pair denoting transitions to the VBs and 
the other pair denoting CB transitions. (C) As in Figure A.2C, BSE theory calculated spectra for holes (top) 
and electrons (bottom) uses a state-filling model in which Eh ≤ 3.1 eV, and Ee ≤ 3.1 eV. The modeled holes 
correspond to holes filling 3.1 eV (purple), 2.5 eV (yellow), 2.0 eV (orange), and 1.5 eV (blue) below the CBM. 
The modeled electrons correspond to electrons filling to 3.1 eV (blue), 2.5 eV (orange), 2.0 eV (yellow), and 
1.5 eV (purple) above the VBM. (D) Kinetic profiles for thermalization of holes and electrons at Se sites. The 
feature at ~56.5 eV attributed to a Se 3d5/2 transition to the VB has a time constant of 0.9 ±  0.2 ps (red). The 
feature at ~57.5 eV associated with a Se 3d3/2 transition to the VB increases in intensity with a time constant of 
0.7 ±  0.3 ps (yellow). The electrons in the CB at ~59.3 eV have a thermalization time constant of 0.8 ±  0.4. 
(E) Atom-projected band structure for Se atoms where the color scale of the band structure indicates the PDOS 
of Se and the colored arrows (right) depict the corresponding state-filling electron and hole energies that are 
modeled in (C).  

We performed similar transient XUV reflectance measurements at the Se M4,5 edges around 

~57 eV (Fig. A.3A) and find that the spectral response at the Se M4,5 edge is qualitatively 

different from the Re O2 edge. Immediately after photoexcitation, there is a transient increase 

in XUV absorption around ~56.5 eV, and two transient decreases in absorption are present 

at ~58.1 eV and ~59.3 eV, respectively (Fig. A.3B, yellow solid line). At longer pump-probe 

time delays, the reduced absorption at ~58.1 eV disappears, and an increased absorption 

feature appears at ~57.5 eV (Fig. A.3B, blue solid line).  
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The transient XUV spectra at the Se M4,5 edges reflect local carrier densities around Se 

atoms and can be understood through photoexcited state-filling effects.33,34 The Se M4,5 edge 

consists of core-to-valence transitions from two spin-orbit separated Se 3 core levels, 3d3/2 

and 3d5/2, with ~ 1 eV energy spacing.36 We assign the transient reflectance changes at ~57.5 

eV and ~59.3 eV to an XUV transition from the Se 3d3/2 core-level to the VBs and CBs, 

respectively. Similarly, spectral changes at ~56.5 eV and ~58.1 eV are assigned to XUV 

transitions from the Se 3d5/2 core level. The ~1 eV spacing of the spin-orbit transitions is 

consistent with our measured and BSE calculated ground-state core-level absorption spectra 

shown in Figure A.S3 in the Supporting Information.  

We further deconvolve the transient dynamics of Re6Se8Cl2 at the Se M4,5 edges through 

BSE modeling of photoexcited thermalization dynamics. Figure A.3B compares BSE 

modeled transient dynamics and experimental lineouts immediately after photoexcitation 

(0.07 ps) and following thermalization (2.3 ps). The modeled lineout immediately following 

photoexcitation is based upon state-filling of electrons up to 3.1 eV above the VBM. In 

comparison, a hole cutoff energy of 2.5 eV best agrees with the experimental lineout at 0.07 

ps (Fig. A.3B, yellow dashed line). For lineouts following carrier thermalization (Fig. A.3B, 

blue dashed line), BSE state-filling of an electron cutoff energy of 3.1 eV and a hole cutoff 

energy of 1.5 eV best agree with experiment. This suggests that, like carriers at the Re O2 

edge, there is little to no electron thermalization, while the holes do thermalize.  

The lack of a clear Se M4,5 edge thermalization signal is consistent with our BSE modeling 

indicating that the photoexcited electrons remain well above the CBM over the temporal 

duration sampled. This suggests limited electron thermalization toward the band edge, or 

electron redistribution within relatively flat CBs of similar Se character that can only be 

weakly distinguished at the Se edge. Further, this suggests the Se M4,5 edge’s sensitivity to 

higher energy CBs than the Re edge, as BSE state-filling of electrons at the Re edge agree 

better with spectra at lower electron cutoff energies (Fig. A.3C). We fit the thermalization 
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of holes at the Se M5 edge, an increase in hole signal at the Se M4 edge, and a decrease 

in electron signal at the M4 edge in Figure A.3D.  

The element-specific dynamics at Re and Se atoms can be further used to infer the 

distribution of photoexcited carriers in the excited state. As shown in Figures A.2 and A.3, 

photoexcited electrons are distributed on both Re and Se atoms. Meanwhile, based on the 

atomic projected band structure (Fig. A.1C), transient spectra (Figs. A.2A and A.3A), and 

BSE calculations (Figs. A.2B and A.3B), we observe that the initial hole states have strong 

Re orbital contributions. This observation is consistent with our experimental findings that 

hot holes occur predominantly at the Re sites after photoexcitation and our BSE theory that 

requires 0.6 eV higher hole cutoff energies on Re sites than Se sites to agree with experiment. 

As hot holes thermalize at the Re edge, a spectral crossing appears at the Se edge from ~57–

58 eV (Fig. A.3A), where the initial electron spectral weight (blue) after photoexcitation is 

transferred to holes (yellow) at later times.  

This spectral crossing at Se edge could be intuitively understood as a transient increase in 

hole concentration around the Se atoms during carrier diffusion. Schematically, during the 

hole thermalization, hot holes migrate from the initial photoexcited states towards the Γ point 

at the top of the VB, which has increasing contributions from Se atoms (Fig. A.1C). The net 

effect of hot hole thermalization is equivalent to hot hole transfer from Re to Se atoms in the 

unit cell. Given that the spectral crossing timescale at Se sites is comparable to the hole 

thermalization time at the Re edge (Figs. A.2D and A.3D), this suggests that the hole transfer 

from Re to Se atoms slows down overall hole diffusion at Se sites, which leads to the 

observed spectral crossing at the Se edge.  
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Figure A.4 Ultrafast hole thermalization, diffusion, and phonon oscillations in Re6Se8Cl2. (A) Kinetic profile 
of intensity oscillation averaged across ~45.9 – 46.3 eV, fitted with a sine function (dashed red line). The 
oscillation period is measured to be 270 fs, which corresponds to 3.6 THz as shown in panel B. (B) Fast Fourier 
transform (FFT) of the kinetic profile in panel A. The highest amplitude oscillation frequency is indicated with 
an asterisk. (C) Overall schematics for the photoinduced electronic dynamics in Re6Se8Cl2. The atomic view of 
the time-evolution of the photoexcited states (top), two-dimensional view of the clusters (middle), and charge 
carrier dynamics depicted onto a simplified band structure (bottom). The element- and carrier-sensitive XUV 
probe enables elucidation of the initial charge carrier distribution in the VB and CB, and their relaxation 
dynamics with coupling to displacive phonons. The cluster tilt phonon mode accompanies vibrations of the Se 
atoms at the corner, leading to the in-plane distortion of a cluster. 

We measure phonon oscillations in our transient XUV absorption spectra at the Re O2 edge 

(Fig. A.2A). The kinetic profile and a fit curve display a time-dependent modulation of 

intensity with a periodicity of 270 fs (3.6 THz) (Fig. A.4A). The periodicity aligns with a 

coherent phonon motion associated with the twisting of superatomic clusters in an Re6Se8Cl2 

layer, primarily driven by the displacement of the corner Se atoms (Figs. A.4B and A.4C).18 

These two-dimensional phonon modes, fall within the frequency range of 1.69–5.25 THz 

and can be linked to the electronic modulation of free charge carriers. The oscillation has a 

cosine character at t0 that suggests the mechanism of this oscillation is due to displacive 

excitation of coherent phonons (DECP) rather than impulsive stimulated Raman scattering 

(ISRS).18,37,38 Specifically, this coherent oscillation is only present in the positive absorption 

signal at the Re O2 edge, suggesting that DECP is hole-mediated.39 Mechanistically, this can 

be understood as photoexcited holes transporting through metallic sites from Re to Se atoms 
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in Re6Se8Cl2 single crystals and the thermalization and the associated intravalley charge 

redistribution dynamics across different momenta mediate coherent phonon oscillations, 

facilitating energy dissipation. 

Although the coupling between clusters in Re6Se8Cl2is generally less favorable compared to 

others in its family,5,40 the coupling between photoexcited electrons and long-range two-

dimensional phonons, such as twisting modes, and acoustic polarons from the Holstein–

Peierls model,41 can lead to further flattening of the CB. Consequently, this results in the 

exceptionally low-loss quasi-ballistic transport behavior in Re6Se8Cl2, as has been reported 

in other studies.17,24 Notably, hole thermalization is observed at both the Re O2 and Se M4,5 

edges in the more dispersive VBs, while electron thermalization is minimal in the flat CBs. 

Our consensus is that the electrons experience very little relative thermalization in energy 

compared to holes in the Re6Se8Cl2 superatomic crystal, suggesting that the VBs are much 

more curved and delocalized than the CBs. We further find that hole transport from Re to Se 

atoms displacively excites coherent cluster twisting phonons, which facilitate energy transfer 

towards adjacent interclusters within 2D metal layers.  

A.4 Conclusion 

In summary, we report transient XUV reflection-absorption spectroscopy on the 

photoexcited dynamics in Re6Se8Cl2 superatomic crystals. Photoinduced electron, hole, 

phonon, and band gap dynamics are observed and separated at both Re and Se sites. By 

correlating the ultrafast dynamics at Re and Se atoms, we infer the existence of flat 

conduction bands and identify an ultrafast hole transfer from Re to Se atoms. Our results 

provide a detailed picture of element- and carrier-specific dynamics in superatomic crystals, 

as well as new insights into the real-space charge transfer processes in Re6Se8Cl2, paving the 

way for a deeper understanding of more complex many-body interactions in superatomic 

crystals. These observations underscore the impact of nonequilibrium many-body effects and 

enhance the understanding of photoexcited electron and hole dynamics across different 

elements in superatomic crystals. These insights are vital for advancing the application of 
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novel photophysics and for driving the development of exotic phases, such as doping-

induced superconductivity,9 in superatomic crystals.  
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A.S1 Re6Se8Cl2 Sample Preparation 

Re6Se8Cl2 crystals were synthesized via chemical vapor transport adapted from previous 

reports.42,43 Re (330 mg, 1.77 mmol), Se (190 mg, 2.41 mmol) and ReCl5 (200 mg, 0.55 

mmol) were ground and mixed using an agate mortar inside the glove box, and subsequently 

pressed into a pellet. The pellet was sealed in a 20 cm quartz tube under vacuum and heated 

in a tube furnace at a rate of  1 °C/min to 1100 °C for 3 days. To achieve large single crystals, 

the tube was then cooled over six hours to a temperature gradient of 1100–1030 °C and held 

for 270 hours. The tube was further cooled to room temperature over 12 hours, and the 

furnace was then shut off. To extract pristine Re6Se8Cl2 single crystals, a gradient of 300–25 

°C was used to separate any excess volatile components, yielding ~1–3 mm single crystals 

at the top section of the tube. Typical bulk samples have a few millimeters in lateral 

dimensions. Figure A.S1 shows a picture of a typical sample piece used in the transient XUV 

experiments.  

 
Figure A.S1 A typical mm-size single crystalline bulk Re6Se8Cl2 sample used in our transient XUV 
measurements. 

A.S2 Transient Extreme Ultraviolet Spectrometer 

The transient extreme ultraviolet (XUV) reflection-absorption spectrometer is described 

previously.44–46 Briefly, a Legend Elite Duo Ti:Sapphire system (Coherent Inc.) with 1 kHz, 

35 fs, 13 mJ pulses centered around 800 nm is split by a 75:25 beam splitter. ~3 mJ generates 
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a few-cycle white light beam (<6 fs, 550–950) for high harmonic generation (HHG) and 

~10 mJ is used for the pump path. The pump path employs the 400 nm frequency doubled 

output of a BBO crystal with p-polarization, pumped with the 800 nm output from the 

Ti:Sapphire laser for an above band gap photoexcitation of the Re6Se8Cl2 single crystals. 

The optical excitation fluence used in these experiments was ~9 mJ/cm2, resulting in an 

excited carrier density of ~4.1 x 1021 cm-3.47  

Transient reflection is measured at a 10° grazing incidence (80° from normal incidence) 

geometry and measures the varying delay times between the pump and probe pulses using 

an optomechanical delay stage. The photoexcited dynamics were probed with an XUV pulse 

produced through HHG in argon with an s-polarized few-cycle white light pulse driving 

HHG. The fundamental white light beam is removed with a 100 nm thick Al filter (Luxel). 

The generated XUV continuum is used to probe the Re O2 and Se M4,5 absorption edges 

between 40–60 eV. An edge-pixel referencing scheme uses signal free spectral regions to 

denoise intensity fluctuations in the spectra.48  

A.S3 Spectral Analysis 

The transient XUV spectra at the Re O2 edge consists of contributions from electrons, holes, 

and band shifts. We apply singular value decomposition (SVD) to all pump-probe delays 

within the transient spectrum to extract the weights of relevant dynamics and reconstruct the 

transient spectrum at the Re O2 edge using the fewest number of singular values. The SVD 

analysis factorizes the two-dimensional matrix of the transient spectrum by rotating (U), 

scaling (S), and then again rotating (V) the matrix. The scaling matrix contains the singular 

values along its diagonal, which we refer to as the number of components. The number of 

singular values or components in the scaling matrix is selected to minimize the total number 

of singular values, where at the Re O2 edge three singular values are needed. 

Following SVD, we ascribe component 1 to holes, component 2 to electrons, and component 

3 to band gap renormalization (BGR). Figure A.S2 shows the components of the SVD 

analysis. Component 1 well describes excited state hole effects, attributed to an increase in 
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absorption at the edge. Due to the minimal band gap renormalization shift, and minimal 

thermalization in the electron component with respect to time, components 2 and 3 are 

combined in a weighted average to visualize not only the spectral shift associated with BGR 

but also minimal electron thermalization. It is worth noting that the lineouts in component 1 

are an order of magnitude more intense than those in the weighted average of components 2 

and 3. The reconstructed spectra in Figure A.S2C is well described by three components, 

where the band gap renormalization shift is not observed with less than three components. 

 
Figure A.S2 Component 1 (A) of the SVD analysis at the Re O2 edge. Components 2 and 3 (B) are plotted as 
a weighted average as they are an order of magnitude weaker than component 1. The SVD reconstruction (C) 
agrees with transient XUV spectra of the Re O2 edge shown in Figure A.2A in the main text. 

A.S4 Ab Initio Modeling 

A.S4.A Density Functional Theory  

Geometry optimization and density functional theory (DFT) calculations were conducted 

using the Quantum ESPRESSO package with norm-conserving general gradient 

approximation (GGA), Perdew– Burke–Ernzerhof (PBE) pseudopotentials.28,29,49 Geometry 

optimizations employed an input Re6Se8Cl2 unit cell containing 16 atoms and were based 

upon the lattice parameters a = b = c = 6.67 Å. A 300 Rydberg kinetic energy cutoff and an 

8 × 8 × 8 Monkhorst– Pack k-mesh sampling of the first Brillouin zone was used to sample 

250 bands. The structures employed in the DFT and BSE calculations described below were 

fully relaxed and calculations were performed to a convergence of 10−8 eV/atom with the 

forces on ions under 10−3 eV/Å. 
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A.S4.B Bethe–Salpeter Equation Theory of Core-Level Spectra 

The fully relaxed parameters used in the DFT calculations discussed in A.S4.A were applied 

to the BSE calculations of the Re6Se8Cl2 ground state reflectivity at the Re O2 and Se M4,5 

edges. The method uses Quantum ESPRESSO28,29 and an excited state modification to the 

OCEAN (Obtaining Core Excitations from the Ab initio electronic structure and the NIST 

BSE solver) code.30–32 The BSE calculation employed a screening mesh of 2 × 2 × 2, a 

dielectric constant of 21.8 at 293 K, a 4.0 Bohr screening radius, and a 0.7 scaling factor for 

the Slater G parameter. A spectral broadening of 0.25 eV was applied for all calculated 

spectra.  

The calculated ground state reflectivity of Re6Se8Cl2 is plotted in Figure A.S3 and is 

compared to experimentally measured XUV ground states at either edge. As shown in Figure 

A.S3, the BSE calculated ground state agrees well with the measured ground state reflectivity 

of the sample. 

 
Figure A.S3 Ground state reflectivity at the (A) Re O2 and (B) the Se M4,5 edges. BSE theory of the edges 
(blue) is compared to experimental static XUV reflectivity (orange) for good agreement. 

Following ground state calculations of the XUV reflectivity as the Re O2 and Se M4,5 edges, 

excited state calculations were performed using a modification to the OCEAN code 

discussed previously.33 The modification to the OCEAN code enables selective excitation to 

valence and conduction bands at different points in momentum space, to simulate state-filling 

of electrons and holes following photoexcitation. To model above band gap photoexcitation, 
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we populate the conduction band with electrons and similarly populate the valence band 

with holes to model the state-filling of carriers following photoexcitation. This population of 

electrons and holes effectively forbids or allows XUV transitions to specific points in k-space 

but does not account for carrier density, therefore, the modeled peak position and relative 

intensity is used to compare experiment to theory. We model our transient XUV spectra by 

calculating the differential absorption between the calculated ground state and the calculated 

excited state spectra. Figures A.2 and A.3 in the main text demonstrate agreement between 

BSE modeled excited states at the Re O2 and Se M4,5 edges, respectively. 

Specifically, to model carrier thermalization and excited-state state filling of electrons and 

holes, we employ two “cutoff” energies: Eh and Ee. Where Eh is the maximum hole depth 

possible following 3.1 eV excitation the valence bands and Ee is the maximum electron 

energy accessible following 3.1 eV excitation in the conduction bands. Here, Eh is defined 

as the energy separation between the CBM and the deepest depopulated valence state, while 

Ee is defined as the energy separation between the VBM and the highest populated 

conduction state. state. Equations A.S1 and A.S2 depict this relation: 

𝐸? = 𝐸PQR − 𝐸<66?   (A.S1) 

𝐸4 = 𝐸<664 − 𝐸SQR  (A.S2) 

Here, 𝐸<66?  and 𝐸<664  are the energetic positions within the band structure of the electrons and 

holes that are being applied through the excited-state BSE modeling. Thus, Eh and Ee are 

employed to parameterize the pump-accessible excited carrier manifold rather than directly 

visualize carrier energies referenced to their own band edges. For the 3.1 eV pump employed 

in our XUV experiments, the largest allowed values are Ee, Eh ≤ 3.1 eV, and smaller values 

correspond to carrier thermalization toward the respective band edges of the carriers.  

This parameterization allows us to separably map the thermalization of electrons and holes. 

Figures A.S4 and A.S5 show different energy holes (A) and electrons (B) to model 

thermalization effects immediately following excitation, all the way to thermalization at the 
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band edge at the Re O2 and Se M4,5 edges, respectively. Figure A.S4C presents the 

combination of spectra calculated in A.S4A and A.S4B where a fixed electron cutoff energy 

of 2.0 eV is applied to mimic little-to-no electron thermalization at the Re O2 edge, and a 

varied hole cutoff energy is employed to model ultrafast hole cooling to the valence band 

edge. This scenario agrees best with experimental XUV spectra at the Re O2 edge. Similarly, 

Figure A.S5C presents the combination of spectra calculated in A.S5A and A.S5B at the Se 

M4,5 edge, however, a fixed electron cutoff energy of 3.1 eV is applied to mimic little-to-no 

electron thermalization, and a varied hole cutoff energy is employed to model ultrafast hole 

cooling to the valence band edge. This scenario agrees best with experimental spectra at the 

Se M4,5 edge and suggests that higher energy electrons are being probed at the Se M4,5 edge 

due to the element-specific nature of the core-level probe. Different projected densities of 

states are probed by different core-valence transitions. However, in both the case of Re and 

Se atoms, very minimal electron thermalization is observed spectrally, as supported by BSE 

theory.  

 
Figure A.S4 BSE modeled excited-state carrier dynamics for holes (A), electrons (B), and holes and electrons 
together (C) at the Re O2 edge. The electron and hole cutoff energies correspond to the VBM and CBM of the 
Re6Se8Cl2 electronic structure respectively. 
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Figure A.S5 BSE modeled excited-state carrier dynamics for holes (A), electrons (B), and holes and electrons 
together (C) at the Se M4,5 edge. A higher electron energy is needed in (C) to agree with experiment compared 
to the Re O2 edge, suggesting higher energy electrons are selectively probed at the Se M4,5 edge due to the 
element-sensitivity of the transient XUV technique. 
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A p p e n d i x  B  

SUPPORTING INFORMATION FOR CHAPTER 3: COHERENT AND 
DYNAMIC SMALL POLARON DELOCALIZATION IN CUFEO2 

This appendix contains supporting information for Chapter 3 and is adapted with permission 

from:  

Mendes, J. L.*; Bhattacharyya, S.*; Huang, C.; Michelsen, J. M.; Klein, I. M.; Babbe, F.; 
Sayer, T.; Li, T.; Cooper, J. K.; Liu, H.; Ginsberg, N.; Montoya-Castillo, A.; Cushing, S. K. 
Coherent and Dynamic Small Polaron Delocalization in CuFeO2. J. Phys. Chem. Lett. 2026, 
17 (2), 656–664. https://doi.org/10.1021/acs.jpclett.5c03430 

Copyright 2026 American Chemical Society. 

B.1 Material Synthesis and Characterization 

B.1.1 Preparation of the CuFeO2 Thin Films 

Thin-film samples of rhombohedral CuFeO2 were prepared using magnetron co-sputtering 

in a Lesker LAB Line sputtering system. The samples were deposited on quartz substrates 

(25 × 75 mm2, CGQ-0640-01, Chemglass) that were cleaned beforehand. The sputtering 

process used 2′′ Cu and Fe targets with RF powers of 34 W and 136 W, respectively. A 

reactive atmosphere of 10% oxygen in argon at a pressure of 10 mTorr was used. During the 

30-minute deposition step, samples are heated to 200° C to aid the crystallization process. 

Following deposition, the samples underwent a 6-hour post-annealing process at 600° C in a 

quartz glass tube furnace under a flowing argon atmosphere (100 sccm). 

The metal composition ratio is determined using inductively coupled plasma mass 

spectroscopy (Agilent 7900 ICP-MS). For this samples are digested in nitric acid and diluted 

before injection. The overall Cu/Fe ratio is determined to be close to stoichiometric, with 

1.03. The sample thickness is determined to be 200.4 ± 0.1 nm via spectroscopic 

ellipsometry. 
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B.1.2 Ground State Optical Characterization 

The optical band gap of thin film CuFeO2 was measured using UV-Visible reflectance 

spectroscopy (Cary 5000, Agilent Technologies). Figure B.1 presents an (αhν)1/r vs energy 

plot where r =1/2 for direct allowed (Fig. B.1A) and r = 2 for indirect allowed (Fig. B.1B) 

energy transitions. For a Tauc plot analysis, the reflectance spectra were transformed using 

the Kubelka-Munk function using Equation B.1: 

𝐹(𝑅T) =
()'U4)"

+U4
    (B.1) 

 where 𝑅T = Rsample/Rstandard.1 The direct band gap is estimated to be ~1.63 eV and the indirect 

band gap is estimated to be ∼ 1.48 eV. 

 
Figure B.1 Tauc plot of the ground state reflectivity of the polycrystalline CuFeO2 thin film for direct allowed 
(A) and indirect allowed (B) electronic transitions. 

B.1.3 Structural Characterization 

The crystal structure of the CuFeO2 thin film was characterized via X-ray diffraction (XRD). 

Figure B.2 details the experimental XRD trace (blue) and calculated XRD features (black) 

from the ICDD database (ICSD #01-075-2146). When comparing the experimentally 

measured diffraction pattern against a simulated pattern we find that the peak positions agree 

and the CuFeO2 film adopts the expected rhombohedral crystal structure. 
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Figure B.2 Experimental (blue) and calculated (black) XRD spectrum of thin film CuFeO2. 

Further structural characterization was achieved by collecting Raman spectra of the CuFeO2 

thin films. The Eg and A1g modes previously reported for CuFeO2 are observed at 348 and 

688 cm-1, respectively (Fig. B.3).2  

 

Figure B.3 Raman shift of CuFeO2. 

B.2 Experimental Setup: Transient Extreme Ultraviolet Reflectivity Spectrometer 

The transient extreme ultraviolet (XUV) reflectivity spectrometer has been described 

previously.3,4 Briefly, the reported thin film CuFeO2 measurements were obtained using 

photoexcitation from a ∼35 fs, 400 nm frequency-doubled output of a BBO crystal with p-

polarization, pumped by an 800 nm, 1 kHz regeneratively amplified Ti:Sapphire laser 

(Coherent Legend Elite Duo). The optical excitation fluence was approximately 6 mJ/cm2, 

resulting in an initial photoexcited carrier density of ∼4.4 × 1021 cm–3.5–7 Transient reflection 

was measured by varying the delay times between the pump and probe pulses using an 
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optomechanical delay stage on the pump line. The XUV probe pulse was generated by 

high-harmonic generation in argon gas using an s-polarized few-cycle white light beam (<6 

fs, 550–950 nm), characterized previously.3 A 200 nm thick Al filter (Luxel) was used to 

remove the fundamental white light beam. The resulting XUV continuum probed the Fe M2,3 

absorption edge around 54 eV. A 10° grazing incidence reflection geometry (80° from 

normal incidence) was employed. Edge-pixel referencing based on signal-free spectral 

regions was used to reduce noise due to intensity fluctuations.8 

B.3 Experimental Setup: Transient Optical Reflectance Spectroscopy  

A 540 nm pump pulse was generated by a Light Conversion non-collinear optical para-metric 

amplifier (model PN13F1) using the third harmonic of the fundamental 1080 nm seed pulse 

from a Light Conversion Pharos laser (model 10-200-PP). A 707 nm probe pulse was 

generated by a Light Conversion non-collinear optical parametric amplifier (model PN15F2) 

using the second harmonic of the fundamental seed pulse. The laser repetition rate was 200 

kHz; the pump was modulated at 660 Hz, and the pump–probe delay times were con-trolled 

by a mechanical stage. 

The pump and probe beams were spatially filtered through 25 µm and 50 µm pinholes, 

respectively. The pump beam was telescoped to a diameter of ∼12 mm, while the probe beam 

was telescoped to 1 mm and focused into the back focal plane of the objective of a home-

built microscope using an f = 300 mm lens. The two beams were combined using a dichroic 

mirror (DMLP505, Thorlabs), and a 50/50 beamsplitter reflected both beams into a high 

numerical aperture (1.4 NA) oil-immersion objective (Leica HC PL APO 63×/1.40 NA) and 

onto the sample, resulting in overlapped confocal pump and wide-field probe illumination. 

Probe light reflected from the sample–substrate interface, as well as scattered from the 

sample, was collected through the same objective. The probe light was isolated with a long-

pass filter (FEL605, Thorlabs) and focused onto a charged metal oxide semiconductor 

(CMOS) detector with 5.86 µm square pixels, triggered at 660 Hz (PixeLINK PL-D752, 

equipped with a Sony IMX174 global shutter sensor), using an f = 500 mm lens placed one 

tube length (200 mm) away from the back focal plane of the objective. The total 
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magnification is calculated as 63 × 500/200 = 157.5, giving a spatial resolution of 37.2 

nm/pixel. Data were cropped to maintain a field of view of 4 µm × 4 µm. The transient 

reflectance signal was generated by taking the difference in integrated signal between pump-

on and pump-off frames, normalized to the integrated pump-off intensities, yielding ∆R/R. 

Setup automation and data acquisition were implemented in LabVIEW 2014 (64-bit). Data 

analysis and plotting were performed using a combination of ImageJ (Fiji) and Python. The 

pump fluence (0.42 mJ/cm2) was chosen to remain within a regime where the spatially 

integrated signal decay was independent of pump power, corresponding to a carrier density 

of ∼1019 cm–3. 

In fitting the population dynamics, the entire trace was modeled by convolving the decay 

dynamics with the instrument response function. The fitting parameters are summarized 

below in Table B.1. 

TABLE B.1 Fitting parameters of the CuFeO2 population dynamics. 

Parameter Value 

A -5.2 x 10-4 

B -9.3 x 10-5 

k 1.9 ps-1 

kp 1.3 x 10-3 ps-1 

 

B.4 Electronic Structure Calculation 

To investigate the electronic structure of CuFeO2, we adopted a primitive cell crystal 

structure from the Materials Project database (Materials Project ID: mp-510281). We 

computed the total density of states (DOS), projected density of states (PDOS), and band 

structure calculations using density functional theory (DFT) with the Perdew–Burke–

Ernzerhof (PBE) generalized gradient approximation (GGA) for the exchange-correlation 

functional,9 along with projector augmented-wave (PAW) pseudopotentials.10 The primitive 
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cell is hexagonal, with lattice parameters: a = b = 3.0709 Å, c = 17.2513 Å, and angles α 

= β = 90°, γ = 120°. This unit cell contains 12 atoms in total, comprising three distinct Fe 

atoms, three Cu atoms, and six O atoms. 

 
Figure B.4 Crystal structure of CuFeO2 in the primitive cell (A) and supercell (B). Gold and grey spheres 
represent Fe atoms, but with different spin polarization. Cu and O atoms are represented in blue and red, 
respectively. 

Before discussing the electronic properties of CuFeO2, one must first establish the correct 

magnetic ordering. In the primitive cell, three crystallographically distinct Fe atoms are 

present. Given that CuFeO2 is known to exhibit antiferromagnetic (AFM) behavior, one may 

anticipate pursuing an A-type AFM configuration, where the Fe3+ spins are aligned parallel 

within the same crystallographic layer but antiparallel between adjacent layers, 

corresponding to a layered AFM structure. This magnetic arrangement is illustrated in 

Figure B.4A. However, self-consistent field (SCF) calculations for this configuration 

yielded a nonzero total magnetization (Fig. B.5A), indicating that the A-type AFM ordering 

does not correctly capture the true ground-state magnetic structure of CuFeO2. Instead, 

following the approach described in Ref. 11, we adopted a G-type antiferromagnetic 
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configuration, where the Fe spins alternate in all nearest-neighbor directions, resulting in 

complete cancellation of spin moments even within each layer. 

 
Figure B.5 Total magnetization of the CuFeO2 as a function of number of SCF iterations in the primitive cell 
(A) and the 2 × 1 × 1 supercell (B). 

To accommodate this spin arrangement, we constructed a 2 × 1 × 1 supercell, containing 24 

atoms in total: 6 Fe, 6 Cu, and 12 O atoms. The spin configuration for each Fe atom in this 

G-type AFM structure is shown in Figure B.4B. The SCF results for this configuration, 

shown in Figure B.5B, confirm that the total magnetization converges to zero – an essential 

criterion for correctly modeling an antiferromagnetic material. Figure B.6 also confirms the 

G-type AFM behavior of CuFeO2 as we can see the magnetization cancels within each layer. 

Having thus satisfied the antiferromagnetic nature of CuFeO2, we performed all subsequent 

electronic structure calculations using the 2 × 1 × 1 supercell. To accurately describe the 

localized nature of the Fe 3d electrons, we applied a Hubbard U correction, following widely 

adopted practices in transition metal oxide studies.12 We computed the Hubbard U parameter 

using a recently developed linear-response approach within the framework of density 

functional perturbation theory (DFPT).13 Specifically, we obtained U values for all 

magnetically distinct Fe atoms from a single-shot DFPT iteration, and consistently used these 

values for both the DOS and band structure calculations. Table B.2 summarizes these U 

values, which we calculated using both atomic projection and orthogonalized atomic 

projection schemes.14 We performed all the DFT calculations using the QUANTUM 
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ESPRESSO package.15–17 We use a 90 Rydberg kinetic energy cutoff for the 

wavefunction, and an 1150 Rydberg kinetic energy cutoff for the charge density. For the SCF 

calculations, we sampled the Brillouin zone with a Monkhorst–Pack 6 × 12 × 2 k-point grid, 

followed by a denser 12 × 24 × 4 grid for non-self-consistent (NSCF) runs. We evaluated the 

electronic band structure along high-symmetry paths using 133 k-points. 

 
Figure B.6 Fe-projected magnetization of each layer in CuFeO2 supercell. (A): magnetization of the top layer, 
(B): magnetization of the middle layer, and (C): magnetization of the bottom layer. 

Since we performed the band structure calculations using a supercell, we applied the 

following band unfolding procedure to recover the band structure for the primitive cell: 

• Generated the high-symmetry k-path for the primitive cell using the VASPKIT tool.18 

• Constructed the corresponding k-path in the supercell using the open-source Python 

package BandUPpy.19–21 

• Performed the SCF and NSCF (band structure) calculations in the supercell using the 

generated k-points. 

• Unfolded the resulting band structure using BandUPpy to obtain the band structure 

in the Brillouin zone of the primitive cell. The unfolded bands come with weights 

that indicate the extent to which each supercell Bloch state contributes to the 

corresponding primitive cell state. 
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Figure B.7.  Projected and total density of states in CuFeO2 using orthogonalized atomic projection for Hubbard 
U parameter. 

Table B.2 Computed Hubbard U parameters for 6 Fe centers using atomic and ortho-atomic projection type.  

Fe atomic ortho-atomic 

Fe1 4.3960 5.4638 

Fe2 4.3960 5.4638 

Fe3 4.4022 5.4680 

Fe4 4.4022 5.4680 

Fe5 4.4022 5.4680 

Fe6 4.4022 5.4680 
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Figure B.8 Band structure of CuFeO2 using orthogonalized atomic projection for Hubbard U parameter. 

In the main text, we show the projected DOS and unfolded band structure using Hubbard U 

parameters obtained via atomic projection. Here, we also report the projected DOS and 

unfolded band structure with U parameters using the orthogonalized atomic projection 

scheme. Figures B.7 and B.8 show the DOS and band structure obtained when using 

orthogonalized atomic projection for the determination of the Hubbard U. We find that the 

bandgap in CuFeO2 is approximately 0.95 eV when using atomic projection and 1.19 eV 

with the orthogonalized atomic projection scheme. These values are consistent with previous 

literature values that estimate the bandgap between 0.8-1.5 eV.22–24 

B.5 Theoretical Calculations of Ground and Excited State Core-Level Spectra  

The theoretical framework for interpreting the experimental transient core-level spectra has 

been described previously.25 In brief, we employ an ab initio combined theoretical approach 

based on density functional theory (DFT) and the Bethe–Salpeter equation (BSE). This 

approach is implemented using the Quantum ESPRESSO package15–17 along with 

modifications to the existing OCEAN code (Obtaining Core-level Excitations using Ab Initio 

Calculations and the NIST BSE solver).26–29 These modifications enable the inclusion of 
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excited-state distributions, allowing us to determine how the ground-state band structure 

relates to the observed transient changes in the XUV spectra. 

B.5.1 Fe M2,3 Edge Ground State Calculations 

The OCEAN package does not support projector-augmented wave (PAW) pseudopotentials, 

so the DFT portion of our BSE calculations was conducted using Troullier–Martins norm-

conserving pseudopotentials within the generalized gradient approximation (GGA) and the 

Perdew–Burke–Ernzerhof (PBE) functional.9,30 Prior to the OCEAN calculations, a 2 × 2 × 

1 supercell of antiferromagnetic (AFM) ordered CuFeO2 in a rhombohedral geometry (3R-

CuFeO2) was structurally relaxed using the Quantum ESPRESSO package.15–17 The lattice 

constants for the primitive unit cell were a = b = 3.0349 Å and c = 17.1656 Å.31 A Hubbard 

U value of 2 eV, a 300 Rydberg energy cutoff, and a 3 × 3 × 1 k -point grid were employed 

for the structural relaxation. The optimized geometry was used in the BSE calculations of 

the XUV ground-state reflectivity at the Fe M2,3 X-ray edge using the OCEAN code.26–29 

The BSE equations were solved using a 6 × 6 × 6 k-point mesh, a dielectric constant of 21.8, 

a 0.7 scaling factor for the Slater G parameter, and a 300 Rydberg energy cutoff. A 4.0 Bohr 

screening radius and a 2 × 2 × 2 screening mesh were applied. A post-calculation broadening 

routine was implemented using a MATLAB script to match the linewidth broadening 

observed in the experiment. 

B.5.2 Fe M2,3 Edge Excited State Calculations 

Excited state changes to the transient XUV spectra at the Fe M2,3 edge of CuFeO2 were 

modeled using a modification to the OCEAN package discussed previously.3,25,27,29 The 

modifications to the OCEAN code enables state-blocking of core-to-valence X-ray 

transitions at different points in momentum space, which simulates state-filling of the 

valence and con-duction bands following 400 nm photoexcitation. The state-blocked 

population of electrons and holes forbids or allows XUV transitions to specific points in k-

space but does not account for carrier density, therefore, we use the peak position and relative 

intensity of the modeled spectra to compare experiment to theory. We obtain the modeled 

excited-state XUV spectra by subtracting the calculated ground state spectrum from the 
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calculated excited state spectrum to calculate the differential absorption. Figure 3.3A in 

the main text demonstrates agreement between the BSE modeled 400 nm charge transfer 

state and experiment. 

We semi-empirically model the transient effects of distortions caused by the polaron state 

and the anisotropic c-axis expansion using a framework described previously.25 We model 

polarons using the bond distortion method in which we locally apply an expansion to Fe–O 

bonds at one iron octahedra in the CuFeO2 supercell.32 The anisotropic, local distortion of 

the polaron was modeled as an expansion of the iron octahedra bond lengths ranging from 

2–8% and then applied to the OCEAN code to calculate the resulting core-valence spectrum. 

The resulting modeled differential spectrum plotted in Figure 3.3 of the main text is from a 

6% expansion of the local iron octahedra selected for polaron formation. We also model an 

overall 6% anisotropic lattice expansion on each of the lattice directions to establish which 

lattice direction is responsible for the signal we observe after 2 ps in our transient spectrum. 

When modeling the overall anisotropic lattice expansion, we selectively expanded the lattice 

constants based upon the chosen axis to model which best agreed with experiment. Figure 

B.9 shows a plot of a-, b-, and c-axis expansions. 

 
Figure B.9 DFT+BSE calculated lattice expansion and polaron distortion for an anisotropic a-axis (blue), b-
axis (red), or c-axis (yellow) expansion 

We find that the c-axis expansion best agrees with experiment. Particularly, the c-axis 

expansion is blue-shifted like the polaron feature, suggesting that expansion along the c-axis 
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contributes most to the convolved lattice expansion and polaron signal that we observe 

in our experimental transient XUV spectrum. The c-axis expansion has a much stronger 

contribution to the spectral signal than expansions along the other two axes. When convolved 

with the polaron feature, the a- and b-axis expansions would not result in the same spectral 

line shape. 

B.6 Transient XUV Spectral Analysis 

The ground state reflectivity of the CuFeO2 thin film around the Fe M2,3 edge is shown in 

Figure B.10. The static XUV reflectivity of CuFeO2 is obtained by normalizing the measured 

static reflectivity spectrum of CuFeO2 to the static reflectivity of a Si wafer, which does not 

have any absorption features below 100 eV. There is good agreement between the 

experimental ground state XUV reflectivity of CuFeO2, and our BSE calculated ground state 

(Fig. B.10). 

 
Figure B.10 Static XUV reflectivity (orange) and BSE calculated ground state (blue) spectra of CuFeO2 thin 
film. 

Figure B.11 shows an exponential fit of the spectral blue shift associated with photoexcited 

polaron formation at the Fe M2,3 edge was performed. A single exponential function 

following the equation a*exp(−x/b) + c results in a time constant of 90 ± 20 fs. The spectral 

shift was measured to have a magnitude of 0.7 ± 0.1 eV. 
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Figure B.11 Exponential fit of the spectral shift at the Fe M2,3 edge of CuFeO2. 

Singular value decomposition (SVD) of the transient spectrum was performed to confirm 

independent spectral features and their kinetics and to ascribe weights to each independent 

spectral feature with respect to time. In the SVD analysis, we factorize the two-dimensional 

matrix of the transient spectrum by rotating (U), scaling (S), and then again rotating (V) the 

matrix. The scaling matrix contains the singular values along its diagonal, which we refer to 

as the number of components. This results in 3 singular values being necessary to adequately 

reconstruct the transient XUV spectrum (Fig. B.12). Each singular value corresponds to the 

three kinetic states that we observe in our transient spectrum. We ascribe the first singular 

value to the charge transfer state at 30 fs, the second to the polaron state at 180 fs, and the 

third to the convolved polaron and c-axis lattice expansion at 2 ps. We find that the inclusion 

of three singular values in our decomposition is adequate to reconstruct our transient spectra. 
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Figure B.12 Reconstructed transient spectrum based upon the singular value decomposition of the transient 
XUV at the Fe M2,3 edge. The vectors employed for the SVD are shown in Figure 3.3A corresponding to the 
charge transfer state (blue, left), the polaron state (green, middle), and the lattice expansion and polaron state 
(red, right). 

To confirm that three singular values are necessary to accurately describe the kinetic 

processes that take place in CuFeO2 following 400 nm photoexcitation, we also measure the 

transient XUV response out to 1 ns. The long timescale measurements of thin film CuFeO2 

can be seen in Figure B.13A and do not experience any additional phenomena out to 1 ns. 

Further, the long timescale measurement demonstrates that the convolved polaronic and 

lattice expansion feature lives out to nanoseconds. We also include a kinetic plot of the 

contributions of the singular value decomposition components out to 1 ns (Fig. B.13B). 

 
Figure B.13 (A) Long timescale transient measurement of thin film CuFeO2 at the Fe M2,3 edge. (B) Singular 
value decomposition of long timescale dynamics. 
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We apply best fit lines to the individual SVD components as shown in Figure B.14. The 

charge transfer and polaronic states are fit with exponential decays, for which the charge 

transfer state has a time constant of 50 ± 40 fs and the polaron state has a time constant of 

790 ± 370 fs. The lattice expansion state is fit with a linear regression. The residuals for the 

line of best fit for each component of the SVD analysis can be found on the right-hand side 

of Figure B.14. Oscillations are present in the residuals for each SVD component; however 

these oscillations lack coherence. These are likely due to spectral noise and the convolution 

of all oscillations in the spectra through this SVD analysis. Because the SVD analysis only 

considers three components, energy dependent coherent oscillatory effects will be 

convolved. To deconvolve spectral oscillations at specific energies, Figure 3.3 in the main 

text Fourier transforms the spectral oscillations at the negative absorption feature in the XUV 

spectrum at ∼55 eV. Figure B.15 shows sinusoidal fits for the two dominant coherent 

oscillations observed in the Fourier transform. Figure B.15A shows a 1.4 THz sinusoidal fit, 

Figure B.15C shows a 5.3 THz sinusoidal fit, and Figure B.15E shows a combined 1.4 and 

5.3 THz fit. The residuals for each fit can be seen in the right panels. Some residual 

oscillations exist, which agrees with the Fourier transform in Figure 3.3 of the main text in 

which there is an envelope of modes below the two dominant peaks at 1.4 and 5.3 THz. 

However, we see qualitative agreement with the combined 1.4 and 5.3 THz fit in Figure 

B.15E. 
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Figure B.14 Singular value decomposition components that are assigned to the charge transfer state (A), the 
polaron state (C) and the delocalized lattice expansion (E). The SVD components are normalized for 
comparison of relative contributions to the spectra. A monoexponential decay is fit to the charge transfer and 
polaronic components, while a linear regression is fit to the lattice expansion component. The residuals of each 
fit can be seen in the plots to the right (B, D, and F). 

 
Figure B.15 Sinusoidal fits at 1.4 THz (A, red), 5.3 THz (C, blue), and a combined fit with 1.4 and5.3 THz 
components (E, green) of the main negative feature at ∼55 eV in main text Figure 3.2A label 3 (black). The 
residuals of each fit (right) show some additional oscillations that are not accounted for in the fits (left). 
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B.7 Quantum Dynamics Simulation of Polaron Formation 

The Holstein Hamiltonian33 has been widely invoked to understand polaron formation and 

transport in materials ranging from organic crystals to transition metal dichalco-genides.34,35 

While the traditional Holstein Hamiltonian considers interactions between electronic 

excitations (charge carriers or excitons) and single phonon mode on each lattice site, we 

adopt the dispersive Holstein model,36 which couples a carrier on a given site to phonons 

spanning a distribution of phonon frequencies, consistent with the variety of phonon modes 

observed in Raman spectra of materials. Th e dispersive Holstein Hamiltonian takes the form: 

𝐻y = 	∑ 𝜖,V
, 𝑛{, + ∑ 𝑣,.V

〈,.〉 𝑎{,
"𝑎{. +

)
+
∑ V𝑃~,,W+ + 𝜔,W+ 𝑋~,,W+ ZW + ∑ 𝑐,,W𝑋~,,W𝑛{,W       (B.2) 

Here, 𝑎{. (𝑎{,
") is the annihilation (creation) operator for a charge carrier at lattice site i, and 

𝑛{, = 𝑎{,
"𝑎{.. 𝑋~,,W(𝑃~,,W) is the dimensionless position (momentum) operator for the α-th phonon 

mode connected with the i-th lattice site. The first term in the Hamiltonian (Eq. B.2) 

represents the on-site energy of the carrier, and the second term is responsible for carrier 

hopping. The angular brackets ⟨· · · ⟩ guarantee the nearest-neighbor hopping. We take all 

lattice sites to be degenerate (ϵi = 0), and assume a uniform site-hopping parameter (vij = v = 

300 cm−1) consistent with previous studies on calculations of the hopping integral v in 

hematite and other iron-containing transition metal oxides.37,38 The third term in Equation 

B.2 constitutes the site-specific phonon baths, and the last term indicates on-site carrier–

phonon coupling, which is linear in the local phonon bath coordinates and is responsible for 

the fluctuation of the on-site energies, ultimately resulting in small polaron formation. 

We describe the carrier-phonon interaction with a spectral density: 

𝐽,(𝜔) =
8
+
∑ 6#,6

"

B#6W 𝛿(𝜔 − 𝜔,W)      (B.3) 

choose these to be equivalent across all sites, and employ a sum of Lorentzians to model their 

distributions: 
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𝐽(𝜔) = ∑ 4𝜆,
X#
"Y7B

(B"'X#
")"&AY#

"B"
V'
,Z)       (B.4) 

Here, Nm denotes the number of Lorentzian distributions (also known as Brownian oscillator 

densities) we use in our model, Ωi and γi denote the position of the peak and the width of the 

i-th Lorentzian distribution, and the coefficient λi scales the spectral density to the correct 

reorganization energy λ. For any spectral density J(ω), the total reorganization energy is 

defined as: 

𝜆 = )
8 ∫𝑑 𝜔

[(B)
B

= ∑ 𝜆,,       (B.5) 

To parameterize the spectral densities for CuFeO2, we adopt values obtained in previous 

calculations and inferred from experiment. Specifically, we select the Lorentzian parameters 

(peak height and width) to align with clusters of experimentally observed Raman peaks in 

CuFeO2.39 For the reorganization energies, we consider previous work on α-Fe2O3, which 

has shown that λ/v ≈ 9, with λFe2O3 ≈ 2984 cm−1.37 In contrast, experimental evidence in 

CuFeO2 suggests a possible reduction in the reorganization energy. To reflect this, we adopt 

a reduced ratio of λ/v ≈ 5 for CuFeO2. Hence, λCuFeO2 ≈ 1500 cm−1. Table B.3 summarizes 

the parameters we employ in this study. 

TABLE B.3 Parameters for Lorentzian spectral densities in Equation B.4. For all three cases, we fix the total 
reorganization energy λ = 1500 cm−1. All units are in cm-1. 

Region Ωi λi γi Raman peaks 

Low-frequency 545 1500 180 352, 509, & 652 

High-frequency 1100 1500 100 1000, 1050, & 1171 

Both 545 & 1100 900 & 600 180 & 100 352, 509, 652, 1000, 1050, & 1171 

 

We simulate the quantum dynamics of polaron formation by invoking the Non-Interacting 

Blip Approximation (NIBA), a second-order perturbative theory valid when v/λ ≪ 1.S40 
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This condition holds in our system. Under NIBA, the carrier population Pn(t) of each site 

evolves according to a simple integrodifferential equation: 

\C*(3)
\3

= ∑ ∫ 𝑑𝜏𝐾25(𝑡, 𝜏)𝑃5(𝜏)
3
/

V
5Z)       (B.6) 

Here, the kernel K(t) arises from a second order expansion in the hopping integral v, with 

non-perturbative, multiphonon treatment of the carrier-phonon coupling. With ϵi = 0, the 

elements of the kernel, K(t), simplify thus, 

𝐾2]5(𝑡, 𝜏) = 2|𝑣25|+𝑒𝑥𝑝[−𝑄+(𝑡 − 𝜏)]𝑐𝑜𝑠 �𝑄)(𝑡 − 𝜏) − (1 +
^*&^'

+
)(𝑄)(𝑡) − 𝑄)(𝜏))�      

(B.7), and 𝐾25(𝑡, 𝜏) = ∑ 𝐾52(𝑡, 𝜏)5]2 . The bath correlation function 𝑄(𝑡) = 𝑄+(𝑡) +

𝑖𝑄)(𝑡), is defined as: 

𝑄(𝑡) = 2𝜋 ∫ 𝑑𝜔 [(B)
B"

T
/ �coth R_B

+
S [1 − cos(𝜔𝑡)] + 𝑖𝑠𝑖𝑛(𝜔𝑡)�    (B.8) 

The shift parameter δ arises from the initial bath conditions. For simulations starting from an 

unpolarized initial condition, δ = 0 for all sites, whereas, for those with polarized initial 

conditions, δ = −1 for the initial site and δ = 0 for all other sites. 

We validate our NIBA-based dynamics by comparing against numerically exact results 

obtained using the Hierarchical Equations of Motion (HEOM).41 Because HEOM becomes 

prohibitively computationally expensive for this strong carrier-phonon coupling limit when 

using multi-peaked spectral densities, we perform this comparison using a single-peak 

Lorentzian spectral density with parameters equivalent to those of the low-frequency 

component in Table B.3. Following Ref. 42, we performed HEOM simulations for both 

polarized and unpolarized initial conditions. Figure B.16A displays the HEOM results, while 

panel (B) shows the corresponding NIBA dynamics. Although NIBA captures the quantum 

dynamics for both initial conditions only semi qualitatively, it predicts the correct polaron 

formation timescale, i.e., the timescale corresponding to the place where the nonequilibrium 

dynamics arising from these initial conditions start to agree. The vertical dashed lines in both 

panels of Figure B.16 indicate the polaron formation timescale. In summary, although NIBA 
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is an approximate, perturbative theory, it accurately captures polaron formation 

timescales compared against numerically exact methods.  

 
Figure B.16 Derivative of the mean squared displacement of polarons in the dispersive Holstein lattice obtained 
using (A) the numerically exact HEOM and (B) the perturbative NIBA. Both methods show qualitative 
agreement and, crucially, predict similar polaron formation timescales (within ±15 fs error). 

To lower the cost of our quantum dynamics simulations and ensure that we can reach the 

thermodynamic limit of polaron formation free of finite-size effects, we adopt our space-time 

local generalized master equation (STL-GME) framework.43 The STL-GME recognizes that 

systems like small polaron formers have finite spatial memory. We exploit this short-ranged 

memory to enable more efficient simulation of the quantum dynamics. This only entails 

moving from the time-nonlocal formulation in Equation B.6 to a time-local and integrated 

one: 

𝐶2,5(𝑡 + 𝛿𝑡) = ∑ 𝑈2,!(𝑡)𝐶!,5(𝑡)!       (B.9) 

where U is the dynamical generator for the spread of population dynamics. This quantity 

equilibrates to a finite value at short times, over which time a polaron can only spread over 

a finite spatial extent. As such, its form in an even larger space remains the same, enabling 

us to perform the quantum dynamics simulation of polaron formation over a large space 

using only a small reference calculation over a smaller space. In our current calculations, 

adopting the STL-GME reduces the memory cost by about an order of magnitude: a 15-site 

NIBA calculation with a 330 fs simulation time requires ∼80 GB of memory, while the STL-
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GME reduces the cost to that of a 9-site calculation with a ∼200 fs simulation time, 

requiring only about ∼ 10 GB of memory. We achieve convergence between NIBA and STL-

GME in the derivative of the MSD, with an average error of ∼ 1.5%. For all MSD 

calculations, we employ a lattice distance of 5 Å. 

We conclude our discussion with a short analysis of the conditions on the spectral density 

that determine relative speeds of polaron formation. In particular, we interrogate the 

seemingly counterintuitive result that adding a fast Lorentzian component to the spectral 

density in our model of CuFeO2 slows polaron formation – a finding that contrasts earlier 

studies demonstrating that a faster Debye bath correlates to faster polaron formation.36 We 

argue that this apparent contradiction is an artifact of the Debye spectral density, which 

conflates the characteristic frequency of the coupling distribution (its maximum) with its 

width into one parameter, ωc. Instead, the Lorentzian spectral density disentangles the 

characteristic frequency of the coupling distribution, Ω, from the width of the distribution, γ, 

allowing us to test the effect of characteristic bath speed separately from the breadth of the 

phonon energies that are accessible. 

To demonstrate this decoupling argument in the Lorentzian spectral density, we analyze the 

dynamics arising from a wide range of Lorentzian distributions by varying both Ω and γ. 

Figure B.17 reports the polaron formation timescale as a function of Ω and γ. We find that 

these timescales are highly sensitive to the width, γ, but largely insensitive to the peak 

position, Ω. Physically, this is because polaron formation occurs faster when the phonon 

energies span a broad range, enabling more distributed energy dissipation. To understand the 

contrast between the Lorentzian and Debye spectral densities, we consider the overdamped 

limit of γ >> Ω, where one can approximate the Lorentzian distribution as a Debye 

𝐽(𝜔) = +`(+Y)
B"&(+Y)"

      (B.10) 

with ωc → 2γ. For Debye spectral densities, ωc is the characteristic phonon frequency that 

dictates both the peak position and the width of the peak, and hence the decay timescale of 

the exponential of Re Q(t) = Q2(t), Exp[−Q2(t)], which dictates the dissipative behavior of 
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the NIBA kernel K(t). Indeed, under this overdamped condition, we find that increasing 

γ makes the polaron formation timescale shorter (see Fig. B.17), showing that our present 

results are in agreement with our previous observations.36 

 
Figure B.17 Polaron formation time as a function of the Lorentzian peak position, Ω, and peak width, γ. The 
arrow shows that the decrease in polaron formation times observed at fixed Ω as γ increases mirrors the decrease 
in polaron formation times observed with increasing characteristic frequency, ωc, in the Debye spectral density, 
consistent with our previous results detailed in Ref. 36. 

We are now in a position to illustrate how the addition of the fast but narrow Lorentzian 

spectral density can yield slower polaron formation timescales than a slow but broad spectral 

density. Specifically, we focus on the decay behavior of Exp[−Q2(t)]. For the case with only 

low-frequency phonon modes, Exp[−Q2(t)] shows a smooth decay, while for the case with 

only high-frequency contributions, Exp[−Q2(t)] initially shows a decay, but later shows a 

recurrence pattern, as evident in Figure B.18. A similar behavior in terms of polaron 

formation timescales is evident in Figure B.17, where increasing γ correlates strongly with 

shorter polaron formation timescales. 
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Figure B.18 Comparison of the dissipative component of the NIBA kernel, Exp[−Q2(t)], for the Lorentzian 
spectral density in the presence of low-frequency versus high-frequency modes. 

Table B.4 Parameters for the doubly peaked Lorentzian spectral densities considered in the four cases discussed 
in the text. All units are in cm-1. 

Cases Low-frequency 
region: W 

Low-frequency 
region: γ 

High-frequency 
region: W 

High-frequency 
region: γ 

Case 1 545 180 1100 100 

Case 2 545 180 1100 180 

Case 3 545 180 1100 180 

Case 4 545 180 1400 100 

 

Having shown that the available phonon density is the main factor that dictates the polaron 

formation timescale for singly peaked Lorentzian densities, we turn to doubly peaked 

counterparts that are reminiscent of the division between acoustic and optical phonon modes 

in solid-state materials. In particular, we consider three paradigmatic cases specified in Table 

B.4. Case 1 refers to the distribution where the low-frequency peak has a broad phonon 

distribution and the high-frequency region has a narrow distribution. Case 2 corresponds to 

the opposite scenario with a broad high-frequency region and a narrow low-frequency one. 

In case 3, both low- and high-frequency regions have the same breadth. 
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Figure B.19 Polaron formation times observed as we vary the balance of reorganization energies distributed 
between the low- and high-frequency regions for the different cases mentioned in Table B.4. 

Given that the width of the spectral density dictates polaron formation timescales, one might 

anticipate that the total polaron formation timescale in the doubly peaked case might be 

dominated by the faster timescale set by the broader spectral distribution. However, we find 

that it is instead close to a weighted average of the two timescales, with the weights being 

determined by the reorganization energy of each spectral density peak. To illustrate this 

point, we calculate the polaron formation timescales for each of the three cases with doubly 

peaked Lorentzian distributions while varying the distribution of reorganization energy 

between low- and high-frequency regions (see Fig. B19). We find that shifting the 

reorganization energy to the narrow-width region (cases 1 and 2) increases the polaron 

formation timescale. If both low- and high-frequency regions have similar widths, the 

polaron formation timescale is independent of the reorganization energy distribution among 

regions (see case 3). We also consider a fourth case analogous to case 1 with a single 

difference: we separate the high- and low-frequency regions of the spectral density even 

further. This case allows us to test the effect of the central frequency of each of the two 

Lorentzian contributions to the spectral density We find the polaron formation timescale does 

not change significantly in this case (see Fig. B.20) This result reinforces the idea that the 

distribution of reorganization energy between the narrow and wide regions of the spectral 

density plays a decisive role in determining polaron formation timescales. 
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Figure B.20 Overall agreement in the polaron formation times observed across cases 1 and 4, mentioned in 
Table B.4, as we vary the balance of reorganization energies distributed between their low- and high-frequency 
regions. Importantly, the only difference between cases 1 and 4 is the center frequency of the high- and low-
frequency contributions. This agreement reiterates the insight that the factors that largely determine polaron 
formation timescales are the breadth of polaron distributions and their weights determined by their respective 
reorganization energies. 

To further support our argument that the narrow high-frequency region in the spectral density 

is primarily responsible for slowing down polaron formation, we show a comparison of three 

specific spectral density configurations and their corresponding polaron formation 

timescales. First, we consider the ‘low’ case from Table B.3, where the total reorganization 

energy is concentrated in the low-frequency region (Fig. B.21A). This results in a polaron 

formation timescale of ∼ 130 fs. In the second case, we redistribute the reorganization energy 

between the low- and high-frequency regions in a 3:2 ratio (Fig. B.21C). In this case, the 

timescale increases to ∼ 185 fs. Finally, we remove the high-frequency contribution entirely 

and reduce the total reorganization energy accordingly (Fig. B.21E), leading to a polaron 

formation timescale of ∼ 140 fs. 
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Figure B.21 Comparison of polaron formation times for three types of spectral density. The spectral density in 
panel (A) consists of only a single low-frequency peak with the full reorganization energy, λ = 1500 cm−1. Panel 
(B) shows that this spectral density leads to a polaron formation time of∼ 130 fs. The spectral density in panel 
(C) consists of a low- and high-frequency contribution with the reorganization energy distributed in a 3:2 ratio, 
respectively. Panel (D) reveals that this spectral density leads to a polaron formation time of ∼ 180 fs. In panel 
(E), we adopt the same spectral density as in panel (A), albeit with a reduction in its reorganization energy 
consistent with that of the low-frequency peak in the spectral density of panel (B), i.e., λ = 900 cm−1. Panel (F) 
shows that this spectral density leads to a polaron formation time of ∼ 140 fs. These results show how varying 
the portion of reorganization energy across the high- and low-frequency regions of the spectral density tunes 
polaron formation timescale. 

These results clearly demonstrate that the presence of a narrow-breadth, high-frequency 

component, primarily associated with optical phonon modes, significantly slows down 

polaron formation. Therefore, by engineering or suppressing these narrow high-frequency 

modes, it may be possible to reduce the polaron formation timescale. In summary, this 

section emphasizes that both the width of the spectral density (i.e., phonon density) and the 

distribution of reorganization energy among these phonon modes are key factors in 
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determining the polaron formation timescale. Adjusting either parameter offers a 

pathway to control and potentially accelerate or decelerate polaron formation. 
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A p p e n d i x  C  

SUPPORTING INFORMATION FOR CHAPTER 4: COHERENT 
CHARGE HOPPING SUPPRESSES PHOTOEXCITED SMALL 
POLARONS IN ERFEO3 BY ANTIADIABATIC FORMATION 

MECHANISM 

This appendix contains supporting information for Chapter 4 and is adapted with permission 

from:  

Kim, Y.-J.; Mendes, J. L.; Michelsen, J. M.; Shin, H. J.; Lee, N.; Choi, Y. J.; Cushing, S. K. 
Coherent Charge Hopping Suppresses Photoexcited Small Polarons in ErFeO3 by 
Antiadiabatic Formation Mechanism. Sci. Adv. 2024, 10 (12), eadk4282. 
https://doi.org/10.1126/sciadv.adk4282 

C.1 Synthesis of Single-Crystalline ErFeO3  

[Adapted from Sci. Rep. 10, 11825 (2020) (32) Springer Nature].  

Single crystals of ErFeO3 were grown by the flux method utilizing PbO, PbF2, PbO2, and 

B2O3 fluxes in a high-temperature furnace. Er2O3 and Fe2O3 powders were prepared in a 

stoichiometric ratio and mixed with the flux compound. The mixture was heated to 1290 °C 

in a platinum crucible for 16 h until it was completely dissolved. Then, it was cooled slowly 

to 850 °C at a rate of 2 °C/h, and further cooled to 23°C at a rate of 100 °C/h. Large ErFeO3 

crystals with a cuboid shape and a length up to approximately 1 cm on one side were 

obtained. The crystallographic structure of the ErFeO3 crystals was confirmed using an X-

ray diffractometer (D/Max 2500, Rigaku Corp.). The oxygen vacancy of the ErFeO3 crystals 

was measured utilizing a WDS (Wavelength Dispersive X-ray Spectrometer) in an EPMA 

(Electronic Probe MicroAnalyzer, JEOL JXA-8530F). The incident electron beam was 

applied with an acceleration voltage of 15 kV and a current of 20 nA. The composition ratio 

was determined by analyzing the characteristic X-rays of each element measured in the four 

WDS channels with different wavelength ranges. The temperature (T) and magnetic-field 

(H) dependences of the DC magnetization were measured using a vibrating sample 

magnetometer at T = 2–150 K and H = -9– 9 T with a Physical Properties Measurement 
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System (PPMS, Quantum Design, Inc.). The T dependence of specific heat was measured 

with the standard relaxation method in the PPMS. The T and H dependences of the dielectric 

constant were observed at f = 500 kHz using an LCR meter (E4980, Agilent). 

C.2 Ab Initio Electronic Structure Simulations 

C.2.1 Calculation of Ground-State Electronic Structure  

Geometry optimization and electronic structure calculations were conducted using the 

Quantum Espresso package for density-functional theory (DFT), an on-site Hubbard U 

correction was implemented for accurate band gap estimation (DFT+U, U = 1 eV).2 

Calculations were carried out on a unit cell of ErFeO3 at 293 K based on the crystallographic 

information listed in Table C.1. Norm-conserving pseudopotentials  are adopted to describe 

electron–ion interactions, and the Perdew–Burke–Ernzerho (PBE) functional under the 

generalized gradient approximation (GGA) is used to describe electron–electron exchange 

and correlation effects.3,4 Fritz-Haber-Institute (FHI) pseudopotentials from the NNIN 

Virtual Vault database were utilized for the Fe3+ and O2– ions, while a Vanderbilt 

pseudopotential from the Pseudo Dojo database was adopted for the Er3+ ion. The plane wave 

energy and charge density cut-offs were 100 and 500 Ry, respectively. A 6 × 6 × 2 

Monkhorst–Pack k-point grid was used to sample the Brillouin zone with a total of 150 

bands, and a Gaussian smearing of 0.003 eV in the Methfessel–Paxton scheme was utilized 

in the optimizations. The starting magnetization was set to a sum of zero for the Fe3+ ions. 

All the structures are fully relaxed and self-consistent calculations were performed to a 

convergence of 10−8 eV/atom with the forces on ions under 10−2 eV/Å. A calculated projected 

density of states and band structure are displayed in Figures 4.1B and C in the main text, 

and Figure C.2. 

C.2.2 Modelling of Excited-State XUV Spectra  

The modified X-ray absorption simulation package, OCEAN (Obtaining Core Excitations 

from the Ab initio electronic structure and the NIST BSE solver, version 3.0.2), was 

employed to qualitatively model the excited-state differential absorption spectra of ErFeO3. 
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The calculation procedures adhered to the methodologies outlined in Refs. 5,6. The 

OCEAN BSE calculation uses a screening mesh of 2 × 2 × 2, a dielectric constant of 25 at 

293 K, a 4.0 Bohr screening radius, and a 0.7 scaling factor for the Slater G parameter. The 

spectral broadening factor was set to 0.5 for all the calculations. The calculated bandgap 

(approximately 1.8 eV) from DFT+U (U = 1 eV) in Section C.2.1 was directly adopted 

without correction due to its close agreement with the experimental bandgap (1.83 ± 0.09 

eV) (fig. S3). Figure C.5 shows the calculated ground-state absorption spectra (A) of ErFeO3 

at the Fe M2,3 edge. The pseudopotentials employed in the DFT calculations were utilized 

for OCEAN calculations as well. The modified OCEAN package allows for selective 

occupation of the conduction and valence bands (state filling) with electrons and holes, 

respectively, at different momentum k-points.12 Because ErFeO3 exhibits a direct bandgap, 

bands at the primary Γ point were filled with photoinduced electrons and holes. The 

calculation was performed on a 6 × 6 × 6 k-point grid. The calculated differential absorption 

spectra shown in Figure 4.2B were derived by subtracting the calculated ground-state 

absorption spectrum from the calculated excited-state absorption spectra obtained at various 

lattice configurations corresponding to the charge-transfer, Fe3+–Fe2+ hopping, and polaron 

states based on the singular value decomposition vectors. This configuration involved a 10% 

axial elongation of the FeO6 octahedron, accompanied by a contraction in the bond length of 

equatorial Fe3+ ions. This configuration accounts for the Jahn-Teller effects and crystal field 

splitting of the octahedral complex. The modified OCEAN package inherently exhibits an 

overestimation of lattice expansion. As a result, it is capable of only qualitatively calculating 

the changes in the crystal structure over time. By increasing the number of photoinduced 

electrons and holes in each band to accommodate varying photoexcitation fluence, i.e., 

charge carrier density, different electronic configurations were evaluated. This led to a 

noticeable increase in the absorption feature around 52 eV, as observed in Figure C.7. This 

closely resembles the absorption feature observed in the measured spectra (Fig. 4.2 and Fig. 

C.5), which can be attributed to the Fe2+ state. For the calculation of the polaron state with 

the incorporation of the thermal expansion effects from electron-phonon couplings in several 

picoseconds, six Fe‒O bonds in the octahedron were expanded with the concurrent 

enlargement of a single unit cell in all axes by 5 to 15% and the resulting spectrum was 
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averaged and subtracted from the same excited-state spectra. By incorporating the lattice 

expansion into the ground-state spectrum, the enhanced binding energy between the 

electrons in the Fe 3d orbital and the core level holes in the Fe 3p band is considered.7-9 This 

provides an explanation for the hypsochromic shift of the negative-amplitude feature around 

54 eV and the gradual increase in the amplitude of the spectral feature around 55 eV. This is 

primarily attributed to the elongation of bonds, resulting in a substantial decrease in 

covalency and an increase in the effective Madelung potential at the Fe3+ sites.10 

C.3 Experimental Details for Transient XUV Reflection-Absorption Spectroscopy 

The measurements were conducted using photoexcitation from a ~50 fs, 400 nm 

frequencydoubled output of a BBO crystal with p-polarization, pumped by an 800 nm, 1 kHz 

regeneratively amplified Ti:Sapphire laser (Legend Elite Duo, Coherent). The optical 

excitation fluence was set to 3 mJ/cm2. Transient reflectance and differential absorption 

signals were measured by varying delay times between the excitation and probe pulses using 

an optomechanical delay stage (Fig. C.4). The photoexcited electronic dynamics were 

probed with XUV pulses produced by high-harmonic generation in an argon gas medium 

with an s-polarized few-cycle white light pulse (<6 fs, 550–950 nm). The residual white light 

beam was removed with a 200 nm thick aluminum filter (Lebow). The generated XUV 

continuum was used to probe the Fe M2,3 absorption edge around 54 eV. A typical XUV 

spectrum around the Fe M2,3 edge is shown in the inset of Figure C.4. An edge-pixel 

referencing scheme was used to reduce the contribution of intensity fluctuations by 

referencing to signal-free spectral regions.11 The reflection measurement used a 10° grazing 

incidence geometry (80° from normal incidence). The ground-state static XUV reflectivity 

of ErFeO3 shown in Figure C.5 was obtained by normalizing the measured static reflectance 

spectrum of ErFeO3 by that of a silicon wafer, which does not have any absorption features 

in the energy region of interest. Neon gas was used for spectral calibration. A detailed 

description of the setup is reported in Ref. 12. 
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C.4 Fitting Analysis of the Kinetic Model for the Relaxation Dynamics  

To fit the temporal evolution of each state’s population, a system of differential equations 

was numerically integrated.13,14 These differential rate equations, Equations C.1 to C.3, 

included in the three-component sequential kinetic scheme with a pseudo-first-order 

behavior (Fig. 4.3B and Fig. C.8), describe the rate of population change for each species 

and depend on the fitted parameters k1 and k2.  

dNCT
dt

 = ‒ k1∙NCT(t)											(C.1) 

dNHopping

dt
	=	k1∙NCT(t)	 − 	k2∙NHopping(t)    (C.2) 

dNPolaron
dt

=	k2∙NHopping(t)  (C.3) 

By solving these differential equations, the populations of the charge-transfer state, charge 

hopping between Fe3+–Fe2+ sites, and small polaron state (NCT(t), NHopping(t), and NPolaron(t), 

respectively) for a specific set of k1 and k2 are obtained. The fits for the kinetic traces obtained 

from the multivariate regression analysis are obtained by numerical convolution with a 

Gaussian instrument response function to account for the instrument response function, the 

width of which is a variable within the fit. The time-dependent population of each species 

was solved analytically to yield the fractional population of each state as a function of time 

with Equations C.4 to C.6:  

[NCT(t)]	=	[NCT(0)]e‒k1t    (C.4) 

[NHopping(t)]= [NCT(0)]k1
k2 ‒ k1

[e‒k1t ‒ e‒k2t]   (C.5) 

[NPolaron(t)] = [NCT(0)][1 ‒ 1
k2 ‒ k1

(k2e‒k1t ‒ k1e‒k2t)]      (C.6) 
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Figure C.1 X-ray diffraction pattern of single-crystalline ErFeO3. Observed (grey circles) and calculated 
(red solid line) powder X-ray diffraction patterns for the ground-state ErFeO3 single crystals at 293 K. The blue 
curve represents the intensity difference between the observed and calculated patterns. The short green lines 
denote the Bragg positions. Adapted from Sci. Rep. 10, 11825 (2020) (32) Springer Nature.1 

Table C.1 Crystallographic information of ErFeO3. Adapted from Sci. Rep. 10, 11825 (2020) (32) Springer 
Nature.1 

Structure Orthorhombic 

Space group Pbnm 

Lattice parameters (Å) 

a = 5.2611 1 

b = 5.5835 1 

c = 7.5915 2 

c/a = 2.732 

R-factors (%) 

Rp = 6.95 

Rwp = 6.39 

Rexp = 3.52 

χ2 3.29 

Er (x, y, z) (0.98127, 0.06922, 0.25) 

Fe (x, y, z) (0, 0.5, 0) 

O1 (x, y, z) (0.1139, 0.4588, 0.25) 

O2 (x, y, z) (0.695, 0.3085, 0.0597) 
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Figure C.2 Calculated ground-state electronic structure of ErFeO3. (A) The crystal structure of the ErFeO3 
unit cell. X (a), y (b), and z (c), directions denote [001], [010], and [001] crystal axes, respectively, in the Pbnm 
space group. (B) Projected density of states (PDOS) onto each element computed using DFT for two opposite 
spin states. Er, Fe, and O are colored in green, brown, and red, respectively. Positive (negative) values stand for 
spin up (down). EF denotes the Fermi energy. (C) Calculated band structure with an extended energy range 
compared to Figure 4.1C in the main text. 

 
Figure C.3 Steady-state reflectance spectrum of ErFeO3 and bandgap measurement. (A) Diffuse 
reflectance spectrum of the ErFeO3 powder. (B) Kubelka-Munk-transformed reflectance spectrum. The 
bandgap (Eg) is determined to be 1.83 ± 0.09 eV, similar to the reported valued.15,16 The peak feature around 1.7 
eV is attributed to background noise. 
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Figure C.4 Instrumental layout of the transient XUV reflection-absorption spectrometer. Using the 
nonlinear pulse-shortening approach with a gas (neon)-filled hollow-core fiber, a few-cycle white light 
fundamental pulse with high pulse energy (~1 mJ) is generated. Nonlinear high-harmonic generation is achieved 
by focusing the intense fundamental beam into an argon-filled gas jet inside a vacuum chamber. XUV probe 
pulses spanning the energy range of 30–70 eV are focused onto the sample as reflected in the toroidal mirror. 
A 400 nm pump pulse is also noncolinearly focused onto the specimen as reflected in the recombination mirror 
inside the chamber. The vacuum pressure for the measurement was 1 × 10‒3 Torr. 

 
Figure C.5 Transient XUV spectra and ultrafast small polaron formation. (A) Time-resolved differential 
absorption spectra of ErFeO3 for selected time delays (Δt) following photoexcitation at a fluence of 3 mJ/cm2. 
Corresponding Δt in picoseconds are indicated at the left bottom of the panel. Measured reflection (R) and 
unbroadened calculated absorption (A) spectra both in the ground state are overlaid as thick solid and dotted 
lines, respectively, presented in arbitrary units. (B) The spectral shift (ΔE) of the feature at ~54 eV in panel a 
plotted with time. A bi-exponential fit curve is overlaid as a guide for the eye. 
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Figure C.6 Relaxation dynamics of ErFeO3 at a long timescale. Dynamics become steady-state out to 1000 
ps at a fluence of 3 mJ/cm2. The main spectral features remain the same with reduced amplitudes. This set of 
data was measured separately from the one shown in Figure 4.2A in the main text. 
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Figure C.7 Calculated core-level absorption spectra under different band filling conditions. (A) The 
simulated excited-state absorption spectra of the Fe M2,3 edge at the CT state with a Jahn-Teller distorted FeO6 
octahedron. As the number of photoexcited electrons and holes increases in the conduction and valence bands 
at the primary Γ point, from A to E, respectively, the spectral amplitude of the corresponding feature around 52 
eV is observed to increase. (B) Simulated excited-state absorption spectra of the same edges at the CT state 
without a Jahn-Teller distortion. In contrast to the expanded configuration shown in panel a, the undistorted 
FeO6 octahedron does not exhibit any spectral features around 52 eV. This observation suggests that the 
observed spectral features in ErFeO3 originate from the expansion and distortion of the octahedron upon 
photoexcitation. 
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Figure C.8 Singular value decomposition vectors for the three-state kinetic model. The three spectral 
vectors were derived from the experimental data set. These vectors were combined linearly and used in a 
multivariate regression analysis. The purpose was to determine the time-dependent population of each state. 
Specifically, the states examined were the charge-transfer (hundreds of femtoseconds), the Fe3+–Fe2+ hopping 
(less than a few picoseconds), and the small polaron states (several picoseconds). The mathematical description 
provided in Section C.4 was used for this analysis. It is important to note that the charge hopping state is seen 
as an intermediate step connecting the charge-transfer and the polaron states. 
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Figure C.9 Time-resolved differential absorption spectra with fine time steps. A separate measurement was 
performed at the same fluence of 3 mJ/cm², employing fine time steps, in order to check the reproducibility and 
analyze the observed oscillatory feature. (A) Two-dimensional false color plot of the time-resolved differential 
absorption spectra. (B) Time-resolved differential absorption spectra. Corresponding time delays are indicated 
inside the panel. 

 
Figure C.10 Coherent charge hopping between Fe3+ and Fe2+. (A) (Left) kinetic profiles at different probe 
energies obtained at a fluence of 3 mJ/cm2. Probe energies are indicated inside each panel. Residual traces 
(Resi.) in each panel are obtained by subtracting a multi-exponential fit from each kinetic profile to highlight 
the oscillation feature for clarity. (Right) Fast Fourier transform (FFT) of the residuals. The main oscillation 
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frequency (Freq.) lies between 4.9‒5.8 THz regardless of the probe region. (B) Two-dimensional false color 
plot of the residuals over the probe range (50‒56 eV). The marked region with horizontal dotted lines is where 
the out-of-phase oscillatory behavior between the Fe3+ and Fe2+ states is apparent. Regarding the spectral 
assignment, the main decrease in absorption observed at 52.8–54.7 eV is indicative of the depletion of the initial 
Fe3+ state, while the main increase in absorption in the red-shifted region of 51.5–52.8 eV signifies the formation 
of the Fe2+ state upon photoexcitation. This assignment aligns with the well-established findings in previous 
studies of α-Fe2O3,7,17,18 and it is also consistent with our calculation results (Fig. C.7). The two additional 
features observed at 50.0–51.5 eV and 54.7–56.0 eV, exhibiting the negative and positive absorption, share the 
same phase as the main spectral features of the Fe3+ and Fe2+ states, respectively, implying they belong to each 
state. The former could arise from the pre-edge absorption of the Fe3+ state, while the latter represents the tail 
of the Fe2+ absorption as also reflected in the calculated spectra (Fig. C.7). (C) Two-dimensional false color 
plot of the FFT profiles over the probe range. The main frequency is centered around 5 THz. 
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A p p e n d i x  D  

SUPPORTING INFORMATION FOR CHAPTER 5: DYNAMIC 
COMPETITION BETWEEN HUBBARD AND SUPEREXCHANGE 
INTERACTIONS SELECTIVELY LOCALIZES ELECTRONS AND 

HOLES THROUGH POLARONS 

This appendix contains supporting information for Chapter 5 and is adapted with permission 

from:  

Mendes, J. L.; Shin, H. J.; Seo, J. Y.; Lee, N.; Choi, Y. J.; Varley, J. B.; Cushing, S. K. 
Dynamic Competition Between Hubbard and Superexchange Interactions Selectively 
Localizes Electrons and Holes Through Polarons. J. Am. Chem. Soc. 2025, 147 (19), 16018–
16026. https://doi.org/10.1021/jacs.4c16837 

Copyright 2025 American Chemical Society. 

D.1 GdFeO3 Characterization 

D.1.1 Ground State Optical Characterization 

The band gap of single-crystal GdFeO3 was determined using UV-Visible reflection 

spectroscopy (Cary 5000, Agilent Technologies). Scans were collected in a range of 250-

1200 nm in reflectivity mode. For a Tauc plot analysis, the reflectance spectra were 

transformed using the Kubelka–Munk function using Equation D.1: 

𝐹(𝑅T) =
()'U4)"

+U4
    (D.1) 

where 𝑅T = Rsample/Rstandard.1 The direct band gap of GdFeO3 was measured as ~1.43 eV and 

the indirect band gap was measured to be ~1.39 eV.  
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Figure D.1 Tauc plot from the measured optical ground state reflectivity of GdFeO3 with (αhν)1/r plotted as r = 
½ for a direct allowed band gap transition (A) and r = 2 for an indirect allowed band gap transition (B). The 
direct band gap is found to be ~1.43 eV and the indirect band gap is found to be ~1.39 eV. 

D.1.2 Structural Characterization 

The crystallographic structure and absence of a second phase were checked by the Rietveld 

refinement using the FullProf program for the power X-ray diffraction data. The data were 

obtained with a Rigaku D/Max 2500 powder X-ray diffractometer using Cu-Kα radiation. 

The result suggests that the GdFeO3 forms an orthorhombic perovskite with the Pbnm space 

group. The lattice constants are found to be a = 5.3464 Å, b = 5.5996 Å, and c = 7.6623 Å 

with the reliability factors; 𝜒+ = 1.64, Rp = 2.29 %, Rwp = 3.03 %, and Rexp = 2.37 %. Further 

details of crystallographic data are summarized in Table D.1. 
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Table D.1 Crystallographic information of GdFeO3. Unit cell parameters, reliability factors and position 
parameters for GeFeO3. 

Structure Orthorhombic 

Space group Pbnm 

Lattice parameters (Å) 

a = 5.3464(1) 

b = 5.5996(1) 

c = 7.6623(2) 

c/a = 1.433 

 

R-factors (%) 

Rp = 2.29 

Rwp = 3.03 

Rexp = 2.37 

 

χ2 1.64 

Gd (x, y, z) (1.0159, 0.0605, 0.25) 

Fe (x, y, z) (0.5, 0, 0) 

O1 (x, y, z) (0.4219, 0.9627, 0.25) 

O2 (x, y, z) (0.7107, 0.2988, 0.0455) 
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Figure D.2 X-ray diffraction pattern of single-crystalline GdFeO3. The observed (gray circles) and calculated 
(red solid line) powder X-ray diffraction patterns for a GdFeO3 single crystal at 293 K. The blue curve denotes 
the difference in intensity between the observed and calculated patterns, while the short green ticks indicate the 
Bragg reflection positions. 

D.1.3 Fluorescence Lifetime 

The fluorescence lifetime of GdFeO3 was measured using a Stellaris Falcon Fluorescence 

Lifetime Imaging Microscope (FLIM, Leica Microsystems). Measurements were performed 

with the 10x dry lens objective. A CW 405 nm, 0.5 mW laser excites the GdFeO3 single-

crystal, and the resulting fluorescence was measured. The Stellaris Falcon employs TauSense 

software to gate the PMT detectors with 0.1 ns steps when using CW excitation. Similarly, a 

790 nm, 80 MHz beam with 0.5 mW of average power was used to measure fluorescence 

lifetime. Fitting of lifetimes was conducted using the Leica LAS X software that deconvolves 

the instrument response function from resulting spectra. The n-exponential reconvolution 

employed by the Leica LAS X software is shown in Equation D.2: 

𝑦(𝑡) = {𝐼𝑅𝐹(𝑡 + 𝑆ℎ𝑖𝑓𝑡>Ua) + 𝐵𝑘𝑔𝑟>Ua}⨂ �∑ 𝐴[𝑖]𝑒b'
$
8[#]c + 𝐵𝑘𝑔𝑟2')

,Z/ �    (D.2) 

where n is the number of exponential components, A is the amplitude of exponential pre-

factors, 𝜏 is the lifetime, IRF is the instrument response function, Bkgr is the tail offset 

correction for the background, ShiftIRF is the correction for the IRF displacement, BkgrIRF is 

a correction for the IRF background, i are the intensities associated with each exponential 

component. 
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The raw spectra, IRF, and resulting n-exponential reconvolutions for each wavelength 

can be found in Figure D.3. The resulting radiative lifetimes calculated using the Leica LAS 

X software were <100 ps for 790 nm versus 1.2 ± 0.4 ns for 405 nm. We would like to note 

that the Leica LAS X software calculates a lifetime below 100 ps following 790 nm 

excitation for the given raw spectra and instrument response function, however, given the 

limited number of time points in the fluorescence lifetime spectra following 790 nm 

excitation we refer to it qualitatively as <100 ps. 

  
Figure D.3 Raw fluorescence spectra of GdFeO3 following 790 nm (left) and 405 nm (right) excitation (blue). 
The red trace denotes the IRF for each wavelength and the yellow trace represents the reconvolution calculated 
by the Leica LAS X software for the 790 nm and 405 nm.   

D.2 Experimental Setup: Transient Extreme Ultraviolet Reflectivity Spectrometer 

The transient extreme ultraviolet (XUV) reflectivity spectrometer is described previously.2,3 

Briefly, a Legend Elite Duo laser system (Coherent Inc.) with 35 fs, 13 mJ, 1 kHz pulses 

centered at 800 nm is split by a 75:25 beam splitter with ~3 mJ being used to generate a few-

cycle white light beam (<6 fs, 550-900 nm) for high harmonic generation (HHG) and ~10 

mJ used for the pump path. The pump path uses both a p-polarized 800 nm beam and the 400 

nm frequency doubled output of a BBO crystal with p-polarization, pumped with the 800 nm 

output of the Ti:Sapphire laser. The optical excitation fluence used in these experiments was 

~11 mJ/cm2 for both 400 nm and 800 nm pumped samples. Transient reflection is measured 

at a 10° grazing incidence (80° from normal incidence) geometry and measures the varying 

delay times between the pump and probe pulses by an optomechanical delay stage. The 
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photoexcited dynamics were probed with an XUV pulse produced with an s-polarized 

few-cycle white light pulse by HHG in argon. The residual white light beam is removed with 

a 200 nm thick Al filter (Luxel). The generated XUV continuum is used to probe the Fe M2,3 

absorption edges at ~54 eV. An edge-pixel referencing scheme was used to denoise the 

spectra due to intensity fluctuations and used signal-free spectral regions.4  

D.2.1 Ground State Reflectivity and Long Timescale Dynamics 

The ground state sample reflectivity at the Fe M2,3 edge is shown in Figure D.4. The 

experimental spectrum (Fig. D.4, orange line) was smoothed using a moving average filter 

with a span of 2.0% of the pixels in the CCD image. The static XUV reflectivity of GdFeO3 

is obtained by normalizing the static XUV reflectivity spectrum of the sample by the static 

reflectivity of a Si wafer, which should not absorb the XUV beam below the Si K edge at 

~100 nm. The spectrometer was calibrated using the photoionization continuum of neon gas.5 

 

Figure D.4 Experimental ground state XUV reflectivity spectrum (orange) and DFT+BSE theory calculated 
ground state reflectivity (blue).  

The transient spectra presented in the main text (Figs. D.2A and D.4) capture the relevant 

ultrafast features of charge transfer, polaron formation, and the superexchange induced spin 

crossover on Fe2+ centers. Additionally, we present here representative spectra of long 

timescale dynamics measured at the Fe M2,3 X-ray edge following 800 and 400 nm 

photoexcitation to understand thermalization in the spectra. Figure D.5A and D.5B presents 

logarithmic spectra collected out to 1 ns. We compare the long timescale 800 and 400 nm 

pumped spectra to our DFT+BSE treatment of thermal expansion of the GdFeO3 crystal 
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lattice (Fig. D.5C and D.5D) and to our modeled charge transfer and polaron states. The 

polaron state dominates the 800 nm pumped GdFeO3 spectra out to 1 ns (Fig. D.5C), which 

suggests that thermal expansion of the lattice plays a minimal role in the observed spectral 

features. Similarly, the DFT+BSE modeled 400 nm charge transfer state (Fig. D.5D) 

continues to dominate the 400 nm pumped transient XUV spectrum, out to 1 ns. This 

suggests that the free carriers in the charge transfer state dominate the 400 nm pumped 

spectrum out to our temporal measurement limit.  

Figure D.5E and F contain exponential fits of the intensity change with respect to time. The 

exponential model for both plots followed the equation: f(x) = a*exp(-x./b)+c. The resulting 

non-radiative recombination lifetime for the 800 nm exponential fit was 150±30 ps and for 

400 nm excitation it was >1 ns. The radiative lifetime of the 400 nm pumped GdFeO3 

discussed in D.1.3 exceeds the 1 ns temporal limit of our XUV spectrometer, resulting in an 

exponential fit that poorly describes the recombination lifetime of carriers in the 400 nm 

XUV spectrum.  
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Figure D.5 Long timescale measurements of GdFeO3 following 800 nm (A) and 400 nm (B) photoexcitation 
are plotted on a logarithmic time axis. Experimental lineouts 1 ns after 800 nm (C, black) and 400 nm (D, black) 
photoexcitation are compared to DFT+BSE modeled 800 and 400 nm charge transfer states (blue), the 
convolved electron and hole polaron state (purple), and a modeled 350 K thermal expansion of the crystal lattice 
(red). For the 800 nm spectrum (C) the polaron state best agrees with the 1 ns experimental trace, while the 400 
nm spectrum (D) agrees well with the 400 nm charge transfer state. Exponential fits of the change in intensity 
over time for the 800 nm pumped spectrum (E) and the 400 nm pumped spectrum (F).  

D.2.2 Experimental Photoexcited Carrier Density Approximation 

The photoexcited carrier density was calculated assuming that for each photon absorbed by 

the GdFeO3 single crystal, one electron-hole pair is excited.6–8 The number of photoexcited 



 

 

187 
carriers (Ne) generated by both excitation wavelengths can be approximated by Equation 

D.3: 

𝑁4 =
a
ℏd
∗ )'U

e
(1 − exp(−𝛼𝐷))41 + 𝑅	exp(−𝛼𝐷)5     (D.3) 

where F is the pump fluence (~11 mJ/cm2), ℏ𝜐 is the excitation energy, R is the reflectivity 

coefficient,9 D is the probe depth (~2 nm), and 𝛼 is the absorption coefficient.10 In the case 

of 800 nm photoexcitation, this results in a photoexcited carrier density of ~7.3x1020 cm-3, 

and for 400 nm excitation a carrier density of ~3.7x1020 cm-3. The DFT calculated unit cell 

of GdFeO3 has a volume of ~2.4x10-22 cm3 and given that each unit cell contains 4 iron 

atoms, there are approximately ~1.6x1022 Fe atoms/cm3. This would result in ~4.5% and 

~2.3% of iron atoms excited following 800 nm and 400 nm photoexcitation, respectively. 

D.3 Spectral Analysis 

The spectral shift associated with polaron formation in the 800 nm pumped XUV spectra and 

the decrease in intensity associated with thermalization of hot carriers at the Fe M2,3 edge in 

the 400 nm pumped spectra were fit with single exponential functions following the equation: 

a*exp(-x./b)+c. The plots of each can be found in Figures D.6 and 5.2C in the main text, 

respectively. The polaron shift resulted in an exponential fit with a time constant of 250 ± 40 

fs and a formation rate of ~4 ps. The spectral shift was measured to have a magnitude of 420 

± 150 meV. 
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Figure D.6 A fit of the spectral shift at the Fe M2,3 edge following 800 nm photoexcitation. The fitting was 
performed by finding the minima of the averaged spectral intensity between 54.0 – 55.0 eV.  

Additionally, to confirm independent spectral features and kinetics of the resulting 

phenomena in both 800 and 400 nm pumped XUV spectra, we performed singular value 

decomposition (SVD). The SVD analysis factorizes the two-dimensional matrix of the 

transient spectra by rotating (U), scaling (S), and then again rotating (V) the matrix. The 

scaling matrix contains the singular values along its diagonal, which we refer to as the 

number of components. The number of singular values or components in the scaling matrix 

is selected to minimize the total number of singular values.  

In the case of 800 nm photoexcitation, two singular values well reproduce the kinetics and 

spectral features of the transient spectra (Fig. D.7A). Adding additional singular values to 

the SVD of the 800 nm transient spectra results in components that look identical to earlier 

components, but with lower intensity contributions, suggesting that two is sufficient and any 

additional components are negligible. The SVD components for the 800 nm spectra plotted 

in Figure D.7A agree well with both the polaron state (component 1) and the MMCT state 

(component 2). To visualize the kinetics of the components, Figure 5.5C in the main text, 

plots the components associated with the MMCT state and the polaron state as a function of 

time using the experimental 800 nm transient spectrum.  

For the SVD of the 400 nm pumped XUV spectra, one component is sufficient to 

successfully reproduce the transient spectrum. Suggesting that one process dominates the 

spectra and kinetics of the plot. The component in Figure D.7B agrees well with the 400 nm 

LMCT state, suggesting that aside from carrier thermalization, this state dominates the 400 

nm transient kinetics.  
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Figure D.7 Singular value decomposition analysis of 800 nm (A) and 400 nm (B) pumped XUV spectra. 
Decomposing the 800 nm pumped XUV spectra into two components results in a reconstruction of the transient 
spectra (A, left) that agrees well with the experimental spectra. The first component of the 800 nm SVD analysis 
(A, middle) agrees well with the polaron state, and the second component (A, right) agrees well with the 800 
nm MMCT state. The 400 nm pump spectra can be reconstructed (B, left) in good agreement with the 
experimental spectra using only one component (B, right), which agrees well with the 400 nm LMCT state.  

D.4 Theoretical Methods: Ground State and Excited State Core-Level Spectra 

D.4.1 Density Functional Theory Calculations 

Geometry optimization and density functional theory (DFT) were conducted using the 

Quantum ESPRESSO package with norm-conserving general gradient approximation 

(GGA), Perdew–Burke–Ernzerhof (PBE) pseudopotentials.11–13 Geometry optimizations 

employed an input GdFeO3 unit cell containing 20 atoms and based upon the experimental 

crystallographic information listed in Table D.1. A 250 Rydberg kinetic energy cutoff and 

an 11 × 10 × 7 Monkhorst–Pack k-mesh sampling of the first Brillouin zone was used to 

sample 200 bands. The starting magnetization was set to a sum of zero for Fe3+ ions to 

represent the antiferromagnetic orientation of neighboring spins at 293 K.9 A Hubbard U 

parameter of 4 eV and 5 eV was applied to Fe and Gd atoms respectively for DFT and 
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DFT+BSE calculations. The structures employed in the DFT and DFT+BSE calculations 

described below were fully relaxed and calculations were performed to a convergence of 

10−8 eV/atom with the forces on ions under 10−3 eV/Å. 

 

Figure D.8 DFT+U calculated projected density of states (A), and band structure (B) used for DFT+BSE 
calculations of core-level spectra. 

D.4.2 Defect Supercell Calculations of Polarons 

Hole and electron polarons were modeled within a supercell approach,14 using a 2 × 2 × 1 

repetition of the optimized unit cells (160-atom supercells) calculated for an 

antiferromagnetic spin ordering ground state. The defect supercell calculations with pSIC 

and hybrid functionals were performed using the VASP code version 5.4,15 using the HSE06 

screened hybrid functional,16,17 the implemented pSIC approach,18,19 and the projector 

augmented wave (PAW) approach with the VASP4 PAW_PBE potentials (Fe_pv : 14 

valence electrons, Gd: 18 valence electrons, and O: 6 valence electrons).20,21 All supercell 

simulations adopted a plane-wave energy cutoff of 400 eV, and evaluated energies with a 

single special k-point at 0.25, 0.25, 0.25. Simulations with DFT+U with pSIC adopted a 

Hubbard U value only for the Fe d states with a value of 5.3 as based on default parameters 

used for the Materials Project database.22,23 All initial structures were optimized from unit 

cells with an antiferromagnetic ground state with magnetic moments of 4.8 and 7.2 for the 

Fe and Gd, respectively, with final moments of approximately 4 and 7 obtained for the bulk 

for the studied levels of theory. The lattice constants for the supercells with self-consistency 
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determined for each level of theory, with the impact of the fraction of exact change on 

the electronic band included in Figure D.9.  

 

Figure D.9 Summary of variations in the electronic structure for GdFeO3, shown at different levels of theory 
from PBE+U (A) to HSE06 with different levels of exact exchange such as 15% (B), 25% (C) and 32% (D). 
The primary impact of exact exchange is widening of the band gap between the upper valence band (Fe and O 
derived) and the localized Fe-d derived band, with the separation between the latter band and a higher-lying 
conduction band (Fe and Gd derived) remaining largely ~ 1 eV higher, independent of the exact exchange. 

D.4.3 Fe M2,3 Edge Ground State Calculation 

The fully relaxed parameters used in the DFT+U calculations for GdFeO3 discussed in D.4.1 

were applied to the DFT+BSE calculations of the GdFeO3 ground state reflectivity at the Fe 

M2,3 X-ray edge. The BSE calculation employed a screening mesh of 2 × 2 × 2, a dielectric 

constant of 4.28 at 293 K,9 a 4.0 Bohr screening radius, and a 0.7 scaling factor for the Slater 

G parameter. A spectral broadening of 0.25 eV was applied for all calculated spectra. The 

calculated ground state reflectivity of GdFeO3 is plotted in Figure D.4 and is compared to 

the experimentally measured XUV ground state at the Fe M2,3 X-ray edge. As shown in 

Figure D.4, the DFT+BSE calculated ground state agrees well with the measured ground 

state reflectivity of the GdFeO3 sample.  

D.4.4 Fe M2,3 edge Excited and Thermal State Calculations 

Excitation-wavelength-dependent changes to the transient XUV spectra of GdFeO3 were 

calculated using a modification to the OCEAN package described previously.3,24–26 

Effectively, the modification to the OCEAN code enables us to selectively allow or forbid 

core-to-valence X-ray transitions to valence and conduction bands at different points in 
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momentum space, to simulate state-filling of electrons and holes following 

photoexcitation. We modeled our charge transfer state by populating the conduction band 

with electrons either at 1.55 eV (800 nm) or 3.1 eV (400 nm) above the valence band 

maximum (VBM) and similarly populating the valence band with holes to model the 

movement of carriers following photoexcitation. This population of electrons and holes 

effectively forbids or allows XUV transitions to specific points in k-space but does not 

account for carrier density, therefore, the modeled peak position and relative intensity is used 

to compare experiment to theory. We model our transient XUV spectra by subtracting the 

calculated ground state spectrum from the calculated excited state spectra to calculate the 

differential absorption. Figures 5.2 and 5.5 in the main text demonstrate agreement between 

DFT+BSE modeled 400 nm and 800 nm charge transfer states, respectively.  

A thermal isotropic expansion of the GdFeO3 unit cell was modeled to determine if thermal 

effects were present in the experimental spectra and is described previously.27 We 

isotropically expanded the GdFeO3 unit cell to model temperatures from 293 K up to 500 

K.28 The spectrum of a modeled 350 K expansion can be seen in Figure D.5C and D. We 

find no significant contributions of thermal isotropic lattice expansion to 800 nm or 400 nm 

excited transient XUV spectra. 

D.4.5 Fe M2,3 Edge DFT+BSE Polaron State Calculations 

Our semi-empirical method for modeling transient effects of photoexcited polaron formation 

on XUV core-level spectra is achieved using our DFT+BSE framework and has been 

described previously.27 Electron polarons are modeled using the bond distortion method,29 

locally applying an expansion to Fe-O bonds at one iron octahedra in the GdFeO3 unit cell. 

Similarly, hole polarons on iron atoms are modeled by applying a local contraction to the 

Fe–O bonds in an FeO6 octahedra. Figure D.10 demonstrates the change in intensity between 

a modeled electron polaron and hole polaron centered on an iron atom. Both polarons were 

modeled with a 1-8% isotropic distortion of the local FeO6 octahedra, with a 5% distortion 

agreeing best with experimental spectra. The electron polaron has a higher spectral intensity 

than the more dispersive hole polaron. We also simultaneously model electron and hole 
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polarons with the bond distortion method at neighboring iron sites by employing an 

expansion and contraction to consider spectrally convolved electron and hole polarons at the 

Fe M2,3 edge (Fig. D.10). The electron and hole polarons on iron centers are spectrally 

convolved at the Fe M2,3 edge, and occur at the same energy alignment, which is shifted to 

higher energy relative to both the LMCT and MMCT states. These anisotropic distortions to 

the GdFeO3 unit cell are then applied to our DFT+BSE method and the resulting XUV 

spectrum is treated similarly to our excited state calculation detailed in D.4.4 to generate a 

differential absorption spectrum (Fig. D.10).  

 

Figure D.10 (A) Experimental lineout (black solid) 1 ps after 800 nm photoexcitation compared to DFT+BSE 
modeled electron (red) and hole (yellow) polarons and compared to a convolved DFT+BSE electron and hole 
polaron at neighboring iron atoms (black dashed). The DFT+BSE modeled hole polaron is much weaker than 
the electron polaron due to its delocalized nature, and when convolved together the electron polaron dominates 
the predicted dynamics. (B) A DFT+BSE modeled electron polaron for an anisotropic expansion of either the 
equatorial (blue and red) or axial (yellow) Fe–O bonds. The equatorial lineouts are each scaled by 5 times to be 
compared to the axial distortion. The equatorial ligand expansion is significantly weaker than the axial ligand 
expansion as plotted in (C) and demonstrates that axial distortions dominate the spectral signature of polaron 
formation. 

Additionally, we model an anisotropic polaronic distortion to stimulate the Jahn–Teller 

effect. To achieve this distortion, we selectively distort equatorial or axial ligands in the FeO6 

octahedra. Figure D.10B and C shows that an anisotropic polaronic expansion results in 

different spectral contributions to the signature of the polaron. We find that axial distortions 

have a greater effect on the spectral intensity of the polaronic feature in the transient XUV 

spectrum, which agrees with our findings that the polaronic distortion induces a Jahn–Teller 

type distortion in the lattice.  
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D.4.6 Fe M2,3 Edge pSIC+DFT+BSE Polaron State Calculations 

In addition to our semi-empirical modeling of polaronic distortions, we apply the polaronic 

distortions obtained from the ab initio defect supercell calculations discussed in D.4.2 to our 

DFT+BSE approach, which we refer to as pSIC+DFT+BSE. The distortion acts as the input 

for OCEAN and enables us to simulate the excited state X-ray edges that result from the ab 

initio electron and hole polaron distortions calculated using the defect supercell method.  

D.5 Ligand-Field Multiplet Theory Calculations 

Ligand-field multiplet theory calculations (CTM4XAS) were conducted to model the XUV 

absorption of oxidation and spin states of different iron species.30 The different oxidation 

states were modeled by designating the final state of the initial Fe3+ state to be either Fe2+ or 

Fe4+. Spin configurations of the photoexcited Fe2+ and Fe4+ states were modeled by varying 

the cubic crystal field splitting (10Dq) and the exchange energy (J) for either configuration. 

The Fe3+ high-spin ground state was subtracted from the Fe2+ and Fe4+ excited states to 

generate predicted difference spectra following photoexcitation. Figure D.11 compares these 

difference spectra with the experimental 400 nm LMCT, 800 nm MMCT, and 800 nm 

polaron states. The ground state bleach of the Fe3+ high-spin feature was shifted to align with 

experimental bleach at the Fe M2,3 edge. The 400 nm LMCT state agrees with a high-spin 

Fe2+ state (Fig. D.11A) and the 800 nm polaron state (Fig. D.11C) agrees well with a Fe2+ 

low-spin and Fe4+ high-spin configuration. 

 

Figure D.11 (A) 400 nm LMCT state, (B) 800 nm MMCT state, (C) 800 nm polaron state. Experimental (blue), 
Fe4+ high-spin state (yellow), Fe4+ low-spin state (red), Fe2+ high-spin state (green), Fe2+ low-spin state (purple). 
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A p p e n d i x  E  

SUPPORTING INFORMATION FOR CHAPTER 7: EXPERIMENTALLY 
MAPPING THE PHASE DIAGRAMS OF PHOTOEXCITED SMALL 

POLARONS 

E.1 Uncertainties in the Polaron Parameterization from Experimental 
Measurements 

To understand the uncertainties associated with approximating the phase diagrams from 

experimental observables, we include reported experimental uncertainties for the polaron 

energy. These experimental uncertainties are propagated through the approximation for 

Epolaron as half of the experimental spectral shift. Several data points from literature do not 

have reported uncertainties and cannot be statistically analyzed.  

We further include reported experimental uncertainties for the experimentally determined 

exchange energy per spin. In the case where error bars are reported in literature from inelastic 

neutron scattering experiments, we include those error bars. However, several of the iron 

oxides studied did not have reported error bars. In the case of these materials, we consider 

both reported inelastic neutron scattering (INS) and Raman scattering experiments to develop 

statistics. We also consider theoretically modeled exchange energy where necessary. Table 

E.1 shows these statistics for several of the material systems under investigation. We note α-

FeOOH has only one experimentally determined value for J in the literature. a-TiO2 and 

BiVO4 both have 3d0 ground state electronic configurations and therefore do not exhibit spin 

exchange on their transition metal sites. 

Table E.1 Exchange energies from inelastic neutron and Raman scattering experiments and theory. All values 
are in units of eV. J is approximated as exchange energy per spin. “–” denotes no known literature value for one 
of the necessary parameters. 

 J (INS) J (Raman) J (theory) Average J value Standard deviation 

a-Fe2O3 0.0097 ± 0.0031 1,2 – – 0.0097 1,2 0.0031 1,2 

CuFeO2 0.017,3 0.014,4 0.0435 – – 0.025 0.018 

ErFeO3 0.38 ± 0.16 7 – – 0.38 7 0.16 7 
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BiFeO3 0.16,8 0.24,9 0.14,10 0.12 11 – – 0.17 0.05 

a-FeOOH – 0.19 12 – –  

GdFeO3 0.10 13 – 0.16 14 0.13 0.04 

 

Density functional theory (DFT) is known to have systematic uncertainties associated with 

calculating energies for transition metals. For example, DFT is notorious for underestimating 

band gaps of transition metal oxides under both the local density approximation (LDA) and 

the generalized gradient approximation (GGA). Several methods have emerged to calculate 

band gaps which agree with experimentally measured values, including the use of an on-site 

repulsion term (Hubbard U) or the use of hybrid pseudopotentials.15 Generally though, 

density functional theory experiences systematic differences depending on the functionals 

and methods being applied  

Bandwidths were all approximated using the generalized gradient approximation (GGA). On 

the other hand, phonon dispersions were calculated using different exchange-correlation 

functionals, ranging from the local density approximation (LDA) to Perdew-Burke-

Ernzerhof functionals within the GGA.  

E.2 Singular Value Decomposition Kinetic Models 

Singular value decomposition (SVD) was employed to extract the spectral weights of 

different contributions to the transient XUV spectra. The resulting temporal weights of the 

SVD components were fit with rate equation models, as described previously, to elucidate 

the kinetics of the singular values.16,17 Briefly, a generalized sequential kinetic model is 

applied to the weighted SVD components of the transient XUV spectra. Here, the sequential 

kinetic model is always initiated by a charge transfer state (SCT) that evolves through one or 

more intermediate states (Sn) before the carrier relaxes. Schematically, this can be understood 

by Equation E.1: 

𝑆Pf
!!→	𝑆)

!"→	𝑆+…
!*¡¢	𝑆2  (E.1) 
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The rate equations that correspond to these states are dependent upon the number of 

intermediate states, where in the case of α-Fe2O3 and GdFeO3, there are only charge transfer 

(SCT) and polaron (SP) states. In the case of CuFeO2 there is initially a charge transfer state 

(SCT), followed by an intermediate polaron state (SP), and finally a c-axis lattice expansion 

state (SLattice). In the case of ErFeO3, there is again an initial charge transfer state (SCT), an 

intermediate Fe3+–Fe2+ charge hopping state (SHop), followed by the polaron state (SP). 

Equations E.2–4 encompass the rate equations for states S0 through Sn: 

\V,
\3

= −𝑘)𝑁/(𝑡)    (E.2) 

\V#
\3
= 𝑘,𝑁,')(𝑡) − 𝑘,&)𝑁,(𝑡)		where	1 ≤ 𝑖	 ≤ 𝑛 − 1    (E.3) 

\V*
\3

= 𝑘2𝑁2')(𝑡)    (E.4) 

where Ni(t) is the time-dependent population of state Si. The lines of best fit in Figure 7.2 

of the main text are numerical solutions of the differential equations in Equations E.2–4, 

convolved with a Gaussian instrument response function. The resulting convolved 

populations were scaled by independent amplitudes and offsets to fit the experimentally 

determined SVD weights. 
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