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Origin of the light green color and electronic ground state of LaCrQO;
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The electronic structure and optical properties of LaCrO5 have been calculated and the origin of the light
green color of LaCrO; has been identified. An optical gap of A;=3.4 eV was reproduced in agreement with
experiment, which is a charge transfer gap. Another optical gap, Ay=2.15 eV, which is not present in experi-
ments has also been found and explains the light green color of this compound. The energy band gap between
the top of the valence band and the bottom of the conduction band is A=1.40 eV and has Mott character. Our
calculated x-ray photoemission spectra (XPS) and x-ray absorption spectra at the oxygen K edge (O-K XAS)
are in very good agreement with experiments. In contrast to previous reports, these results have been obtained
using standard generalized gradient approximation calculations, while additional correlation effects for Cr 3d
states due to an effective Hubbard U would result in a colorless LaCrO5 and a disagreement with XPS and
XAS experiments. Thus, LaCrO; should not be considered as highly correlated transition metal oxide, a

conclusion also valid for many Cr** compounds.
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Nowadays, clean energy sources such as fuel cells and
their relevant new materials for electrodes or solid electro-
lytes are chased after due to increasing environmental con-
cerns. Lanthanum  chromite oxide, LaCrO;, and
LaCrOs-based materials have been considered as excellent
candidates for this purpose and may eventually outperform
presently used solid electrolytes. Understanding the physical
properties and the electronic structure of LaCrO; is therefore
of vital importance in the design of LaCrOs-based materials
having good electrochemical properties and leading eventu-
ally to an important application. Lanthanum chromite oxide
has been reported to be a wide band gap semiconductor with
an optical band gap of 3.4 eV,!? which is considered to be a
charge transfer gap."? The origin of this optical band gap is
unclear from a theoretical point of view because standard
calculations based on density functional theory (DFT) usu-
ally obtain much smaller gaps. Various calculations®=® based
on the local spin-density approximation (LSDA) or the gen-
eralized gradient approximation (GGA) yield energy band
gaps between 0.6 and 1.45 eV, depending not only in the
functional but also, in particular, on the approximations
made in solving the Kohn-Sham equations such as the
atomic sphere approximation in linear muffin-tin orbital
(LMTO) calculations. These calculations yield a gap be-
tween the occupied Crt,, and the unoccupied Cre, states.
For those reasons and in analogy with other transition metal
oxides, also LaCrOj; has been classified as highly correlated
oxide and various LSDA+U calculations*> have been per-
formed establishing the charge transfer character of the gap.
However, almost independent of the value of the Hubbard-U
parameter, fairly small gaps between 1.2 (Ref. 5) and 2.6 eV
(Ref. 4) have been obtained. On the other hand, Hartree-Fork
calculations’ yield an energy band gap which is too large
(4.5 eV) and has Mott-Hubbard character.

Thus, we notice that none of existing calculations can
explain the experimental optical gap of 3.40 eV, which was
obtained from reflectivity data by using the Kramers-Kronig
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relations. In these “indirect” measurements, the optical
conductivity!? and reflectivity spectra’ of LaCrO; show no
features in the visible range making LaCrO; obviously a col-
orless material, which is in strong contradiction to the ob-
served light green color of pure LaCrO;. Because of this, the
reported optical conductivity spectrum in the visible range
and the nature of 3.40 eV optical gap should be taken with
care.

The purpose of this Brief Report is to understand the elec-
tronic structure, the optical band gap, and the origin of the
light green color of pure LaCrO;, as well as the change of
color from green to yellow brownish in case of La and O
deficiencies, as reported by experiment. We will demonstrate
that LaCrO; and also many Cr** compounds do not neces-
sarily belong to the class of highly correlated oxides, and the
role of on-site electron correlations due to a strong Hubbard
interaction will be discussed. The nature of the 3.40 eV gap
will be investigated and we will show that it is related to
transitions between the O 2p valence band and the bottom of
the conduction band. All calculations in this work were car-
ried out with the WIEN2K software package.® This program
allows to compute the electronic structure of LaCrO5; within
DFT utilizing the full-potential (linear) augmented plane
wave+local orbital method and applying the Perdew-Burke-
Ernzerhof (PBE)-GGA.° Eventually, we also used, for com-
parison with GGA results, the GGA+ U approach in the fully
localized limit with effective U parameters. For the atomic
sphere radii, we chose values of 2.0, 1.9, and 1.7 a.u. for La,
Cr, and O, respectively. Inside the atomic spheres, the partial
waves were expanded up to /., =10 and the number of plane
waves was limited by a cutoff RyrK.x=7.0. The charge
density was Fourier expanded with G,,,,=14 Ry. A k mesh
of 500 k points in the full Brillouin zone was used. In addi-
tion to the usual valence states, also extra local orbitals for
“semicore” states (La4d, 5s, 5p; Cr3s, 3p; and O 2s) were
added and considered as band states. The optical properties
of LaCrO; have been calculated using the optical package of
WIEN2K!? and the O-K edge calculations include the dipole
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matrix elements between the ls core and the conduction
band states.

In our calculations, the structure (space group Pnma) and
lattice constants of Ref. 11 have been used and the internal
structural parameters are relaxed using the PBE-GGA. The
relaxed atomic positions are La (0.0267,0.25,-0.0040), Cr
(0, 0, 0.5), O(1) (0.4905, 0.25, 0.0684), and O(2) (0.2193,
0.5361, 0.2195). The good agreement, in particular, for the O
positions with neutron diffraction data (Table 3 of Refs. 11
and 12) is an indication that standard GGA is sufficient to
describe the distorted Cr-O polyhedron, while in strongly
correlated materials such as, e.g., KCuFj;, the structural dis-
tortions cannot be described without LDA+U.'> We have
also investigated the magnetic order and found a G-type an-
tiferromagnetic (AFM) state as the most stable magnetic
structure in comparison with ferromagnetic (9.1 mRy/f.u.),
A-(=5.7 mRy/f.u.), and C-(-6.9 mRy/f.u.) type AFM order-
ings. A magnetic moment of Cr of 2.56u [using an enlarged
sphere of Ry(Cr)=2.3 a.u.] has been obtained, which is in
good agreement with the experimental reports of 2.49 (Ref.
12) or 2.8z = 0.2u5.'"* Applying LDA+ U will increase the
magnetic moment, but it will not be larger than 3up in con-
trast to the reports by Yang et al.’

In order to get further insight into the electronic structure
of LaCrOj3, the theoretical (total and partial) density of states
(DOS) has been compared with experimental x-ray photo-
emission spectra (XPS)'® [see Fig. 1(a)]. The theoretical
DOS is shifted by 1.45 eV to align the main major peak
(peak A) with the experimental XPS. The shift is not to cor-
rect the underestimation of the band gap in the local density
approximation as discuss by Sharma ef al. in Ref. 15, but it
was indeed applied due to the fact that (i) in experiment, one
takes the energy zero as the “middle of the gap,” while in
theory, we take it at the valence band maximum; and (ii) for
insulators, one could have a “homogeneous charging”—
problem in experiment which will shift the entire spectrum
rigidly without any distortion of broadening and does not
change the relative positions of various spectroscopic
features.'® In contrast to Ref. 15 where the theoretical peak C
is 0.9 eV higher than the experimental data, our results show
very good agreement with experimental XPS. This empha-
sizes the importance of full-potential calculations, and we
conclude that peak C (at —1.5eV) is mainly due to
Cr-up d-1,, states, peak A (at —6.0 eV) arises from bonding
Crd and O p, and peak B (at —4.5 ¢V) is mainly due to the
nonbonding O p states. Taking into account an additional
effective Hubbard interaction for treating the on-site correla-
tions of Cr 3d electrons by using the GGA+ U method, e.g.,
with U4=0.2 Ry, will shift the Cr-dn and O peaks upward
while the Cr-up peak will be shifted downward leading to a
large discrepancy between the shape of the theoretical DOS
and the experimental XPS [see Fig. 1(a)]. At higher values of
Uei(Uygs>0.4 Ry), peak C will completely disappear and
peak B will be higher than peak A due to a superposition of
Cr-up d-1,, and O p contributions. In summary, with increas-
ing Uy, the calculated XPS spectra are quite different from
experiment, peak A gets reduced, peak C completely van-
ishes, and peak B is enhanced and shifted [see Fig. 1(a)]. The
theoretical oxygen-K edge x-ray absorption spectrum of
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FIG. 1. (Color online) Comparison of the (a) theoretical density
of states and (b) x-ray absorption spectra of the oxygen K edge
(O-K XAS) of G-type AFM LaCrO; with experimental XPS and
O-K XAS spectra (Ref. 15) (squares). The solid, dotted, dashed, and
dash-dot-dotted lines represent the total as well as the partial O, Cr
up, and Cr dn DOSs of LaCrOjs, respectively. The green hollow
circle line, the blue star line, and the dark-red up triangle line rep-
resent GGA+ U calculations with U.;=0.2, 0.4, and 0.6 Ry, respec-
tively. All theoretical curves are broadened with a Gaussian of
y=0.05 Ry.

LaCrO; [see Fig. 1(b)] shows good agreement with
experiments!> but strongly disagrees with their LMTO
calculations," indicating again that one should perform ac-
curate calculations before strong correlation effects are con-
sidered to be important. Applying an on-site electron corre-
lation U for the Cr 3d electrons will result in a reduction of
the energy difference between peaks E and D and E and F
[see Fig. 1(b)], which is not in agreement with experiment.

The density of states of LaCrO; is shown in Fig. 2. An
energy band gap A=1.40 eV, which is the energy gap be-
tween the occupied t,, (Crd,>_, d,,, and d,,) and unoccu-
pied e, (Crd and d,,) orbitals, has been obtained. It is a
Mott-type insulating gap. (We notice here that due to the
particular coordinate system, the Cr d,2_2 orbital and not the
Cr d,, orbital belongs to the t,, states.) The DOS of LaCrO;
reveals also another important transition at A;=3.40eV,
which is the energy gap between the top of the O p bands
(at =2.0 eV) and the bottom of the Cr e, conduction bands
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FIG. 2. (Color online) DOS of G-type AFM LaCrOs. The mini-
mum energy band gap A=1.40eV is the gap between Cri,
and e, orbitals (see text). The other gap A;=3.40 eV is the optical
band gap reported from experiment (Refs. 1 and 2). The green color
of LaCrO; is mainly due to transitions between Cri,, states
near L; (-0.23eV) and Cre, bands at L, (2.15eV), and
A(L,—-Ly)=2.38 eV.

8

(at 1.40 eV) (see Fig. 2). This constitutes a charge transfer
gap. As we will indicate in the calculation of optical proper-
ties, the charge transfer gap A;=3.40 eV is indeed the optical
gap of 3.40 eV reported experimentally,’-> while the optical
transitions between Cr #,, and e, will lead to the green color
of LaCrOj;. These transitions, however, result in weak optical
absorptions. So far, the experimental optical gap, 3.40 eV,
was considered as the energy band gap between the top of
the valence band and the bottom of the conduction band by
previous theoretical works.3= In order to obtain such an en-
ergy band gap, the Hubbard interaction U for treating elec-
tron correlations of Cr3d electrons was introduced and
LaCrO5 was considered as highly correlated oxide in analogy
to similar LaM O3 compounds. As mentioned in Introduction,
the energy gap of 3.40 eV was reported based on reflectivity
data, but pure LaCrO; has a light green color and thus must
have a gap in the visible range.

The optical transitions are not only determined by the
DOS, and dipole transition matrix elements may play an im-
portant role. We have also calculated the optical constants
directly, and Fig. 3(a) shows the imaginary and real parts of
the dielectric function e. The imaginary part €, shows the
expected onset near 1.5 eV and a pronounced peak between
2 and 3 eV stemming forms “Mott” transitions, while the
stronger features above 4 eV are due to charge transfer ex-
citations.

In contrast to the experimental report on the reflectivity of
LaCrO; (Ref. 2) (where the reflectivity is flat or colorless in
the visible range), the calculated average reflectivity, R,,
=(R+Ry,+R,,)/3, of the LaCrO; compound [see Fig. 3(b)]
reveals a clear peak at 2.38 eV (~502 nm, wavelength of
green light). This peak comes from optical transitions be-
tween the Cr 1,, and Cr e, bands (which are, of course, partly
hybridized with O p). These transitions are in the visible
range and reflect the color of LaCrOs. Our calculation re-
veals that the green color of LaCrO; has its origin from the
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FIG. 3. (a) Average dielectric constant of LaCrOs,

g =(8+Eyy+&,)/3. (b) Average reflectivity of LaCrOj; the peak
at 2.38 eV (0.5025 um) corresponds to the green color. The dashed
line is the reflectivity with U=0.2 Ry which is flat in the visible
range resulting in colorless LaCrOs. (c) Average optical conductiv-
ity, 0 =(0+0y,+0..)/3, of LaCrO;. (d) (ahv)? spectrum of
LaCrO; with a,,=(a+ay,+a.)/3. The gap A;=3.40 eV is the
optical gap reported in Refs. 1 and 2, while the other optical gap
Ap=2.15 eV was not reported.

transition between Crt,, bands centered at L; (-0.23 eV)
and Cr e, bands at L, (2.15 eV) (see Fig. 2). We believe that
the 2.38 eV peak should be observed in reflectivity measure-
ment of pure LaCrOj;. Recently, an experiment on the reflec-
tivity of La;_,CrO3 (y ~3% —5%) (Ref. 17) reveals peaks at
1.6 and 2.26 eV in the reflectivity curve which reflects ex-
actly the yellow brownish color of nonstoichiometric
La;_,CrO;. This experiment supports the existence of the
2.38 eV peak in the reflectivity curve of pure LaCrO; com-
pound because the introduction of La or oxygen deficiency in
LaCrOj; results in a reduction of the energy band gap, mak-
ing the separation between the Cri,, and Cre, bands
smaller,'® and changes the color from green (pure LaCrO;) to
yellow brownish (La;_,CrOs). The existence of these low
energy peaks in the reflectivity of La;_,CrOj3 supports there-
fore the existence of the 2.38 eV peak in the reflectivity of
pure LaCrOs;.

The influence of electron correlations of Cr 3d electrons
due to the Hubbard interaction on the optical properties of
LaCrO; has also been investigated. We found that applying
U=0.2 Ry will flatten the reflectivity curve [see Fig. 3(b)]
and reduce the intensity of reflectivity in the visible range.
Increasing U makes the reflectivity curve even flatter and
reduces its magnitude in the visible range resulting in color-
less or transparent LaCrO5; which is not observed.

In order to verify the optical gaps of LaCrOs, an average
spectrum of the optical conductivity o,,=(0+0y,+0.)/3
has been calculated [see Figs. 3(c) and 3(d)]. Two optical
gaps have been obtained: Ay=2.15 eV and A;=3.4 eV. The
first optical gap, Ag=2.15 eV, corresponds to the transition
between occupied Crt,, and unoccupied Cre, bands and
was not found in experiment.! It is not surprising since the
reported optical conductivity> was calculated from the re-
flectivity data via the Kramer-Kronig formula and the experi-
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mental reflectivity is transparent in the visible range in this
experiment. However, we notice that there is strong
evidence of Cri,, to Cre, band transitions in the visible
range also in other Cr*> compounds such as in Cr,O;
(Ref. 19) (with A=16938 cm™'~2.10 eV) or K,NaCrF,
(Ref. 20) (with A=16100 cm™'~2.00 eV), which provide
additional support to this prediction. This optical gap is the
lowest spin allowed transition between 4A2g and 4T2g crystal
field states. The other gap A;=3.4 eV is in good agreement
with experiment; however, this gap is not the energy gap
between the top of the valence band (Cr t,,) and the bottom
of the conduction band, but it is the energy gap between the
top of the O p bands and the bottom of the Cr e, conduction
bands, as discussed above (see Fig. 2).

Summarizing all results, we find absolutely no evidence
for strong correlations of the Cr 3d states in LaCrO;. Stan-
dard GGA calculations can explain the structural distortions
of the Cr-O polyhedron, the magnetic ground state, XPS and
O-K x-ray absorption spectra (XAS), the light green color of
pure LaCrO;, and the strong optical gap at 3.4 eV found in
experiment. Using GGA+ U leads to poorer agreement with
experiment for practical all investigated properties. Previ-
ously, reported results concluded that strong correlations
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within the Cr 3d shell are present, but we demonstrate that it
is important to use an accurate electronic structure method
and come to the conclusions that this technological important
material is a case where “nature minimizes correlation ef-
fects” and crystal field effects dominate. These conclusions
seem to be valid also for many Cr** compounds and question
the commonly used LDA+U approach for these materials
[see, e.g., the calculations for Cr,05 (Ref. 23)] and may be
also for some other (early) transition metal compounds,
where crystal field effects may dominate local on-site corre-
lations, provided the number of 3d electrons is compatible
with crystal field symmetry. We suggest new experiments to
verify the predicted optical absorption at 2.15 eV.
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