
First-principles study of the electronic and optical properties in rhombohedral 

Xin Luo and Biao Wang

Citation: Journal of Applied Physics 104, 053503 (2008); doi: 10.1063/1.2973671
View online: http://dx.doi.org/10.1063/1.2973671
View Table of Contents: http://aip.scitation.org/toc/jap/104/5
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/949446391/x01/AIP-PT/JAP_ArticleDL_050317/PTBG_instrument_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Luo%2C+Xin
http://aip.scitation.org/author/Wang%2C+Biao
/loi/jap
http://dx.doi.org/10.1063/1.2973671
http://aip.scitation.org/toc/jap/104/5
http://aip.scitation.org/publisher/


First-principles study of the electronic and optical properties in
rhombohedral LaAlO3

Xin Luo and Biao Wanga�

State Key Laboratory of Optoelectronic Materials and Technologies/Institute of Optoelectronic and
Functional Composite Materials, School of Physics and Engineering, Sun Yat-sen University, 510275
Guangzhou, China

�Received 17 April 2008; accepted 25 June 2008; published online 4 September 2008�

In this paper, the electronic structure, chemical bonding, and optical properties of rhombohedral
LaAlO3 are investigated by using the full potential linearized augmented plane wave method with
the generalized gradient approximation. The analysis of the electronic density profile, Mulliken
charge, and bond population shows a combination of the covalent and ionic natures in the chemical
bonding. The calculated complex dielectric function is consistent with the experimental data from
the ultraviolet spectroscopic ellipsometry measurement. The optical spectra are assigned to the
interband transition from O valence to La conduction bands in the low energy region. Furthermore,
absorption spectrum, electron energy-loss spectrum, optical conductivity, reflectivity, and refractive
index are derived from the complex dielectric function, and the absorption spectrum exhibits an
optical band gap of 6.1 eV, which is consistent with several other experimental measurements.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2973671�

I. INTRODUCTION

Nowadays, one of the major challenges in the semicon-
ductor industry is to find a suitable high dielectric constant
�high K� gate oxide to replace SiO2 in microelectronic
devices.1 With the aggressive downscaling of the comple-
mentary metal-oxide semiconductor device manufacturing
process, the conventional silicon dioxide gate dielectric
thickness is approaching its physical limit due to its large
leakage current. Since the high K gate oxide has a larger
dielectric constant, replacing the SiO2 gate oxide with a high
K material would allow the gate oxide to increase its capaci-
tance without having to reduce its thickness. In addition, the
high K gate oxide should have large interface band offsets to
Si, high dielectric breakdown strength, few defects in the
films, stable interface with Si, and relatively low cost in the
fabrication process.2

Presently, the leading alternative gate oxides are the
HfO2 and ZrO2, which are amorphous oxides. However, the
semiconductor industry requires an epitaxial dielectric with a
sharp interface on Si for the next generation high K
materials.3 Most of the ABO3 perovskite materials have a
large dielectric constant, and LaAlO3 is listed as a candidate
for epitaxial gate oxide in the latest International Technology
Roadmap for Semiconductors.3 Crystalline LaAlO3 is a
promising candidate for SiO2 replacement because it has
many outstanding features: high dielectric constant
�23–25�,4–6 wide energy band gap �5.5–6.5�,7–9 large conduc-
tion band offsets with silicon,8,9 and stable thermal property
during the metal-oxide-semiconductor field-effect transistor
annealing process.5 Moreover, there is less than 1% lattice
mismatch between the LaAlO3 �001� and Si �001� planes,
and the LaAlO3 film can grow epitaxially on the Si substrate.

Recently, epitaxial Si films have been grown on LaAlO3 sub-
strate with an atomically well defined interface due to im-
provements in growth techniques.10

There are many first-principles studies focusing on the
interface structure,11 either on the Si /LaAlO3 interface12 or
on the metal gate /LaAlO3 interface,13 the band offsets,14 the
defect states15 and surface relaxations,16 the doping effects
on the dielectric properties,17 and the lattice vibrational
modes18 of crystalline LaAlO3 in both the cubic and rhom-
bohedral phases. Among the recent experimental studies, we
mention the x-ray photoelectron spectroscopy �XPS� mea-
surements by Mi et al.9 and the ultraviolet photoelectron
spectroscopy reports by Lim et al.7 However, in contrast to
the extensive optical experimental measurements,7,19,20 there
is no corresponding theoretical report concerning the optical
properties of LaAlO3, which will make a significant contri-
bution in understanding the properties of this material and
provide a theoretical framework to discuss the experimental
findings mentioned above, suggesting pathways for future
research.

In this paper, we present a series of first-principles cal-
culations on the electronic and optical properties of rhombo-
hedral LaAlO3. The optical properties, such as the absorption
spectrum and the dielectric function, can be used to deter-
mine the optical band gap and electronic dielectric constants,
which are fundamental in the modeling of the conduction
band offsets, leakage current, and dielectric breakdown.

II. COMPUTATIONAL DETAILS

The calculations were performed in the framework of the
density functional theory with the full-potential linearized
augmented plane wave �FP-LAPW� method implemented in
the latest WIEN2k code.21 The exchange and correlation ef-
fects were treated using the generalized gradient
approximation.22 The lanthanum 6s, 5d, 5p, 5s, and 4f elec-
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trons, the aluminum 3s and 3p electrons, and the oxygen 2s
and 2p electrons were treated as in the valence states. Rela-
tivistic effects were taken into account within the scalar-
relativistic approximation in the calculation of the valence
states and core levels. The muffin-tin sphere radii RMT for
La, Al, and O were chosen to be 2.38, 1.68, and 1.68 a.u,
respectively. We used the parameter RMTKmax=7.0 to control
the size of the basic set of the wave functions and made the
expansion up to l=12 in the muffin tins. A 15�15�15 mesh
was sampled in the irreducible Brillouin zone �IBZ� accord-
ing to the Monkhorst–Pack method for the optical calcula-
tion. Convergence tests indicated that only a few minor
changes occur by switching to a denser mesh or to a larger
value of RMTKmax. The self-consistent calculations would be
considered to converge only when the integrated energy dif-
ference between the two iterations was within 10−5 Ry per
formula unit.

III. ELECTRONIC STRUCTURE

At room temperature, bulk LaAlO3 has the
rhombohedral-central hexagonal structure with space group
R-3C, and it undergoes a phase transition to the simple cubic
structure at about 813 K.23 In both phases, the Al atoms
occupy the AlO6 octahedral sites in the body center while the
La atoms are 12-fold coordinated by O atoms. The rhombo-
hedral phase can be formed by the rotation of the AlO6 poly-
hedron through a small angle around one of the triaxes in the
cubic structure. Since most of the optical experiments were
carried out at room temperature, we adopted the rhombohe-
dral hexagonal structure in the calculation. After the total
energy minimization and full lattice and atomic relaxation
were conducted, the lattice parameters of the rhombohedral
LaAlO3 are found to be a=b=5.370 Å and c=13.138 Å,
which are in agreement with the neutron powder diffraction
experiment:24 a=b=5.365 Å and c=13.111 Å.

The band structure of LaAlO3 along the high symmetry
directions is shown in Fig. 1, while in Fig. 2 we show the
total, site, and angular momentum decomposed densities of
states �DOSs� of LaAlO3. From these figures, we can see that
the top of the valence bands between 0 and −9.4 eV are

mostly composed of O 2p states with some mixture of
Al sp and La p states. Our site decomposed DOS also
shows that the DOS at the Fermi level is dominated by O 2p
states. Even though considerable amount of Al p and La p
states are present in the occupied part of the DOS, their
contribution at the Fermi level is very small. Below the
O 2p bands are the La 5p states that occupy the energy
range of −12.0 and −15.1 eV. The energy bands between
−17.2 and −20.2 eV mainly consist of O 2s states with
some admixture of the La sp derived states. The bottom of
the conduction band is composed of La 5d states. There is a
direct band gap of 3.95 eV at the gamma point of the band
structure. The direct band gap is smaller than the optical
band gap that will be discussed later in more detail. The
La 5d states extend from 3.95 to 10.0 eV and separated by
some condense La 4f conduction bands in the regions of 6.2
and 7.2 eV. The DOS curves show that the major part of the
strong peak in the conduction band is due to the contribution
of the La 4f states, corresponding to the localized La 4f
states observed in the band structure. The overall topology of
our DOS curves is found to be in agreement with the x-ray
photoemission spectrum.25 The band structure calculated
here is consistent with the universal electronic structure for
the transition metal/rare earth oxide26 in which the highest
occupied valence bands are derived from O 2p states, while
the lowest conduction bands are derived from the transition
metal d states. These d states appear as doublets in the un-
occupied bands and separate the optical band gap with the
ionic gap.

In order to investigate the bonding character of the sys-
tem, we calculated the electronic density distribution as
shown in Fig. 3. The contour map was projected along the
�110� direction, and there was a dense mixture of charge
density between the La–O and Al–O atoms. The interesting
aspect of this figure is the presence of a strong directional
bonding between the Al atoms and O atoms. There is a
weaker covalent bonding between La–O atoms for their rela-

FIG. 1. The energy band structure of rhombohedral LaAlO3 along high
symmetry directions in the IBZ.

FIG. 2. �Color online� Angular momentum and site decomposed electron
DOS of rhombohedral LaAlO3.
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tively sparse hybridizations. This directionality between
bonding may contribute to the anisotropy in elastic proper-
ties and cause the brittleness of LaAlO3. Our angular mo-
mentum and site decomposed DOS given in Fig. 2 show that
the O sp states are strongly mixed with the Al sp states
over the whole range of the valence band, indicating large
Al–O hybridization. This observation is important for the
bonding in LaAlO3 and is in agreement with the conclusion
from the other ABO3 perovskite studies. To investigate the
chemical bonding behavior in-depth, we also performed the
corresponding Mulliken charge and bond population for the
LaAlO3 to analyze the bonding character quantitatively. The
results are given in Table I. The overlap population between
the O–Al atoms is 0.39 e, which is larger than the O–La
value of 0.18 e, and both bonding show the covalent nature.
The length of O–Al bonding is shorter than that of the O–La
bonding. The Mulliken charges transferred from La atoms
and Al atoms to O atoms are 1.44 and 1.31 e, respectively.
The transferred Mulliken charges indicate that O atoms are
more attractive to the itinerant electrons in the O–La bonding
than those in the O–Al bonding. From the charge transfer, we
can also infer that the Al atoms are more electron affinitive
than La atoms. The difference between the formal ionic
charge and the Mulliken charge indicates the levels of the
ionic bond, and a value of zero indicates a perfectly ionic
bond. Because the calculated transferred charge indicates
some ionic interaction between the elements, it is obvious
that the bonding behavior of LaAlO3 is a combination of
ionic and covalent natures.

IV. OPTICAL PROPERTIES

The optical properties of LaAlO3 is determined by the
dielectric function ����=�1���+ i�2��� that is mainly con-

tributed from the electronic structures. The imaginary part
�2��� of the dielectric function ���� is calculated from the
momentum matrix elements of transition between the occu-
pied and unoccupied electronic states and is given by

�2 =
2e2�

��0
�
k,v,c

���k
c�û r��k

v��2��Ek
c − Ek

v − E� ,

where � is the unit cell volume, û is the vector defining the
polarization of the incident electric field, � is the light fre-
quency, e is the electronic charge, and �k

c and �k
v are the

conduction and valence band wave functions at k, respec-
tively. Since the dielectric function describes the causal re-
sponse, the real and imaginary parts are linked using the
Kramers–Kronig transform. The real part �1��� of the dielec-
tric function can be derived from the imaginary part �2���
with the causal transform. In our calculation, the dielectric
function is calculated from the momentum matrix between
the interband transition directly without a scissors approxi-
mation operation. The optical band gap problem is not severe
for LaAlO3 due to the small discrepancy between the calcu-
lated optical band gap that we will discuss in detail later
�about 6.1 eV� and the experimental value �ultraviolet spec-
troscopic ellipsometry measurement gives 6.3 eV�.20 Figure
4 shows the frequency-dependent complex dielectric func-
tion of the rhombohedral LaAlO3. The dotted lines represent
the experimental data,7 while the solid line of the imaginary
part �2��� is calculated using the FP-LAPW method. From
the real part �1��� of the dielectric function, we can obtain
the electronic contribution of the dielectric constants, which
is about 4 in our calculation, combining with the lattice vi-
bration contribution of 23 calculated from linear and nonlin-
ear responses method within the density functional perturba-
tion theory �DFPT� embedded in the ABINIT package. The
total static dielectric constant is 27. The value is 9% larger
than the measured value27,28 but is consistent with other the-
oretical prediction.18 In the imaginary part �2���, the shoul-
der at 6.5 eV corresponded mainly to the transition from
O 2p to La 4f . Peaks B �7.5 eV� and shoulder C� �9.0 eV�
are ascribed to the transition between the O 2p and La 5d

FIG. 3. The electronic density profiles for rhombohedral LaAlO3 in the
�110� plane.

TABLE I. Mulliken charge �e� and bond population of rhombohedral
LaAlO3.

Species s p d Total Charge Bonds Population
Length

�Å�

La 2.29 6.06 1.22 9.56 1.44 O–La 0.18 2.61
Al 0.58 1.11 0.00 1.69 1.31 O–Al 0.39 1.90
O 1.84 5.08 0 6.92 −0.92 O–O −0.12 2.68

FIG. 4. �Color online� The real �1��� and imaginary �2��� parts of the
LaAlO3 dielectric function ����. The curves are plotted using a Lorentzian
broadening of 0.1 eV. The experimental data of Ref. 7 are depicted by closed
dots.
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states. The transitions between O 2p and La 6s are respon-
sible for the other higher energy peaks, such as those at D
�9.9 eV�, E �11.5 eV�, and F �12.7 eV�. At low frequency
range, there are two steep rises in �2���, one occurs at 6.1
and the other at 7.0 eV. The former value is the optical band
gap, while the latter one is the ionic gap. In the �2��� ex-
perimental measurement, the optical band gap was not
detected.7 There is a peak at 7.9 eV and the ionic gap is 7.0
eV, derived from the steepest rise in the low energy. Our
calculated spectrum for �2��� agrees well with the experi-
mental result.7

All the other optical properties, such as the absorption
spectrum, the refractive index, the optical conductivity, the
energy-loss spectrum, and the reflectivity can be derived
from �1��� and �2���. The calculated results of the absorp-
tion spectrum and the experimental values are shown in Fig.
5. The absorption coefficient indicates the fraction of energy
lost by the electromagnetic wave when it passes through a
unit thickness of the material, and it is proportional to the
rate of Joule heat produced in the sample. In our calculation,
we only consider the eigen absorption, without considering
the polarized absorption, which has a minor influence on the
spectrum. The steepest increase in the absorption coefficient
defines the optical band gap. A value of 6.1 eV is extracted
from our calculation, which is in agreement with the previ-
ous discussion derived from the threshold rise in �2���. The
experimental data of Lim et al.7 and Cicerrella et al.20 are
depicted by the short dots and closed triangles, respectively.
The corresponding absorption spectrum with linear coordi-
nates in the experimental energy range is shown in the inset,
where the absorption threshold can be seen roughly. Our re-
sults are slightly larger than the value of 5.6 eV obtained by
Lim et al.,7 but is in agreement with the experimental value
reported by Cicerrella et al.20 who used the ultraviolet spec-
troscopic ellipsometry to obtain an optical band gap of 6.3

eV, and also agrees well with the XPS performed by Edge et
al.8 and by Mi et al.9 Various experimental values of the
band gap between 5.5 and 6.55 eV were reported by different
groups. One probable reason is the different microstructures
of the sample synthesized on different experimental condi-
tions. Our calculation is based on the ideal atomic structure.
Thus the calculated optical band gap provides a useful refer-
ence to the study of experiment.

It is interesting to note that the calculated optical band
gap from the absorption spectrum does not coincide with the
direct band gap as shown in the band structure in Fig. 1. One
of the possible reasons for such a discrepancy is the presence
of the selection rules between the transition in valence and
conduction bands. The transitions between the occupied and
unoccupied states are caused by the electric field of the pho-
ton. The excitations can be called either plasmons or single
particle excitations depending on their collective mode. The
spectra resulting from these excitations can be thought of as
a joint DOS between the occupied valence bands and the
unoccupied conduction bands, weighted by the appropriate
matrix elements. Since most of the band gaps of insulator or
semiconductor are determined optically, such as the ultravio-
let spectroscopic ellipsometry measurement, the electron-
energy-loss spectroscopy, and the XPS measurement, if we
consider the transition forbidden and selection rules, the op-
tical band gap is usually larger than the direct band gap cal-
culated from the density functional theory. In that sense, the
band gap problem induced by the exchange-correlation po-
tential approximation in DFT is not so severe in this calcu-
lation. It is important to bear in mind the difference between
two band gap concepts while comparing the theoretical re-
sults with the corresponding experimental values.

To have more insight into the optical properties in
LaAlO3, the calculated results of electron energy-loss spec-
trum �EELS�, optical conductivity, reflectivity, and refractive
index are shown in Figs. 6�a�–6�d�. In our calculation, we
used a Gaussian smearing of 0.3 eV. The energy loss spec-
trum describes the energy lost by an electron passing through
a homogeneous dielectric material.29 Its main peak is gener-
ally defined as the bulk plasma oscillation frequency ��,
whose position corresponds to �1, reaches the zero point,
with the condition that �2	1, and is reasonably smooth.30

The peak of the EELS calculated using our FP-LAPW
method is at about 27.0 eV, corresponding to the inelastic
plasmon scattering from outer-shell electrons, whose energy
coordinate is accompanied with the sharp reduction in the
reflectance. This process is associated with the transitions
from the filled O 2s bands, lying below the valence band, to
the empty La 4f conduction bands. There is an additional
Raman-scattering peak at 16.4 eV in the EELS due to a net
transition of 5p electron to the 4f orbit, which is in excellent
agreement with the experimental energy-loss spectra results
of 16.3 eV.31 The calculated reflectivity has a maximum
value of roughly 73% at about 25.8 eV in the range from 0 to
6 eV. The reflectivity is lower than 20%, which indicates that
LaAlO3 material is transmitting for photons with energy less
than 6 eV. Furthermore, the reflectivity decays gradually as
the imaginary part of the refraction k, which describes the
absorbed energy of the material, approaches zero and the

FIG. 5. �Color online� The absorption spectrum of LaAlO3 in the logarith-
mic coordinates. The calculated curve is shown in solid line, while the
experimental data of Refs. 7 and 20 are depicted by short dots and closed
triangles, respectively. The inset shows the corresponding results in the lin-
ear coordinates at the range of the experimental measurement.
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material becomes transparent. From the real part of the re-
fraction, the low frequency static refractive index is equal to
2.0. There are also several peaks in the optical conductivity
spectrum that can be assigned to the charge transfer between
interbands. Detailed information of the large conductivity
spectral weight change at low frequency is especially impor-
tant for the analysis of the interaction of the localized 4f
electrons and the delocalized split bands in lanthanum com-
pounds.

V. CONCLUSIONS

In conclusion, we have studied the electronic structure,
the chemical bonding, and the optical properties of rhombo-
hedral LaAlO3 using first-principles calculations. The band
structure and electron density of the system were obtained,
and the bonds exhibited a combination of the covalent and
ionic natures. We further present studies of the optical prop-
erties of LaAlO3 using the long wavelength approximation.
The dielectric function was obtained within linear response
theory, with full matrix elements. Our calculated complex
dielectric function was shown to agree well with the experi-
mental measurements. From the dielectric function, the other
optical properties, such as absorption spectrum, EELS, opti-
cal conductivity, reflectivity, and refractive index, can be ob-
tained. We extracted the optical band gap from the calculated
absorption spectrum. The value of 6.1 eV is in agreement
with recent ultraviolet spectroscopic ellipsometry measure-
ments. It is interesting to note that the discrepancy between
the optical band gap and the direct band gap is due to the
limitation of the selection rules in the interband transitions.
Our investigations provide useful information in the micro-
electronic design and invite future measurements that will
allow a full comparison between theory and experiments.
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