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ABSTRACT: Polaron formation, whereby an electron or hole strongly couples to a lattice
distortion, inhibits the carrier mobility of many first-row transition metal oxide
semiconductors. Recently reported XUV transient absorption measurements of hematite
(α-Fe2O3) demonstrate formation of electron small polarons upon photoexcitation into an
undistorted charge-transfer state followed by subpicosecond lattice reorganization. Here,
we show that polaronic states of hematite can be accessed directly via optical transitions
from the ground state in a thermally activated lattice. Thermal difference spectra collected
from 30 to 573 K combined with Stokes resonance Raman spectra indicate strong
coupling between optical transitions near the band-edge (2.1−2.3 eV) and zone-center a1g
and longitudinal (LO) optical phonons. Density functional theory calculations of the
electronic and vibrational structures of pristine and polaron-distorted hematite lattices
confirm that the geometric distortion corresponding to electron small polaron formation
lies along the 28-meV a1g and 81-meV LO phonon coordinates and reproduce the features
observed in the experimental thermal difference and resonance Raman spectra.

Hematite (α-Fe2O3) has been the subject of extensive
study throughout the past decade for its potential light-

harvesting applications, particularly solar-driven water oxida-
tion, because of its narrow bandgap (2.1 eV) and favorable
valence band alignment.1−4 Unfortunately, hematite consis-
tently displays poor photocatalytic performance as a result of
the low mobility and short lifetime of its photogenerated
carriers.5−7 Both limitations have been attributed to strong
carrier−phonon interactions that give rise to rapid charge
trapping and nonradiative recombination pathways that
dominate the decay of hematite’s photoexcited state.8−11

Characterization of these phonon-coupled optical processes is
therefore critical for the rational design of efficient hematite
photoanode devices.
In ground-state hematite, efficient charge transport is limited

by a polaron-hopping conduction mechanism. Localized
carriers, typically introduced by oxygen vacancies or dopant
atoms, couple to proximal lattice distortions and form highly
immobilized quasiparticles known as small polarons.12−17

Recent visible-pump/XUV-probe transient absorption (TA)
studies of undoped hematite thin films have demonstrated that
small polarons also form in response to optical excitation.18,19

In the proposed mechanism, the polaron state is populated
from an intermediate photoexcited charge-transfer state
following a subpicosecond reorganization of the lattice.
Initially, photoexcitation at 3.1 eV excites electrons from
valence band states of predominantly O 2p character to
conduction bands of predominantly Fe 3d character. The
resulting nonequilibrium distribution of hot electrons thermal-
izes rapidly (τ < 100 fs) to the conduction band-edge via

emission of optical phonons, vibrationally exciting the lattice.
An excited electron may then couple to an emitted phonon to
form a small polaron localized to a single iron atom.18−20

Because charge-transfer excitations from O 2p valence bands
to Fe 3d conduction bands dominate the absorption spectrum
of hematite throughout the visible region,21 the dynamic
photogeneration of small polarons is also expected to impact
the visible-pump/visible-probe transient absorption spectrum
of hematite. Although numerous visible-pump/visible-probe
transient absorption studies of hematite have been reported,
they offer inconsistent interpretations of the spectral
features.22−27 Three distinct, long-lived (τ > 1 ns) positive
absorption features are consistently observed to dominate the
spectrum (2.0−2.7 eV) following optical excitation above the
band gap. Their prevalence has inspired a variety of
assignments that include excited-state absorption of both
holes22,23 and electrons27 and often invoke the participation of
midgap defect or surface states.22−25 One of the most thorough
investigations to date of hematite’s visible transient absorption
spectrum was performed by Hayes et al., who found that the
dominant features were fully reproduced in a steady-state
thermal difference spectrum (TDS), in which the ground-state
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absorption spectrum of a hematite film at room temperature is
subtracted from that acquired at an elevated temperature.28

Their results suggest that the observed transient spectrum
arises almost entirely from ground-state optical transitions
perturbed by thermal energy deposited into the lattice
following photoexcitation.
Herein, we seek to shed new light on the optical and

polaronic properties of hematite thin films by combining
ground-state electronic and vibrational spectroscopies with
density functional theory (DFT) electronic and vibrational
structure computations. Optically induced electron small
polarons in hematite have been previously proposed to form
only from an intermediate photoexcited state; however, here
we present evidence that the electronic states associated with
the small polaron are, in fact, optically accessible directly from
the ground state. We propose that this process is facilitated by
optical transitions into electronic states coupled to zone-center
28-meV a1g and 81-meV LO phonons that originate from (i) a
thermal population governed by Bose−Einstein statistics or
(ii) a coherent two-phonon scattering process indicated by the
observation of resonance-enhanced second-order Raman
peaks. Lattice deformations arising from these phonons,
specifically the elongation of iron−oxygen bonds around a
fraction of iron sites, perturb the electronic structure to create
electronic states localized at these distorted iron sites. Optical
transitions into these localized states produce small polarons
and give rise to the ubiquitous features observed in the visible
transient absorption and thermal difference spectra of
hematite.
Identifying Thermally Activated Optical Transitions

in Hematite. Thin films of polycrystalline hematite were
prepared by a citric acid sol−gel method adapted from
previous reports (see the Supporting Information for details).29

We present a novel application of the Fresnel model derived by
Barybin and Shapovalov to extract both the real and imaginary
parts of the complex dielectric function of hematite from
transmission and specular reflection measurements of our thin
films.30 By compiling spectra of multiple films that vary in both
thickness and substrate composition, we construct a robust
system of Fresnel equations and solve simultaneously for the
real (nr) and imaginary (ni) components of the complex
refractive index as well as the thickness of each film. The
components of the refractive index are readily converted to
those of the complex dielectric function (ϵr and ϵi) using eqs 1
and 2.

ϵ = −n nr r
2

i
2

(1)

ϵ = n n2i r i (2)

The components of the dielectric function of hematite
obtained from this procedure are shown in Figure 1a and are
consistent with previously reported spectra obtained by
alternative methods.31 As illustrated in Figure 1b, the modeled
dielectric function produces transmission and reflection spectra
that display excellent agreement with the measured spectra.
Additionally, physical measurements of film thickness by
atomic force microscopy (AFM) match modeled values to
within 2%. Additional figures showing the resulting fits and
details of the AFM measurements are presented in Figures S1
and S2 of the Supporting Information.
Thermal difference spectra, shown in Figure 2a,b, illustrate

the temperature dependence of the imaginary dielectric
function of hematite. Above room temperature (T > 294 K),

three positive features corresponding to increased absorption
appear in the visible region of the spectrum (2.0−2.7 eV)
along with a bleach at 3.1 eV. The same features appear in the
spectra collected below room temperature (T < 294 K) but
with opposite sign. Importantly, the entire thermal difference
spectrum exhibits minimal changes in intensity for T < 80 K.
The features are the result of a convolution of thermal
broadening of electronic states, shifts in band positions
induced by thermal expansion of the lattice, and the growth
of phonon-coupled transitions with increasing temper-
ature.32,33 Corresponding differential spectra of the real
component of the dielectric function can be found in Figure
S3 of the Supporting Information.

Figure 1. (a) Real (green) and imaginary (purple) components of the
complex dielectric function of hematite derived from a Fresnel
analysis of measured transmission and reflection spectra of three
unique hematite thin films: two 3-layer films deposited on sapphire
and quartz substrates and a 9-layer film deposited on sapphire. (b)
Comparison of transmission (dark blue) and reflection (orange)
spectra measured for a 46-nm-thick film on sapphire (solid lines) with
those produced by the modeled dielectric function (dotted lines).
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The intensities of thermally activated optical transitions
depend on the population number(s) (N) of the involved
phonon(s). The population of a phonon mode of energy ℏΩ is
given by the product of its density of states, ρ(ℏΩ), and the
Bose−Einstein distribution and increases with temperature as
defined by eq 3 where k is the Boltzmann constant.

ρ= − × ℏΩℏΩ −N (e 1) ( )kT/ 1 (3)

Therefore, we consider the magnitude of Δϵi to be directly
proportional to the change in population number (ΔN) of the
participating phonons. Normalization of the differential spectra
to an arbitrary temperature, in this case 30 K, leads to eq 4.

ϵ
ϵ
Δ ℏω

|Δ ℏω |
= Δ

|Δ |
T N T

N
( , )

( , 30 K)
( )

(30 K)
i

i (4)

Figure 2c plots the total intensity of the thermal difference
spectrum integrated over the interval 2.0−3.5 eV versus
temperature. To account for the changes in sign that occur in
this interval, we define the total intensity to be the negative
absolute value for spectra collected at temperatures below 294
K and the positive absolute value for spectra collected at
temperatures above 294 K. The temperature dependence of
this integrated intensity overlays well with the change in
population number of hematite’s lowest-energy Raman-active
optical phonon (ℏΩ = 28 meV).34 These data indicate that
optical transitions in the visible region of the spectrum are
coupled strongly to a thermal population of 28-meV a1g
phonons.
To further characterize the specific phonon modes

responsible for the optical transitions observed in the thermal
difference spectrum, we utilize Stokes resonance Raman

Figure 2. (a and b) Thermal difference spectra of the imaginary dielectric function of a 55-nm-thick hematite film on quartz collected at high (a)
and low (b) temperatures. Spectra are plotted relative to the room temperature (294 K) imaginary dielectric function. (c) The temperature
dependence of the intensity of the thermal difference spectra integrated over the interval 2.0−3.5 eV (black circles) matches the expected change in
the population number (ΔN) of a 28-meV phonon (red line) calculated from eq 3. Both functions are normalized to their values at T = 30 K. (d)
Stokes resonance Raman spectra of a 46-nm-thick hematite film on sapphire at various excitation photon energies. The 28-meV a1g optical phonon
and the 163-meV 2 LO band are indicated by arrows. Spectra are offset for clarity.
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spectroscopy. Raman spectra of a 46 nm thick hematite film on
sapphire collected at various excitation photon energies are
shown in Figure 2d. First-order peaks observed between 20
and 90 meV are characteristic of hematite.34 Relative scattering
intensities exhibit a strong dependence on excitation energy.
Most notably, the band at 28 meV is significantly enhanced in
the 2.2−2.3 eV excitation region, the same region in which the
most intense feature of the thermal difference spectrum
appears. The band is similarly enhanced under 2.7−3.1 eV
excitation; however, this is due primarily to the larger
extinction coefficient in that region. As demonstrated in
Figure S4 of the Supporting Information, when the resonance
Raman excitation profile of the 28-meV phonon mode is

normalized to the value of the extinction coefficient, the
resonance enhancement of the 28-meV mode is seven times
larger when excited at 2.2 eV than when excited at 3.1 eV,
despite the fact that the extinction coefficient is 2 orders of
magnitude larger at 3.1 eV than at 2.2 eV. The 28-meV phonon
is identified as a doubly degenerate a1g stretching mode and the
lowest-energy Raman-active optical phonon in hematite.34

Selective enhancement at 2.1−2.2 eV excitation occurs
throughout the entire Raman spectrum but is particularly
pronounced for features with Raman shifts of 81 and 163 meV.
The 81-meV peak is assigned to a longitudinal optical (LO)
phonon.34 The origin of the broad feature at 163 meV has not
been assigned definitively, but it is most commonly attributed

Figure 3. (a) Electronic band dispersion of a 2×2×2 supercell of pristine rhombohedral hematite. Spin-up (solid lines) and spin-down (dotted
lines) bands are degenerate throughout the majority of the Brillouin zone and have identical contributions to the total density of states. Zero energy
corresponds to the highest occupied state. (b) The calculated imaginary dielectric function of pristine hematite (blue line) displays excellent
agreement with the measured spectrum (black line). Average oscillator strengths (red circles) are derived from momentum matrix elements
coupling each pair of valence and conduction bands. (c) Small-polaron distortion breaks the spin symmetry of the hematite lattice and gives rise to
five weakly dispersive bands in the spin-up channel localized to a single iron center. (d) The difference between the calculated imaginary dielectric
functions of polaron-distorted and pristine hematite structures yields a differential spectrum (blue) that reproduces the features of the thermal
difference spectrum collected at 373 K (black). The calculated spectrum is scaled for comparison.
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to the simultaneous scattering of two 81-meV LO
phonons.35,36 Because this LO mode is Raman-inactive in a
pristine hematite lattice, previous reports propose that it arises
from unspecified lattice “disorder”;37 however, this assignment
does not account for the significant resonance enhancement of
the 163 meV feature under near band-edge excitation (2.1−2.3
eV) observed here. Raman band positions and relative
intensities were found to be independent of film thickness
(see Figure S5 of the Supporting Information). DFT
calculations presented in the following section suggest that
the 163-meV feature arises from a double-resonance enhance-

ment of second-order (2 LO) phonon scattering processes
facilitated by a polaronic optical transition.

Computational Modeling of Polaronic States in
Hematite. Accurate optical characterization of an extended
solid-state system requires a band-theory approach to its
electronic structure. Implementation of periodic boundary
conditions into DFT computations is the most direct method
of investigating the complex band structure of solid-state
materials. Strong electron correlation and exchange effects long
precluded an accurate treatment of many first-row transition
metal oxides by DFT without the use of computationally taxing
hybrid functionals or many-body perturbation methods.38,39

Figure 4. (a) Conceptual configuration coordinate diagram illustrating direct excitation of a polaron state from a thermally activated ground state
(blue arrow). The red arrows depict previously proposed mechanisms that require optical excitation into an intermediate undistorted charge-
transfer state from which the polaron state is populated following subpicosecond lattice reorganization. (b) Phonon dispersion curves computed
from a single primitive cell of pristine rhombohedral hematite. The lowest-energy a1g optical phonon band is highlighted in red, while the nearly
dispersionless 81 meV LO phonon band is highlighted in blue. (c) Comparison of the Stokes second-order resonance Raman spectrum measured
for a 46 nm thick film on sapphire at an excitation photon energy of 2.21 eV (black) with that calculated by applying the Kramers−Heisenberg
formula to the electronic and phonon dispersion curves computed using the DFT+U method (red). (d) Illustration of the two-phonon scattering
process that gives rise to the intense 163 meV feature of the resonance Raman spectrum. Each black dashed arrow represents an 81 meV phonon of
arbitrary wavevector. The vertical lines represent the incoming (dark blue) and scattered (light blue) photon.
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This problem is now routinely mitigated with the inclusion of a
Hubbard parameter (DFT+U) that accounts for the strong on-
site Coulombic repulsion of d-electrons localized to transition
metal centers without a significant increase in computational
cost.40,41 Within this framework, we model the electronic and
vibrational structure and complex dielectric function of both
pristine and polaron-distorted geometries of hematite.
An electronic band dispersion diagram of a pristine 2×2×2

supercell of rhombohedral hematite is shown in Figure 3a. In
agreement with previous studies, the highest-energy valence
bands are primarily of O 2p character while Fe 3d orbitals give
rise to weakly dispersive conduction bands.21 Within the
calculated electronic structure, the lowest-energy direct and
indirect gaps appear within 10 meV of one another, at 2.10 and
2.09 eV, respectively. As such, the character of the fundamental
gap cannot be assigned accurately. This ambiguity has plagued
both theoretical21,42 and experimental43−45 reports on the
nature of hematite’s bandgap and is due primarily to the flat,
dispersionless nature of the Fe 3d conduction bands.
Figure 3b compares the calculated imaginary dielectric

function of pristine ground-state hematite with the exper-
imentally measured spectrum of a thin film at room
temperature. Typically, for the calculation of solid-state optical
spectra, DFT is either reinforced with hybrid functionals or
abandoned completely in favor of many-body perturbation
theory (MBPT) and the Bethe−Salpeter equation (BSE).42,46

Here we demonstrate that the experimental dielectric spectrum
of hematite can be accurately reproduced within the confines
of an independent particle approach utilizing the standard
PBE-GGA functional with a Hubbard correction. The modeled
spectrum is calculated using eq 5, where V is the volume of the
supercell; Nk is the total number of k-points included in the
calculation; p is the momentum operator; and i and f denote
the initial and final states, respectively.47

∑ ∑ϵ ω π δ ωℏ =
|⟨ | ̂| ⟩|

−
− − ℏ

≠VN
f i

E E
E E

p
( )

4
( )

( )i
k i f k f k i k

f k i k

2

, ,
2 , ,

(5)

Compared to the experimental spectrum, the modeled
dielectric function suffers primarily from an overestimation of
the intensity at the band-edge and a slight displacement in the
energetic positions of some features. We note that any
contribution from excitonic effects to the optical response
are neglected here, as excitons inherently arise from many-
body interactions that can be treated only with a higher level of
theory (MBPT/BSE).
Upon relaxation of the lattice geometry, an additional

negative charge introduced into the hematite supercell localizes
to a single iron center instead of delocalizing across the lattice
in a conduction band state. The Fe−O bond lengths around
the effectively reduced iron atom are elongated by 0.06 Å,
equivalent to a 3% expansion. The resulting distortion is
confined to the dimensions of a single primitive cell indicating
the formation of an electron small polaron. Figure 3c shows the
electronic structure of a neutral supercell of hematite
containing the polaronic lattice distortion. Expansion of the
Fe−O bonds around a single iron center shifts five spin-up
conduction bands to energies just below the conduction band-
edge, thus breaking the spin symmetry of the lattice. These
localized bands correspond to the eg and t2g levels of the iron
atom at the center of the distortion. When a second charge is
introduced to the polaron-distorted lattice, it localizes in the

spin-down channel, nearly restoring the spin degeneracy of the
system (see Figure S6 of the Supporting Information). The
bipolaronic band structure is essentially identical to that of the
spin-up channel of the singly distorted lattice, indicating that
the 2×2×2 supercell is sufficiently large to model an isolated
polaron.
Subtracting the computed imaginary dielectric function of a

pristine hematite lattice from that of the polaron-distorted
lattice produces a differential spectrum remarkably similar to
the thermal difference spectrum, as shown in Figure 3d. The
shared features suggest that the thermally activated transitions
assigned to the thermal difference spectrum correspond to the
same geometric perturbations associated with small polaron
formation.
In order to model the second-order Raman scattering

process, we computed the phonon dispersion curve for a single
primitive cell of pristine rhombohedral hematite shown in
Figure 4b. The projected vibrational density of states indicates
that the lower-energy modes (<30 meV) correspond primarily
to Fe displacements, while the higher-energy modes (>50
meV) correspond primarily to O displacements. The highest-
energy phonon occurs at 81 meV, which supports the
assignment of features that appear at energies >81 meV in
the resonance Raman spectra to second-order scattering
processes. The remarkably flat dispersion of the 81-meV
phonon gives rise to a very high density of vibrational states at
this energy. Unlike first-order scattering, which only samples
the center of the Brillouin zone, second-order processes can
access the entire phonon density of states while still conserving
total wavevector. Consequently, the conditions for double
resonance enhancement of the 2 LO scattering process can be
met at any arbitrary value of wavevector, which further explains
the overwhelming intensity of the 163-meV Raman feature
under band-edge excitation. Utilizing both the electronic
dispersion curve of the polaron-distorted lattice and the
vibrational dispersion curve of bulk hematite, an approximate
second-order scattering spectrum can be calculated according
to the Kramers−Heisenberg formula.48 In this approximation,
we neglect the electron−phonon coupling matrix elements and
consider only momentum matrix elements that couple real
electronic states. As shown in Figure 4c, the calculated
spectrum reproduces all of the features of the second-order
resonance Raman spectrum measured at 2.21 eV with accurate
relative intensity and only minor errors in energetic position.
An illustration of the scattering mechanism is shown in Figure
4d.
The vibrational structure of hematite computed here also

indicates that the displacement of iron atoms immediately
adjacent to the polaronic iron center and the elongation of the
Fe−O bonds within the polaron occur along the same
coordinates as the a1g and LO phonon modes discussed
previously. An illustration of both the polaronic distortion and
the a1g and LO displacement vectors is shown in Figure S7 of
the Supporting Information. We therefore propose that the
geometric distortion associated with electron small polarons in
hematite arises from semilocal lattice distortions induced by
LO (ℏΩ = 81 meV) and a1g (ℏΩ = 28 meV) optical phonons.
The temperature dependence of the integrated intensity of the
TDS plotted in Figure 2c indicates that the a1g phonons
contributing to this polaronic distortion are generated by
random thermal fluctuations of the lattice with a probability
governed by its Bose−Einstein statistical population (eq 3).
There are two possible mechanisms for the origin of the LO
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phonons that contribute to the polaronic distortion. The first
mechanism is identical to the mechanism we propose for the
origin of the a1g phonons, namely, thermal fluctuations
governed by Bose−Einstein statistics. According to eq 3, the
extremely high density of phonon states at 81 meV results in a
nonzero population of 81-meV LO phonons across the
temperature range used to collect our thermal difference
spectra (30−573 K); however, because ℏΩLO≫ kT, changes in
the population of 81-meV LO phonons make a negligibly small
contribution to the temperature dependence of the integrated
intensity of the TDS plotted in Figure 2c compared to the
contribution of the 28-meV phonons. Alternatively, generation
of the 81-meV LO phonons that contribute to the polaronic
distortion may occur simultaneously with photoexcitation via
the coherent two-phonon scattering process that gives rise to
the second-order Raman feature observed at 163 meV.
Distinguishing precisely between these two mechanisms is
beyond the scope of this study. Importantly, both mechanisms
enable optical excitation of an electron from a valence band
into a polaronic band to proceed in a single event via coupling
to phonon-induced lattice distortions. This process, along with
the dynamic mechanism proposed in previous studies, is
illustrated conceptually in Figure 4a using a qualitative
configurational coordinate diagram.
Direct excitation into a polaronic excited state accounts for

the appearance of the Raman-inactive 81-meV LO phonon in
the first-order spectrum. The loss of long-range translational
symmetry in the vicinity of the polaronic distortion relaxes
Raman selection rules and allows for the observation of
otherwise silent modes. Interestingly, the excitation profile of
the 81-meV band overlays remarkably well with the measured
thermal difference spectrum (see Figure S8 of the Supporting
Information), suggesting that the mode is activated exclusively
by the same polaronic transitions that give rise to the band-
edge features of the TDS. Furthermore, these transitions also
account for the anomalously large resonance enhancement of
the second-order Raman scattering peak at 163 meV under
band-edge excitation. Coincidentally, the eg−t2g splitting of the
polaronic bands is approximately 160 meV at nearly all
wavevector values, suggesting that photoexcitation into these
states could lead to double-resonance enhancement of the 2
LO scattering process that produces the 163-meV Raman
feature.
In conclusion, the computational and experimental data

presented here indicate that optical absorption near the
bandgap of hematite directly populates polaronic states and is
correlated to thermal fluctuations in the populations of the 28-
meV a1g and 81-meV LO phonons. The temperature
dependence of the imaginary component of the dielectric
function near the band-edge follows the Bose−Einstein
distribution of a phonon with ℏΩ = 28 meV, and resonance
Raman measurements show significant enhancement of the
same phonon under band-edge excitation. DFT calculations
support this conclusion by demonstrating that the polaronic
lattice distortion occurs along the a1g and LO coordinates and
yields the same changes in the complex dielectric function as
those observed in the thermal difference spectra. Last, the
calculated electronic and vibrational band structures demon-
strate that hematite’s long-debated34,37 second-order resonance
Raman spectrum arises from double-resonance enhancement
in the vicinity of polaronic optical transitions coupled to 81-
meV LO phonons. We conclude that the photoexcitation of
hematite near the band-edge directly forms electron small

polarons. The direct optical transition into a polaronic state
proposed here does not conflict with previous reports
indicating that polaron formation occurs following photo-
excitation of an intermediate, undistorted charge-transfer
state,18,19 but rather it indicates a potential competing pathway.
These results imply that formation of electron small polarons
upon photoexcitation across the band gap of hematite is
inevitable, which has significant implications for the use of
hematite in light-harvesting applications. Finally, we suspect
that direct optical excitation of polaron states may also occur in
other first-row transition metal oxides possessing minimally
dispersive bands derived from 3d orbitals along with strong
carrier−phonon coupling.49
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