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Effects of La 5d and 4 f states on the electronic and optical properties of LaAlO3
Jimmy-Xuan Shen,1,* André Schleife,2,3 Anderson Janotti,4,† and Chris G. Van de Walle4
1

Department of Physics, University of California, Santa Barbara, California 93106-9530, USA
Condensed Matter and Materials Division, Lawrence Livermore National Laboratory, Livermore, California 94550, USA
3
Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
4
Materials Department, University of California, Santa Barbara, California 93106-5050, USA
(Received 11 May 2015; revised manuscript received 1 August 2016; published 22 November 2016)
2

Using first-principles calculations based on density functional theory (DFT) we compare the generalized
gradient approximation (GGA-PBE) with a screened hybrid functional by studying the electronic and optical
properties of bulk LaAlO3 in the cubic and rhombohedral phases. We find that both atomic and electronic
structures are accurately described by the hybrid functional. The hybrid functional not only corrects the band
gap, when compared to GGA-PBE, it also shifts the unoccupied La 4f bands to higher energies with respect to
the hybridized conduction-band minimum, composed of 83% La 4d, 5% La 4f , 6% O 2s, and 6% O 2p states.
We show that this shift is essential to accurately describe the complex dielectric function, in good agreement with
experimental results. We conclude that the screened hybrid functional offers a reliable description of the position
of empty f bands with respect to the valence- and conduction-band edges in LaAlO3 .
DOI: 10.1103/PhysRevB.94.205203
I. INTRODUCTION

Lanthanum aluminate, LaAlO3 or LAO for short, is a
wide-band-gap perovskite that is of great interest as a high-k
dielectric [1], with reported values of the static dielectric
constant ranging from 20 to 27 (Refs. [2] and [3]). Bulk
LAO offers good lattice matching with many other perovskite
materials and is an excellent substrate for epitaxial growth
of high-Tc superconductors and magnetic or ferroelectric
thin films [4–6]. In complex-oxide heterostructures [7], the
combination of LAO with strontium titanate, SrTiO3 (STO),
has been studied extensively due to the formation of a high
density two-dimensional electron gas at the interface, even
though both materials are conventional band insulators [7].
Despite the great interest in applications, some fundamental
properties of bulk LAO are still poorly understood: specifically,
the value of the band gap (experimental values range from
5.6 eV to 6.5 eV [8–11]), the position of the La 4f states,
and the contributions of different orbitals to the optical spectra. First-principles studies have focused on various aspects
of LAO and related heterostructures, including electronic
properties [12–17], structural phase transitions [18,19], and
optical properties [16]. In the isolated La atom, the 4f and 5d
states are close in energy [20]. The electronic configuration of
the atom, [Xe]6s 2 5d 1 , actually violates the Aufbau principle,
which predicts an electronic configuration of [Xe]6s 2 4f 1 .
Similarly, in a solid-state environment, the La 4f states are
usually shifted above the conduction-band edge of the host
crystal [21]. Therefore the La 4f states have not been discussed
in detail [21] or have been outright neglected [22] in firstprinciples calculations because the band gap is typically given
by the transition between O 2p and La 5d bands. This neglect
may be justified from a structural and energetic point of view
since the f states are highly localized and do not participate in
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bonding. However, the La 4f states can play a major role for
optical properties. In LAO, they constitute a primary feature
in the density of states near the conduction-band edge, and
careful consideration of the localized 4f states is crucial when
calculating and interpreting optical spectra.
Here, we use first-principles methods to determine the
electronic and optical properties of LAO in both the cubic phase (c-LAO) and the rhombohedral phase (r-LAO)
(see Fig. 1). Calculations of optical spectra for LAO were
previously reported in Ref. [16]. However, that study was
based on the generalized gradient approximation (GGA),
which we will find to be insufficiently accurate. The authors
of Ref. [16] also performed an incorrect comparison with
experimental data from Ref. [8] (the lower limit of the
imaginary dielectric function was misread as 2 instead of 0),
affecting the interpretation of their results. We will present
a careful comparison with the measured dielectric functions
in the literature and focus particular attention on how the
description of the localized La 4f states affects the computed
optical spectra in the vicinity of the absorption onset. This will
enable a more accurate interpretation of optical measurements,
which can be used to study the charge redistribution at LAObased interfaces [23]. Ascertaining a more precise value of the
band gap will deepen our understanding of the material itself
and aid in the design of heterostructures. We also examine the
variation in the valence- and conduction-band edges due to the
structural changes between c-LAO and r-LAO. Furthermore,
our study produces insight regarding the effectiveness of
different exchange-correlation functionals in describing the
La 4f state energies and the optical properties of LAO. These
insights should aid future studies of similar materials that
combine a strongly polar character and, hence, large static
dielectric constant, with strongly localized d and f electrons
in the band-edge region.
The paper is organized as follows: In Sec. II, we present
the technical aspects of the computational methodology, and
in Sec. III, we discuss the results of the structural optimization
(Sec. III A) and electronic (Sec. III B) and optical properties
(Sec. III C). Section IV concludes the paper.
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a mesh of 8 × 8 × 8 for the calculation of the frequencydependent dielectric functions.
αβ
αβ
The dielectric tensor εαβ (ω) = εr (ω) + iεi (ω) is calculated within the PAW framework using the longitudinal
approximation [32]. Additional contributions due to excitonic
interactions were not considered. From Ref. [32], the imaginary part of the dielectric tensor is given by:

(b) c-LAO
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FIG. 1. Crystal structure for (a) rhombohedral LaAlO3 (r-LAO)
and (b) cubic LaAlO3 (c-LAO). The tilt angle of the octahedra θ is
indicated in the inset.

II. COMPUTATIONAL APPROACH

Our calculations are based on density functional theory [24,25] as implemented in the Vienna ab initio simulation
package (VASP) [26]. To describe exchange and correlation,
we use the generalized-gradient approximation (GGA-PBE)
of Perdew, Burke, and Ernzerhof [27] as well as the
screened hybrid functional of Heyd, Scuseria, and Ernzerhof
(HSE06) [28,29]. The exchange-correlation energy in HSE06
is given by

(1)

× uck+eα q |uvk  uvk |uck+eβ q  ,
where unk are the cell-periodic parts of the Bloch wave
functions, q stands for the Bloch vector of the incident beam,
and c and v refer to conduction and valence band states,
respectively. Since optical excitations are causal, the real
αβ
part of the dielectric tensor εr (ω) can be derived from the
imaginary part via Kramers-Kronig relations [33]
 ∞
αβ
εi (ω )ω
2
αβ
dω ,
εr (ω) = 1 + P
(2)
2 + ω2 + iη
π
ω
0
where we have used a complex shift of η = 0.1 eV.
III. RESULTS AND DISCUSSION
A. Structural properties

HSE
EXC

1
3
= EXHF,SR (ω) + EXPBE,SR (ω) + EXPBE,LR (ω) + ECPBE ,
4
4
−1

where the screening parameter ω has the value of 0.2 Å .
The mixing ratio of the short-range Hartree-Fock exchange
[EXHF,SR (ω)] and the long-range PBE exchange [EXPBE,LR (ω)]
can in principle be used as a tuning parameter. However,
for materials with an electronic dielectric constant close to
4, the standard 25% mixing is typically a good approximation;
additional comments on this issue are included in Sec. III B.
The interactions of valence electrons with the ionic cores
are treated through the use of projector augmented wave (PAW)
potentials [30]. The La 5s, 5p, 6s, and 5f electrons, the
Al 3s and 3p electrons, and the O 2s and 2p electrons are
treated as valence electrons. The reciprocal space integration
was performed using a mesh of 6 × 6 × 6 special k points
following the Monkhorst-Pack scheme [31] for structural
optimization of both rhombohedral and cubic phases and

At room temperature, bulk LaAlO3 has a rhombohedral
structure (r-LAO) with space-group symmetry R 3̄c, containing
two formula units in the primitive cell [Fig. 1(a)]. It can
be described by the lattice parameter a, representing the
length of the three lattice vectors, identical angles α = β = γ
between the three lattice vectors, and an angle θ that represents
the rotation of the AlO6 octahedra. Above 813 K, LAO
transitions to a cubic perovskite structure (c-LAO) [34], with
one formula unit per primitive cell, characterized by a single
lattice parameter a (the length of the three lattice vectors
[Fig. 1(b)]). The calculated lattice parameters, compared with
experiments and previous calculations, are listed in Table I.
Our GGA-PBE and HSE06 calculations give lattice parameters in good agreement with results from neutron powder
diffraction experiments [34] and previous calculations [16,18].
For c-LAO, the agreement between our GGA-PBE lattice
parameters with experimental results is misleading because
c-LAO is only stable at very high temperatures (>813 K).

TABLE I. Calculated structural parameters of LaAlO3 in the rhombohedral (r-LAO) and cubic (c-LAO) phases, including the a and α
lattice parameters, and the octahedral tilt angle (θ) for r-LAO. We note that in Ref. [16] and Ref. [18] the authors reported lattice parameters for
r-LAO using the conventional cell containing six formula units; we converted these to the values for the primitive cell containing two formula
units.
Configuration

Property

GGA-PBE

HSE06

GGA-PBEa

GGA-PBEb

HSE06b

Exp.c

Rhombohedral

a(Å)
α (◦ )
θ (◦ )

5.392
60.22
6.3

5.342
60.20
5.7

5.346
60.30

5.422
60.31
4.0

5.381
60.20
3.1

5.357
60.10
5.7

Cubic

a(Å)

3.810

3.776

3.830

3.800

3.811

a

Reference [16]
Reference [18]
c
Reference [34]
b
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Using a linear expansion coefficient of 2.25 × 10−5 from
Ref. [35] to extrapolate the c-LAO lattice parameter to 0 K
yields an estimated value of 3.74 Å, which would mean
that GGA-PBE overestimates the c-LAO lattice parameter
by 1.9%. For r-LAO, GGA-PBE overestimates the lattice
parameter a by 0.7% while HSE06 underestimates it by only
0.3%. The tilt angle θ is 6.3◦ in GGA-PBE and 5.7◦ in HSE06,
compared to the experimental value of 5.7◦ .
B. Electronic properties

The calculated band structures of c-LAO and r-LAO using
GGA-PBE and HSE06 functionals are shown in Fig. 2. The
orbital projections of the states in the band structure are also
presented: The thickness of the bands represents the magnitude
of the projection of the state onto the atomiclike La 4f and
5d orbitals, while the color indicates whether the state has 4f
or 5d character. A strongly localized band with exclusively
La 4f character is present in each band structure. The state at
the conduction-band minimum (CBM) at has predominantly
La 5d character in GGA but mixed character in HSE06. The
valence-band maximum (VBM) and states further away from
the band edges do not exhibit significant contributions from
the localized La 4f and La 5d orbitals.

FIG. 2. Band structures of c-LAO in (a) GGA-PBE and (c)
HSE06 and band structures of r-LAO in (b) GGA-PBE and (d) HSE06.
The valence-band maximum (VBM) was used as the zero-energy
reference in each plot. The Kohn-Sham eigenvalues are shown with
black or colored dots. The thickness of the bands is proportional to
the total projection weights on the 4f and 5d states of La. The color
indicates the angular momentum character of the states, according to
the color bar on the right.

TABLE II. Calculated band gaps of cubic LaAlO3 (c-LAO) and
rhombohedral LaAlO3 (r-LAO) phases in GGA-PBE and HSE06.
Experimental results from optical ellipsometry and O 1s energy loss
spectra are also listed.
Rhombohedral
Band gap (eV)
GGA-PBE
HSE06
Ellipsometry
Loss Spectra

Cubic

Direct

Indirect

Direct

Indirect

4.08
5.60
5.60a 6.33b
6.1c 6.5d

4.01
5.54

3.61
5.04

3.48
4.89

a

Reference [8] — crystalline
Reference [9] — amorphous
c
Reference [10] — crystalline
d
Reference [11] — on Si
b

Independent of the functional, the VBM in c-LAO occurs
at R ( 21 , 12 , 12 ) and the CBM at (0,0,0); in r-LAO the VBM
is at F ( 21 , 12 ,0) and the CBM is again at . The indirect and
direct band gaps from GGA-PBE and HSE06 calculations are
listed in Table II and compared with a range of experimental
values from optical ellipsometry [8,9] and O 1s energy loss
spectra [10,11]. The band gap derived from energy loss spectra
measurements requires linear interpolation of the baseline and
loss onset curves, while determination of the band gap using
the absorption spectrum from optical ellipsometry does not
require any additional numerical interpretation. Thus, the most
relevant experimental data comes from the optical ellipsometry
measurements of crystalline LAO in Ref. [8].
As expected, comparison to experiment shows that GGAPBE severely underestimates the band gap. The HSE06 results
are much closer to the range of reported experimental values
and agree exactly with Ref. [8]. While HSE06 results are not
a replacement for quasiparticle energies as calculated within
many-body perturbation theory, using for instance Hedin’s
GW approximation [36], it turns out that for many materials
the HSE06 results are in good agreement with the experimental
values [37,38]. This success, that is attributed to the inclusion
of screened exact exchange, can be physically motivated via
the similarity of the screened-exchange hybrid functional
and the frequency-independent COHSEX approximation of
the electronic self energy [39]. From this comparison, it
can be seen that one quarter of the Hartree-Fock exchange
approximately corresponds to an electronic dielectric constant
of 4 that screens the electron-electron interaction. This value
agrees very well with the value obtained from our calculations,
as reported in Sec. III C.
The band gaps of c-LAO and r-LAO in HSE06 are 1.41 eV
and 1.53 eV larger than in GGA-PBE, respectively. Using the
HSE06 hybrid functional, the indirect band gap of r-LAO is
0.65 eV larger than that of c-LAO. This is attributed mostly to
the narrowing of both the valence band and conduction band
in r-LAO due to octahedral distortions: An HSE06 calculation
for r-LAO with θ = 0◦ yields a band-gap decrease of 0.66 eV,
of which 0.22 eV comes from an increase in the VBM and
0.44 eV from a lowering of the CBM. In order to estimate the
difference in the position of the VBM in HSE06 with respect
to that in GGA-PBE, we performed an HSE06 calculation
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C. Optical properties

To examine optical properties, we computed the complex
frequency-dependent dielectric tensor, given by Eqs. (1)
and (2). At low temperatures, only the r-LAO phase is
physically relevant for optical measurements, thus, it will be
the focus of our optical properties calculations. Although the
dielectric function of r-LAO is in principle anisotropic, we
find the off-diagonal entries to be negligible, and the diagonal
entries are nearly identical. Hence, we only report the average
of the three diagonal components of the dielectric tensor. The
real part εr (ω) and the imaginary part εi (ω) are plotted in
Fig. 4.
The imaginary part of the dielectric function, calculated
in HSE06, exhibits two peaks, at 8.32 eV and 9.69 eV.
By projecting the conduction-band states in Eq. (1) onto
distinct atomic orbitals, we can estimate the contributions
to the imaginary dielectric function from the various atomic
states [see Fig. 4(a)]. At the photon energy of the first peak
(ω = 8.32 eV), the contributions to the imaginary dielectric
function come primarily from optical transitions to La-d
(29%) and La-f (65%). The contributions to the second peak
(ω = 9.69 eV) are also primarily from the same orbitals, with

-1

)

50
40
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20
10
0

DOS (States eV

for c-LAO strained to the GGA-PBE lattice parameters; since
the volumes are now the same, we can assume the averaged
electrostatic potentials in HSE06 and GGA-PBE are equal and
the band positions are aligned to a common reference. We find
that HSE06 lowers the VBM by 1.03 eV and raises the CBM
by 0.50 eV with respect to the GGA-PBE values. Repeating
the GGA-PBE calculations at the HSE06 lattice parameter
produced negligible shifts (<0.1 eV) in the VBM and CBM.
Another striking difference between the band structures in
GGA-PBE and HSE06 is the position of the unoccupied La
4f bands (cf. Fig. 2). The band structures of both c-LAO
and r-LAO exhibit rather flat, localized La 4f bands above the
CBM. However, the relative energy of the La 4f bands changes
significantly between GGA-PBE (0.5 eV above the CBM)
and HSE06 (2.0 eV above the CBM) calculations, due to the
improved description of localized states in HSE06 compared
to GGA-PBE. This shows that for this material, the commonly
used scissor operator (shifting all of the conduction-band
eigenenergies by a fixed amount) will not be sufficient when
calculating optical-absorption spectra. While that approach
can be used to correct for the band-gap underestimation of
GGA-PBE, a correction is also needed for the La 4f bands in
order to correctly describe optical properties right above the
absorption onset (cf. Sec. III C).
The orbital-decomposed densities of states (DOS) for the
different atomic species in r-LAO are shown in Fig. 3, along
with the total DOS. We find that the CBM is derived from
La 5d states which extend 6.2 eV above the CBM while the
La 4f bands are concentrated around a sharp peak 2.2 eV
above the CBM. The upper part of the valence band, between
−5 eV and 0 eV, is composed predominately of O 2p states.
Unoccupied Al-related states start at about 2 eV above the
CBM and extend to higher energies. We note that in previous
HSE06 calculations [18] the La 4f bands were not shown,
likely because the calculations made use of a localized basis
set without f -like orbitals.
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FIG. 3. Orbital-decomposed density of states (DOS) for r-LAO
calculated in HSE06 for each atomic species. The highest two orbital
contributions of the atom-projected DOS are shown for (a) La, (b)
Al, and (c) O. The total DOS for r-LAO is shaded gray in (d), and
VBM and CBM are indicated by vertical lines. The insets show the
bottom of the conduction band (5.6–7.6 eV); contributions from the
Al and O orbitals are negligible in this range.

38% attributed to the La-d orbitals and 50% attributed to
the La-f orbitals. Since states with high angular momentum
account for the majority of contributions to these two peaks,
an accurate approach to describe the energy and momentum
dependence of localized states is necessary in order to compute
reliable optical spectra. The prominent role of f states near
the band edge justifies our choice to use the HSE06 functional,
which is known to accurately describe strongly localized states.
In comparing the calculated spectra with experiment, it is
important to understand the limitations in the accuracy of the
experiments. In the study by Asmara et al. [23] (“Exp.b ” in
Fig. 4), the dielectric functions of LAO were obtained using
a combination of spectroscopic ellipsometry (in the energy
range 0.5–5.6 eV) and reflectivity (3.7–35 eV) measurements.
Because the ellipsometry data is more reliable, the reflectivity
data was renormalized to match the ellipsometry data in that
energy range. However, the entire range of energies for the
ellipsometry measurements is below the direct gap of r-LAO
(5.60 eV), and thus there is no reference peak available in
that range, making the overall scaling of the reported spectra
unreliable. For the measurement reported in Ref. [8] (“Exp.a ”),
the authors used spectroscopic ellipsometry over the entire
experimental energy range (4.8–9.0 eV). We note that in the
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FIG. 4. (a) Imaginary and (b) real components of the dielectric
function for r-LAO. Results of the GGA-PBE (green) and HSE06
(black) calculations are shown and compared with Exp.a (from Fig. 4
in Ref. [8]) and Exp.b (from Fig. 5 in Ref. [23]). The contribution to
the HSE06 imaginary dielectric function due to transitions to d and
f states in the conduction band are also shown. Arrows indicate the
first peak in the imaginary dielectric function which we attribute to
transitions involving the La 4f states.

energy range 4.8–5.6 eV, where both experimental studies
report ellipsometry measurements, the dielectric function still
differs in absolute amplitude between the two studies. We are
led to conclude that the amplitudes of the reported spectra
depend on the exact procedure used to obtain them. The
absolute amplitude should thus not be a focal point in the
comparison of our calculated spectra with experiments, and
we will primarily focus on the onset and peak positions of the
imaginary dielectric function.
Figure 4 shows that the shape and the onset of the
HSE06 dielectric function is very similar to those observed in
experiments [8,23], lending confidence to our comparison of
the calculated band gaps in HSE06 with experimental results
in Table II. The position and onset of the first peak in the
measured imaginary dielectric function match the La 4f peak
in our HSE06 calculations, allowing us to attribute the primary
peak in Ref. [8] to transitions between the valence band and
5d/4f states in the conduction band.
As to the comparison of the HSE06 and GGA-PBE
calculations, the difference is particularly evident in the shape
and position of the first peak. This is mainly due to the
difference in the position of the La 4f bands relative to
the CBM, as discussed above. The pronounced shift of f
bands to higher energies in HSE06 causes the two main
peaks in the spectrum to be closer to each other in HSE06
(at 8.32 eV and 9.69 eV) than in GGA-PBE (5.53 eV and
7.59 eV). One may wonder why this double-peak feature,
prominent in the calculated spectra, is not evident in the
experimental dielectric functions. With regard to Ref. [8]
(“Exp.a ”), the reason is that the reported energy range barely
extends beyond the first peak. For Ref. [23] (“Exp.b ”), the
dielectric functions are obtained via a self-consistent iterative
scheme from the reflectivity, which introduces uncertainties,
as discussed below. We note that the original reflectivity data

[eV]
FIG. 5. (a) Frequency-dependent absorption coefficient and (b)
optical reflectivity of r-LAO. Results of the GGA-PBE (green)
and HSE06 (black) calculations are shown and compared with
experiments (Exp.a , digitized from Fig. 5 in Ref. [8] and Exp.b ,
digitized from Fig. 2.c in Ref. [23]). The finite absorption coefficients
at energies below the band gap for HSE06 (indicated by a vertical
line) are an artefact of the energy smearing, as discussed in the text,
and indicated with a dotted line.

does exhibit two clear shoulders, mirroring the two peaks in
the HSE06 reflectivity spectrum [see Fig. 5(b)].
We also highlight that the computed value of the electronic
dielectric constant (εr = 3.9 at low frequencies) agrees very
well with the experimental result of Ref. [23]. This electronic
dielectric constant (sometimes also called “high-frequency”
dielectric constant) is different from the static dielectric
constant which includes the lattice response and is reported
to be between 20 and 27 (Refs. [2] and [3]).
Additional optical properties can be derived from the real
and imaginary parts of the dielectric functions [40]. The
absorption coefficient α is given by
√

1
2ω  2
(3)
εr + εi2 − εr 2 ,
α(ω) =
c
and the optical reflectivity R by
R(ω) =

(n(ω) − 1)2 + κ(ω)2
,
(n(ω) + 1)2 + κ(ω)2

(4)

where n and κ are the components of the complex refractive
index given by


|εr + iεi | + εr
|εr + iεi | − εr
and κ =
. (5)
n=
2
2
The experimental absorption coefficient α was reported explicitly in Ref. [8], and we used Eq. (3) to compute the absorption
coefficient from εr and εi extracted from Fig. 5 of Ref. [23].
For small values
√ of εi the absorption coefficient follows from
α ≈ ωεi /(c εr ) . The real part of the dielectric function
remains finite below the band gap. Hence, the absorption

205203-5

SHEN, SCHLEIFE, JANOTTI, AND VAN DE WALLE

PHYSICAL REVIEW B 94, 205203 (2016)

spectrum must vanish along with the imaginary dielectric
function. This is indeed evident in the data from Ref. [8], which
exhibits a sharp drop in the absorption coefficient below the
band gap of LAO [Fig. 5(a)].
The small-εi expansion of the reflectivity contains a
nonzero term that is independent of εi . Due to this leading
εi -independent term, the reflectivity spectrum is not sensitive
to changes in εi that are small on an absolute scale but
substantial relative to the small values of εi near and below the
band gap. Specifically, the self-consistent iteration procedure
used in Ref. [23] to obtain the dielectric functions from the
measured reflectivity spectrum can result in a εi spectrum with
nonvanishing εi values below the gap (where εi should be
uniformly zero). While the reflectivity spectrum is insensitive
to εi near and below the band gap, the absorption spectrum
is linearly dependent on εi . This explains why the absorption
spectrum derived using the dielectric functions from Ref. [23]
differs greatly from the ellipsometry results of Ref. [8] and
from our calculations, particularly near and below the band
gap when εi
1.
The calculated results for the absorption spectrum and
reflectivity are also shown in Fig. 5. HSE06 results are again
in much better agreement with experiment than GGA-PBE
results, due to the improved descriptions of the band gap
and La 4f states. Figure 5(a) illustrates that agreement with
the experimental data for the absorption coefficient is good
for values above the band gap. However, the steep drop in
absorption that we expect to see below the band gap (which
is evident in the directly measured spectra from Ref. [8],
and indeed used to identify the band gap) does not occur
in the calculated spectra. The calculated absorption spectrum
suffers from a problem similar to that mentioned in the context
of extracting the data from Ref. [23]: While the calculated
imaginary dielectric function εi is very small below the band
gap, it is not exactly zero and there is a continuous tail that
extends well below the band-gap energy. This is an artifact
of the use of smearing, which is required to replace the δ
function in Eq. (1) when summing over a finite set of discrete
k points. These calculated absorption spectra are therefore
useful to compare with experiment at values above the gap but
should not be used to determine the value of the band gap; the
calculated results for the band structure are of course much
better suited to that purpose.
The HSE06 results for reflectivity [Fig. 5(b)] also show
good agreement with direct measurements from Ref. [23].
Notably, the onset position of the first peak in the HSE06
results and the leading shoulder of the measured reflectivity
fall within 0.2 eV. The agreement is much better than
for the GGA-PBE results which can, again, be attributed

to a more accurate band gap and a better description of
the separation between the CBM and the La 4f derived
states.
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