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Abstract

The optical absorption properties of LaFeO3 (LFO) have been calculated using density
functional theory and experimentally measured from several high quality epitaxial films using
variable angle spectroscopic ellipsometry. We have analyzed the calculated absorption
spectrum using different Tauc models and find the model based on a direct-forbidden transition
gives the best agreement with the ab initio band gap energies and band dispersions. We have
applied this model to the experimental data and determine the band gap of epitaxial LFO to be
∼2.34 eV, with a slight dependence on strain state. This approach has also been used to
analyze the higher indirect transition at ∼3.4 eV. Temperature dependent ellipsometry
measurements further confirm our theoretical analysis of the nature of the transitions. This
works helps to provide a general approach for accurate determination of band gaps and
transition energies in complex oxide materials.
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oxygen orbitals that form the valence and conduction bands.
This can cause ambiguity regarding which Tauc model is the
most applicable, and in the extracted electronic properties. For
example, both experimental and theoretical studies have been
carried out on SrTiO3 and BiFeO3 to better understand their
optical transitions [4, 16–23]. However, combined studies in
which density functional theory (DFT) simulations are used
to directly determine the appropriate model for experimental
data analysis have not been widely adopted for semiconducting
complex oxides. Compounding the problem is that the
EG from DFT is often adjusted to match experimental data
rather than being used to inform experiment which Tauc
model is most suitable for a given material, for example, by
using first-principles computed absorption data. While band
gaps are often underestimated using standard DFT exchangecorrelation functionals [24], the band dispersions are often
correct [25], and the nature of the gap (direct versus indirect)
is seldom incorrect provided experimental lattice constants are
used in the simulation.
Utilizing LaFeO3 (LFO) as a model system, we present a
combined theory and experimental study of optical transitions

1. Introduction

Recently, there has been increased interest in the optical
properties of functional semiconducting oxide materials for
their potential use in photovoltaic, photocatalytic and other
photoactive applications [1–8]. The band gap energy (EG )
and transition type are important features of a material to assess
its applicability for optical devices. Electronic transitions are
regularly characterized using optical spectroscopy techniques
for many semiconductors [9–13]. The transition type and
energy in some materials can be readily assessed by fitting
the optical absorption spectrum to Tauc models [14, 15].
However, significant uncertainty remains regarding the
use of Tauc analysis to determine electronic transition energies
in perovskite oxides due to the electronic complexities inherit
to these materials. Complications can result from competing
absorption processes due to the presence of multiple bands
and other effects related to hybridization of the metal and
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with emphasis on identifying the correct Tauc model to extract
an accurate band gap. LFO is an example of a semiconducting
perovskite oxide with an EG in the visible light spectrum
making it potentially useful for optical device applications.
Previously, EG has been estimated to be between 2 and 2.6 eV,
using optical spectroscopy techniques [26, 27]. This is a
relatively large uncertainty for designing optical devices and
impedes fundamental studies of optical processes, such as the
effect of doping or finite thickness. We compute the electronic
structure of LFO to determine the nature dominant optical
transitions, enabling the identification of which Tauc models
yield accurate transition energies. Applying a Tauc model
that describes a direct-forbidden transition yields a band gap
of ∼2.34 eV for epitaxial LFO. We find that with increasing
temperature the band gap and higher energy transitions redshift as expected due to lattice expansion [15].

2.2. Experimental

Epitaxial LFO samples were deposited onto single crystal
substrates of GdScO3 (GSO) (1 1 0), DyScO3 (DSO) (1 1 0),
SrTiO3 (STO) (0 0 1), 0.7 weight% niobium doped SrTiO3
(Nb : STO) (0 0 1), [LaAlO3 ]0.3 [Sr2 AlTaO6 ]0.7 (LSAT) (0 0 1),
and LaAlO3 (LAO) (0 0 1) using oxide molecular beam epitaxy
(MBE) with an O2 chamber pressure of 5 × 10−7 Torr and
a substrate temperature of ∼625 ◦ C. Pure elemental metals
of lanthanum and iron were codeposited until approximately
one unit cell was completed. Each unit cell was followed
by a 5–30 s pause with both shutters closed. The deposition
rate of ∼1 unit cell every 15–60 s was slow enough that
the pause time does not noticeably influence crystallinity
or the optical properties of the films. The films used
in this study are between 15–36 nm thick. Composition
was verified with multiple samples from the same growth
using Rutherford backscattering spectroscopy (RBS), showing
uniformity across the sample mounting stub. Out-of-plane
lattice constants were measured using x-ray diffraction (XRD),
which reveals a single orientation. Rocking curve widths
do not exceed 0.06◦ about the film (0 0 2), depending on
the substrate, confirming good crystallinity for most samples.
Reciprocal space maps from previous experiments [27] and the
linear relation between strain and c-axis parameter indicate the
films used in this study are epitaxial, strained single crystals,
except for samples on LaAlO3 (LAO), which are at least
partially relaxed.
Optical absorption properties were determined using
variable angle spectroscopic ellipsometry (VASE) with a
spectral range from 246 nm to 1000 nm and resolution of
1.6 nm. Each single side polished substrate was optically
characterized using VASE prior to growth to ensure an accurate
model for thin film characterization. VASE measurements
were carried out at angles from 65◦ –75◦ with a 5◦ step
size. X-ray reflectivity (XRR) was used to characterize the
average thickness and roughness of each sample. Substrate
optical constants, film thickness and interface roughness
were then fixed in the WVASE32 software package from
J A Wollam Corp. From the VASE modeling we extracted the
film optical constants (n and k) which were used to determine
the optical absorption coefficient as a function of photon
energy.

2. Methods
2.1. Computational

First-principles density functional theory (DFT) calculations
were performed using the projector augmented wave (PAW)
basis set, as implemented in the Vienna Ab-initio Simulation
Package [28, 29] (VASP) on the experimental LFO structure
reported by Caronna et al [30]. Results obtained using relaxed
atomic positions are not appreciably different in the region of
our interest; we therefore used the bulk experimental atomic
positions to remain consistent with our experimental analysis
reported here. The PBEsol exchange-correlation functional
was used [31] with a 7 × 7 × 5 Monkhorst–Pack mesh [32] and
a plane-wave cutoff of 600 eV. Because the PBEsol functional
commonly underestimates the band gap [33] and predicts
LaFeO3 to be metallic, all calculations have been performed
using the Dudarev formalism [34] of the plus Hubbard U
correction with U = 3 eV applied to the Fe 3d states. The
imaginary and real dielectric functions were extracted from
the frequency-dependent dielectric matrix using the method
of Gajdoš et al [35] within the single-particle approximation
and neglecting local field effects. The refractive index (n) and
extinction coefficient (k) were calculated from the complex
dielectric function (ε1 and ε2 ) following equations (1) and (2),
respectively,

ε12 + ε22 + ε1
n=
,
(1)
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3. Results
3.1. Computational results

Figure 1(a) shows the energy versus momentum (E versus k)
diagram obtained from our DFT simulations. We find that
the lowest energy calculated band gap is 1.879 eV which
corresponds to an indirect transition from the highest valence
band (VB) edge at the T-point to the lowest lying conduction
band (CB1) edge at the  point. We find that CB1 is nondispersive across momentum space owing to the localized
nature of the unoccupied Fe3+ minority spin t2g states. This
behavior leads to a near degeneracy in the single-particle
energies at the T and  points in CB1. In particular, the
band gap energy is ∼1.886 eV for the smallest direct gap at the
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The optical absorption coefficient (α) was then calculated
using equation (3) where λ is the wavelength of incident
photons. Equations (1)–(3) were also used to treat the
ellipsometry data.
2
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Figure 1. Calculated band structure obtained using the PBEsol functional. (a) Electron energy (E) versus momentum (k) displayed along
several high symmetry points and (b) DOS as a function of energy.

T-point, less than 0.01 eV difference with the lowest indirect
transition. This result suggests that LFO will behave as a
direct band gap semiconductor due to the high propensity for
electrons to transition directly over indirectly.
We also find a higher energy indirect transition of
∼2.909 eV between the VB at the T-point and the set of
bands approximately 1 eV above CB1, forming a higher energy
conduction band (CB2) at the  point, whereas the lowest
direct transition from VB to CB2 is ∼3.143 eV at the T-point.
The difference between these two values is large enough that
this transition is expected to behave as an indirect transition
in contrast to the transition from the VB to CB1. This
change in transition character between CB1 and CB2 can
be understood as follows: CB2 is largely derived from the
minority spin Fe eg , which owing to their direct angular overlap
with the oxygen 2p states results in a greater bandwidth and
dispersion than that found for CB1. We also note that the
majority carrier type can be predicted from band dispersions.
In this case, figure 1 suggests that LFO is p-type due to the
relatively dispersive VB near the Fermi level [36], consistent
with previous experimental results [37].
Likely peaks in optical absorption spectra can be predicted
using the density of states (DOS), suggested by the arrows
imposed on the DOS shown in figure 1(b). The absorption
coefficient is directly related to the DOS by the following
equations [38]:
(hω)W
,
(4)
α(ω) =
I
2π   2
W =
(5)
Hvc  ρcv (hω),
h
where α(ω) is the frequency-dependent optical absorption
coefficient, h is the reduced planks constant, ω is the incident
light frequency, W is Fermi’s golden rule and represents the
number of transitions/unit volume/unit time, I is the incident

electromagnetic flux, Hvc is the optical dipolar matrix elements

which couples the VB and CB, and ρcv (h̄ω) is the joint DOS
in the CB and VB for a given energy separation. Therefore,
as a rough estimate we expect the maximum absorption
coefficient for a given transition occurs due to excitations
from a local maxima in the VB DOS to a maxima in the
CB DOS. The actual maxima in absorption may be at slightly
higher energies than the peak-to-peak separation, due to the
dependence of absorption on photon energy (hω) in accordance
with equation (4). The energies of these DOS peak centers are
highlighted with horizontal dotted lines in figure 1(b).
The calculated absorption spectrum, shown in figure 2,
has been deconvoluted using five Gaussian peaks centered at
2.518, 3.504, 3.857, 4.574 and 5.739 eV. Online supplemental
table T1 (stacks.iop.org/JPCM/26/505502/mmedia) lists the
full Gaussian peak parameters. The sum of these five peaks
(green dashed line) is plotted on the calculated absorption,
showing good agreement. The transitions centered on 2.52,
3.50 and 3.86 eV can be described by transitions from the first
VB DOS peak to different CB DOS peaks. The absence of
absorption peaks at 2.8 and 3.3 eV suggest that transitions
from the second VB DOS maxima to CB DOS maxima are
less preferable. Higher energy features, including the peak
at 3.86 eV, are more difficult to describe due to possibility of
contributions from multiple transitions. We also note that there
is a small peak in the DOS at ∼2.0 eV in the first CB just below
the labeled peak at ∼2.13 eV owing to a van Hove singularity
in the electronic structure. This first peak in the CB DOS does
not manifest itself as a discernible feature in the calculated
absorption spectra and was thus not labeled. However, it could
help explain the presence of a small shoulder in the first major
peak seen in the experimental absorption spectrum, discussed
later.
With the major optical transitions described, we can
compare different Tauc models based on the equation α (hω) =
A (hω − EG )n using the optical absorption spectrum from
figure 2. Here A is a constant and n denotes the transition
3

J. Phys.: Condens. Matter 26 (2014) 505502

Mark D Scafetta et al

Figure 3. (a) XRD about the pseudocubic (0 0 2) peak for ∼34 nm
thick LaFeO3 films grown on several substrates. (b) The
out-of-plane lattice constant for the films as a function of substrate
lattice mismatch shows the linear relationship with the exception of
the sample on LAO which is partially relaxed. (c) Corresponding
Rutherford backscattering spectra with best fit for the film on STO
yielding La0.96 FeO3 .

Figure 2. Calculated optical absorption spectrum for LFO (solid
black line). Insets show the Tauc plots from the theoretical
spectrum. The first transition is found to be a direct-forbidden
transition. The second transition is best fit with an indirect-allowed
transition model. Gaussian deconvolution and sum (dashed green
line) reproduce the main features of the calculated spectrum.

type as follows: n = 1/2 for direct allowed, 3/2 for directforbidden, 2 for indirect-allowed and 3 for indirect forbidden
transitions [15]. To apply this function we generate a series
of Tauc plots of the form (αhω)1/n versus photon energy.
The abscissa intercept obtained from extrapolation of the
linear portion of the curve is the transition energy for the
particular model employed. For our Tauc analysis of the
DFT-calculated absorption data, we applied the linear fits to
the region of the absorption edge that exhibits the greatest
rate of increase with increasing photon energy, determined
by applying the first derivative. The results of these fits
can be seen in online supporting information figure S1
and table T2 (stacks.iop.org/JPCM/26/505502/mmedia). For
the spectrum in figure 2 all Tauc models produce linear
regions (supplemental figure S1) highlighting the difficulty for
selecting the correct model without prior knowledge of band
separations. The inset of figure 2 shows the Tauc plots that
returned the transition energy closest to that determined from
the electronic band structure (figure 1(a)). The first transition
is best described with a direct-forbidden model returning a
band gap of ∼1.89 ± 0.01 eV, in excellent agreement with our
calculation. The implication of forbidden in this sense refers
to the d–d nature of the transition, as Fe 3d states contribute
to both VB and CB1. Typically, these types of transitions
are not allowed according to Hund’s selection rules but the
d–p hybridized band complex from the strong pdσ -bonding
between O 2p and Fe 3d states in the VB and CB makes d–d like
transitions possible. The indirect-allowed model best fits the
second transition and returns a transition of ∼2.96 ± 0.05 eV
compared to the value of ∼2.91 eV obtained from figure 1(a).
This second transition, however, was not as trivial to model

owing to the occurrence of multiple transitions and their
overlap as shown by the Gaussian deconvolution in figure 2
and DOS in figure 1(b). With this in mind it is important to
note that the direct-forbidden model also fits well to the second
transition returning a transition at ∼3.06 ± 0.02 eV compared
to ∼3.14 eV for the smallest direct gap from the VB to the
second conduction band (CB2).
3.2. Experimental results

To expand on the insights gained from the DFT regarding
optical absorption and its relation to band structure in LFO,
several LFO films were deposited onto a variety of single
crystal substrates. The out-of-plane lattice parameter of each
film trends as expected, shown in figures 3(a) and (b) where
the c-axis parameter increases with more in-plane compressive
(+) strain until relaxation occurs. The sample on LAO, which
exhibits a large lattice mismatch (∼3.5%), is partially relaxed
and thus a deviation from the linear relationship was observed.
Figure 3(c) shows the RBS and corresponding fit of an LFO
film grown on SrTiO3 yielding a La to Fe ratio of 9.6 : 10 or
La0.96±0.01 Fe1.0±0.04 O3 . This sample was grown in the same
run with all other the samples for figure 3. The average
composition of the samples used was La0.98±0.01 Fe1.0±0.03 O3 ,
confirmed with RBS. It should be noted that the average comes
from samples grown on MgO, STO or sometimes Nb : STO as
these give the most reliable and consistent results. Substrates
containing Dy, Gd, La, and other heavy elements in large
concentrations, make accurate composition analysis difficult
due to the strong overlap with the La and Fe film peaks.
4
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Figure 4. Optical absorption measured from a 34 nm film on STO
compared with the DFT calculation. Insets show the Tauc plots for a
direct-forbidden and indirect-allowed model for the first and second
transitions, respectively. These models yield transition energies of
2.34 and 3.38 eV for the first and second transitions.

Figure 5. Optical absorption showing the red-shifting of the
transition edges with increased temperature. The higher energy
transition shifts more with temperature indicating it has a stronger
dependence on phonon absorption, consistent with an indirect
transition.

After the cation composition was verified and the crystal
structure was characterized, morphology and thickness were
determined using XRR. Each film was found to have a surface
roughness of <1 nm over an area covered by the beam footprint
(∼5 × 5 mm2 ). The thickness obtained from XRR was fixed
in the WVASE32 software to constrain the VASE fits. The raw
ellipsometry data was processed using WVASE32 to generate
the experimental absorption spectrum. The experimental
optical absorption spectrum from the LFO sample on STO
and bulk theoretical optical absorption spectra are compared in
figure 4. The most notable difference is that the experimental
spectrum is blue-shifted compared to the DFT. This is due
to the known underestimation of the band gap with the
PBEsol+Hubbard U correction [33]. The major features of the
absorption spectra are, however, strikingly similar; even some
of the fine structure is also in qualitative agreement. Both
spectra have two main peaks with a slight dip in absorption
between the two peaks caused by the presence of a gap between
CB1 and CB2. The other well-defined but less intense feature
as mentioned earlier is that the first absorption peak shows
a small shoulder on the low energy side, highlighted by the
red arrow in figure 4. We believe the small peak in the first
CB DOS in figure 1 (just below the DOS maxima in CB1) is
responsible for this feature. Other features are well captured
using the analysis from the DFT.
Using the measured optical absorption spectra, we now
apply the same Tauc analysis as determined to be optimal from
fitting to the DFT absorption spectrum. We obtain the directforbidden band gap energy of 2.34 eV for the LFO sample
shown in figure 4, which is the same film on STO in figure 3.
The second transition returned an indirect-allowed transition
energy of 3.38 eV. The separation of these two transitions
is ∼1.04 eV in good agreement with the DFT simulation

∼1.02 eV. A second film, used for the heating experiment
discussed below with a similar composition (La0.98 FeO3 ) on
STO, was measured to have a band gap of 2.36 eV and a second
transition energy of 3.39 eV using the same Tauc analysis.
To further investigate the nature of the electronic
transitions, we performed variable-temperature ellipsometry
experiments on several LFO samples. Since the higher energy
transition is proposed to be indirect and phonon absorption is
required for some indirect transitions, we expect that indirect
transitions should evolve more strongly with temperature
relative to the direct transitions. Red-shifting of the indirect
absorption edge is expected owing to the increased population
of phonons with temperature [15]. We measured the absorption
spectrum at a series of temperatures from ∼24 to ∼300 ◦ C.
Figure 5 shows the optical absorption spectrum for LFO
on STO at several temperatures. The optical properties of
bare substrates were also measured at each temperature to
get an accurate optical model for extracting the properties
of the heated films. We observe a systematic red-shift of
all transition edges shown in the insets of figure 5, which
is expected due to lattice expansion [15]. However, we
find that the higher energy, indirect transition has a larger
dependence on temperature (−1.11 meV K−1 ) than the first
direct-forbidden transition (−0.54 meV K−1 ), in agreement
with anticipated behavior based on our assignment of the
direct and indirect transition. Similar behavior was observed
for the films on LSAT with a temperature dependence of
−1.06 meV K−1 and −0.61 meV K−1 for the higher and lower
energy transitions, respectively. Temperature also influences
the absorption coefficient of these transitions, as seen in
figure 5. The film tested on LSAT also shows a reduced
absorption coefficient at ∼3.1 and ∼4.3 eV with increasing
temperature.
5
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Figure 6. (a) Direct-forbidden band gap energy versus lattice mismatch. Note that the films on LAO are partially relaxed. Black squares
are for La0.96 FeO3 ranging in thickness from 33.3–34.6 nm, green diamonds are for La0.98 FeO3 with thickness between 33.8–36.0 nm, and
the red triangles are for La0.98 FeO3 between 15.3–16.2 nm. (b) The measured absorption spectra from a 34 nm film on LSAT and a 33.3 nm
film on GSO, also represented by the corresponding black squares in (a).

Optical absorption obtained from films grown on multiple
substrates reveal that the transition energies do not change
significantly with the compressive strain states studied here,
as shown in figure 6(a). However, we find a more significant
decrease in the band gap for films grown on GSO, which
are under tensile strain. Additionally, with tensile strain
the absorption spectrum becomes similar to that of the high
temperature phase, shown in figure 6(b). We see a reduction
of absorption coefficient around 3 and 4.5 eV as well as a
reduction of the transition onset slopes between ∼2.5–3.1 and
3.5–4.0 eV leading to a measured red-shift of the transition
energies in the film grown on GSO.
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[35] Gajdoš M, Hummer K, Kresse G, Furthmüller J and
Bechstedt F 2006 Phys. Rev. B 73 045112
[36] Hautier G, Miglio A, Ceder G, Rignanese G-M and Gonze X
2013 Nature Commun. 4 2292
[37] Jones A and Islam M 2008 J. Phys. Chem. C 112 4455–62
[38] Chuang S L 2009 Physics of Photonic Devices (Hoboken, NJ:
Wiley)

Zollner S et al 2000 J. Vac. Sci. Technol. B 18 2242
Yamada Y and Kanemitsu Y 2010 Phys. Rev. B 82 121103
Salehi H 2011 J. Mod. Phys. 02 934–43
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