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ABSTRACT: We present a first-principles study of the short-time dynamics of , & Hotexeiton, sh

excitons in hematite Fe,O;. We used time-dependent density functional theory iég- li

(TD-DFT) with an underlying DFT+U treatment of electron interactions to LUMO 8¢ wwo/Miowo
characterize the electronic structure of excitons and nonadiabatic molecular .
dynamics theory (NA-MD) to determine their recombination (electronic ground- g L

Exc-3 ~~- ..‘.‘.»-\- =

state recovery) and relaxation dynamics. Decoherence-corrected trajectory surface .44

hopping approaches in NA-MD simulations yielded recovery times of ~1.1 to 1.8
ns and “higher-lying” exciton relaxation times of ~60 to 70 fs, in accord with
experimentally derived lifetimes. With hematite phonons in the range of ~100 to
700 cm™', higher-lying excitons relax within one or two oscillations of the
phonons before getting trapped into an electron—hole pair Exc-3 structure on the
first excited state potential energy surface. This structure resembles already a pair
of polarons (electron polaron plus hole polaron) with associated lattice
distortions three (3) basal planes away. On longer time scales, the electron—hole bipolaronic pair hops to structures Exc-S, then
Exc-7, then Exc-9, ... with the electron polaron and hole polaron separated by S, 7, 9, ... basal planes in a process of charge separation.
The largest frequency phonon ~672 cm™ for the Exc-3 exciton structure is associated with the electron polaron moiety of the
exciton. This phonon is a good candidate for giving rise to the recently observed and reported postexcitation transient IR absorption

peak.

I. INTRODUCTION

Concerns about environmental problems have motivated
society to turn to green energies as sources of fuel, particularly
solar energy.' The science underlying photoelectrochemical
devices (PECs) revolves around charge carriers: (a) light
absorption and charge carrier generation (electrons and holes),
(b) charge carrier separation and transport, and (c) charge
carrier utilization in interfacial redox reactions that leads to
solar fuels.”* Characterization, understanding, and controlling
the structure and dynamics of charge carriers are essential to
design systems and devices with enhanced photoelectrochem-
ical conversion efficiencies.*”® Computational contributions to
this end may include characterization of the optical absorption
of the structure and dynamics of electron—hole pair excitons
(relaxation and recombination—ground state recovery), and of
their separation into electron and hole polaron charge carriers
in candidate electrode materials, for example transition metal-
based semiconductors as studied here.®

The present study deals with hematite Fe,O; as a
photoactive semiconductor oxide, attractive for PECs and
often used as a model system for experimental and computa-
tional investigations. Its attractiveness arises from its
abundance, its stability, and its narrow band gap that enables
absorption of visible light.”* Fe,Oj falls in the class of materials
in which electrons exhibit strong correlation and the d
electrons in the Fe 3d atomic-like states are high-spin coupled
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within basal planes and antiferromagnetically coupled across
basal planes.

The initial impetus for the present research was the work
from Biswas et al,” which examined the structure of
photogenerated excitons through XUV experimental character-
ization. These authors reported that electron—hole pair
excitons in hematite (and several other oxides) arise from
ligand-to-metal excitations and that exciton radii are of the
order of a single metal-oxide bond. In the first paper of this
series'® (Paper 1), we reported the computational character-
ization of the nature of excitons and electronic excited states in
hematite.'® In particular, we identified excitonic structures that
resemble electron polaron—hole polaron pairs separated by 3,
S, 7, 9, ... basal planes. We referred to them as Exc-3, Exc-5,
Exc-7, and Exc-9 structures and described them as precursors
to separated electron polarons and hole polarons. Figure 1
summarizes the findings from Paper I, albeit it incorporates
new computational results presented in the present work.
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Figure 1. Excitons in Fe,0;. The left panel depicts the structures of electron polaron—hole polaron pairs as excitons. HOMO and LUMO refer to
the one-particle state of an electron/hole pair exciton. The right panel illustrates the potential energy surface of the lowest-lying exciton. GS =
ground state, Exc-1 = vertical low-lying exciton, Exc-3,5,7,9 = electron polaron—hole polaron separated pairs.

In the present work, we characterize the early time dynamics
of these excitons, including their kinetics of nonradiative
relaxation, and the nature of the first excited state potential
energy surface (PES) governing the kinetics. To this end, we
used the theories of time-dependent density function theory
(TD-DFT) and nonadiabatic molecular dynamics (NA-MD).

LIl. Exciton Dynamics and Time Scales. To set the
context of the present research, it is useful to refer to the
review by Corby et al.'' Under sunlight irradiation, excitation
occurs that creates excitons (electron—hole pairs) with a range
of energies, from the lowest energy exciton to higher energy
excitons. Higher-lying excitons undergo nonadiabatic tran-
sitions across the ladder of excited states or recombination
transitions to the ground state. During relaxation, the electron
from the excitonic electron—hole pair can be described as
relaxing down to the conduction band edge (LUMO) with the
hole relaxing up to the valence band edge (HOMO). Exciton
relaxation in hematite and similar metal oxide semiconductors
occurs on the time scale of femtoseconds to picoseconds.' '
Exciton separation occurs when excitonic electrons and holes
self-trap into electron and hole polarons far away from each
other on the time scale of pico- to nanoseconds.'' Prior to
exciton relaxation and electron—hole separation, the electron
may recombine with the hole into an electron pair of the
ground state wave function. In semiconductors with a large
band gap, recombination occurs on the time scale of pico- to
nanoseconds.'' In photocatalysis, the separated self-trapped
polarons, also referred to as “charge carriers”, migrate from the
bulk to the surface where they participate in oxidation or
reduction reactions, such as water oxidation or proton
reduction, and other reactions. Carrier transport occurs on
the time scale of micro- to milliseconds, with surface redox
reactions on a time scale of up to seconds."’

A recent characterization of the structure of excitons at the
length scale of bonds and of exciton radii in selected metal
oxides” spurred our earlier work on the structure of excitons in
hematite via first-principles computation.10 Here we are
interested in characterizing and understanding the early time
dynamics of photogenerated excitons in Fe,O;, in determi-
nation of the relaxation and recombination times for “higher-
lying” excitons, and in describing the potential energy surface
of the lowest energy exciton state whereby the relaxed “higher-
lying” excitons convert to charge-separated (electron polaron—
hole polaron) pairs (Exc-3 in Figure 1) as onset of charge
separation and generation of separated electron polarons and
hole polarons.

LIl. Relevant Prior Experimental and Computational
Studies. Several experimental and computational studies of
hematite can be found using X-ray absorption spectroscopy
(XAS)," resonant inelastic X-ray scattering (RIXS),"* extreme
ultraviolet spectroscopy (XUV),"® and other studies. Carneiro
et al.'® coupled extreme ultraviolet (XUV) and optical
absorption to assign the spectroscopic features to small
polaron formation within ~100 fs after photoexcitation, with
the fastest formation rate for visible light absorption of ~2.5
eV. The authors also stated that the data is not consistent with
the occupation of a midgap or surface state with lifetime.
Figure 1 that emerged from our prior work'® and the present
study is consistent with these statements. The same authors
also stated unequivocally that visible light absorption has O 2p
to Fe 3d character, even when allowing for hybridization of
these atomic states. Biswas et al.”'>'” reported bulk polaron
formation within ~90 fs based on XUV data combined with
reflection—absorption, with surface polaron formation signifi-
cantly slower.'>'”'® Probing the M edge of the Fe species and
the L edge of the O species also revealed the O 2p to Fe 3d
character of low-energy excitons. Furthermore, this approach
led the authors to extract an exciton radius of one (1) M-O
bond. This characterization of exciton radius in several oxides
prompted our earlier work'® and the present one. Ismail et al."”
used ultrafast X-ray absorption spectroscopy (XAS) and
resonant inelastic X-ray scattering (RIXS) measurements and
reported ﬁndings consistent with an earlier assignment by
Vura-Weis et al.” of the ligand-to-metal O 2p to Fe 3d nature
of the optical excitation. These authors reported relaxation of
higher-lying electrons within ~1 ps, fast carrier recombination
to the ground state within ~10 ps, and evidence for long-lived
trapped electron states (with lifetimes of the order of ~
hundreds of picoseconds). Similar time scales were reported by
Joly et al.”' based on transient reflectivity measurements.
Relevant to the present work are the postexcitation transient
IR spectroscopy measurements carried out by Suligoj et al.””
These authors reported the appearance of a peak at ~640 cm™!
with a lifetime considerably longer than carriers lifetimes in
hematite. We will show below that the transient exciton
structure Exc-3 depicted in Figure 1 exhibits a distinctive
vibration, calculated at ~672 cm™ and localized on the
electron state side of the exciton. As we describe the Exc-3
structure as a precursor of the separated electron and hole
polarons, we suggest that the observed postexcitation transient
IR peak may correspond to the signature vibration of electron
polarons.
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On the computation and simulation side, Fe,Oj; is generally
viewed as challenging because of its complex electronic
structure and the strong electron correlation. Several methods
have been used to study the excitation spectrum of hematite.
Among those, the GW-BSE method is based on quasi-particle
theory. As seen in Piccinin et al.”* and in Snir and Toroker,”*
GW-BSE treatments have challenges in accurately predicting
the band gap and the optical spectrum. Another notable study
is the one by Ahart et al.>> These authors were the first to
suggest, based on hybrid DFT calculations, that isolated
electron polarons in hematite are “localized” over two Fe
atoms belonging to edge-sharing octahedra. The assertion was
supported by Shelton and Knowles’®”” in their DFT+U
calculations of electron—phonon couplings in Fe,O;, albeit
these authors favored the widely accepted O 2p to Fe 3d
description of the optical absorption in Fe,Os. These authors
also identified two phonons distinctly associated with the
electron polaron at 250 and 653 cm™'. Our earlier work'’
based on TD-DFT calculations combined with spin-polarized
DFT+U revealed that, in fact, the electron state of an exciton
also exhibits the localized-over-two-Fe character, as depicted in
Figure 1, with the hole state having a strong O 2p character
spread over the O atoms of a FeO4" moiety. Cheng et al.*®
used hybrid DFT theory combined with the ASCF-based
description of excited states and NA-MD theory that yielded
recombination times of ~110 ps in hematite. Lastly, we note
the derivation by Klein et al.” of a formalism that enables to
identify the factors that contribute to XUV spectra, including
accounting for the short-time trapping of polarons. However,
their approach does not seem to provide information about
time scales.

Our objective in a series of studies was to cross-validate
advanced chemical theories and experiments at the length and
time scales of chemical bonds for strongly correlated systems.
Paper I dealt with the electronic structure and polaronic
structures of electron—hole pair excitons in hematite, high-
lighted in Figure 1."° Here (Paper II), we address the short-
time dynamics of these excitons, investigated through the
characterization of the shape of the excited state potential
energy surface upon vertical excitation, and the determination
of excited state relaxation and recombination (ground state
recovery) times. The former is carried out using TD-DFT
theory, as in Paper I, and the latter using NA-MD theory. The
paper is organized as follows: in Section II, we outline the TD-
DFT and NA-MD protocols and some aspects of phonon
analysis; in Section III, we present the results, addressing the
dynamics and the shape of the 1st-Ex potential energy surface,
leading to Figure 1. We conclude in Section IV.

Il. METHODS

ILI. Electronic Structure Computations. For details and
results about the spin-polarized DFT+U and TD-DFT
protocols used throughout this work, we refer the reader to
Paper 1.'” There, we determined the ground state optimized
structure (GS) on the DFT potential energy surface using a 2
X 2 X 1 supercell. We also reported the optimized geometry of
the TD-DFT first excited (lowest excitation energy) state (1st-
Ex). The resulting local minimum energy structure was the
structure denoted Exc-3, with a “localized” electron state of Fe
3d character (shared by two Fe atoms that are centers of two
edge-sharing octahedra), a “localized” hole state of O 2p
character spread over an FeOg" octahedron, and the two sites
separated by 3 basal planes, depicted in Figure 1 above.

In this work, the nature of the GS structure as an energy
minimum was established by calculating the Hessian matrix of
the GS state, which showed all positive vibrational frequencies.
The Ist-Ex state at the optimized GS geometry is neither a
minimum nor a transition state, as it has a nonzero gradient.
Several points on the steepest descent path for the 1st-Ex state
starting at the GS structure as well as the energy profile of the
Ist-Ex state along a linearized pathway that morphs the GS
structure and the Exc-3, are discussed in this work. The
findings led us to the picture shown in Figure 1 above, with the
vertical excitation reaching a side of the Exc-3 energy well.

ILIl. Phonons Analysis. Figure 1 illustrates the electronic
structure of the excitonic local minima Exc-3, Exc-5, Exc-7, and
Exc-9 on the state potential energy surface of the first excited
state as established in Paper .'” We described them broadly as
electron polaron—hole polaron pairs owing to the localized
nature of the electron and hole states of the excitonic
electron—hole pair. They exhibit lattice distortions typical of
polarons with bond length changes notable for several bonds
associated with the polaronic centers. Considering these
structural changes, we are interested in identifying phonons
that could be viewed as signatures of the electron polaron and
hole polarons, with potential comparison with the results from
Shelton and Knowles.”**’

To identify these localized phonons (vibrational modes), we
used the Generalized Subsystem Vibrational Analysis (GSVA)
method of Tao et al.”® The method uses the dynamical matrix
of a full system and associated “full” normal modes of vibration
(phonons) and defines a back transformation to project out
the dynamical matrix of a specific subsystem. The subsystem is
chosen to be the smaller excised cluster of atoms that exhibit
the lattice distortion of the excitons or polarons. We apply a
projection of the subsystem modes onto the full system modes
by calculating the cosine of the angles of projection between
the subsystem modes and the full system modes. This enables
us to identify the full system modes that resemble most the
easy-to-identify subsystem modes. We will remark that the
projection is determined between the modes expressed in
mass-weighted Cartesian coordinates rather than the modes
expressed in conventional Cartesian coordinates. Indeed, in
mass-weighted Cartesian coordinates, the full system modes
form an orthonormal basis of modes (displacements), so that
the dot product between subsystem modes and full system
modes is a rigorously defined measure of similarity. In Paper
L' we described the electron polaron site as exhibiting a
shortening of the Fe—Fe bond between the Fe centers of two
edge-sharing octahedra. The hole polaron site exhibits the
shortening of Fe—O bonds in a FeO," subunit. The subsystems
of interest are then the two edge-sharing octahedra for the
electron polaron site (excised 12 atom cluster denoted as 12-
cluster) and one octahedron FeO4" unit for the hole polaron
site (excised 7 atom cluster denoted as 7-cluster), independ-
ently or together. Among the Fe—O bonds of the 12-cluster,
only two exhibit significant shortening, they are the bonds
most aligned with the Fe—Fe bond, seen in Figure S1 in SI,
and we refer to these atoms as the 4-cluster with a O—Fe—Fe-
O linkage. Among the six Fe—O bonds of the hole site, only
the four equatorial Fe—O bonds show significant shortening,
We select them as a S-cluster.

To characterize the first excited state potential energy
surface near the GS structure (vertical excitation), we also used
a vibration analysis whereby we selected a modified
orthonormal basis (rather than a Cartesian coordinate basis)

https://doi.org/10.1021/acs.jpcc.4c03247
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of displacements to perform the analysis. In one case, we took
the structure change (normalized) vector DX(i) = Xg,.;(i) —
Xgs(i), (i = 1,... ,3N) between the GS and Exc-3 structures and
supplemented it with a Gram-Schmidt basis of order 3N-1. We
refer to DX as the “Marcus” pathway, which is often used to
characterize polaron hopping. In another case, we selected the
gradient direction vector of the 1st-Ex state at the GS geometry
supplemented with a Gram-Schmidt basis. This gradient vector
defines the steepest descent path that one might use to locate
the minimum energy structure of the first excited state upon
vertical excitation. These modified analyzes enable us to
quantify the harmonic frequencies along these selected 1D
directions on the Exc-3 or GS potential energy surfaces. If we
denote B the 3N X 3N matrix of the modified displacement
basis (analogously to when using internal coordinates), the
vibrational eigenproblem involves the force matrix F = B™’
M™Y2 H M™"/? B rather than the usual force matrix F = M~"/?
H M2, where M is the diagonal matrix of atomic masses and
H is the Hessian matrix of energy second derivatives.

ILII. DFT+U, Functional, Basis Sets, and Supercell. We
used DFT’'?? with the Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional® for the description of the
ground state wave function of Fe,0;*" augmented with
Hubbard +U” one-center terms on Fe atoms and on O
atoms as corrective treatment for the self-interaction error of
DFT. An extensive comparison with hybrid functionals and
various values of +U(Fe) and +U(O) corrections resulted in
the selection of +U(Fe) = 3.0 and +U(O) = 2.0 as a good
choice of parameters yielding good structure and HOMO—
LUMO band gap ~2.09 eV for a 2 X 2 X 1 supercell and for
minority spin electrons in accord with experimental values of
~2.0 to 2.2 €V.*® The use of +U on O atoms was deemed
important when considering the possibility of creating a hole
with an unpaired spin on O atoms upon excitation.'

We used the DZVP-MOLOPT-SR-GTH basis set for the
valence electrons of Fe and O atoms®’ and employed the
GTH-PBE pseudopotentials to describe the core electrons.’®
The DZVP-MOLOPT-SR-GTH basis set is a ‘double-{ plus
polarization” basis set. Accordingly, it provides a qualitatively
reliable description of the Mulliken atomic populations of the
Fe and O atoms. We believe that differences in Mulliken
populations between the polaronic vs bulk centers are
chemically meaningful when describing the excited states and
their associated localized lattice distortions. Through tests on
the band gap, we limited ourselves to I" point sampling of the
Brillouin zone and settled on using a 2 X 2 X 1 supercell as
sufficient to describe qualitatively correctly the ground state
structure GS and the exciton structure Exc-3 with the electron
and hole sites separated by three basal planes. Extensive details
are provided in Paper L.'” The 2 X 2 X 1 supercell consists of
120 atoms, including 48 Fe atoms and 72 oxygen atoms, and
600 occupied o states and 600 f states. Hematite exhibits
FeOg octahedra with iron (Fe) atoms surrounded by six
oxygen (O) atoms. The octahedra have two sets of three Fe—
O bond lengths. Cell parameters optimized at this level of
theory are a = b = 5.033 A and ¢ = 13.74 A, a = 90.0° § =
90.0°, and y = 120.00° with Fe—O bond lengths of ~1.94 and
2.12 A in the optimized geometry of the ground state, in good
accord with experiment.””*" The Mulliken spin moments at
the GS geometry with this PBE+U(Fe, O) level of theory are
~+4.18 for Fe atoms, a clear indication of high spin Fe layers
and antiferromagnetic coupling across bilayers.

The projected density of state indicates that a minority spin
electron f can be excited into iron atoms that have formally no
 electrons in the Fe 3d atomic states (Fe, basal planes that lie
1, 3, S, 7, 9 basal planes away from the hole O atoms). Indeed,
the Mulliken analysis indicates that Fe 3d atomic states
contribute predominantly to the lowest unoccupied molecular
orbital (LUMO), while the O 2p atomic states dominate the
contributions to the highest occupied molecular orbital
(HOMO).

ILIV. TD-DFT. We used the linear response TD-DFT
method embodied in the CP2K suite of programs.”’ TD-DFT
is a single excitation theory. The excited states are linear
combinations of singly excited determinants generated by
excitations of one electron from any occupied Kohn—Sham
(KS) state to any unoccupied KS state. Details of selected
calculations can be found in Paper 1"’

ILV. Molecular Dynamics Simulation. We carried out
phase space sampling via a molecular dynamics (MD)
simulation within the canonical ensemble of constant temper-
ature of 300 K starting from the optimized structure of the
ground state using a canonical ensemble through velocity
rescaling thermostat.*> The time step was taken as 1 fs, and the
simulation length was 6.1 ps. We observed that thermalization
was achieved within ~1.8 ps. Accordingly, we discarded the
first 1800 MD steps from phase space averaging and carried
out the NA-MD stochastic simulations of recombination and
relaxation over the remaining 4300 MD steps. We demonstrate
below that phase space sampling remains in the region of the
ground state and does not reach into the region of the Exc-3
state, owing to the large lattice distortion.

ILVI. Nonadiabatic Molecular Dynamics NA-MD
Theory. For the NA-MD investigation, we employed the
Libra software (version 5.3.0),”~*" coupled with the CP2K
program (version 2022.1),""*" to characterize the quantum
dynamics of the excitons. The NA-MD protocol encompassed
the TD-DFT descriptions of excited states combined with the
fewest switches surface hopping (FSSH) algorithm®® to
describe excited state transitions. To account for electronic
structure decoherence, we used the modified simplified decay
of mixing (mSDM)**° and instantaneous decoherence at
attempted hops (ID-A)°' algorithms. A more detailed
description of the algorithms and tools can be found
elsewhere.”*” The overall protocol involves 4 steps: (1)
constant temperature molecular dynamics of the system in its
ground state to sample phase space using CP2K; (2)
identification of diabatic excited states along the molecular
dynamics trajectory (MD) using Libra/CP2K because of a
challenge due to the closeness of the excited states; (3)
determination of the nonadiabatic electronic coupling (NAC)
terms along the MD trajectory using Libra; (4) stochastic
dynamics simulations, including surface hopping™® among the
excited states (and possibly including the ground state) to
extract recombination (ground state recovery) and relaxation
times using Libra.

Calculating the evolution of nuclei in response to changing
electronic states is the primary goal of the NA-MD approach in
Libra.” The electron—nuclear wave function follows eq 1,
where [y,(r;R(t))] is the basis set of electronic states. NA-MD
is based on the neglect-of-back-reaction approximation
(NBRA) of Prezhdo and co-workers™ > combined with the
many-body (MB) treatment of the electronic states (here, via
TD-DFT). Calculating the evolution of nuclei in response to
changing electronic states is computationally expensive in

https://doi.org/10.1021/acs.jpcc.4c03247
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condensed matter systems; NA-MD uses NBRA to evolve
nuclei based on state-independent forces.

N
w(r, 6R(1) = Y. c(Dy(rR(2))
i=1 (1)
The time evolution of the wave function follows the time-
dependent Schrodinger equation as in eq 2

. aV/(rr R, t) ~
ih——= = H(r, R, t)w(r, R, t
28— G R, Owlr, R, ) o
The simplified version of eq 2 has the following form
. aci < vib
j=1 (3)

_ihd,
,-j' ’. In
j is the electronic Hamiltonian matrix

is the nonadiabatic coupling element between

where the vibronic Hamiltonian equation is H:-“;b =H
this equation, H,
elements, dl-j
states i and j and calculated as d; = (¢

%d)j), computed
numerically using Hammes—Schiffer—Tully (HST) finite
difference formula.’® The coherent amplitude of ¢; is then
utilized to calculate the surface hopping probabilities of eq 4

that enter Tully’s FSSH approach
2d,c()c; (1) @
le(H) (4)

In trajectory surface hopping nonadiabatic dynamics, nuclei
evolve according to classical Newtonian equations of motion.
The trajectory may evolve on a single PES or may change to
another one stochastically with the calculated probabilities.
During excitation and relaxation, the electronic states change,
but the NBRA neglects the effect of new electronic states
(electronic state transitions) on nuclear evolution. We used the
two surface hopging approaches that capture the decoherence
mechanisms:*”>" (1) the ID-A algorithm®' and (2) the mSDM
algorithm® which builds upon the original SDM>’ method.
Correcting decoherence is important as electronic coherence is
lost through interactions with nuclei or the surrounding
environment.”” Both approaches are based on the NBRA-
FSSH algorithm with coherent amplitude modification. In ID-
A, the coherent amplitude is modified at every attempted hop,
while in mSDM, it is modified at every time step.*’

ILVLI. NA-MD Simulations. We determined S0 excited
states for each point on the MD trajectory. The energy range
among these 50 states is ~0.2 eV above the first excited state.
We carried out stochastic NA-MD simulations for states 1, 5,
10, 20, 30, 40, and S50 as the initial excited states. We
performed NA-MD simulations over 21 initial conditions, and
for each of these initial conditions, we carry out 500 stochastic
realizations of surface hopping simulations. The process was
repeated 10 times (10 batches in Libra’s terminology) with
different seeds for the random number generator. All in all, we
carried out a total of 21 X 10 = 210 stochastic simulations,
each 4000 fs long. For relaxation lifetimes, we included all 210
curves in the fitting process. For recombination lifetimes, we
averaged the 10 batches carried out and used 21 curves in the
fitting.

The excited states provided by TD-DFT are ordered by
energy from lower to higher excitation energy. Because of the
very small energy gaps among the excited states, there is a high
likelihood that the excited states may change in electronic

Pt—)](t) =

structure character. To construct a set of states with consistent
electronic structure characteristics from the adiabatic TD-DFT
states, a state reordering mapping was employed ?rior to
carrying out the NA-MD stochastic simulations.***°

For the characterization of the recombination lifetime, we
included all 50 excited states and the ground state in the NA-
MD dynamics and utilized the populations of the ground state
to extract the recombination lifetime. To extract recombina-
tion times, we employed an exponential function of the form in

eq S

plti ) =1 = e [_G)ﬂ] )

The fits with R*> > 0.8 were selected for calculating the
average lifetime. To evaluate the uncertainty in recombination
time calculations, we employed the standard error-bar

o
NG
equation, where n is the number of fitted curves with specific
R* and o is the standard deviation of data. The standard
normal deviation Z in the error-bar calculation depends on the
sample size n. For instance, for sample sizes greater than 120
(n > 120), Z is set to 1.960, and for sample sizes of 10 (n =
10), Z is set to 2.228.%

For the relaxation lifetime, we included the S0 excited states
in the NA-MD dynamics and used the populations of the low
excited state(s) as the “relaxed” state. However, given the small
energy range among the low-lying excited states, we defined an
energy range (window) of 0.03 eV relative to the first excited
state to declare that ’relaxation’ had been reached. A challenge
arises in extracting relaxation time because of the shape of the
curves “population vs time”. As will be seen below for the state
population curves for the 50th excited state, the plot shows a
very rapid decay followed by a plateau of fluctuations.
Accordingly, using a modified fitting function was deemed
appropriate, as in eq 6.

calculation method, where the error is given by € = Z

f(t, Ey, B) = (E; — B) exp —(—] + B
(6)

lll. RESULTS AND DISCUSSION

lIl. UV—vis Spectrum. TD-DFT indicated that the low
energy UV—vis spectrum of hematite is the result of excitations
from the valence band of O 2p states to the conduction band
of Fe 3d states. The excited state spectrum for the 50 low-lying
states at the GS geometry is shown in Figure 2. This figure
shows that these excited states have very close energies, within
a range of approximately 2.5 nm (~0.01 eV), with some higher
states exhibiting larger oscillator strengths.*

lILIl. Excited State Energies and NACs. The time
evolutions of the energies of six selected excited states among
the S0 calculated excited states along the MD trajectory are
shown in Figure 3. These excited state energies are within a
range of 0.2 eV and remain very close throughout the MD
(very small spacing), resulting in lar§e NACs among the
excited states, as seen in the color map™ in Figure 4. In Figure
4, the largest couplings are shown in yellow, highlighting
strong interactions of ~20 meV between excited states and
their nearest states. In contrast, NACs between excited states
and the ground state are in black, close to ~0 meV. The high
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Figure 2. UV—vis spectrum at GS geometry from TD-DFT with DFT
+U(Fe,0). See Paper 1. (ref 10).
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Figure 3. Time evolutions of the TD-DFT energies for selected states
along the MD trajectory.

NACs of Many Body Basis meV

50

40

30

State index

20

10

0 10 20 30 40 50
State index

Figure 4. Time-averaged NACs in meV among the 50 excited states
and ground state and their associated color scale.

density of the excited states has implications when it comes to
identifying the diabatic states during the NA-MD procedure.
An important point must be made as we consider Figures 3
and 1 of this paper and Figure 1 in Paper I where we quantified
the energy profile via TD-DFT calculations.'’ The vertical
excitation for the 1st-Ex state is ~2.12 eV. Upon geometry
optimization of the 1st-Ex state, the lattice distortion energy for
the GS ground state amounts to ~0.76 eV (ina 2 X 2 X 1
supercell), with an 1st-Ex excitation energy of ~1.04 eV at the
Ist-Ex optimized geometry, corresponding to an energy
relaxation for the 1st-Ex state of ~0.32 eV when going from
the GS structure to the 1st-Ex structure. As illustrated in Figure
3, the excitation energies of the MD states do not come close

to the value of ~1.04 eV, which is the lowest excitation energy
at the Ist-Ex state optimized geometry. Accordingly, it can be
said that the equilibrated MD trajectory does not sample phase
space in the vicinity of the 1st-Ex state structure, also labeled at
Exc-3 in Figure 1 above. The only access to the Exc-3 structure
is via photoexcitation. As further indication that phase space
sampling in MD does not reach into the 1st-Ex (Exc-3) region,
we plotted the fluctuations of key bond lengths during the MD
simulation. The key bonds are the ones in Exc-3 that show
notable differences from the GS structure. For example, we
identified in Paper I one Fe—Fe “bond” and four (4) Fe—O
bonds that are signatures of the electron state polaron and hole
state polaron of the exciton. We fitted the fluctuations with a
straight line, plotted a straight line corresponding to the GS
optimized value, and plotted a straight line corresponding to
the optimized value in the Exc-3 structure. The data is shown
in Figure S for the Fe—Fe “bond” between the two centers

5 Fe-Fe bond of the electron polaron
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Figure S. Fluctuations of the Fe—Fe “bond” of the electron polaron
site along the MD trajectory. Also shown are a straight line fitting of
the fluctuations and straight lines corresponding to the optimized
values of the “bond” in the GS and 1st-Ex (Exc-3) geometries. The
MD phase sampling around the GS structure does not reach into the
region near the Exc-3 structure.

involved with the electron polaron site in Exc-3. The data for
the four (4) significant Fe—O bonds of the hole site are given
in Figure S2 in the SI file. These plots support the observation
that the MD fluctuations do not sample phase space near Exc-
3.

The nonadiabatic coupling coefficients between excited
states were calculated based on many-body (MB) treatment of
excited states (TD-DFT in the present case) rather than sinsgle
particle (SP) treatment as done in some and past studies.””**
The MB approach provides a more accurate treatment of
excited states because the SP approach neglects the interaction
between electronic states and relies on the properties of one-
electron molecular Kohn—Sham orbitals to calculate state
energies and NACs. In contrast, the MB approach gives for
each excited state a linear combination of single-particle
excitations with optimized coeflicients obtained from the linear
response equations, thus providing a better representation of
excited states. The average magnitudes of the NACs for the
ground state and excited state, shown by the black areas in
Figure 4, are close to zero. For instance, the magnitudes of the
NACs between the ground state and the first, 10th, 20th, 30th,
40th, and 50th excited states are 0.37, 0.33, 0.32, 0.30, 0.30,
and 0.29 meV respectively. This observation indicates small
coupling between the ground state and the excited states, as is
often the case for large band gap systems. In contrast to the
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Figure 6. Population of the ground state for the stochastic dynamics initiated from the first excited state using the mSDM and ID-A approaches.

“Population” refers to the population of the ground state.
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Figure 7. Relaxation dynamics using mSDM and ID-A from the 50th excited state to the first excited state using all MD steps with R* larger than
0.2. The axis label “population” refers to the population of the S0th excited state.

GS-to-excited state couplings, the NACs among excited states
are much larger. For example, the trajectory-averaged NAC
magnitudes between the first excited state and the second,
10th, 20th, 30th, 40th, and 50th excited states are 24.73, 15.74,
12.18, 10.09, 9.33, and 8.42 meV respectively. Their larger
magnitude can be attributed to the many-body effects and the
near degeneracy of the Fe 3d states that form the conduction
band.

lILII. Recombination Lifetimes. The results for the
recombination time from the first excited states using mSDM
and ID-A approaches are illustrated in Figure 6. It can be
observed from the left panel of Figure 6, that for the mSDM
approach, the recombination time for the dynamics initiated
from the first excited state is found to be around ~1278 ps.
When the simulations are initiated from other excited states
(10th, 20th, .., SOth), the recombination time is within the
range of 1100—1300 ps, with no discernible pattern in the
recombination time with respect to selection of the initial state.
The results for the ID-A approach are like those of the mSDM,
with a range of 1500—1800 ps and no specific pattern in
relation to the initial excitation. The recombination dynamics
initiated from the first excited state using ID-A is illustrated in
the right panel of Figure 6.

We note that during the stochastic dynamics, excitons may
hop not only to lower-lying excited states but also to higher
ones. The large NAC values among excited states and small
NAC values between the excited states and the ground state

13687

are consistent with the observed long recombination (ground
state recovery) times.**> Direct recombination has a very
small probability, and large NAC values between excited states
facilitate rapid interconversion between these states and delay
recombination to the ground state.

lILIV. Relaxation Lifetime. The relaxation dynamics from
the 50th excited state to a narrow energy range near the lowest
excited state is illustrated in Figure 7 using the mSDM and ID-
A approaches. A fitting criterion of R-squared values being
larger than 0.2 was applied. However, various R-squared values
were explored to calculate the relaxation time, as elaborated
further in Table S1 in the SI file. To determine the higher-lying
exciton relaxation lifetime using the mSDM and the ID-A
approaches, we note that the 50th excited state has an average
energy of ~1.96 eV with a range of ~1.88 to ~2.0S eV with an
initial excitation energy of ~0.2 eV above the first excited state.
The first excited state has an average energy of ~1.75 eV and a
range of energy ~1.43—1.92 eV above the ground state. The
relaxation from excited states # 50, 40, 30, 20, and 10 were also
calculated using the mSDM and ID-A approaches. The data
are given in Table 1 and discussed below.

Recall that the nature of the excited state spectrum with very
small spacing between excited states within 0.2 eV of the
lowest excited state presents challenges in the convergence of
relaxation. As indicated earlier, this led us to define an energy
window of 0.03 eV above the lowest excited state within which
relaxation is declared “achieved”.
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Table 1. Relaxation times Using mSDM and ID-A with R® =
0.2 and Fittings of all MD Steps, Starting from Different
Excited States down to Low Excited States within an Energy
Window = 0.03 eV from the Lowest Excited State

initial average maximum  minimum  relaxation  relaxation
excited excitation  excitation  excitation  time (fs) time (fs)
cwaton (@) (V) (V] meom DX
S0 1.96 2.05 1.88 61 +3 74 £ 3
40 1.95 2.03 1.85 62 +2 74+ 3
30 1.92 2.02 1.82 56 +2 72+ 3
20 1.90 2.00 1.78 S8 +3 67 +3
10 1.85 1.98 1.69 S7+3 65 + 4

Relaxation times for different initial excited states from
mSDM and ID-A simulations in Table 1 exhibit no drastic
changes in the magnitude of the order of ~60—70 fs; this
implies a rapid relaxation process. Notably, the ID-A values are
slightly larger, approximately 20%, than the corresponding
mSDM values. Furthermore, it is observed that the relaxation
times for lower excited states are smaller compared to those for
higher excited states.

As discussed in the Introduction, reported experiment-
derived lifetimes are on the order of hundreds of picoseconds
for photoexcited carriers in hematite. However, the exper-
imental studies used an initial excitation at 400 nm, which is
equivalent to 3.1 eV, to generate higher-lying carriers.'** This
is significantly larger than the 1.96 eV used in the present
computational study. The latter value is consistent with the
visible light range that is targeted by PECs. However, the
visible light range of interest in the context of photo-
electrochemical cells is ~470 to 750 nm, or 2.64 to 1.65
eV.” Accordingly, the range of ~1.88—2.05 eV considered
here is more closely connected to the situation in PECs.

lILV. The First Excited State Energy Surface. In this
section, we aim to establish that the shape of the potential
energy surface for the first excited state is as depicted in Figure
1. We aim to assert whether, upon vertical excitation, the first
excited state resides or not in a quasi-bound metastable state
corresponding to a local energy minimum in the region of the
GS structure. Our results point to the excited surface having
the shape of a valley that leads to the Exc-3 structure. Our
assertion that the Exc-3 structure is a local energy minimum
will be shown by the vibrational analysis of the Exc-3 structure.

Figure 8 shows the energy profile of the Ist-Ex state relative
to the energy of the 1st-Ex state at the GS structure along the
steepest descent path upon vertical excitation at the GS structure
using the DFT+U(Fe,0) plus TD-DFT level of theory in

1st-Ex SD path from GS structure
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Figure 8. Energy (eV) of the 1st-Ex state along the steepest descent
path starting from the GS structure. Only the first five steps along the
steeped descent path are shown, with the system reaching the energy
of ~ — 0.27 eV. Continuation of the steepest descent path would lead
to the minimum energy structure at ~ — 0.32 eV.

connection with a 2 X 2 X 1 supercell (the absolute energies of
the GS and 1st-Ex state in atomic unit are given in Table S2 of
the SI file.) The first five steepest descent steps are downhill
with the total energy going down by ~0.27 eV. This is a
substantial fraction of the relaxation energy at the local
minimum structure Exc-3. This result strongly validates the
shape of the 1st-Ex energy surface depicted in Figure 1.

Another one-dimensional (1D) cut in the potential energy
surface of the 1st-Ex is the linearized pathway that morphs the
GS structure and the Exc-3 structure, parametrized in eq 7 as
follows

X(1) = (1 — )X(GS) + AX(Exc-3)A=00to 1.0 (7)

where X(1) is the vector made up of the 3N Cartesian
coordinates of the N atoms in the supercell, X(GS) and X(Exc-
3) are vectors of the 3N Cartesian coordinates of the GS and
Exc-3 structures, respectively. This morphing pathway is often
adopted to parametrize the energy profile for the two state
model of polaron hopping in the Marcus/Holstein formal-
ism.%"%% If the Ist-Ex were in a local energy minimum upon
vertical excitation, then the “Marcus” profile would be expected
to exhibit a double well shape, but this is not the case. The
absolute energy along the Marcus path decreases from the
initial structure GS to the final structure Exc-3, as seen in
Figure 9 (shown in the diagram is the absolute energy relative

GS to Exc-3 Marcus path

2.2

N
=

N
o

1st-Ex energy (eV)
= -
© ©

o
~

0.0 02 0.4 06 08 1.0
GS to Exc-3 path

Figure 9. Ist-Ex energy along the linearized “Marcus” pathway
morphing the GS structure and the Exc-3 structure.

to the energy of the GS at the GS structure) and as given in
Table S3 of SI file. Thus, the Marcus path is a one-dimensional
cut of the 3N energy surface that exhibits a downhill-only
behavior. The modified vibration analysis based on the
“Marcus” direction vector complemented with a Gram-
Schmidt set of displacement vectors (see Section II above)
and carried out for the Ist-Ex state at the Exc-3 structure
yielded a 1D frequency along the Marcus direction of ~345.7
cm™'. When accounting for the coupling to the 3N-1
dimension, several normal modes have rather large contribu-
tions from the Marcus direction, with the mode at ~230.5
cm™' having the largest one. Alternately, using the gradient
vector and direction for the 1st-Ex state at the GS structure as
the 1D direction in the modified vibration analysis, we get the
curvature of the Ist-Ex energy surface along that direction to
be ~525 cm™'. When accounting for the couplings to the
perpendicular directional modes, there are again several modes
with rather large components along the gradient direction, and
the mode with the largest component has the frequency of
~645 cm™'. The positiveness of the above curvatures
(frequencies) provides strong support that the 1st-Ex energy
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surface is one of a single well evolving from the GS structure to
the Exc-3 structure. All in all, we believe that these three pieces
of evidence support the qualitative diagram of Figure 1.

VL. -Exciton Hopping. Figure 1 above depicts the
relative stability of the Exc-3, Exc-S, Exc-7, and Exc-9 as
computed in Paper I. As the separation between the electron
state site and the hole state site increases, the relative energies
of these structures (all local minima on the potential energy
surface of the 1st-Ex state) decreases and becomes very small.
The sites feel less and less the presence of the other sites.
Conceptually we can think of the electron state site remaining
at the same “site” and the hole state site hopping from one
basal plane (3, or S, or 7 away) to another basal plane (S, or 7,
or 9 away). The process is very similar to the traditional
polarons hoégping process described by Marcus®® and Emin/
Holstein.®”

We used “Marcus” pathways analogous to eq 8 to define the
hopping pathways:

X(A) = (1 — D)X(Exc-i) + AX(Exc-j)A = 0.0to 1.0 (8)
where “Exc-i” and “Exc-j” denote the excitons structure Exc-3,

Exc-5, Exc-7, Exc-9. The energy profiles for the combined
pathways from GS to Exc-9 are displayed in Figure 10. The

5 5Combined Marcus pathways from GS to Exc-9
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Figure 10. Combined energy profile of the GS and 1st-Ex states along
the four “Marcus pathways”, GS to Exc-3, Exc-3 to Exc-5, Exc-5 to
Exc-7, and Exc-7 to Exc-9. The hopping separation process occurs on
the blue energy profile. Pathway “GS to Exc-3” shows no barrier, the
other three pathways show an increasing energy barrier that correlates
with the smaller exothermicity of any pathway over the previous. See
text for discussion.

data is given in Table S4 of the SI. We display the GS energy
relative to the energy of the GS structure and the Ist-Ex state
energy relative to the GS energy at the GS structure. The GS
energy along the profile is in fact the “distortion” energy for the
GS and its overall shape is broadly increasing up to the GS
distortion energy of separated electron—hole polarons. The
complete curve is comprised of four Marcus pathways. The
deeps in GS energy when going from Exc-3 to Exc-S to Exc-7
and to Exc-9 arises from each pathway morphing the hole site
from Exc-i to Exc-j. At intermediate points along the pathways,
the initial hole site disappears while reappearing at the final
hole site, giving rise to a lesser distortion energy of the GS
state. For the 1st-Ex excited state energy profile, the three
hops, Exc-3 to Exc-5 to Exc-7 to Exc-9 exhibit an energy
barrier, a small one (~0.01 V) for the Exc-3 to Exc-S hop, a
little larger one (~0.03 eV) for the Exc-S to Exc-7 hop, and the
largest one (~0.09 V) for the Exc-7 to Exc-9 hop. The trend is
consistent with the exothermicity of these hops being

increasingly smaller and the barrier being increasin%Iy larger
in accord with the Bell- Evans—Polanyi principle.’””

lILVIl. Phonon Analyses of GS and Exc-3. For the GS
state at the GS structure, calculated harmonic frequencies and
IR intensities are shown in Figure 11. The calculated
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Figure 11. IR spectrum of the Fe,O; ground state at the 2 X 2 X 1 GS
optimized structure. The red stars indicate approximately frequencies
that have been identified experimentally. See Table 2 and references
therein.

frequencies range between ~120 cm™! and ~667 cm™L
Ex;)erimental IR assignments by Onari et al.”' and Serna et
al.””> and IR and Raman assignments by Jubb et al.”> are
gathered in Table 2 and marked with stars in Figure 11. The

Table 2. IR Active Transverse Optical (TO) and
Longitudinal Optical (LO) and Raman Active Phonon
frequencies (cm™) for Fe,0; (GS) from (Onari et al. (ref
71.) Serna et al. (ref 72.), and Jubb et al. (ref 73))

IR TO A2u: 299, 526 Eu: 227, 286, 437, 524
LO A2u: 414, 662 Eu: 230, 368, 494, 662
Adu: 385, 526 Eu: 436—459, 526
Raman Alg: 229, 500 Eg: 249, 295, 302, 414, 615

calculated high IR intensity mode frequency~ 529 cm™
matches well the experimental peak at ~526 cm™". Very high
IR intensity peaks are calculated at ~281 to 285 cm™' and
appear to match well observed peaks. The medium IR intensity
peaks at ~431 to 434 cm™' appear to match the experimental
IR peaks in the range ~436 to 459 cm™'. Calculated peaks
above ~550 cm™" are predicted to have low IR intensities. The
calculations do not yield Raman intensities, albeit we note the
calculated highest frequency is at ~667 cm™’, possibly
matching an observed Raman peak at ~660 cm™'. Overall, it
can be said that the calculated frequencies are in good accord
with the observed IR and Raman peaks.

For the 1st-Ex state at the Exc-3 structure, the range of
calculated frequencies at the Exc-3 2 X 2 X 1 optimized
geometry is from ~92 to 672 cm™' . This is comparable to the
range of ~120 to 667 cm™' for the ground state at the GS
optimized geometry. A heatmap comparing the two sets of
frequencies is shown in Figure S3 of the Supporting
Information (SI). The heatmap depicts the position of the
frequencies. It illustrates that the frequency ranges are very
similar. However, a few phonon frequencies of the 1st-Ex state
fall within gaps where no GS phonon frequencies are present.
Assigning these additional phonon frequencies, relative to the
ground state at the GS optimized geometry, to the HOMO
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Figure 12. Excised 12-cluster and 7-cluster for the LUMO electron site (left panel) and the HOMO hole site (right panel) of the excitonic Exc-3
structure. Fe atoms are in green. The O atoms with significant Fe—O changes are in purple, and those with smallest Fe—O changes are in yellow
orange. The O atoms of the shared edge are in red orange. The smaller excised clusters are those in green Fe and purple O atoms denoted 4-cluster
and 5-cluster. The GVSA analysis uses the 4-cluster and S-cluster to identify the signature frequencies of the exciton structure Exc-3. The green
dash line suggests the Fe—Fe bond in the LUMO site, the red orange dash line links the edge-sharing O atoms of the LUMO site.

high frequency phonon modes for the GS and Exc-3 states

Figure 13. Highest frequency modes (~667 cm™) of the GS state at the GS optimized structure (top left panel) and (~672 cm™) of 1st-Ex state
at the optimized exciton structure Exc-3 (top right panel). The bottom panel is a close-up view of the mode in the top right panel. The views are
along the ¢ direction of the 2 X 2 X 1 supercell. The black vectors associated with the atoms are the mass-weighted Cartesian displacements in the
modes. The dotted line circles highlight the location of the electron state (LUMO) site of the exciton with the shorter Fe—Fe distance in Exc-3.
The GS mode exhibits notable symmetries among the displacements across the supercell. In contrasts, the Exc-3 mode shows strong localization of
the atomic displacements associated with the lattice distortions of the LUMO site. It is notable that this is the highest frequency mode for Exc-3, we
surmise that this feature will remain in the Exc-5, Exc-7, Exc-9, and beyond as the electron/hole polarons separate.

hole site and the LUMO electron site of the excitonic structure In the 4-cluster model of the LUMO site (electron state) we

is quite challenging.

The identification of modes that are unique to the polaronic
lattice distortions of the electron state and hole state of the
Exc-3 excitonic structure can be conveniently carried out
through the GSVA analysis mentioned in Section II above.
Excised 12-cluster and 7-cluster associated with the LUMO
and HOMO sites are highlighted in Figure 12 with the relevant
Fe atoms in green and the O atoms in orange, red orange, and
purple. The associated Fe—O bonds are given in Table S5 in
the SI file for the GS structure and the Exc-3 structure. The
purple atoms stand out as having the largest change between
GS and Exc-3, so that the local assignment could be made from
a 4-cluster for the LUMO site and a S-cluster for the HOMO
site involving the Fe green atoms and the purple O atoms.

recognize a symmetric stretch of the two Fe—O bonds with a
frequency of ~420 cm™!, an asymmetric stretch of those bonds
with a frequency of ~334 cm™, and a Fe—Fe stretch with a
frequency of ~189 cm™" shown in SI. With the GVSA analysis,
we can identify the full system Exc-3 modes that most closely
resemble these three modes. They have frequencies of ~431,
~473, and ~163 cm™'. The frequency shifts between the
subsystem modes and the full systems modes are due to the
coupling to the “other” modes in the full system. Four
frequencies in the S-cluster of the HOMO site (hole state) that
can be assigned to Fe—O stretching modes are at ~230, 320,
420, and 479 cm™' that can be mapped to full system modes
with frequencies at ~339, 414, 516, 576 cmh

A technical limitation encountered with the phonon
calculation with CP2K here is the absence of a determination
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of dipole and polarizability derivatives (with respect to the
nuclear coordinates) for TD-DFT excited states and therefore
the absence of IR and Raman intensities. Because of that, it is
unclear whether these modes assigned to the polaronic sites
can be detected or not. Perhaps the asymmetric modes
mentioned above might be detectable in IR and the symmetric
modes in Raman.

Taking a more global view, Figure 13 displays the highest
frequency mode at ~667 cm™' for the GS system at the GS
structure and the one at ~671 cm™" for the Ist-Ex state at the
Exc-3 structure with its lattice distortions. There is a striking
difference between the GS mode (top left panel of Figure 13)
and the Exc-3 mode (top right panel and bottom panel of
Figure 13). The atomic displacements in the GS mode exhibit
symmetries among the displacements, not surprisingly given
the structural symmetry within the GS supercell. In contrast,
the atomic displacements in the highest frequency mode of the
Exc-3 state are notably associated with the LUMO site of the
electron state of the exciton. The largest displacement is
associated with one of the edge-sharing O atoms in the
octahedron pair that forms the LUMO site. With the increase
in electron density shared between the two Fe atoms that
induces a Fe—Fe distance shortening, the same electron
density pushes the two edge-sharing O atoms away (see Table
SS in SI) with the O—O distance. The edge-sharing atoms
form shorter and stronger bonds with one of the two other Fe
atoms to which they are bound. The displacement arrow is a
clear manifestation of this effect. We note that this mode is the
highest frequency mode in Exc-3. It is a signature of the
LUMO site. In the context of the exciton separation along the
Exc-3, Exc-5, Exc-7, Exc-9, and beyond depicted in Figure 1,
we surmise that this vibrational feature will remain given the
similarity between all these structures and may become a
signature of separated electron/hole polarons. This mode and
frequency could be associated with the peak observed at ~641
cm™! over a long time scale by guligoj et al.”* upon irradiation.

IV. CONCLUSIONS

This study constitutes the second part of our computational
investigation of the electronic structure and excited states
dynamics of excitons in hematite. Employing the NA-MD
methodology coupled to the many-body (TD-DFT) descrip-
tion of excited states, we computed relaxation and ground-state
recovery (recombination) times. The theories that accounted
for decoherence, yielded fast relaxation times of the order of
~60 to 75 fs. Recombination times are much longer, calculated
to be between ~1.1 and 1.8 ns. These times are consistent with
experimental observations. The fast relaxation times suggest
that the higher-lying excitons quickly relax to the lower-energy
states. We identified several metastable electronic structure
states on the first excited state potential energy surface that
have the character of electron—hole pair states with increasing
electron—hole separation, namely Exc-3, Exc-5, Exc-7, Exc-9.
These states are involved in the process of exciton separation
into separated electron and hole polarons by hopping. We
determined the phonon spectrum of the ground state of
hematite and the exciton Exc-3 state. Given the similarities of
the electron LUMO and hole HOMO sites among the series of
metastable excitonic structures, we surmise that the vibrational
features will remain for separated electron and hole polarons.
An electron polaron vibrational peak calculated at ~672 cm™
is a candidate for assignment to the postirradiation peak
observed in a long-time scale at ~641 cm™.

Beyond the specific findings for hematite, this two-part
investigation represents a successful application of the
combined TD-DFT plus NA-MD approach to obtain an
accurate atomistic-scale characterization of the electronic
structure and dynamics of electron—hole pairs in transition
metal-based semiconductors. The approach allows quantitative
comparison with detailed atomic-level experimental structural
data about excitons that are becoming available for this type of
materials. Noting that the success of TD-DFT in the present
case is for high spin dS cations Fe(III)-containing materials,
investigating dO-type and d10-type semiconductors would be
specially instructive about the power of the electronic structure
approach in handling distinctly different materials. Another
area of great interest includes the application of the TD-DFT
plus NA-MD protocol used here to solid—liquid interfaces.
Electric fields resulting from the surface termination and the
liquid phase are believed to be responsible for hole trapping
and charge carrier recombination. Studies like the present one
and others are starting to contribute to the growing body of
electronic structure information needed to develop new
semiconductor materials with enhanced charge carrier
generation, transport, and redox performance.
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