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Abstract. First-principles calculations, with CASTEP code, were employed to study the effect of lithium (Li) and
beryllium (Be) doping on structural stability, phase transformation, electronic band structure and optical characteristics of
CaTiO3. The substitution of Ca-atoms with the Li- and Be-atoms changes the lattice parameters and hence unit cell
volume and consequently the electronic band structure of CaTiO3 is modified. With 12.5% Li- and Be-doping, we
observed a structural phase transformation from cubic to pseudo-cubic tetragonal structure which is in good agreement
with the literature. The impact of structural phase transformation on the electronic band structure has been explained with
the help of total, partial and elemental partial density of states. In case of Li-doping, the value of band gap slightly
increases from 1.866 to 1.964 eV while the band gap value decreases to 1.614 eV for Be-doping. In both cases of doping,
maxima of valence band are shifted from R to Z symmetry point whereas the minima of conduction band remain at G
symmetry point. In pure and doped cases, the nature of the band gap remains unaltered, i.e., indirect band gap. From
optical response of the doped compounds, we perceive a red shift in the absorption. With Be- and Li-doping, the static
refractive index also increased from 2.48 to 2.63 and 4.1, respectively. The change in electronic structure and optical
characteristic with Li- and Be-doping would make this compound a suitable candidate for future optoelectronic devices.
Keywords. First principles study; phase transformation; indirect band gap; dielectric function; absorption edge;
optoelectronic devices.

1.

Introduction

Calcium titanate is an inorganic intrinsic perovskite with the
formula CaTiO3 (CTO), and is also known as mineral
perovskite [1]. It is a colourless and diamagnetic solid, but
the presence of certain impurities often make it coloured. It
is also known as a founding father of the perovskite family
as it has low cost and good chemical stability [2]. Various
methods have been used to synthesize CTO crystals
including hydrothermal methods [3,4], electrochemical
deoxidation [5], precipitation [6], mechanical alloying [7],
sol–gel methods [8] and mechano-chemical milling [9,10].
The melting point of CTO is very high, i.e., 2248 K [11]. It
shows indirect band gap energy of 3.5 eV [12]. As a representative of perovskites, CTO possesses several properties
such as piezoelectricity, ferro-electricity and ferromagnetism
[13,14]. CTOs have many uses in medicine because of their
unique physical and chemical properties [15,16]. They are
being used as a charge-storing electronic device, in moulding

of ceramics, in condensers and as a major component of rocks
used to confine nuclear waste [17]. Generally, CTO is used as
a dielectric material but in particular, it is used as an electroceramic and ferroelectric material [18,19]. Its dielectric constant is also low and its conductivity depends upon temperature. It exhibits PTC (positive temperature coefficient) of
resistance at high temperature and NTC (negative temperature
coefficient) of resistance at low temperature [20].
CTO consists of a Ca (calcium) atom having oxidation
number 2 and belongs to group 2 of the periodic table, a Ti
(titanium) atom with oxidation number 4 and an O (oxygen)
atom with oxidation number -2. Here Ca and Ti are cationic
species while O is an anionic species that bonds with both cations.
In its unit cell, Ca atoms lie at cubic-centred corners (0, 0,
0), titanium is located at body-centred position (1/2, 1/2,
1/2), and O atoms are placed at face-centred positions (1/2,
1/2, 0). Here titanium atom is in six-fold coordination with
O atoms while Ca atoms possess a 12-fold cuboctahedral
coordination [21] as shown in figure 1.
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It maintains its cubic structure at a high temperature up to
1580 K with space group Pm5m [22]. Below 1580 K, it
appears in different structures with variation in space
groups [23]. This kind of transition in its phase occurs
owing to the tilting of TiO6 octahedra [24], leading to distortion of the main structure into a lower symmetry where
reduction of both cations forms orthorhombic and tetragonal structures, respectively [25]. At 1380 K, CTO has an
orthorhombic structure with space group Pbnm. Between
1380 and 1500 K an orthorhombic structure with space
group Cmcm appears. At 1500 K it converts into a tetragonal structure with space group 14/mcm [26]. Even a slight
variation in temperature and pressure affects its phase
transitions [27]. Neutron diffraction method has been used
to study these changes in phases of perovskites that show
four phase transitions for CTO specifically [28]. Previous
studies considered it as a monoclinic crystal but later on it
was shown by Kay and Bailey that CTO possesses
orthorhombic structure with space group Pcmn at room
temperature [29].
Currently, the ferroelectric properties of CTO are recognized and it as an important component of solar cell
perovskite family [30]. CTO has been considered for the
removal of textile wastewater that highlighted its role as a
photo-catalyst. Irradiation of CTO with highly energetic
photons, produces holes in the valence band and various
active sites are formed that initiate the redox reaction [31].
The elastic properties of CTO, i.e., ductility, anisotropic
factor, strain and speed of sound by propagation have been
studied using density functional theory (DFT) [28]. The
effect of pressure transforms the indirect band gap to direct
band gap by first principles calculations [32]. Several
magnetic, electrical, optical and structural properties of
perovskite have been calculated by first principles technique
[33,34].
Magnesium (Mg) doping in CTO widens the band gap
from 1.82 to 1.94 eV as described by the DFT approach and
the structural and optical properties have also been discussed [35]. Photoluminescence properties of doped CTO
are also a point of interest nowadays. CTO was effective as
a host material for luminescence. Excitation of Pr doped
CTO emitted red intense light [36,37]. By using first

Figure 1.

Schematic diagram of unit cell of cubic CTO.
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principles technique different properties such as doping
configuration, luminescence spectra and lattice defects are
discussed by choosing a dopant from lanthanide series [38].
Doping of oxide perovskites by trivalent rare-earth impurities caused changes in optical, electrical, mechanical,
magnetic and structural properties of perovskites [39].
In the current paper, the band gap, structural, electronic
and optical properties of pure and doped (Li, Be) CTO have
been explored, first time, using ultra-soft pseudo-potential
(USP) and generalized gradient approximation (GGA)
proposed by Perdew–Burk–Ernzerhof (PBE). With the
addition of elements from group 1 and 2 i.e., Li and Be in
CTO, the tuning of its band gap and lattice parameters are
analysed. The change in lattice constant of doped CTO is in
line with Vegard’s law as new states emerge at symmetry
G-point with phase transformation from cubic to pseudocubic tetragonal. By adding Li and Be, the band gap displays strong bowing owing to the contact of dopant s- and
p-orbitals. Doping of Li and Be enhances optical properties
of CTO and there is a shift in its absorption spectra. With
Be- and Li-doping, the static refractive index also increases
from 2.48 to 2.63 and 4.1, respectively.
The paper is arranged as follows: Section 2 deals with
methodology, Section 3 includes calculated results and
Section 4 concludes the paper.

2.

Methodology

Calcium titanate, as a dielectric, is a material of perovskite
structure that exhibits cubic structure with space group
Pm3m showing stability at room temperature. In the light of
DFT, USP and GGA-PBE were utilized for analysis of
electron–ion interaction and electron exchange interactions,
respectively [40,41]. Without USP and having only standard
GGA-PBE functional, the band gap value is overestimated
for pure CTO. Being a transition metal, titanium has additional d-electrons with valence shell of 3d, 4s occupying
positions in the middle of cubic faces with the Ca atom
having the 4s valence state on the corners of the cubic unit
cell and oxygen atom with 2s and 2p valence states holding
face centred positions. For USP, the semi-core states of Ca,
Ti, O and the dopant elements are also treated as a valence
state for attainment of better electronic and optical properties, i.e., in the case of Ca and Ti, 3s and 3p semi-core
states are viewed as valence states. In this research study,
the elements from group 1 (Li) and group 2 (Be) doped
progressively at the Ca site of CTO as shown in figure 2.
The calculated lattice constants for pure CTO are a = b =
c = 3.887 Å.
For better efficiency, CASTP code is used for first principles approach [42]. The first step in computation is the
geometry optimization that is performed by establishing a
supercell that gives us appropriate doping concentration. In
all, 58 atoms are merged in the supercell of 2 9 2 9 2 doped
CTO from expansion of five atoms primitive unit cell.
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Figure 2. 2 9 2 9 2 Supercell of (a) Li-doped CaTiO3 and (b) Be-doped CaTiO3.

Table 1. Geometry optimization and unit cell parameters of pure, Li- and Be-doped CaTiO3. From literature the experimental and
theoretical results are also given for comparison.
Lattice parameters (Å)
Structure
Cubic
Cubic
Cubic
Tetragonal
Tetragonal

Methodology

Function

a

b

c

DFT reported pure [44]
Experimental pure [43]
DFT present study pure
DFT present study Li-doped
DFT present study Be-doped

GGA

3.931
3.897
3.887
7.800
7.806

3.931
3.897
3.887
7.800
7.806

3.931
3.897
3.887
3.884
3.873

GGA
GGA
GGA

The convergence threshold of 5 9 10-5 eV is required for
full optimization. After geometry optimization, the next
step is the calculation of single point energy. The first
Brillouin zone was formed by using MPG (Monkhorst-Pack
grid) of 2 9 2 9 2 k-points. Cut off energy of 489.8 eV
converts the electron wave functions into discrete plane
wave basis [43]. The residual forces were kept controlled
over a range of 2 meV Å-1. All the properties of the
optimized structure were analysed.

3.
3.1

Results and discussion
Structural phase transformation

After formation of the supercell, the geometric optimization
of cubic CTO is performed in two ways with GGA-PBE.
Firstly, pure CTO is geometrically optimized and after that
optimization is done by choosing doped CTO where dopant
atoms are Li and Be. The calculated lattice parameters for

Volume (A3)
60.744
59.182
58.425
233.868
235.995

pure CTO are a = b = c = 3.887 Å whereas the theoretical
reported result for pure CTO is a = b = c = 3.931 Å [44],
and the experimental value of lattice parameters of CTO are
a = b = c = 3.897 Å [45]. Both experimental and calculated
values are nearly the same and this confirms that our
computation is sound. When Li and Be atoms are replaced
by Ca in pure CTO, we observed the phase transformation
from cubic to pseudo-cubic tetragonal structure. It is
reported in the literature that pseudo-cubic tetragonal
structure occurred when c/a ratio is 1/2 [46]. In this study,
we have got the same value of c/a ratio, i.e., 0.497 as
reported in the literature. This phase transformation occurred only at a specific dopant percentage which is 12.5%. We
have also confirmed that when the doping percentage is less
than the 12.5%, no phase change occurred. The calculated
lattice parameters of the Li- and Be-doped CTO are presented
in table 1. The lattice parameter c almost remains same for
pure and doped CTO. The unit cell volume of the doped CTO
is much larger than the pure CTO and this has a large impact
on the electronic and optical properties of doped CTO.
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Figure 3.

3.2
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Band structure of pure CaTiO3 and total density of states with band gap energy value.

Electronic structure of pure and doped CaTiO3

Electronic properties include band structure, total density of
states (TDOS) of pure CTO and doped CTO and partial
density of states (PDOS). Usually, the band structure gives
information about the energy values that an electron can
occupy resulting in the formation of conduction and valence

bands and the range of energy where an electron cannot
accommodate itself known as forbidden band or band gap.
Conduction band lies above the band gap while valence
band lies just beneath the band gap with Fermi level
residing in one or more allowed bands with zero energy.
Band structure gives us the electrical resistivity and optical
absorption. On the basis of k-vector (crystal momentum) of

Figure 4. (a) Band structure and total density of states of Li-doped CaTiO3 and (b) band structure and total density
of states of Be-doped CaTiO3.
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Figure 5. TDOS and PDOS of pure and doped CaTiO3 (a) TDOS, (b) pure PDOS, (c) Be-doped PDOS and
(d) Li-doped PDOS. The vertical scale of all figures has been set same for comparison.

holes and electrons, the band gaps are classified into two
types; it will be indirect if k-vector is different otherwise it
will be direct with the same crystal momentum of electrons
and holes. Band structure diagram of pure CTO is shown in
figure 3. The diagram shows energy on the vertical axis
with horizontal axis representing high symmetry points of
Brillouin zone in k-space. The minima of conduction band
lies at G-point while the maxima of valence band can be
seen at R-point, i.e., having different crystal momentum.
Therefore, the nature of band gap is indirect with a value of
1.866 eV.
Whenever the impurities are added in a material, there
are two possibilities of modifications in its band structure.
The first one is the change in nature of band gap from
indirect to direct with decrease in its band gap energy and
phase transformation and the second one is that there will be
no change in band gap nature, it remains as it is and the
band gap energy shows some increase with the possibility of
a phase change.
Doping of Li and Be at Ca site of CTO shows no effect
on the nature of band gap as shown in figure 4, where
minima of conduction bands are at G and maxima of

valence bands are at Z but there is an increase in its band
gap energy, i.e., 1.964 eV for Li-doped CTO and decrease
in its band gap energy, i.e., 1.614 eV for Be-doped CTO.
Further analysis of these graphs shows the shifting of Fermi
level away from the conduction band and more towards the
valence band. To count on this change, total density of
states and partial density of states are also calculated.
For undoped CTO, Li- and Be-doped CTO and simulated
results of TDOS and PDOS are represented in figure 5.
From these results we can get better information for the
formation of band structure of pure and doped CTO. TDOS
and PDOS plots can assist us with a better comprehension
of the construction of the band structure for both doped and
undoped CTO. We have applied the tetrahedron method, at
their equilibrium lattice constant, to compute the density of
states. Involvement of s-state of Li and Be shifted the
valence band upward at G point that can be interpreted from
the graph. The individual elemental PDOS of pure and
doped system are also plotted for a detailed description
(figure 5b–d). The variations in conduction and valence
band after adding impurities of Li and Be in pure CTO are
clearly observed from these graphs. In doped CTO, d-states
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Figure 6.
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Pure and doped elemental PDOS (a) Ca-PDOS, (b) Ti-PDOS, (c) O-PDOS and (d) Li-, Be-PDOS.

of conduction band appear sharper with respect to pure
system. Li and Be affected the peaks of valence and conduction band in doped CTO analysed from the PDOS of
oxygen. In doped CTO influence of s-states of valence band
and d-states of conduction band are counted that opposes
the pure system. We observed that the upper valence bands,
with a minor admixture of Ti-d-states, are dominated by
O-2p-states (between -5 and 0 eV) for pure CTO. In the
banding region, the presence of Ti-d-states predicts a
covalent bonding contribution in CTO perovskite as a result
of hybridization between the orbitals of Ti-d and O-2p. The
Be-s-states and Ti-s, p-states also contribute to the valence
bands, but in comparison to the states of Ti-d and O-2p, the
values of respective DOS are fairly small. Besides this,
examination of the PDOS proves the energy gap presence
between the occupied and unoccupied states, i.e., O-2p and
Ti-d, respectively. We have also plotted elemental PDOS
after Li- and Be-doping to observe the doping effect on
valence and conduction band more closely (figure 6).
Observing the total and partial density graphs we can see
several structural alterations after Li- and Be-doping in the
CTO. In doped CTO, we observed that at the top of the
valence band the s- and p-states contribute dominantly.
Figure 6 shows that s- and p-states become more prominent
after Li- and Be-doping on either side of Fermi level.
Overall this subsection shows that moving from pure to
doped CTO, there is no change seen in the nature of band
gap, i.e., indirect, but the band gap energy shows a small

increase in its value with the addition of Li and decrease in
band gap value with addition of Be.

3.3

Optical properties of pure and doped CaTiO3

The optical characteristics of pure, Li- and Be-doped CTO
were determined by the dielectric function e(x) = e1(x) ?
ie2(x). The imaginary part e2(x) was computed by using the
first-order time-dependent perturbation theory on the basis
of simple dipole approximation. By using the random phase
approximation, the changes in the periodic part of the
potential and local field effects, have been accounted for. It
should be noted that e1(e) (real dielectric function (RDF))
and e2(x) (imaginary dielectric function (IDF)) have two
independent parts. These independent parts are related with
the two polarizations of the electromagnetic field with
respect to the plane of the materials.
It was demonstrated, in the previous section, that if CTO
is doped with Li and Be atoms, the electronic band structure
changes. This change in electronic structure has considerable impact on the optical behaviour of the system. In this
section, we will describe doping effect of Li- and Be-doping
on the optical properties of CTO. Figure 7 depicts the all
optical characteristic of pure and doped CTO. To check on
these properties dielectric constant plays a key role. RDF
defines the polarizability of the material that provides an
insight into the structure and IDF work as a probe for
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Figure 7. Comparison of optical characteristics of pure and doped CaTiO3. (a) RDF-e1(x), (b) IDF-e2(x), (c) absorption-I(x),
(d) reflectivity-r(x), (e) energy loss function-L(x) and (f) refractive index-n(x).

optical absorption spectrum. Both the parts of relative
permittivity are plotted against energy in figure 7a and b.
Now looking at the behaviour of IDF for pure CTO from
the graph it is observed that at 0 eV it has minimum value
with minimum absorption for pure CTO. A gradual increase
in photon energy from 5 to 50 eV displays a direct relation
between IDF and absorption as shown in figure 7b and c.
Four major peaks of IDF with some minor peaks are
observed around 4.5, 8.2, 26.7 and 37 eV and similar
behaviour can be observed in case of absorption where
peaks emerge at the same energy values.
In the case of Li- and Be-doped CTO, IDF shows four
major peaks at energy values around 4, 7.5, 26.5 and 36.5 eV
having resemblance with absorption peaks at same energy
values. Moreover, the sharpest absorption peak resides
around 37 eV for pure CTO with reduction in its value in
case of doped CTO. Absorption edge describes the band gap
as in doped CTO it transits towards low energy values as
compared to pure CTO showing decrement in band gap and
the tail below the edge is related with imperfection within the
material. Pure CTO shows no tail in its absorption spectra.
Refractive index for both pure and doped CTO is shown in
figure 7c and d. Pure CTO has refractive index of 2.48 eV
and Li- and Be-doped CTO have a refractive index of 4.1 and
2.48, respectively. This variation in refractive index is due to
the variation in the band gap.

Electrons are movable in the crystal and interactions with
light makes them unstable in metal gas resulting in generation of resonance phenomenon by attaining plasma frequency. This behaviour can be depicted from sharp peaks of
energy loss function shown in figure 7e. Doping of Li and
Be relocates these sharp peaks towards lower energy values
in contrast to the behaviour of pure CTO. Detailed analyses
of energy loss function and IDF from the graph shows the
inverse relationship between them, obeying semiconductor
characteristics. From figure 7c and d we observe the effects
of reflectivity and absorption; both have opposite behaviour
with energy, one shows maximum values while the other
shows limiting values at same point of energy.

4.

Conclusion

First-principles calculations, with CASTEP code, were used
to study the effect of lithium (Li) and beryllium (Be) doping
on structural stability, phase transformation, electronic band
structure and optical characteristics of CaTiO3. From
structural analysis, we have observed that the lattice
parameters and unit cell volumes of the doped system is
much larger than the pure system and hence there is a
structural phase transformation from cubic to pseudo-cubic
tetragonal. Moreover, we have also explored the impact of
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the structural changes on the electronic band structure and
optical characteristics. The electronic band structures for
both pure and doped systems were explained by total, partial and elemental partial density of states. With the doping
of Li and Be, we observed that the maxima of the valence
band shift from R-symmetry point to Z-symmetry point,
with more states both in valence and conduction bands, of
the Brillouin zone, whereas the minima of the conduction
band remain unchanged. In the banding region, the presence
of Ti-d-states predicts a covalent bonding contribution in
CTO perovskite as a result of hybridization between the
orbitals of Ti-d and O-2p. The Li-s, Be-s-states and Ti-s, pstates also contribute to the valence band and conduction
band, but in comparison to the states of Ti-d and O-2p, the
values of respective DOS are fairly small. Besides this,
examination of the PDOS proves the energy gap presence
between the occupied and unoccupied states, i.e., O-2p and
Ti-d, respectively. Therefore, we can conclude that the Li-sstate is the primary reason for the small increase of band
gap in Li-doped CaTiO3. But in the case of Be-doping the
2s2 states of Be are responsible for the compression of band
gap. We have also calculated the effect of doping on optical
properties for both pure and doped compounds and have
discussed it with respect to electronic structure. All the
above mentioned properties are affected by this doping and
we observed red shift in absorption edge for Li- and Bedoped CaTiO3. The static refractive index is also enhanced
for both the doped systems. The change in electronic
structure and optical characteristic with Li- and Be-doping
would make this compound a suitable candidate for optoelectronic devices. Our calculations may also be an increment to understand the behaviour of other perovskites.
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