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ABSTRACT: We provide a detailed theoretical analysis of the character of optical
transitions and band gap reduction in (Fe1−xCrx)2O3 solid solutions using extensive
periodic model and embedded cluster calculations. Time-dependent density
functional theory is used to calculate and assign optical absorption bands for x =
0.0, 0.5, and 1.0 and photon energies up to 5 eV. Consistent with recent
experimental data, a band gap reduction of as much as 0.7 eV with respect to that of
pure α-Fe2O3 is found. This result is attributed predominantly to two eﬀects: (i) the
higher valence band edge for x ≈ 0.5, as compared to those in pure α-Fe2O3 and αCr2O3, and (ii) the onset of Cr → Fe d−d excitations in the solid solutions.
Broadening of the valence band due to hybridization of O 2p with Fe and Cr 3d
states also contributes to band gap reduction.

1. INTRODUCTION
The increasing global demand for energy reinforces the need
for sustainable energy generation. Harvesting solar energy in,
for example, photochemical production of hydrogen and
photovoltaics is a promising path forward. However, for this
approach to be of practical use, greater eﬃciency in capturing
sunlight needs to be achieved.1 In particular, materials that have
an optical band gap of about 1.3−1.4 eV and are at the same
time inexpensive, environmentally friendly, and in possession of
tunable electronic properties are highly desirable.2 Hematite (αFe2O3) has attracted interest in this regard because it is
abundant in the Earth’s crust, nontoxic, stable, easily
synthesized, and inexpensive. Hematite is a charge transfer
insulator,3 has a band gap of ∼2.0 eV,4 absorbs ∼40% of the
solar spectrum,5 and conducts when doped with Ti.6 These
properties make hematite very promising for solar energy
conversion applications.
Isostructural and isovalent α-Fe2O3 and α-Cr2O3 and their
solid solutions are the subject of active experimental and
theoretical research.2,4−12 It is expected that the photoabsorption characteristics of α-Fe2O3−Cr2O3 alloys can be
tuned without dramatically aﬀecting structural and redox
properties. A similar approach has been exploited to shift the
optical absorption of MgO nanoparticles from the ultraviolet
region to the visible region of the electromagnetic spectrum by
doping them with CaO and, thus, lowering their eﬀective
optical gap.13 A recent experimental study reported that the
band gap of (Fe1−xCrx)2O3 mixtures can be reduced to ∼1.6 eV,
which is smaller than those of α-Cr2O3 (3.4 eV) and α-Fe2O3
(2.2 eV).9 Interestingly, the minimum band gap exhibited by
© 2013 American Chemical Society

(Fe1−xCrx)2O3 is also close to the optimum value for highly
eﬃcient solar optical absorption.9
Previously, the band gap narrowing observed in
(Fe1−xCrx)2O3 was explained in terms of band alignment in
the α-Fe2O3/α-Cr2O3 heterostructure, where the valence band
maximum (VBM) of α-Cr2O3 is higher than that of α-Fe2O3.9,14
In this model, the band gap, which is determined by the
diﬀerence between the VBM of α-Cr2O3 and conduction band
minimum (CBM) of α-Fe2O3, is smaller than that of bulk αFe2O3. Since interaction of the d5 shell of Fe3+ and the d3 shell
of Cr3+ depends on both the relative concentrations and the
spatial arrangement of Fe and Cr, the electronic structure of
(Fe1−xCrx)2O3 solid solutions is more complex than that of the
α-Fe2O3/α-Cr2O3 heterostructure. In particular, the electronic
structure of an isolated Fe2O3/Cr2O3 interface does not imply
any dependence on x. An earlier computational study of
ordered bulk FeCrO3 found that even though the VBM is
dominated by hybridized O 2p and Cr t2g states and the CBM
is dominated by the unoccupied Fe 3d states, which are both
lower in energy than the unoccupied Cr 3d states, the band gap
of FeCrO3 is close to that of α-Fe2O3.8,10 We note that previous
studies considered only the electronic ground state of the
system and that band gaps were estimated as diﬀerences
between one-electron energies for the highest occupied and
lowest unoccupied bands. However, this approach is prone to
errors because the optical band gaps measured experimentally
Received: July 27, 2013
Revised: November 5, 2013
Published: November 8, 2013
25504

dx.doi.org/10.1021/jp407496w | J. Phys. Chem. C 2013, 117, 25504−25512

The Journal of Physical Chemistry C

Article

Figure 1. Calculated spin densities for Fe12−nCrnO18 (n = 0, 1, 6, 10, 11, 12) supercells. The spin density of Cr3+ has a near cubic shape (three
unpaired electrons occupying t2g orbitals in the high-spin conﬁguration), and the spin density of Fe3+ has a spherical shape (ﬁve unpaired electrons
occupying t2g and eg orbitals in the high-spin conﬁguration). Blue (dark) and red (light) colors indicate spin-up and spin-down contributions to spin
density, respectively. Lattice parameter c is along the [001] direction.

Table 1. Lattice Constants, Magnetic Moments, and One-Electron Band Gaps (Eg) for α-Fe2O3 and α-Cr2O3
α-Fe2O3

α-Cr2O3

experiment29
GGA+U (U = 5 eV)4
this work (U = 4 eV; J = 1 eV)
experiment29
GGA+U (U = 5 eV)4
this work (U = 4 eV, J = 1 eV)

a (Å)

c (Å)

μ (μB/cation)

Eg (eV)

5.035
5.067
5.083
4.951
5.073
5.047

13.747
13.882
13.926
13.566
13.839
13.815

4.9
4.11
4.064
2.76
3.01
2.798

2.0
2.0
1.8
3.4
2.6
3.5

[001] direction in α-Fe2O3 are antiferromagnetically coupled,
while the in-plane atoms are ferromagnetically coupled (see
Figure 1a). In α-Cr2O3, the atoms along the [001] direction are
antiferromagnetically coupled, and the neighboring in-plane
atoms are also antiferromagnetically coupled, as shown in
Figure 1f. To account for possible magnetic conﬁgurations in
the mixed system, we ﬁrst modeled (Fe1−xCrx)2O3 using the
periodic model and 30-atom supercells with chemical
composition Fe12−nCrnO18 (n = 0, 1, 6, 10, 11, 12). The initial
atomic positions for α-Fe2O3 and α-Cr2O3 were taken from
experimental data.29 Then, the lattice vectors and atomic
positions were fully relaxed to minimize the total energies of
the corresponding systems.
All periodic model calculations were performed using the
Vienna Ab initio Simulation Package (VASP).30 The projected
augmented wave (PAW) method was used to approximate the
electron-ion potential.31,32 Exchange-correlation eﬀects were
treated within the Perdew−Burke−Ernzerhoﬀ (PBE) functional33 form of the GGA. The electronic wave functions were
expanded in a plane-wave basis set limited by a cutoﬀ energy of
500 eV. Spin−orbit corrections were not included. Energy
minimization and the calculations of the densities of states
(DOS) were performed using 7 × 7 × 3 and 11 × 11 × 3
Monkhorst−Pack34 k-point meshes, respectively, with their
origins at the Γ point. The energies of self-consistent
calculations were converged to 10−6 eV/cell, and the lattice
and atomic positions were relaxed until the forces on the ions
were less than 0.03 eV/Å. It is well-known that the GGA does
not describe the properties of strongly correlated materials very
well. To mitigate this problem, we have used the GGA+U
approach35 to describe the on-site electronic correlations of the
Cr and Fe 3d orbitals, respectively. Parameters U = 4.0 eV and J
= 1 eV (see Table 1) gave the best overall agreement with
experimentally obtained lattice constants, magnetic moments,
and band gaps for both α-Fe2O3 and α-Cr2O3, in agreement
with earlier studies.36,37

arise from electronically excited states, in which the binding of
the excited electrons and corresponding holes cannot be
neglected. For example, the diﬀerence between one-electron
band gaps and the lowest optical absorption energies in
complex oxides, such as LaCrO3, can be as large as 1.5 eV.15
Hence, thus far, there has been no rigorous explanation for the
observed band gap reduction in (Fe1−xCrx)2O3 solid solutions.
Here, we use density functional theory (DFT) and periodic
boundary conditions to determine the atomic structure, density
of states, and spin ordering in (Fe1−xCrx)2O3 for several values
of x. However, elucidating the crucially important optical
properties of these systems requires using methods that go
beyond the ground-state electronic structure, i.e., explicit
calculations of the electronic excited states.16 To this end, we
employ an embedded cluster method,17,18 together with a
hybrid exchange-correlation functional, which provide a better
description of the electronic structure of wide-band gap
semiconductors19,20 than functionals based on the standard
Generalized Gradient Approximation (GGA). Similar approaches have been used to study optical absorption in
complex oxides,12,15 spectroscopic properties of point defects,21−24 electronic structure of interfaces,25 and excited-staterelated phenomena at surfaces.16,26 Calculations of the optical
absorption spectra, and assignment of the physical origin of
their characteristic features, are carried out using the timedependent DFT (TDDFT), which has become a very
computationally attractive approach for studying excited-state
spectra in a wide range of molecular and materials systems.27,28

2. STRUCTURES AND METHODS
Both α-Fe2O3 and α-Cr2O3 have corundum-like structures and
are antiferromagnetic. However, they have diﬀerent spin
conﬁgurations. This results in spin disorder in (Fe1−xCrx)2O3
solid solutions, as illustrated by the calculated spin-density
maps shown in Figure 1. The neighboring layers along the
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Figure 2. Embedded QM clusters: Fe12−nCrnO45 (n = 0, 1, 6, 10, 11, 12). The small spheres are oxygen atoms, and the large dark and light spheres
are Fe and Cr atoms, respectively. The interfacial atoms are not shown.

To calculate the optical absorption spectra for (Fe1−xCrx)2O3
solid solutions, we used an embedded cluster method.17,18,26
Here, the (Fe1−xCrx)2O3 system is represented using a
nanocluster composed of ∼75 000 ions, in which the central
part is modeled quantum-mechanically (QM cluster), while the
remainder of the nanocluster is treated classically. We assume
that: (i) the optical transitions take place on a time scale
signiﬁcantly smaller than that associated with atomic displacements, and (ii) the eﬀect of electron polarization outside the
QM cluster on the energies of optical transitions inside the QM
cluster is negligible. Hence, we adopt a nonpolarizable model
for the environment and represent its ions using formal point
charges.
The nanocluster is constructed in the form of a cuboid of 12
× 12 × 12 supercells obtained using the periodic model
described above. Each supercell was complemented with point
charges, generated as described in ref 17, to eliminate the
lowest electrical moments up to hexadecapole. The electrostatic
potential in the central part of the nanocluster, constructed
using such supercells, is within 0.01 V of that in the inﬁnite
periodic lattice.
The QM clusters used in this work are shown in Figure 2.
Each Fe12−nCrnO 45 cluster includes all cations of the
corresponding Fe12−nCrnO18 (n = 0, 1, 6, 10, 11, 12) supercell
and all their nearest-neighboring anions. To prevent artiﬁcial
polarization of the charge density at the border of the QM
clusters, the Fe3+ and Cr3+ ions in a ∼5 Å thick region
immediately outside the QM clustersthe interface region
are represented using full ion Al3+ eﬀective core pseudopotentials12,38 since Al3+ has the same formal charge and a similar
ionic radius to those of Fe3+ and Cr3+.
Pople’s 6-31G basis39−41 was used for all atoms. The lowestenergy spin-polarized ground-state conﬁgurations were obtained using a fragment approach in combination with the
Hartree−Fock (HF) method. The resulting density matrices
were used as starting guesses for subsequent calculations of the
ground and excited states using the hybrid B3LYP density
functional.42,43 Figure 3 shows the dependence of the gap
between the highest occupied (HOMO) and lowest
unoccupied (LUMO) molecular orbitals in Fe2O3 on the
cluster size. We ﬁnd that the gap is well converged for QM
clusters containing 12 Fe atoms, which justiﬁes our choice of
the QM clusters (see Figure 2) for the calculations of
electronically excited states. We also investigated the dependence of the one-electron band gap in the cluster as a function of
the HF exchange contribution in the B3LYP functional (see
Figure 5).

Figure 3. One-electron band gaps in α-Fe2O3 calculated using
embedded QM clusters containing up to 12 Fe atoms. The ﬁtted value
of C is 3.78 eV.

Excited-state calculations were performed on the QM
clusters of this size using TDDFT with the hybrid B3LYP
density functional as implemented in the NWChem quantum
chemistry package.44 Due to the large number of one-electron
states forming the valence and the conduction bands of the
embedded QM clusters, approximately 5000 excited states
contribute to their optical absorption spectra below 5.5 eV. To
calculate these spectra, we ﬁrst used the real-time (RT)
TDDFT method,23,45−48 in which the electronic density matrix
is propagated in time under a time-dependent Kohn−Sham
Hamiltonian. For these calculations, a delta-function electric
ﬁeld was used for each polarization (x, y, z), which
simultaneously excites all electronic modes and thus yields
the full absorption spectrum. The absorption spectra are
computed from the electronic polarizability
2ω
S(ω) =
Tr[Im α(ω)]
3π
where the (diagonal) complex polarizability tensor is computed
via Fourier transform of the time-dependent dipole moment
μ(t)
1
αii(ω) = μiĩ (ω), i = x , y , z
κ
Here, κ is the delta-function electric ﬁeld strength, chosen to be
weak enough to ensure linear response. For all simulations, the
TD Kohn−Sham equations were integrated using a selfconsistent second-order Magnus propagator, and matrices were
exponentiated with a contractive power series. All simulations
were run for 12 fs, with a time step of 5 × 10−3 fs, and the
dipole moments were damped with an exponential with time
constant τ = 4 fs before Fourier transform, resulting in 0.3 eV
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these structures have little or no eﬀect on the band gap
reduction.
To understand the origin of the band gap reduction, we
calculated projections of the DOS on atomic orbitals for several
Cr/Fe ratios (see Figure 4). First, we examine the electronic

full width at half-maximum (fwhm) Lorentzian broadened
spectra.
As a time-domain technique, however, RT-TDDFT does not
provide insight into the origin of the optical absorption
features. To obtain this insight at a reasonable computational
cost we separated the occupied states of the valence band into
nonoverlapping energy intervals, each 0.13−0.45 eV wide
depending on the dominant character of the Kohn−Sham
orbitals. Then, all transitions, with excitation energies below 5.5
eV, between each interval and all virtual Kohn−Sham orbitals
were calculated using the TDDFT method46,49,50 within the
Tamm−Dancoﬀ approximation.51 The superposition of all such
calculated excitation energies and the corresponding oscillator
strengths deﬁne the full excitation spectrum of the system.
Finally, the absorption spectra were constructed as a superposition of Lorentzian functions, each representing a single
excited state with their position and amplitude determined by
the corresponding excitation energy and oscillator strength.
The fwhm’s were set to 0.2 eV for all Lorentzians.

3. RESULTS AND DISCUSSION
For each (Fe1−xCrx) 2 O3 system, several nonequivalent
structural and magnetic conﬁgurations of the electronic ground
state were considered. The lowest-energy structures and the
corresponding spin densities, shown in Figure 1, are consistent
with other published results.8,10 If either the Cr or Fe
concentration is small, the magnetic conﬁguration is
commensurate to that of the pure, end member oxides (see
Fe11Cr1O18 and Fe1Cr11O18 conﬁgurations in Figures 1b and
1e, respectively). However, once the mole fraction of the
minority cation reaches ∼17%, deviations from the ordered
magnetic structure appear. Thus, at this and higher second
cation concentrations, the electronic structure of the solid
solution is determined not only by the spatial distribution of Fe
and Cr atoms but also by the spin disorder.
The eﬀects of impurity-induced lattice strain and the spin
mismatch become apparent in the 50%−50% case (x = 0.5).
The most stable atomic arrangement of the Fe6Cr6O18 supercell
corresponds to the formation of two phases of bulk-like Fe2O3
and Cr2O3 regions and intermixed Fe−Cr interface layers
between them. The spin arrangements in each region are the
same as in their respective bulk structures, while the Cr−Fe
mixed interface atomic planes adopt the ferromagnetic coupling
structure seen in α-Fe2O3 (Figure 1c). This result can be
attributed to the strong antiferromagnetic coupling between
Fe3+ and Cr3+ in corner-sharing octahedra from neighboring
layers.10 The three unpaired electrons in Cr3+ fully ﬁll the t2g
orbitals and result in a near cubic shape of the spin density
distribution, while the ﬁve unpaired electrons in Fe fully ﬁll
both the t2g and eg orbitals, resulting in a near spherical spin
density distribution. These spin density distributions at the
cation sites induce a complex character for the spin polarization
at the anion sites which, in turn, contributes to: (i) formation of
a complex pattern of metal−metal spin interactions and (ii) a
broadening of the O 2p band.
In addition, two structures with alternating Fe2O3 and Cr2O3
layers having energies of 5 and 0.1 meV/atom above that of the
ground state were found. Therefore, it is likely that these
structures coexist at room temperature, eﬀectively resulting in
disordered Fe2O3−Cr2O3 solid solutions. According to our
calculations, these higher-energy structures have band gaps that
are approximately 0.3 and 0.6 eV, respectively, larger than that
of the lowest energy 50%−50% conﬁguration. In other words,

Figure 4. Orbital projected densities of states (DOS) of the mixed
system with chemical formula Fe12−nCrnO18 (n = 0, 1, 6, 10, 11, 12).
The red dashed lines indicate the VBM and CBM of Fe12O18,
respectively. The blue dashed line indicates the energy below which
the O 2p states become dominant in the DOS of Cr12O18. The black
line indicates the low boundary of region III. States above 4 eV are
unoccupied. We note that the DOS are not normalized to the total
number of electrons.

bands of bulk α-Fe2O3 and α-Cr2O3. As seen in Figure 4a, the
occupied Fe t2g and eg states are located deep in the valence
band. The VBM and the CBM of α-Fe2O3 are dominated by O
2p states hybridized with occupied Fe 3d eg states and
unoccupied Fe 3d t2g* and eg* states, respectively (here and
below symbol * indicates unoccupied atomic orbitals). The
energy diﬀerence between them gives an estimate of the band
gap at 1.8 eV. The VBM in α-Cr2O3 is dominated by the Cr t2g
states partially hybridized with the O 2p states, while the CBM
is dominated by Cr 3d* states. Importantly, the VBM in αCr2O3 is ∼0.1 eV above that of α-Fe2O3, and the band gap of αCr2O3 is 3.5 eV, which is much larger than that of α-Fe2O3. To
explore the electronic structure of the top of the valence band
further, we considered the Bader atomic charges in the neutral
and ionized systems. The diﬀerences between these charges for
each atom type (see Supporting Information for details)
indicate the preferred sites of the hole localizations and are
consistent with the character of the VBM as obtained from the
analysis of the projected density of states.
Thus, the VBM and CBM of the mixed system are
determined by the occupied Cr t2g states and unoccupied Fe
t2g* states, respectively, as seen in Figure 4b−e. For ease of
viewing, we have divided the valence band into three regions as
indicated in Figure 4. Region I contains valence states with
energies above the VBM of α-Fe2O3; region II is below region I
and has a lower energy boundary below which the O 2p states
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the VBM approaches that of α-Cr2O3. Although there are
occupied states in region I, the signiﬁcant narrowing of the
bottom of the conduction band causes the band gap to increase
and ﬁnally approach the band gap of bulk α-Cr2O3. The
calculated band gap as a function of Cr concentration is
consistent with the experimental results.9,52
To gain understanding of the optical absorption properties of
solid solutions represented by the Fe12−nCrnO18 supercells, we
have used the embedded cluster approach with TDDFT as
described above. In these calculations, the HOMO−LUMO
gap obtained using the standard B3LYP functional (B3LYP-20)
is ∼0.7 eV higher than the experimental value. To improve on
this result, we tune the HF exchange contribution in the B3LYP
functional. The HOMO−LUMO gaps calculated for the
embedded clusters representing α-Fe2O3 (Figure 2a) and αCr2O3 (Figure 2f) using the modiﬁed B3LYP functionals with
10% HF (B3LYP-10) are 2.4 and 3.5 eV, respectively, which is
very close to the corresponding experimental values. To
compensate for the attractive electron−hole response after
excitation, we selected the HF contribution so the HOMO−
LUMO gap is higher than the experimentally observed optical
band gap. To this end, the B3LYP functional with 13% HF
contribution (B3LYP-13) was used in all subsequent embedded
cluster calculations of the excited state. The DOS calculated for
the embedded clusters of the same solid solution conﬁgurations
as considered above are consistent with the results of the
periodic model calculations and, thus, validate the embedded
cluster model. Finally, we note that the HOMO−LUMO gaps
calculated with all modiﬁed B3LYP functionals follow the same
trend with Fe/Cr ratio (see Figure 5).
The optical absorption spectra were calculated for three
embedded clusters corresponding to pure α-Fe2O3, α-Cr2O3,
and the 50%−50% Fe−Cr mixed conﬁguration (Figure 2a,c,f).
The relative band edge positions are schematically shown in
Figure 6. These will assist the analysis of calculated optical
absorption spectra shown in Figures 7 and 8. The valence
bands are divided into regions I, II, and III, as discussed above.
The diagram in Figure 6 is constructed on the basis of the
one-electron levels calculated for the embedded QM clusters
using the B3LYP density functional. For Fe12O18, O 2p states
dominate in both regions II and III. Region I in Cr12O18 and
Fe6Cr6O18 is above the VBM of Fe12O18 and is dominated by
Cr t2g states. The lowest unoccupied orbitals for Fe12O18 are Fe
t2g* and eg* states which are far lower than the virtual Cr 3d
states in Cr12O18. For each Fe3+ ion, the ﬁve lowest unoccupied
orbitals have the same spin and are clearly split into eg and t2g
subbands. For each Cr3+ ion in Cr12O18 and Fe6Cr6O18, the ten
3d states are split into three occupied t2g (regions I and II) and
two virtual eg* states of the same spin, as well as ﬁve virtual t2g*
and eg* orbitals of the opposite spin. Virtual Cr 3d states
overlap in energy and are thus represented with a single block.
Figure 7 shows the absorption spectra for α-Fe2O3, α-Cr2O3,
and α-(Fe0.50Cr0.50)2O3 calculated using the RT-TDDFT
method. In the case of α-Fe2O3, the computed spectrum
captures the absorption features at ∼2.5, ∼3.25, ∼4.0, and ∼5.0
eV to within an error of ∼8%. Similar agreement is seen for the
case of α-Cr2O3, including the low-energy feature at ∼2.1 eV as
well as the peaks at ∼2.6 and ∼4.5 eV. The features at ∼1.75,
∼2.5, ∼3.2, and ∼4.8 eV in the spectrum of α-(Fe0.50Cr0.50)2O3
are also captured to within ∼5%. The overall shapes of the
spectra are also in good agreement with experiment,9,52
revealing a qualitatively correct description of the valence and
conduction bands using the embedded cluster method.

become dominant in the DOS of α-Cr2O3; region III includes
the states located below region II and above the Fe eg states.
Variations of the DOS in region I and at the bottom of the
conduction band with Cr concentration aﬀect the band gap, as
shown in Figure 5. One can see that in Fe-rich solid solutions

Figure 5. Band gap in (Fe1−xCrx)2O3 as a function of chemical
composition: optical absorption measurements52 (solid blue diamond), GGA(PBE)+U periodic model calculations (solid red circles),
and B3LYP embedded cluster calculations with 20% (black uptriangles), 13% (solid black down-triangles), and 10% (solid black
squares) HF exchange contributions, respectively.

the band gap decreases slightly and reaches its minimum value
as the Cr concentration is increased from 0 to 50%. As the Cr
content is increased further, the band gap ﬁrst increases
gradually until the Fe concentration becomes small and then
jumps sharply to that of α-Cr2O3.
To rationalize this trend we examine the eﬀect of the Cr/Fe
ratio on the electronic structure of the valence and conduction
bands more closely. In Fe11Cr1O18, the Cr-induced perturbation
of the top of the valence band and Fe 3d conduction band is
negligible, as shown in Figure 4b. We note that the unoccupied
Cr 3d states are so high on the energy scale that their eﬀect on
the electronic structure of Fe11Cr1O18 is negligible.
In the alloys with comparable Cr and Fe concentrations, such
as Fe6Cr6O12, the top of the valence band is also dominated by
Cr t2g states. However, the VBM has a higher energy than that
in pure α-Fe2O3 or α-Cr2O3. We attribute this eﬀect to the
magnetic structure of these solid solutions in which the spin
conﬁguration is determined by the spatial arrangement of Fe
and Cr atoms and is diﬀerent than that of the bulk α-Fe2O3 and
α-Cr2O3. Since the unpaired electrons that are localized
predominantly on Fe3+ and Cr3+ ions induce spin polarization
of the O2− ions, the spin disorder can be regarded as a
perturbation that contributes to a broadening of the O 2p and
metal band edges and, therefore, results in a smaller band gap.
At the same time, while the smaller Fe content results in a
lower magnitude of the DOS at the bottom of the conduction
band, the shift of the CBM to higher energies is negligible.
Hence, the band gap of the Fe6Cr6O12 system is reduced to 1.5
eV.
As the concentration of Cr increases further, for instance in
Fe2Cr10O18 and Fe1Cr11O18, the Fe atoms become isolated, and
the Fe 3d bands transform into a set of isolated states, which
leads to two eﬀects. First, the width of the unoccupied Fe 3d
bands decreases sharply, and as a result, the bottom of the
conduction band shifts to higher energies. Second, the spins on
the Fe3+ ions adopt a conﬁguration like that of bulk α-Cr2O3.
Thus, the eﬀects of Fe−Cr hybridization become smaller, and
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Figure 8. Optical absorption spectra calculated using TDDFT for the
embedded clusters (a) Fe12O45, (b) Fe6Cr6O45, and (c) Cr12O45. The
positions and heights of the vertical lines indicate the excitation
energies and oscillation strengths, respectively, for dipole allowed
transitions. The dark-yellow dashed, black dash-dot, and black dotted
lines are the absorption spectra excited within energy regions I, II, and
III, respectively. The arrows indicate the types of the transitions, as
listed in Table 2. The inset in (c) shows the low-intensity part of the
spectrum. See text for details.

Figure 6. Schematics of the optical transition types for (a) Fe12O18,
(b) Fe6Cr6O18, and (c) Cr12O18. The dark arrows are transitions to the
unoccupied Fe t2g* and eg* states. The light arrows are the transitions
to the unoccupied Cr 3d states. The light arrows with dark outlines are
transitions from occupied top Cr t2g to unoccupied Fe t2g* and eg*
states. The occupied states are separated as indicated by black dashed
lines into three regions: I, II, and III. Note that the widths of regions I
and II are not to scale.

Table 2. Calculated Peak Positions (eV) and the Character
of Optical Transitions
from

to

label

Fe12O45

Cr12O45

Fe6Cr6O45

Cr t2g (I, II)
O2p (III)
O2p (II)
O2p (II)
O2p (III)
O2p (III)
Cr t2g (I)
Cr t2g (I)

Cr 3d*
Cr 3d*
Fe t2g*
Fe eg*
Fe t2g*
Fe eg*
Fe t2g*
Fe eg*

C1
C2
F1
F2
F3
F4
M1
M2

3.0
4.0
4.1
5.0
-

3.5, 3.9, 4.5
>5.0
-

3.5,3.9,4.5
>5.0
3.5
4.2
4.3
5.5
1.9 and 2.6
3.5 and 4.3

consistent with the experimental data.9,52 We note that the
positions and relative intensities of peaks F2 and F3 depend on
the exact deﬁnition of regions II and III in α-Fe2O3. However,
the convolution of all four peaks F1, F2, F3, and F4 is
insensitive to that choice.
In α-Cr2O3, the lowest-energy transitions from occupied Cr
3d states (regions I and II) to Cr 3d* states give a low-intensity
feature at ∼2.1 eV (see inset in Figure 8c) and are assigned to
the intra-Cr t2g → eg* excitation. It is followed by a broad band
with an onset at ∼2.7 eV and a maximum at 5.0 eV, labeled as
C1 in Figure 8c. The 2.1 eV feature is sensitive to the choice of
the energy interval used in the TDDFT calculations of the
excited states (see Section 2). In particular, the interval has to
be large enough (∼0.45 eV or greater) to include a
representative set of the hybridized Cr 3d and O 2p states at
the top of the valence band. Extending the energy interval
beyond 0.15 eV does not aﬀect the character of the rest of the
optical absorption spectrum and assignment of the bands. The
transitions in the 2.7−5.0 eV energy range include spin-allowed
Cr 3d → Cr 3d* transitions. As can be seen in Figure 8c, the
broad band C1 has three maxima located at 3.5, 3.9, and 4.5 eV;
deﬁnitive decomposition of this band into sub-bands is
complicated by strong intermixing of the virtual eg* and t2g*
states. However, based on the similarity of the electronic

Figure 7. Real-time TDDFT optical absorption spectra calculated
using embedded clusters (a) Fe12O45, (b) Fe6Cr6O45, and (c) Cr12O45.
The inset shows the low-intensity part of the optical absorption
spectrum between 1 and 3 eV.

To determine the origins of the various features, we again use
the TDDFT method, as described in Section 2. The optical
absorption spectra, along with the individual transitions that
constitute these spectra, are shown in Figure 8. Transitions
from the occupied states with energies below region III to the
CBM yield excitation energies as large as 6 eV and will not be
discussed here. Table 2 summarizes the characters and peak
positions of the various transitions.
For α-Fe2O3, there are two types of transitions: O 2p (II,III)
→ Fe t2g* and O 2p (II,III) → Fe eg*, as shown in Figure 6a.
Transitions from O 2p states in region II to Fe t2g* and eg*
states form two optical absorption features, shown as the dashdotted curve in Figure 8a, with peak positions at 3.0 and 4.0 eV
and labeled as F1 and F2, respectively. Similarly, transitions
from O 2p in region III to Fe t2g* and eg* form two features,
shown as the dotted curve consisting of peaks F3 and F4 at 4.1
and 5.0 eV, respectively (Figure 8a). The F2 and F3 peaks
overlap resulting in a “three-peak” optical absorption spectrum
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structures of α-Cr2O3 and LaCrO3,9,15,53 we suggest the
following sequence of the absorption bands with increasing
excitation energy: intra-Cr t2g → eg*, inter-Cr t2g → t2g*, and
inter-Cr t2g → eg*. Earlier experimental studies assigned a
broad shoulder at 3.4 eV to the charge transfer O 2p → Cr 3d*
transitions.9,53 We ﬁnd no evidence for this in our calculations.
Instead, the O 2p → Cr 3d* transitions appear at the excitation
energies above 5 eV; the leading edge of these transitions is
labeled as C2.
The transitions present in pure α-Fe2O3 and α-Cr2O3 are also
present in α-(Fe0.50Cr0.50)2O3. The peak positions and the
relative contributions to the absorption spectrum change
somewhat relative to the end members. Nevertheless, the
characters of these transitions remain similar to those in pure αFe2O3 and α-Cr2O3, and the various features are labeled
accordingly in Figure 8b. However, α-(Fe0.50Cr0.50)2O3 shows
transitions that are not observed in pure α-Fe2O3 and α-Cr2O3.
Speciﬁcally, excitations from region I to Fe t2g* and Fe eg*
states, labeled as M1 and M2, respectively, are found only in the
alloy. Each of these gives rise to two distinct peaks: 1.9 and 2.6
eV for M1 (Cr t2g → Fe t2g*) and 3.5 and 4.3 eV for M2 (Cr t2g
→ Fe eg*). This splitting is attributed to the eﬀect of the spin
structure in α-(Fe0.50Cr0.50)2O3. Indeed, the Cr 3d → Fe 3d*
transitions are spin allowed only if the spins of the occupied Cr
t2g and Fe t2g states are antiparallel. Due to the electrostatic
electron−hole interaction, the smaller the distance between the
Cr and Fe atoms, the lower the corresponding excitation
energy. Thus, the peaks at 1.9 and 3.5 eV are attributed to the
Cr t2g → Fe t2g* and Cr t2g → Fe eg* transitions, respectively,
for the nearest antiferromagnetically coupled Cr and Fe atoms.
We expect that averaging the Cr → Fe transition energies in a
homogeneously mixed (Fe1−xCrx)2O3 solid solution results in
no such two-peak character of M1 and M2. However, the values
of the excitation energies reported for these peaks here are
good indicators of the widths of these Cr → Fe absorption
features.
Finally, the lowest-energy transition obtained in these
calculations is 1.7 eV, which is 0.7 eV lower than the calculated
excitation energy of α-Fe2O3 and consistent with experimental
observations.9 Our calculated optical absorption spectra are in
qualitative agreement with experimental results.9,52
We compared the spectra obtained using the TDDFT (see
Figures 7 and 8) and those obtained using the joint density of
methods, in which the spectra are calculated as the convolution
of the occupied and unoccupied one-electron states weighted
with the corresponding transition probabilities in the dipole
approximation (see Supporting Information). The overall
proﬁles of the spectra calculated using these two approaches
are similar, while the absorption energies obtained in the latter
method are a few tenths of an electronvolt larger than those
obtained with TDDFT. This diﬀerence arises because the joint
density of states method does not account for the electrostatic
interaction between the excited electron and the corresponding
hole and, therefore, provides overestimated optical transition
energies. For example, the onset of the C1 band shifts to the
higher energy by ∼0.5 eV in pure Cr2O3. This eﬀect is also
present in the case of Fe2O3 and Fe-rich (Fe1−xCrx)2O3 solid
solutions.

systems are characterized by excitations from occupied Cr t2g to
unoccupied Fe t2g* states. We note that Fe2O3 is a chargetransfer insulator, whereas Cr2O3 can be thought of as a Mott−
Hubbard insulator in that its band gap is the d−d gap. In a
similar vein, the (Fe1−xCrx)2O3 solid solutions can be
considered to be Mott−Hubbard insulators, but with the
conduction band dominated by Fe 3d orbitals instead of Cr 3d
orbitals. Therefore, the magnitude of the gap and the character
of the corresponding transitions can vary throughout the
material, especially at low Fe concentrations.
The Cr t2g states lie above the Fe eg−O 2p hybridized
valence state, resulting in a smaller band gap in α(Fe0.50Cr0.50)2O3 than in pure α-Fe2O3. However, this band
alignment argument alone cannot explain the observed band
gap dependence of (Fe1−xCrx)2O3 on x. Additional factors
responsible for band gap reduction are broadening of the band
edges induced by Fe/Cr site disorder and the incommensurate
spin structures of α-Fe2O3 and α-Cr2O3.
We used the TDDFT approach to calculate the optical
absorption spectra in pure α-Fe2O3, α-Cr2O3, as well as in α(Fe0.50Cr0.50)2O3 and assigned the character of the main optical
absorption bands for photon energies of up to 5.5 eV. These
calculations demonstrate that Fe−Cr mixing gives rise to a new
spin-allowed optical transition from Cr t2g to Fe t2g* and Fe eg*,
which in turn results in a lowering of the optical band gap.
Thus, forming solid solutions of materials with oﬀset valence
and/or conduction band edges is a plausible approach to tuning
the optical gap. Finally, we note that our assignment of the lowenergy part of the Cr2O3 absorption spectrum diﬀers from that
in earlier studies. In particular, the broad shoulder at 3.4 eV was
assigned to O 2p → Cr 3d* charge-transfer transitions.9,53 In
our calculations this part of the spectrum is dominated by Cr t2g
→ Cr 3d* excitations, while the O 2p → Cr 3d* transitions
appear at excitation energies above 5 eV.
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4. SUMMARY
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have investigated the electronic properties of (Fe1−xCrx)2O3
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