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We report nanoscale ab-initio calculations of the linear optical and electronic properties of LaCrO3 in

nonmagnetic cubic and rhombohedral phases using the full potential linear augmented plane wave

(FP-LAPW) method. In this work the generalized gradient approximation is used for exchange-

correlation potential. The dielectric tensor is derived within random-phase approximation. We present

results for the band structure, density of states, imaginary and real parts of dielectric tensor, electron

energy loss spectroscopy, sum rules, reflectivity, refractive index and extinction coefficient. The regions

of transparent, absorption and reflection are discussed. We are not aware of any published experimental

or theoretical data for these phases, so our calculations can be used to cover this lack of data for these

phases.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The ABO3 type perovskite crystals have been extensively
studied because of their technical importance and the funda-
mental interest in the physics of their phase transitions. The
perfect perovskite structure is very simple and has full cubic
symmetry in which the body center position is occupied by
B atoms, the edges by A atoms and the face centers by oxygen
atoms in Pm3m space group [1]. LaCrO3 structure is considered to
be a pseudo-perovskite, or distorted perovskite, and has been
studied widely, focusing on various industrial uses above room
temperature, for example, may act as a spacer as well as an
interconnects in solids oxide fuel cells and high density magneto
optical (MO) disks [2]. At some temperatures between 200 and
260 1C it undergoes a crystallographic transformation from orthor-
hombic to rhombohedral structure, in which volume changes.

At room temperature the phase transitions occurs at around
T ¼ 18 1C (Neel temperature) [3]. This is due to magnetic order
disorder transitions. The structural phase transition to cubic
symmetry was suggested to occur above 1600 1C, but it is not fully
understood because of its experimental difficulty [4].
ll rights reserved.

: +98 5118796416.

osseini).
However, the theoretical aspects of optical and electronic
properties of LaCrO3 have been relatively rarely studied, and a few
experimental articles on orthorhombic phase of this material have
been published. Armia et al. [5] have reported a systematic
experimental study of optical gap around 4 eV in LaCrO3.
Ravindran et al. [2] have calculated the electronic structure and
linear optical properties for the series LaXO3 (X ¼ Sc–Cu). They
used local spin–density approximation (LSDA+U) in order to
provide the right insulating properties of perovskites. The band
gap and optical gap have obtained were about 1.45 and 3.5 eV,
respectively. Ong et al. [6] have calculated the electronic structure
and optical properties of LaCrO3 in orthorhombic phase.

In this paper the scheme of optical and electronic properties of
nonmagnetic cubic and rhombohedral phases in nanoscale has
been studied using the full potential linearized augmented plane
wave method (FP–LAPW) by Wien2k codes [8]. However, to our
knowledge no previous theoretical and experimental results have
been seen to compare with the results of this paper.
2. Computational details

Our calculations are based on the density functional theory
(DFT). The Perdew–Burke–Ernzerhof generalized gradient approx-
imation (GGA) was used for the exchange correlation correction

www.elsevier.com/locate/physb
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mailto:sma_hosseini@yahoo.com


ARTICLE IN PRESS

Table 1
Calculated lattice parameters of LaCrO3 for cubic and rhombohedral phases.

Structure Experimental

(Å)

Space group Lattice

parameters (Å)

Cubic a ¼ 3.92 [7] Pm3m a ¼ 3.85

Rhombohedral

(hcp axes)

a ¼ b ¼ 5.53,

c ¼ 13.35 [4]
R3c a ¼ b ¼ 5.51,

c ¼ 13.39

Fig. 1. Total and partial DOS of LaCrO3 in cubic phase.
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[9,10]. The density of states is deduced from a self-consistent
calculation, using the full potential linearized augmented plane
wave (FP-LAPW) method and the dielectric function is obtained
by random phase approximation (RPA), as embodied in the
Wien2k code. The convergence of the basis set is controlled by a
cut off parameter Rm� kmax ¼ 7 and 6 for cubic and rhombohedral
phases, respectively. The values of other parameters are Gmax ¼ 14
(magnitude of largest vector in charge density Fourier expansion
or the plane wave cutoff), RMT(La) ¼ 2.6 au, RMT(Cr) ¼ 1.8 au and
RMT(O) ¼ 1.6 au (muffin-tin radius). The iteration halted when the
difference charge was less than 0.0001e between steps as
convergence criterion. The cut off energy, which defines the
separation of valence and core states, was chosen as �6 Ry. In
these calculations, we neglected the effect of spin orbit coupling.

The imaginary part of the dielectric tensor can be computed
from the knowledge of the electronic band structure of a solid. In
the limit of linear optics, in the case of nonspinpolarized, and
within the frame of random-phase approximation we can use the
following well-known relations [12] for a vertical transition from
a filled initial state of energy En,k to an empty final state of energy
En0 ,k with wave vector k.

Im eijðoÞ ¼
‘ 2e2

pm2o2

X
n;n0

Z
k

pi;n0 ;n; kpj;n0 ;n; kðf0ðEn;kÞ

� f0ðEn0 ; kÞÞdðEn0 ; k� En;k � ‘oÞ ð1Þ

where o is the frequency, e the electron charge, m the
free electron mass, pi;n,n0 ,k and pj;n,n0 ,k the momentum matrix
elements between states of bands n and n0 with crystal
momentum k in directions i and j, respectively [13]. The
corresponding real parts are obtained by Kramers–Kronig trans-
formation as follows:

Re eijðoÞ ¼ dij þ
2

p
P

Z o0 Im eijðo0Þ
o02 �o2

do0 ð2Þ

where P is the principal part of the Cauchy integral.
In order to get the isotropic dielectric function, the compo-

nents of the electric matrix trace are averaged, i.e. eiso ¼ 1=3ðexx þ

eyy þ ezzÞ [14].
The optical conductivity is given by

ResijðoÞ ¼
o
4p Im eijðoÞ ð3Þ

Moreover, the real and imaginary parts of complex refractive
index N(o) and extinction coefficient is given by

nijðoÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jeijðoÞj þ Re eijðoÞ

2

r
ð4Þ

kijðoÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jeijðoÞj � Re eijðoÞ

2

r
ð5Þ

Besides, in the low-region of the electron energy loss spectrum
(EELS) interband transitions and plasmon losses are observed and
can provide information about compositions, electronic structure
and optical properties. The EELS is related to dielectric
tensor by

LijðoÞ ¼ �Im
1

eðoÞ

� �
ij

¼
Im eij

ðRe eijÞ
2
� ðIm eijÞ

2
ð6Þ

The reflectivity at normal indices is

RijðoÞ ¼
ðnij � 1Þ2 þ k2

ij

ðnij þ 1Þ2 þ k2
ij

ð7Þ

The dielectric tensor must obey certain sum rules that serve to
check accuracy of the calculation and also, provide information
about the absorption process that can be checked experimentally.
The sum rule relation is given by

Z o0

0
Im eijðoÞdo ¼ Neff ðo0Þ ð8Þ

This Neff(o) is the number of electronic contributing to the
absorption process as a function of energy [12].

At low frequency the static refractive index nij(0) can be
calculated using the following expression for nonmagnetic
materials:

n2
ijð0Þ ¼ Re eijð1Þ ð9Þ

For the dielectric tensor calculations, the Brillouin zone (BZ)
integrals were made with 56 and 182 independent k-points for
cubic and rhombohedral phases, respectively.
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Fig. 2. Band structure of LaCrO3 in cubic phase and the primitive Brillouin zone.
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3. Results and discussions

3.1. Structure

LaCrO3 undergoes a crystallographic transformation from
orthorhombic to rhombohedral structure at some temperatures
between 200 and 260 1C. The discrete volume compression was
observed at the phase transition from orthorhombic to rhombo-
hedral phase. The structural phase transition to cubic symmetry
was suggested to occur above 1600 1C, but it is not fully
understood because of its experimental difficulty [4]. LaCrO3 in
orthorhombic phase is observed in Pnma space group (no. 62) [1],
in rhombohedral phase in R3c (no. 167) [4] and in cubic phase
with Pm3m space group (no. 221) [7].

To calculate the electronic properties of rhombohedral struc-
ture using Wien2k codes, the hexagonal lattice constants (ah, ch)
must be specified as input parameters. Conversion from rhombo-
hedral lattice constant (ar) to hexagonal has been done using the
following relations:

ah ¼ 2 cos
p� ar

2

� �
ar

ch ¼ 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

r � ð1=3Þa2
h

q
ð10Þ

The calculations were first carried out by applying the
experimentally observed structural parameters [4,7]. Then by
minimizing the total energy of the crystal to the volume, the
theoretical lattice constants were obtained. For rhombohedral
phase, by fixing the experimental volume of primitive cell, energy
has been optimized according to the ratio of c/a. The calculated
results in this work and the values obtained by the other methods
are summarized in Table 1.

The final calculation was performed with the theoretical lattice
constant and relaxed structure.
3.2. Electronic properties

The total and partial density of states (DOS) of LaCrO3 in the
cubic phase is depicted in Fig. 1 where the contribution of Cr-t2g

and eg bands has been shown. The band structure of LaCrO3 in the
cubic phase along some high symmetry directions of Brillouin
zone is depicted in Fig. 2.

For rhombohedral phase, the band structure is displayed in Fig.
3. For cubic and rhombohedral phases, the upper valence band
index is 20 and 40, respectively.

For cubic phase, an indirect band gap of 1.63 eV (without
correction factor) is seen in the direction R–G, between the top of
valence band at point R and the bottom of conduction band at
point G whereas a direct gap of 1.56 eV is seen in the direction of
G–G. In cubic structure, it is seen that the top of the valence band
has a parabolic shape in the directions of R–G, R–X, M–G which
shows that the effective mass is the same in these directions, so
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Fig. 3. Band structure of LaCrO3 in rhombohedral phase and the primitive Brillouin

zone. For primitive Brillouin zone, we used xcrysden (x-window CRYstalline

Structures and DENsities) [11].
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we expect an isotropy in electronic properties of this material in
reported directions.

For rhombohedral phase, the contribution of Cr-3d levels in
band structure is also depicted in Fig. 4. In the hexagonal closed
pack phase, hcp, which can be converted to rhombohedral, Cr-3d
bands are divided into three levels of dx2�y2 þ dxy, dz2 and dxz þ dyz

which show a decrease in the degeneracy of t2g and eg bands. This
shows Jahn Teller effect which has occurred due to the protraction
of CrO6 octahedral. The gradient of valence band around G in the
G–K and G–L directions is slightly parabolic shape, whereas in
G–X direction it is a plateau. So, we expect to have anisotropy in
electronic property just in two directions. In both structures the
hybridation of O-2p and Cr-3d causes the electronic of oxygen to
participate in conductance. In Figs. 3(a), (b) and (c), the
contribution of Cr in band structure is shown as empty circles
on the band structure for Cr� dx2�y2 þ dxy, Cr� dz2 and
Cr� dxz þ dyz, respectively.
3.3. Optical properties

3.3.1. Dielectric function

Fig. 5 shows the variation of the imaginary part of the
dielectric function within GGA approximation for cubic and
rhombohedral phases, for radiation up to 30 eV. For cubic and
rhombohedral structure, we expect the same response for the
diagonal elements of dielectric tensor in directions of x, y and z.
For both structural phases, there are two main peaks around 8 and
21 eV, the former is related to transitions from O-2p to Cr-3d and
the latter is probably related to transitions from La-5p to Cr-3d
and then to La-4f.
According to the quasi-pole approximation used in the base of
calculations, the selection rules of Dl ¼71 should be considered
whereas Dl ¼72 (related to quadropole term) should be
neglected. Thus, transitions from La-5p to La-4f occur via the
middle transition of La-5p to Cr-3d.

The real part of the dielectric tensor is related to dispersion,
which is displayed in Fig. 6 for cubic and rhombohedral phases.
The high frequency dielectric tensor is 6 and 5.1 for the cubic and
rhombohedral phases, respectively.

3.3.2. Electron energy loss spectroscopy

For a wise interpretation, this plot and electron energy loss
spectroscopy (EELS) should be brought together. Fig. 7 displays
EELS spectra for the energy range of 0–35 eV. The function
representing characteristic energy losses (or plasmon oscillations)
is one of the most important among those suitable descriptions of
microscopic and macroscopic properties of solids. This function is
proportional to the probability that a fast electron moving in a
medium loses energy, E, per unit length. For LaCrO3, EELS is
calculated from the dielectric function of just the x-polarization
direction.

Generally speaking, the most prominent peak in the EELS
spectrum is identified as the plasmon peak, signaling the energy
of collective excitations of the electronic charge density in the
crystal. It is possible to have several plasmon peaks in a crystal. In
this context, we should also mention the occurrence of plasma
resonances and their coupling to the spectra in Fig. 7. Plasma
resonances manifest themselves as rather distinct peaks in the
EELS, and are thus a feature that should be relatively easy to
observe. However, they also have a simple relationship to the
dispersive part of dielectric function [12]. A root in Re(e), i.e.
Re(e) ¼ 0, can give rise to a plasma resonance, although this is not
a sufficient requirement. Damping of the plasma oscillations, so
called Landau damping, may suppress the plasma peaks. Never-
theless, it is interesting to know the position of these roots.

In Fig. 6 we can identify four roots in the spectra for cubic
phase, which are around 7, 12, 21 and 27 eV but, in Fig. 7, we
identify two prominent peaks at energy 12 and 27 eV. These two
peaks are related to the roots of dispersive spectra. These are
plasma oscillation energies. However as is now obvious, not all
roots to Re(e) ¼ 0 give rise to peaks in the electron energy loss
spectrum. Thus, Re(e) ¼ 0 is a necessary condition for plasma
oscillations to occur, but as observed is not a sufficient condition
[12].

In Fig. 6 for rhombohedral phase, the roots are at energies of
7.8, 8, 12.6, 20.8 and 27 eV, whereas energies of 12.6 and 27 eV are
due to plasma oscillations in the related EELS in Fig. 7.

The plasmon energy can be calculated according to the free
electron theory:

‘op ¼ ‘
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2=e0m

q
ð11Þ

where n is the number of electronic per unit volume and m, the
effective mass of the electron. Using the rest mass of electron,
m ¼ m0 free electron theory works reasonably well for many
systems. The effect of the underlying ion-core lattice on the
plasmon energy can be included by using the effective mass, m*,
rather than m0 [15]. Table 2 shows the comparison between
plasmon energy calculated from free electron theory and the
above plots in cubic and rhombohedral phases. Just, by
considering valence electronic we reach to the value of 25 and
by adding the contribution of La-5p semicore electron to the
above formula, number of 27 is obtained. The same results
between both structures are due to the same value of n which is
equal to 0.47�1030 electrons/m3 and 0.47�1030 for cubic and
rhombohedral structures, respectively.
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Fig. 4. Contribution of Cr-3d levels in band structure of LaCrO3 in rhombohedral phase: (a) Cr-dx2�y2+dxy (b) Cr-dz2 (c) Cr-dxz+dyz.
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3.3.3. Refractive index, extinction coefficient and optical reflectivity

The propagation of an electromagnetic wave through a
material can be described by the complex refractive index
N(o) ¼ n(o)+ik(o) which is mathematically related to e(o). n

and k, which are the refractive index and the extinction
coefficient, respectively, depend on the frequency of the incident
radiation. In vacuum, N is real and equal to 1 and it is also real for
transparent materials in the visible range, but it is complex for
absorbing materials.

The reflectivity arises from the induced polarization current
corresponding to the valence electrons oscillating out of phase
with the incident radiation. There is no absorption for this
process, but the interference of the incident beam with the waves
reradiated by the valence electrons does lead to appreciable
reflectivity [16].
Figs. 8 and 9 display the variation of n and k as a function of the
incident radiation energy (E) for cubic and rhombohedral phases,
respectively. The static refractive index is 2.25 and 2.27 for cubic
and rhombohedral phases, respectively. The optical constants
calculated in this work for LaCrO3 are summarized in Table 3.

Fig. 10 displays reflectivity for cubic and rhombohedral phases.
With the presence of extinction coefficient and reflectivity plots,
we can define absorption, reflection and transparent regions. Peak
of the extinction coefficient shows the region of absorption and
peak of reflection displays the region of reflection. The regions
where both plots of extinction and reflectivity are declined are
called transparent. As we see for both structures, these properties
are approximately the same. Table 4 shows approximately
different regions of absorption, transparent and reflectivity for
both structures.
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Fig. 5. Imaginary part of dielectric tensor in x-direction, for cubic and

rhombohedral phases.

Fig. 6. Real part of dielectric tensor in x-direction, for cubic and rhombohedral

phases.

Fig. 7. Electron energy loss spectrum, for cubic and rhombohedral phases.

Table 2
Comparison between calculated plasmon energy according to free electron

method and plasmon energy obtained by FP-LAPW approach.

Structure Plasmon energy

FP-LAPW Free electron

(valence electrons)

Free electron

(valence

electrons+La-5p)

Cubic 27 25.5 27

Rhombohe-

dral

27 25.0 27

Fig. 8. Refractive index and extinction coefficient for LaCrO3 in cubic phase.

Fig. 9. Refractive index and extinction coefficient for LaCrO3 in rhombohedral

phase.
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At last, it is apparent that the region lower than 3.17 and
3.06 eV (optical gap) is a transparent region for both structures.
3.3.4. Evaluating dispersion coefficients

Although the differences between cubic and rhombohedral
plots are not obviously observed, we can show it better by plotting
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Table 3
The refractive index and high-frequency dielectric constants for LaCrO3 cubic and

rhombohedral phases.

n(0) e(N)

Structure Cubic Rhombohedral Cubic Rhombohedral

This work 2.25 2.27 5.06 5.15

Fig. 10. Reflectivity of LaCrO3 in cubic (dashed line) and rhombohedral phases.

Table 4
Approximated regions of transparent (T), absorption (A) and reflectivity (R) for

both structures.

Regions T A R T A, R T R T

Energy (eV) o3.5 3.5–6 6–13 13–15 15–22 22–27 27–28 28o

Table 5
The refractive indices of LaCrO3 in cubic and rhombohedral phases.

Wavelength l (mm) ncubic nrhombohedral

0.43 2.51 2.51

0.48 2.44 2.44

0.54 2.39 2.39

0.57 2.37 2.37

0.65 2.34 2.36

Fig. 11. Calculated refractive indices of LaCrO3 in cubic phase at different

wavelengths. Gray line is fitting of Sellmeier equation.

Fig. 12. Calculated refractive indices of LaCrO3 in rhombohedral phase at different

wavelengths. Gray line is fitting of Sellmeier equation.
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refractive index n versus wavelength l (mm) and evaluating
dispersion coefficients. Table 5 shows the refractive indices
precisely at wavelength of 0.43, 0.54, 0.57, 0.48 and 0.65.

Figs. 11 and 12 show n values changing with wavelength for
cubic and rhombohedral, respectively. Similar to other ABO3 type
perovskite structure compounds, LaCrO3 crystal has large
refractive indices and obvious dispersion relation, and its
refractive indices decrease fast with the increasing wavelength.

The most important property of optical crystal is the refractive
index and its dispersion behavior. Typical Sellmeier dispersion
equation of crystal for refractive index is

n2 ¼ P1 þ
P2

l2
þ P3

þ P4 � l2
ð12Þ
where P1, P2, P3 and P4 are Sellmeier coefficients and constant.
These coefficients are usually quoted for wavelength, l, in
micrometers. They can be obtained by the least squares fitting
of Eq. (12). The gray line in Figs. 11 and 12 are the fitting results.
Thus, Sellmeier dispersion equations for cubic and rhombohedral
phases of LaCrO3 are

n2
cubic ¼ 5:11042þ

0:137

l2
� 0:07763

� 0:0326� l2

n2
rhombohedral ¼ 5:21142þ

0:14457

l2
� 0:08625

� 0:0482� l2

Through these equations, we can get the refractive indices at
other wavelengths. The dispersion curve is fairly flat in the long-
wavelength region and rises rapidly at shorter wavelengths,
showing the typical shape of dispersion curve near an electronic
interband transition.
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Fig. 13. Sum rules for LaCrO3 in cubic and rhombohedral phases.
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3.3.5. Sum rule

Fig. 13 displays sum rules for both phases of LaCrO3, which give
the effective number of electrons contributing to the absorption
process as a function of energy. This number should never exceed
the number of valence electrons for an energy that is below the
first inner-shell ionization energy. For cubic and rhombohedral
phases, respectively, numbers of electrons tend to the saturation
value of 17 and 35 eV, up to energy of 40 eV. These values are
lower than the number of valence electronic that are 27 and 54 in
the conventional cells of cubic and rhombohedral phases,
respectively.

In Fig. 13 there is a break in the curves before saturation and
may be related to the onset of d-band excitations. Similar behavior
has been observed in the 3–5 semiconductor compounds (i.e.
GaAs, GaP and InSb) [17].
4. Conclusion

We present detailed nanoscale ab-initio calculations of the
structural optical and electronic properties of perovskite LaCrO3 in
nonmagnetic cubic and rhombohedral phases, using the FP-LAPW
method. The electronic structure, the imaginary and real parts of
the dielectric function of LaCrO3, electron energy loss spectro-
scopy, refraction index, extinction coefficient, reflectivity and sum
rules have been discussed. We are not aware of any published
experimental or theoretical data for these phases, so our
calculation can be used to cover this lack of data for these phases.
Also, our calculations show no clear discrepancy between optical
and electronic properties of both structures, due to approximately
the same ratio of valence electrons to the volume of primitive cell.
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