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Abstract The electronic structures and optical properties of
pure and Sr doped LaTiO; were studied using the first-
principle density functional theory (DFT). The results show
that the Fermi surface of LaTiOj lies in its conduction band,
which makes its reflectivity (about 68.3% at the laser
wavelength of 10.6 pm) much higher than other ceramic
materials. Sr doping lowers the conduction band and
reduces the band gap of La;_Sr,TiO3 which is beneficial
to the prompt of reflectivity. We also found that shifting of
the conduction band is not linear with Sr dopant
concentration, and a minimum energy level is reached
when x=0.25. For the reflectivity of La; (Sr TiO;, it
first increases and then decreases with increasing Sr
concentration; a maximum reflectivity (99.2%) is achieved
when x=0.25.

Keywords La;_Sr,TiO; - First-principle - Energy band
structure - Reflectivity
1 Introduction

Materials for laser equipment and protection components
are desired to have high reflectivity and chemical stability
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at high temperatures. Ceramics are superior in terms of
chemical stability, yet, in most cases, have lower reflectivity
than metals. Therefore, it is necessary to develop ceramic
materials with improved reflectivity.

As an important dielectric material for microwave and high
frequency capacitor at high temperature [1], LaTiO3; has
attracted enormous attention for decades. It has a perovskite
structure, and has good dielectric property which favors the
reflectivity [2]. The existence of titanium 3d" electron makes
LaTiO; an essential Mott insulator [3] which has the metal
insulator transformation (MIT). B.Vilquin et al. [4] has
revealed that metal insulator transformation can occur in
LaTiO; under the conditions of high temperature, oxide
defects or certain types of dopant, such as Sr found by K.
Yoshii et al. [5]. Furthermore, Tokura et al. [6, 7] and W. B
Wu [8] have successful experiments to suggest that properly
doped La;_Sr,TiO3 shows metallic conductivity at room
temperature.

Up to now, studies of the LaTiO5; based systems [9—11]
are mainly focusing on the aspects of crystal structure,
phase, electrical [12], magnetic, and ferroelectric properties.
Less work has been done on the optical properties. To the
best of our knowledge, no work on the investigation of
optical properties of LaTiO5 and La,_,Sr, TiO5 with the aid
of theoretical simulations has heretofore been reported.

In this paper, the electronic structures (energy band
structure and density of states) and optical properties
(reflectivity) of LaTiO; and La;Sr,TiO; have been
studied using first-principle density functional theory
(DFT) with the aid of the Cambridge Sequential Total
Energy Package code (CASTEP) module of the Material
Studio software. The effect of Sr dopant concentration on
the reflectivity of La;_Sr,TiO5 is also studied. In this
work, a wavelength of 10.6 um [13] is selected, which is
widely used in the laser industry.
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2 Computational methods and structure models

The reflectivity R(w) of a material can be obtained from
the complex dielectric function [14]. It follows the Fermi
distribution [15] with the assumption that the crystal
surface direction is parallel with the light axe, and is
expressed as
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in which o is frequency and £(w) is the complex dielectric
function. The imaginary part £;(w) of the complex
dielectric function mainly contributes to the electronic
structure which has a close relationship with the response
of electrons, i.e., the interband transitions [16]. By
calculating the overall transitions of electrons at & point
from valence band to conduction band in the Brillouin
zone, &, is given by [16—18]:
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where {2 is the unit-cell volume, y$|u, |y} is the location

matrix, Eg and EY are the electronic transition energies of
the conduction band and the valence band, respectively,
and FE is the energy of a photon.

The real part €,(w) of the complex dielectric function can
be derived from e,(w) by the Kramers-Kronig dispersion
relationship [19], obtained from the principle of causality.
The relationship between (@) and e,(w) is expressed as
follows:
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where €1, is ; at high frequency, and P denotes Cauchy’s
principal value integral. Based upon Egs. 1, 2 and 3, the
reflectivity of materials can be derived.

The calculations are carried out by the ultrasoft
pseudopotential plane-wave method of the CASTEP
module based on the first-principle density function
theory (DFT). The exchange—correlation contribution is
described by the generalized gradient approximation
(GGA) proposed by Perdew et al. [20]. It’s used to
calculate the Kohn-Sham equations for obtaining the
ground state density and the total energy of the multiple
electrons system. An energy cutoff of 300 eV and an
energy accuracy of 2.0x10® eV/atom were used for our
calculations. Only the valence electrons are taken into
account, corresponding to La 552 5p° 5d' 6s%, Sr 4s*
4p°5s°, Ti 3s*3p®3d*4s* and O 2s72p*.

Crystal structures are also required for the calculation.
LaTiO; has a cubic perovskite crystal structure (Fig. 1). It
belongs to PM-3M space group with lattice parameter 3.92
A [21]. The La ions are located at the eight corners of the
cubic unit cell, and the O ions are located at the centers of
the six facets. The smallest Ti ion resides in the center of
the oxygen octahedron.

The La;_Sr,TiO; model is constructed by partially
replacing La ions with Sr ions. In order to analyze the
effect of variable Sr concentration, super-lattices, with some
of the La ions replaced by Sr ions, are constructed. These
super-lattices are created by multiplying the unit cells along
the x, y and z axes. Considered the computational efficiency
and reliability of results, the models of Lag g75Sr 125Ti03,
Lao,7SSr0'25TiO3, LaO.SSrO.STiO3 and La0_258r0_75TiO3 arc
built as displayed in Fig. 2. The fact that cation ordering,
i.e. La and Sr are ordered with respect to each other, does
not have any effect on the material’s reflectivity has been
proved, so one structure for each Sr dopant concentration
is demonstrated in this paper.

3 Results and discussion
3.1 Electronic structure and reflectivity of LaTiO3

Figure 3 presents the energy band structure and density of
states (DOS) of LaTiO3, the symmetric points of which are
X, R, M and G, respectively. The fact that the top of the
valence band and the bottom of the conduction band
coincide at point G suggests LaTiO; is a direct bandgap
semiconductor material. The band gap between valence
band and conduction band is 1.3 eV.

As shown in Fig. 3, the Fermi level of LaTiOj, the
energy of which is set to 0 eV, lies in the conduction band.
This can be explained by our previous work [22]. In the
series of titanate (ATiOj), such as CaTiOsz, SrTiOz and
BaTiO3, the conduction band moves to a lower energy level
with increasing atomic number of the cation located at the
A site, and the Fermi level moves to a higher energy level
simultaneously. If the atomic number of 4 is great enough,

Fig. 1 Crystal structure of LaTiO;
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Fig. 2 Crystal structure of
La,_,Sr,TiO;3 (a) Lag g75Sr0.125-
TiO;3 (b) Lag.75S10.25TiO3 (c)
Lag 5Sr.sTiO3 (d)
La0.258r0.75TiO3

for example La, the Fermi level can move into the
conduction band.

The entrance of Fermi level into conduction band can be
further demonstrated by the partial density of states (PDOS)
as displayed in Fig. 4. The Fermi level of the PDOS of La
enters into the 5d and the 3d states of Ti and 2p state of O.
The total DOS of LaTiOj; is obtained by the sum of these
three PDOS, which shows that the Fermi level locates in the
conduction band.

The construction of energy band structure can be seen from
the comparison of total DOS and PDOS. Due to the
importance of the valence band and conduction band, Fig. 4
just focuses on the energy bands near the Fermi level. In fact,
in the total DOS four energy bands exist below Fermi energy
level. One ranging from —59.0 eV to —57.1 eV is
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Fig. 3 Energy band structure of LaTiO;
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attributed to Ti 3s state. And La 5s and Ti 3p states
dominate the one in the range of —36.1 eV~—33.7 e¢V. One
from —22.2 eV to —16.8 eV is mainly attributed to La 5p
and O 2s states. The valence band in the range of
—9.1 eV~-3.0 eV is essentially formed by O 2p state.
Finally, the conduction band spreads a large energy range
of —1.7 eV~14.0 eV. It can be noted in Fig. 4 that the
conduction band displays an obvious hybridization of La
5p 5d 6s, Ti 3d and O 2p.

The reflectivity of LaTiO3 has been investigated. At the
wavelength of 10.6 um the reflectivity is 68.3%. This value is
fairly high for a ceramic material. It can be explained that
both the imaginary part and real part of the dielectric function
influence the reflectivity. A high real and imaginary parts of
the dielectric function tend to improve the reflectivity
according to our previous work [23], as can be concluded
from Eq. 1. Due to the excellent dielectric function of
LaTiOs, its reflectivity is higher than most other ceramic
materials. Furthermore, the radical reason can be found from
the energy band structure. Because of the entrance of Fermi
level into the conduction band, most excited electrons rotate
closely to the conduction band, and some of them are situated
in the conduction band. Consequently, the interband tran-
sitions can more easily occur in these excited electrons. This
phenomenon is responsible for the good, metallic-like
reflective properties observed in this material.

Besides PM-3 M space group, the reflectivity of LaTiO;
with PBNM space group was also calculated. The calculated
reflectivity at the wavelength of 10.6 um, 30.8%, agrees very
well with the experimental value, 30%—35% [24]. So the
reflectivity calculation is reliable.
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Fig. 4 Total and partial DOS of LaTiO;

3.2 Electronic structure and reflectivity of Sr doped LaTiO;

3.2.1 Electronic structures of La;_.Sr TiO3 with varying Sr
concentrations

From the DOS calculation, we see that La,_,Sr,TiO5 has the
same numbers of energy bands as LaTiO;: four energy
bands below the Fermi level and one conduction band
above. The total DOS of La,Sr,TiO; with varying Sr
concentrations is shown in Fig. 5.

Fig. 5 Total DOS of La; St TiO3
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We focus on the Fermi level, conduction band and its band
gap, because they play a key role in the energy band structure
and optical property. We notice that the Fermi level of
La; «Sr,TiO; is still in the conduction band, yet its energy
distribution is different from LaTiO; (this can be inferred by
the energy at which the bottom of the conduction band lies,
as shown in Table 1). The energy at the conduction band
bottom first decreases with increasing Sr dopant concentra-
tion. That means the conduction band moves to a lower
energy level and the corresponding Fermi level moves to a
higher energy level. When x reaches 0.25, the energy at the
bottom of the conduction band goes through a minimum.
Further increase of Sr dopant (x increased from 0.5 to 1) will
move up the energy level of the conduction band bottom,
indicating the conduction band moves to the opposite
direction (the higher energy) and the Fermi level moves to
the lower energy direction. When x equals to 1, (i.e., SrTiO3)
the conduction band is above the Fermi level.

The band gap of La;_Sr,TiO; as a function of Sr dopant
concentration is shown in Fig. 6. The band gap reduces
with increasing Sr concentration, a phenomenon attributed
to the difference of electronic configuration between Sr and
La. Lacking of one electron, Sr can provide a bare energy
orbit that can form an acceptor energy band located in
between the conduction band and valence band, and hence
reduces the band gap.

3.2.2 Reflectivity of La,;. Sr,.TiO3 with varying Sr
concentrations

The reflectivity of La; (Sr,TiO5 as a function of Sr dopant
concentration is shown in Fig. 7. It can be observed that the
reflectivity first increases with increasing Sr concentration
till reaches a maximum of 99.2% when x=0.25. This is an
extremely high reflectivity value which is comparable to the
reflectivity of metals such as gold or aluminum. The
reflectivity begins to decrease when x exceeds 0.25, and
falls to merely 8.5% when x equal to 0.75.

Such a change in reflectivity vs. Sr concentration is
attributed to two aspects. On the one hand, as we already
mentioned, the conduction band moves to the lower energy

Table 1 Energy at the bottom

of conduction band of X Energy at the
La,_,Sr, TiO3 bottom of conduction
band (eV)

0 -1.73

0.125 -1.78

0.25 -1.79

0.5 -1.73

0.75 -1.47

1 0.99
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Fig. 6 Band gap of La;,Sr,TiO; as a function of Sr doping
concentration

level when x is smaller than 0.25, and the number of active
valence electrons below the Fermi level increases; conse-
quently, the number of electrons that could participate in
the interband transitions increases. As we all know that
reflection occurs when the excited electrons in the higher
energy band jump into the lower energy band; therefore, the
more interband transitions, the more reflection processes
occur. On the other hand, the band gap reduces when x is
smaller than 0.25; this will make the interband transitions
occur more easily. As a result, the reflectivity is enhanced.
However, when x approaches to 0.5, 0.75 and 1, the
conduction band moves to the opposite direction-the higher
energy band, which leads to a decrease in the numbers of
electrons that can participate in the interband transitions.
Although the reduction in band gap energy is favorable to
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Fig. 7 Reflectivity of La;_(Sr,TiO3 at the wavelength of 10.6 um as a
function of Sr doping concentration
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the interband transitions of electrons, competition of these
two effects decreases the reflectivity of the material [25].

4 Conclusions

This paper has investigated the electronic structures and
reflectivity of pure and Sr doped LaTiO5; by employing first-
principle GGA-based Density Functional Theory calculations,
with ultrasoft pseudopotentials. Results show that LaTiO3
belongs to the direct band gap semiconductor material with a
band gap energy about 1.3 eV. A high dielectric function is
favorable to achieve high reflectivity, and a reflectivity of
68.3% has been observed at the wavelength of 10.6 um. The
entrance of Fermi level into the conduction band introduces
active electrons close to and some inside the conduction
band. The interband transition of these electrons is the reason
for its as-metal behavior in terms of reflectivity.
Introduction of Sr in LaTiO5 (La;_.Sr,TiOsz) lowers the
conduction band, and a minimum energy is achieved when
x=0.25. Sr doping also reduces the band gap by forming an
acceptor energy band. An ultrahigh reflectivity of 99.2% is
observed in Lag75Srg,5TiO5, an effect attributed to the
lowering of conduction band and reduction in the band gap.
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