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Fingerprints of optical absorption in the perovskite LalnOj;: Insight from many-body
theory and experiment
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We provide a combined theoretical and experimental study of the electronic structure and the optical ab-
sorption edge of the orthorhombic perovskite LalnO;, employing density functional theory and many-body
perturbation theory. We find the lowest-energy excitation at 0.2 eV below the fundamental gap (5 eV), reflecting
a sizable electron-hole attraction. Since the transition from the valence band maximum (I" point) is, however,
dipole forbidden, the onset is characterized by weak excitations from transitions around it. The first intense
excitation appears about 0.32 eV above. Interestingly, this value coincides with an experimental value obtained
by ellipsometry (4.80 eV) which is higher than the onset from optical absorption spectroscopy (4.35 eV). The
latter discrepancy is attributed to the fact that the weak transitions that define the optical gap are not well enough
resolved by the ellipsometry measurement. Through temperature-dependent measurements of the optical gap,
we assess renormalization effects by electron-phonon coupling, enhancing the quantitative comparison between

theoretical and experimental results.
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I. INTRODUCTION

Perovskite oxides have emerged to play a key role in
the next generation of technological devices, owing to their
versatility as spanning insulators, semiconductors, as well
as conductors, and exhibiting other characteristics such as
superconductivity, ferromagnetism, or ferroelectricity. The
perovskite oxide structure has the general formula ABO3 (A
and B are cations; O is the anion oxygen). Among them,
perovskites with a large optical gap accompanied with high
electrical mobility are found, making them ideal transpar-
ent conducting oxides (TCOs). Such characteristics are in
high demand for various electronic applications. The cu-
bic perovskite BaSnO3 has appeared as the most promising
TCO due to its high room-temperature mobility, reaching
320 cm?(Vs)~! when doped with lanthanum, and its high
transparency [1]. Recently, polar-discontinuity doping has
been suggested [2] as an effective way to benefit from the
characteristics of BaSnO3, which leads to the formation of
a high-mobility two-dimensional electron gas (2DEG). This
can be achieved in a heterostructure combining the non-
polar BaSnOj3 with polar oxide perovskites. Among them,
orthorhombic LalnO; has emerged as the most promising
candidate for such heterojunctions, due to the relatively small
lattice mismatch in its pseudocubic structure (<0.02%) and a
favorable conduction-band (CB) offset to confine the 2DEG
within the BaSnOj side [2-6]. As such, LalnO3; has been
explored as a gate oxide in a field-effect transistor based on

*aggoune @physik.hu-berlin.de

2469-9950/2021/103(11)/115105(9)

115105-1

a doped BaSnOj; channel [2]. From an experimental point of
view, LalnO; is considered the best substrate to overcome
difficulties related to the growth of the BaSnOj crystals [7].
In contrast to BaSnO3, which has been intensively inves-
tigated by both theory and experiment [8—15], there are only
a few studies devoted to LalnOj3, which report a large direct
fundamental band gap, however, with contradicting results of
about 5 eV [2] and 4.13 eV [7]. Available density functional
theory (DFT) calculations based on the generalized gradient
approximation (GGA) predict, as expected, strongly underes-
timated band gaps of 2.55 eV [16] (indirect gap) and 3.1 eV
[2]. Computed effective electron and hole masses [2] are about
0.41 and 0.53 my, respectively. Importantly, neither origin nor
character of the absorption onset are clear. Weak absorption
below the main onset [7] suggested that such transitions could
be an intrinsic property of orthorhombic perovskites with fully
occupied d orbitals. More recently [17], an optical gap of
about 4.35 eV was reported, where the observed weak tran-
sitions below the main onset were attributed to point defects.
In this paper, we provide the characteristics of ideal crys-
talline LaInO3 in terms of its electronic and optical properties,
employing a state-of-the-art ab initio approach based on
many-body perturbation theory (MBPT). The GoW, [18,19]
approximation is used to compute the quasiparticle (QP) band
structure based on semilocal DFT as well the hybrid func-
tional HSEO6 [20]. We obtain the optical absorption spectrum
using the Bethe-Salpeter equation (BSE) [21-24]), which al-
lows us to assess the role of electron-hole (e-h) interaction.
We unravel the origin of the absorption edge, resolving dis-
crepancies regarding the optical gap determined by either
optical absorption or ellipsometry as well as the dependence
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of the absorption onset on the light polarization. Moreover,
we determine the band gap renormalization by zero-point vi-
bration (ZPV) and analyze the characteristics of the low-lying
excitons in this material.

II. THEORETICAL AND EXPERIMENTAL DETAILS

A. Theory

Ground-state (GS) properties were calculated using DFT
[25,26] with the GGA approximation in the PBEsol
parametrization [27] of the xc functional. The hybrid func-
tional HSE06 [20] with 25% of exact (Hartree-Fock) ex-
change was also employed for comparison.

QP energies were computed within the GyW, approxima-
tion [18,19] as
= S EIZET) - S
where X is the nonlocal and energy-dependent electronic self-
energy, ¢X5 and ¢X5 are the Kohn-Sham energies and wave
functions, respectively, and vXS represents the xc potential.
Band structure and effective masses were computed by mak-
ing use of Wannier interpolation [28].

The optical spectra were obtained by solving the BSE,
the equation of motion of the two-particle Green function
[21-23]. This problem can be mapped onto the secular equa-
tion

Z Hz?j(Ev’c’k Aﬁ/c/k’ = EAA?)LLk’ (2)

v’k
where v, ¢, and k indicate valence bands (VBs), CBs,
and Kk-points in reciprocal space, respectively. The effective
Hamiltonian consists of three terms, HBSE = fdiag  pydir 4
2H*. The first term H%¢ accounts for vertical transitions be-
tween QP energies and, when considered alone, corresponds
to the independent QP approximation (IQPA). The other two
terms incorporate the screened Coulomb interaction (H%")
and the bare e-h exchange (H¥). The factor 2 in front of the
latter accounts for the spin multiplicity in nonspin-polarized
systems. The eigenvalues of Eq. (2) E* are the excitation
energies. The corresponding eigenvectors A* | provide infor-
mation about the composition of the Ath excitation and act as
weighting factors in the transition coefficients
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that determine the oscillator strength in the imaginary part of
the macroscopic dielectric function
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where 2 is the unit cell volume. We introduce the weights
characterizing to which extent valence and conduction states
at a given k-point contribute to a transition as

uk - Z |Auck ’ w?k = Z |A::ck|2' (5)
v

All calculations were performed using exciting [29-31], an
all-electron full-potential code, implementing the family of
linearized augmented plane-wave plus local orbitals [(L)APW

4+ LO] methods. For the atomic species involved, namely
lanthanum (La), indium (In), and oxygen (O), muffin-tin radii
(Rmt) of 2.2, 2.0, and 1.6 bohr, respectively, were adopted.
The GS calculations were carried out with the LAPW method
using a basis-set cutoff of RyrGmax = 8, where Ryt here
refers to the radius of the smallest sphere (1.6 bohr), i.e.,
Gmax = 5. To obtain numerically precise electronic properties,
LOs of three s, three p, and four d shells for La; four s, four
p, and four d shells for In; and three s and three p shells for
oxygen were added to the LAPW basis set. The In 4s and
4p orbitals are treated with additional LOs as semicore states.
The sampling of the Brillouin zone (BZ) was carried out with
a6 x 6 x 4 k-grid. These parameters ensure a numerical
precision of less than 10 meV in both the total energy and
the PBEsol band gap. The atomic positions were relaxed
until the residual forces on each atom were <0.005 eV/A.
To account for spin-orbit coupling (SOC), we employed a
second-variational procedure. The latter was performed using
a slightly reduced basis-set cutoff of Ry;7G = 6.5 and includ-
ing 100 empty states.

For the HSEO6 calculations, a basis-set cutoff of
Ry7 Gmax = 6 was used. Employing 400 empty states and a
4 x 4 x 2 k-mesh, a numerical precision of about 50 meV
is reached for the band gap. Using the same parameters,
GoW, calculations were performed on top of the HSE06 GS
(GoWy@HSEO06). The numerical uncertainty of the QP band
gap is estimated to be less than 50 meV. Also, for the solution
of the BSE [31], a plane-wave cutoff RyitG = 6 was adopted.

The screened Coulomb potential was computed using 90
empty bands. In the construction of the BSE Hamiltonian,
22 occupied and 18 unoccupied bands were included, and
a shifted 8 x 8 x 6 k-point mesh was adopted. Since the
excitations at the onset are built by a small group of top
valence and bottom conduction states that are nearly identical
in PBEsol and GoW,@HSEQ06, as we will see in Sec. III,
these calculations were based on the PBEsol band structure,
applying a scissor shift to reproduce the GoW, @ HSE(06 gap.
Our choice of parameters ensures converged spectra up to
6 eV, and a numerical precision of less than 30 meV for the
binding energy of the lowest-energy excitons. A Lorentzian
broadening of 0.1 eV was applied to the spectra. Atomic
structures and isosurfaces were visualized using the VESTA
software [32].

B. Experiment

Bulk LaInO; single crystals were grown by the vertical
gradient freeze method. Details of the growth procedure were
reported in Ref. [17]. Wafers of up to 10 x 10 mm? size could
be prepared from large single-crystal grains. Stoichiometric
composition, phase purity, and structural quality were sub-
stantiated in Ref. [17]. For the optical measurements, two
wafers of high structural perfection were selected, i.e., their
x-ray rocking curves had full width at half maximum well
below 80 arcsec. The samples had lateral dimensions of about
5 x5 mm? and were thinned down to 80 pm thickness.
The surface orientation of the wafers was (100) and (001),
respectively, such that, for perpendicularly incident, linearly
polarized light the direction of the electric field vector E could
be chosen parallel to either of the three principal crystal axes.
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For the optical absorbance measurements, the samples were
double-side polished. For the investigation by spectroscopic
ellipsometry, two similar samples were used, except that they
were thicker (0.5 mm) and roughened on one side to prevent
disturbing interferences.

Optical transmittance (respective absorbance) was mea-
sured in the spectral range from 250 nm (~5 eV) to
500 nm (~2.5 eV) at temperatures from 5 to 300 K.
A double beam, double monochromator spectrophotome-
ter (Perkin-Elmer Lambda 1050) was used in conjunction
with a liquid-helium flow cryostat (Oxford OptistatCF) with
ultraviolet-quartz windows. The spectral resolution was set to
2 nm. The linear polarization of the incident monochromatic
light was chosen by a double polarizer insert equipped with
Glan-Thomson polarizer crystals which are suitable for wave-
lengths above 240 nm. Attenuation of the reference beam (to
1% transmission) was applied, allowing absorbance measure-
ments up to 6. This means that, under favorable conditions,
absorption coefficients of at most ~1700 cm~' could be
determined using the 80 pum thin sample. The absorption
coefficient o was calculated from the measured transmittance
T using the expression [33]

1 1 —R)* +4T2R? — (1 — R)?
[\/( "+ ( )}’ ©
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where d is the thickness of the sample and R the reflectance
that we calculated by R = (n — 1)?>/(n + 1)* using the re-
fractive index data obtained by spectroscopic ellipsometry
measurements. For the determination of the onset of intrinsic
optical absorption, the square of the absorption coefficient was
plotted vs the photon energy. Extrapolating the steep linear
part of this plot to ? = 0 yielded the photon energy we call
in the following onset of optical absorption.

Spectroscopic ellipsometry was performed in the range
from 1.5 to 6.5 eV at room temperature using a commercial
ellipsometer (Horiba Jobin Yvon UVISEL). The complex re-
flectance ratio of the light polarized parallel and perpendicular
to the plane of incidence (r, and ry, respectively) was mea-
sured and can be expressed by :—’ = tanWe 4, where tan¥
is the amplitude ratio and A the phase difference [34]. A
large angle of incidence of 70° was used for the measure-
ments, providing an electric field primarily aligned in the
(100) or (001) planes of the wafers. The anisotropy of the
dielectric function was determined by rotating the sample
around its wafer normal to have one of the in-plane principal
directions parallel to E. The evaluation of the spectroscopic
ellipsometry data was performed under the assumption of a
bulk semi-infinite homogeneous material thought to be appro-
priate for the surface-polished crystal wafers used here. This
simple model allows direct transformation of the measured
ellipsometric angles to the complex dielectric function and
related parameters like the absorption coefficient by using
the Fresnel equations. We do not include a correction to
account for the nonideal surface because of the usually neces-
sary vague assumptions. Therefore, the absorption coefficients
are overestimated in the range of weak absorption but are
reliable in the range of strong absorption. In this respect,
spectroscopic ellipsometry supplements the optical absorp-
tion spectroscopy that is only sensitive at the weak optical

TABLE I. Electronic band gaps E, and effective electron (hole)
masses m*/m° (m;/m°) of orthorhombic LaInO; computed with
PBEsol, HSE06, and GyW, @HSE06.

DFT GyW, @

LalnO; PBEsol HSEO06 HSEO06
E, (eV) r-r 2.87 4.45 5.00
m?/m° r-X 0.53 0.46 0.37
r-y 0.40 0.39 0.31
r-z 0.50 0.48 0.61
m; /m’ r-x 1.21 1.17 1.05
r-y 0.59 0.52 0.48
r-z 3.81 4.00 3.46

absorption onset and cannot capture the strong absorptions
for samples much thicker than 1 um. The onset of strong
absorption was determined by evaluating plots of the squared
absorption coefficient vs the photon energy.

III. ELECTRONIC PROPERTIES

LalnO; crystallizes in the orthorhombic space group
Pbma, with four formula units per unit cell, as shown in
Fig. 1(a) [16,17,35], and experimental lattice constants of a =
5722 A, b =5.938 A, and ¢ = 8.214 A [17]. Our calculated
lattice constants of a = 5.706 A, b = 5951 10%, and ¢ =
8.216 A, obtained by PBEsol, are in close agreement with
the experimental values. Note that, in the literature, also an
alternative notation is used, i.e., space group Pnma with the
longest axis b, obtained by cyclical permutation of the axes
[2,17,35].

In Fig. 1, we present the band structure of LalnO3 com-
puted with PBEsol, HSEOQ6, as well as GoWy @HSEQ6. The
corresponding band gaps are reported in Table I. According to
PBEsol, both the VB maximum (VBM) and the CB minimum
(CBm) are located at the I' point, resulting in a direct band
gap of 2.87 eV [see Fig. 1(b)]. This value underestimates the
experimental counterpart [2,7,17], by around 40%. Since SOC
has negligible effect on the electronic bands, as visualized in
Fig. 1(b), we omit it in the following calculations. The atomic
character of the bands is highlighted by the color code in
Fig. 1(c). The VBs above —5 eV are mainly dominated by O-p
orbitals, and In-d states contribute to the highest VB around
the I and § points. The dispersive CB around the I" point is
dominated by In-s as well as O-s and O-p states (O-sp). The
La-d orbital dominates the CBs above 4.5 eV, while the La-f
derived bands appear at about 4 eV (2 eV above the CBm).

The HSEOQ6 band structure is shown in Fig. 1(d). Compared
with PBEsol, the direct character of the gap at I" is preserved,
its value of 4.45 eV is about 1.6 eV higher (see Table I). The
bands between the CBm and 3 eV above have almost the same
shape in both cases. The main difference is in the location
of the La-f-derived bands that are shifted up to appear 1 eV
higher in energy.

We also compute the QP band structure applying GoWj
on top of the HSEO06 results. The latter method has turned
out most reliable for computing the electronic properties of
a wide range of oxides, including TCOs [36]. As shown in
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FIG. 1. (a) Primitive cell (left) of orthorhombic LalnO; and first Brillouin zone (right) with high-symmetry points and paths indicated in
red; (b) PBEsol band structure with (orange) and without (black) spin-orbit coupling (SOC); (c) atomic characters projected onto the PBEsol
band structure; (d) HSE06, and (e) GoW, @ HSEO6 band structures. In all panels, the midgap is set to zero.

Fig. 1(e), the QP correction increases the HSE06 band gap by
0.55 eV to about 5 eV. As electron-phonon (e-ph) effects are
not considered at this level, the latter gap is sightly higher than
the experimental values. We will get back to this point in Secs.
IV B and IV C. Considering the whole QP band structure, the
VB bands are almost the same as those given by HSEO6,
while the dispersion of the bands located between 4 and
8 eV differs from both PBEsol and HSEQ6 results. Moreover,
we find that the La-f-derived bands are further shifted up to
appear at 5 eV from the CBm, which is 2 eV more than
in HSEO6 [see Fig. 1(d)]. This huge difference shows that a
simple scissor shift of both PBEsol and HSE06 CBs will not
be sufficient to study the optical properties of LalnO; in a
high-energy range. However, in this paper, we are interested in
the absorption-edge spectra that involve a small group of top
valence and bottom conduction states. Comparing the bands
computed with PBEsol and GyW,@HSEOQ6, the states have
the same ordering and similar dispersion in the vicinity of the
Fermi level. This justifies the scissor approach for computing
the optical spectra, as mentioned in Sec. IT A.

In Table I, we also report the values of the effective electron
and hole masses. The smallest electron mass is found along
the I'-Y direction (corresponding to the lattice direction b)
with a value of 0.40 my from PBEsol and 0.39 m; from

HSEO06. GoW,@HSEQ6 reduces this value to 0.31 my due
to the changed dispersion around the CBm in the QP band
structure. The values for the directions along I'-Z and I'-X
are slightly higher, indicating anisotropic electron conductiv-
ity. The pronounced dispersion around the VBM along I'-Y
corresponds to a low effective hole mass of 0.59 and 0.52 my
as obtained by PBEsol and HSEQ6, respectively. Employing
GoWy@HSEQG, it decreases to 0.48 mg. Overall, these values
indicate that LaInO3 can be a good candidate for both n- and
p-type conductivity.

To analyze and understand the optical response of the
material, more specifically the characteristic of the absorption
onset, we depict in Fig. 2 the band structure in the vicinity of
the band gap, highlighting the atomic characters [Fig. 2(a)].
We also visualize the VB and CB wave functions at the
I' point [Fig. 2(b) and 2(c)]. As we can see, the VBs are
mainly formed by O-p states. The VBM, VB-1, and VB-3
have additional contributions from In-d orbitals. Such a char-
acteristic has also been reported for other TCOs, such as In,O3
(bixbyite), Ga, O3 (bixbyite), and SnO, (rutile), where cation
d-states contribute to the top of the VB [37,38]. The bands
with pure O-p character are lower in energy and have odd
parity. This is the case for VB-5, VB-4, and VB-2 that are
formed by O-p orbitals, exhibiting p,, p,, and p, characters,
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FIG. 2. (a) Band character projected onto the PBEsol band struc-
ture along the Y-I'-Z path in the Brillouin zone (BZ). The CB is
shifted upwards by 2.13 eV to recover the GoW, @ HSE06 band gap.
(c) Square modulus of the Kohn-Sham wave function (yellow) of
the valence band maximum (VBM)/valence band (VB)-1, VB-2,
VB-3, VB-4, VB-5, and conduction band minimum (CBm) states at
I', highlighted by black, green, orange, red, blue, and white circles,
respectively, in the band structure shown in (b).

respectively. We note that VB-2 and VB-3 are energetically
split at I'. The CBm is built of In-s and sp-hybridized O states
with even parity.

IV. OPTICAL SPECTRA

A. BSE calculations

In Fig. 3(a), we plot the optical spectra of LalnOj3 for light
polarization along [100], [010], and [001]. Focusing on the
BSE results, we find the onset (marked as D) at about 4.80 eV
i.e., 0.2 eV below the fundamental gap, reflecting a sizable
e-h attraction. It stems from transitions from the top VB to
the lowest CB around the I" point [see Fig. 3(d)]. Note that
the exciton weights [Eq. (5)] do not include the momentum
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FIG. 3. (a) Imaginary part of the macroscopic dielectric function
of LalnOj; for light polarization along [100] (blue), [010] (red), and
[001] (green) direction as computed from the Bethe-Salpeter equa-
tion (BSE) (solid line). The independent quasiparticle approximation
(IQPA) spectrum (shaded gray area) is shown for comparison. The
position of the lowest-energy excitation D is marked by a black
triangle, and the ranges of weak excitations are highlighted with
dashed rectangles (BSE spectra). (b) and (d) Band contributions to
the weak and (c) first intense excitations. (¢) Exciton wave function
of excitation C, showing the spatial electron distribution (green) with
respect to the hole being fixed at an oxygen atom (yellow spot). The
crystal structure is shown locally to ease the visualization.

matrix elements and thus do not provide information on the
oscillator strength. In this way, we only analyze the band
contribution to each excitation, regardless of the transitions
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TABLE II. Irreducible representations of the top five VBs at the
I' point, determining whether transitions to the CBm are either dipole
forbidden or allowed.

Band Symmetry at " Transition to CBm
CBm A, —

VBM By, Forbidden
VB-1 Ajg Forbidden
VB-2 By, Allowed
VB-3 Bs, Forbidden
VB-4 B3, Allowed
VB-5 B, Allowed

between the corresponding states being allowed or forbidden.
Whether excitations are weak or strong can be seen only in
the spectra [see Fig. 3(a)]. The reason for the very weak
intensity of excitation D is due to the fact that the vertical
transition exactly at the I" point is dipole forbidden according
to the parity of the VBM and CBm states. Thus, only weak
transitions near I" contribute. In Table II, we identify the type
of transitions from the top five VBs to the CBm, according to
their irreducible representation [39]. As the VBM and VB-1
have even parity, transitions to the CBm, that belongs to the
A\, representation, are dipole forbidden. The same holds for
the transition from the VB-3 to the CBm. Allowed transitions
to the CBm come from VB-2, VB-4, and VB-5, all exhibiting
odd parity (By,, B3y, and By, representations, respectively).
Thus, the optical onset is characterized by weak excitations
from states around I' (along the I'-X, I'-Y, and I'-Z paths),
which are dipole allowed [see colored rectangles in Fig. 3(a)].
Such transitions are found for light polarization along all di-
rections, examples being excitation A" at 5.17 eV along [100],
B’ at4.98 eV along [010], and C’ at about 5.09 eV along [001],
as indicated in Fig. 3(a). Their origins in terms of initial and
final states are highlighted in Fig. 3(b).

Strong excitations only set in above the fundamental gap
(vertical dashed line at 5.0 eV), i.e., at about 5.22 (exci-
tation A), 5.17 (excitation B), and 5.12 eV (excitation C)
for light polarization along [100], [010], [001], respectively
[see Fig. 3(c)]. Their anisotropy arises from the fact that
the transitions involve initial states from different bands, i.e.,
VB-5, VB-4, and VB-2, respectively, which are dominated
by O-p states of p, (blue), p, (red), and p, (green) character,
respectively [see Fig. 2(c)]. Only when the orientation of the
O-p orbitals coincides with the direction of light polarization,
an intense excitation to the CB, mainly around the I' point
[Fig. 3(c)], appears. The binding energies of excitations A, B,
and C are about 0.2 eV, as obtained by comparison with the
corresponding IQPA transitions. To visualize the exciton wave
function, we select excitation C as an example and display
in Fig. 3(e) the electron distribution corresponding to a fixed
position of the hole at an O site. The latter is delocalized with
an extension larger than 20 A, mainly located on In-s and O-s
orbitals.

We conclude by noting that this situation—very weak exci-
tations at the absorption onset and very strong ones above the
fundamental band gap—may lead to contradictory interpreta-
tions regarding the experimental determination of the optical
gap, as we will see in Secs. IV B and IV C.
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FIG. 4. (a) Computed imaginary part of the macroscopic dielec-
tric function of LalnO; (solid lines), for light polarization oriented
along the [100] (blue), [010] (red), and [001] (green) directions.
The position of the lowest optical transitions (D) is marked with
a black triangle. The first intense excitation ([001] polarization) is
indicated by the vertical green line, the electronic quasiparticle (QP)
gap by the vertical black line. Corrections due to zero-point vibration
(ZPV) and temperature effects are included to correspond to 300 K.
Absorption spectrum taken at room temperature of a single LalnO3
crystal, obtained from (b) ellipsometry and (c) optical absorption.
The corresponding onsets are highlighted with green (solid) and
black (dashed) vertical lines, respectively. The experimental error bar
is estimated to be ~0.1 eV, as indicated by the line thicknesses.

B. Experiment

In Figs. 4(b) and 4(c), we display the absorption spectra
given by ellipsometry and optical absorption measurements,
respectively. The BSE spectrum is shown in the top panel for
comparison. At first glance, we recognize the same qualitative
behavior concerning the anisotropy at the respective onset.
However, strikingly, the absorption onset is not the same in the
two experimental probes. In ellipsometry, it appears at 4.80 eV
([001] direction) which is 0.45 eV above that given by optical
absorption (4.35 eV). In Table III, we report these values. To
shine light onto this discrepancy, we get back to the discussion
of the BSE results.

Before doing so, we first address vibrational effects, i.e.,
renormalization of the band gap by zero-point motion and
temperature. Not being considered in the calculated QP band
gap, the absorption onset obtained from the BSE is expected
to be higher than in experiment. We estimate these effects
from optical absorption measurements performed below room

115105-6



FINGERPRINTS OF OPTICAL ABSORPTION IN THE ...

PHYSICAL REVIEW B 103, 115105 (2021)

TABLE III. Onsets of optical absorption (in eV) determined by
spectroscopic ellipsometry at room temperature (300 K) as well as
by absorption spectroscopy at 300 and 5 K, for different polarization
directions of the incident light.

Ellipsometry Absorption
Polarization 300 K 300 K 5K
E | [100] 5.0 4.39 4.52
E | [010] 4.9 4.39 4.52
E | [001] 4.8 4.35 4.46

temperature. The resulting temperature dependence of the op-
tical gap is shown in Fig. 5.

The measured data are fitted using a single-oscillator
model [40] expressed by

E(T) = E,(0) — Stfieo)| coth [ 9L} 4 %)
= — CO - )

8 8 @ 2UsT

where the parameter E¢(0) is the optical gap at zero temper-
ature, S a measure of the e-ph coupling strength, and (hw)
an average phonon energy [40,41]. Considering the whole
temperature range, the best-fit parameters E,(0) = 4.46 €V,
S = 4.5, and fiw = 33 meV are obtained for polarization
along the [001] direction. Comparable values are found for

4.8

4.6 .

>
I
T

Optical gap [eV]
N
N

40 .
a Exp. [100] N
= Exp. [010] N
38F e Exp.[001] A
Linear fit N
Single-oscillator N
3.6 " 1 " 1 " 1
0 300 600 900 1200

Temperature [K]

FIG. 5. Temperature dependence of the optical gap obtained by
optical absorption measurements. Blue, red, and green symbols rep-
resent the measured data for light polarization along [100], [010],
and [001], respectively; the corresponding solid lines are the best
fits based on a single-oscillator model. The dashed green line shows
a linear fit for high temperatures. The inset zooms into the low-
temperature region to distinguish between gap renormalization due
to temperature and zero-point vibration (ZPV).

TABLE 1V. QP gap EJ" as given by GoW,@HSEO06 at 0 K
and optical gap ng"" as obtained by the BSE (in eV). In addition
to the lowest-energy excitation (D), defining the optical gap, also
the energy of the first intense excitation (E€) is provided. The
corresponding values including corrections to account for ZPV and
temperature effects are depicted as well.

ThCOI'y ESP ESP_CO" E;pt E;pt-corr EC E;-corr
0K 5.0 4.85 4.80 4.65 5.12 4.97
300 K 4.73 4.53 4.85

other directions. Extrapolating to 1200 K, the gap is by about
0.65 eV lower than at room temperature, reflecting the strong
impact of e-ph coupling. We note that, in other TCOs such
as In,O3 and SrTiOs, this effect is found to be even more
pronounced, where the gap decreases by >1 eV [41,42].
The high-temperature part of the curve can be fitted with
a linear regression, i.e., E,(0) — 2SkgT + S{/iw) [40]. From
this analysis, the ZPV effects are estimated, amounting to
S({hiw) ~ 0.15 eV. Thus, the optical gap (disregarding the e-ph
contribution) is determined to be 4.62 eV at 0 K (see inset
in Fig. 5). Its decrease from 0 and 300 K is about 0.27 eV,
where 0.15 eV is assigned to ZPV and 0.12 eV to temper-
ature effects including lattice expansion. The latter value is
comparable with those reported for other TCOs [41]. These
values are included as corrections to the theoretical spectra
for comparison with experiment [Fig. 4(a)].

C. Comparison between theory and experiment

In Table IV, we report the QP gap, as given by
GoWy@HSEO06 at 0 K, and the optical gap obtained by the
BSE. The latter is defined by the lowest-energy excitation
(D). In addition, we also provide the energy of the first in-
tense excitation (E€). These values need to be corrected to
account for ZPV and temperature effects, both obtained from
the analysis in Sec. IV B. At room temperature, the funda-
mental QP gap is 4.73 eV, while the optical gap is 4.53 eV,
0.32 eV below the first intense excitation C ([001] direction) at
4.85 eV. This difference, in fact, explains the seeming discrep-
ancy between the two experimental probes [see Figs. 4(b) and
4(c)]. More specifically, ellipsometry, obviously only “sees”
the high-intensity transitions; thus, its absorption edge at
~4.80 eV coincides with the first intense excitation (C, [001])
at 4.85 eV given by theory. In contrast, the optical absorption
measurement is sensitive to weak excitations, and thus, its
onset corresponds to the optical gap. Overall, there is excellent
agreement with our calculations, well within the experimental
and theoretical error bars (see Fig. 4). With these findings, we
can rule out the origin of the weak excitations to originate
from phonon-assisted (indirect) transitions [38,41,43]. Never-
theless, the absorption onset may be enhanced by the presence
of point defects that are evident from the absorption at about
2.8 eV which lower the crystal symmetry.

Finally, we deduce the fundamental gap from the optical
absorption. By adding the excitonic binding energy of 0.2 eV
obtained by BSE to the experimental optical absorption onset,
we arrive at E, = 4.55 eV at room temperature.
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V. SUMMARY AND CONCLUSIONS

We have presented a detailed study of the electronic and
optical properties of the orthorhombic perovskite LalnOs,
from both first-principles many-body calculations and exper-
iment. Employing the self-energy correction on the HSE06
results (GoWy@HSEO06), we have found a direct electronic
QP gap of about 5 eV. The effective electron (hole) mass is
estimated to be about 0.31 (0.48) mg along the I"-Y direction.
These low values suggest the material useful for both n- and
p-type conductivity. SOC is shown to have a negligible ef-
fect on the electronic structure in the vicinity of the Fermi
energy. Temperature-dependent optical absorption measure-
ments show the optical gap decreases by about 0.12 eV going
from 5 to 300 K. Below that, ZPV effects are estimated to
amount to a further reduction of 0.15 eV. From the solution of
the BSE, we have found that the absorption onset is character-
ized by weak excitations, stemming from the vicinity of the
band edges, but the transition exactly at the VBM (I" point)
is dipole forbidden. The e-h binding energy of the lowest
exciton is about 0.2 eV. Our findings are fully inline with
optical absorption measurements that capture also excitations
with low oscillator strength. Intense excitations only set in by
about 0.32 eV higher in energy. Including corrections due to

ZPV and temperature effects, the energy of the first intense
excitation obtained theoretically coincides with the absorption
edge obtained by ellipsometry at 4.8 eV, which is unable to
provide information on the optical gap. All three methods find
excellent agreement concerning the anisotropy of the optical
spectra, most strikingly, the BSE and ellipsometry results,
finding response to light polarized along [001] lowest and
along [100] highest in energy.

Input and output files can be downloaded free of charge
from the NOMAD Repository [44,45].
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