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ABSTRACT

This paper presents an analysis of optical properties of cubic titanium dioxide (TiO,)
using Orthogonalized Linear Combinations of Atomic Orbitals (OLCAO) basis set
under the framework of Density Functional Theory (DFT). Many optical properties
such as refractive index, extinction coefficient, reflectivity, absorption coefficient,
photoconductivity, and loss coefficient have been studied and analyzed thoroughly.
From the analysis of optical properties, it is seen that, cubic TiO, supports inter-
band transition between states. Reflectivity of pyrite structure TiO, lies within IR-
visible — UV region due to which it qualifies for coating industry. Furthermore, the
results are compared with previous theoretical as well as with experimental results.
It is found that DFT based simulation produces results which are close approxima-
tion to experimental results.
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INTRODUCTION

Titanium Dioxide (TiO,), is a material of in-
terest for semiconductor industries due to its wide
band gap property. In general, it is found naturally
in different structures and crystalline forms like,
monoclinic, orthorhombic, simple tetragonal, cu-
bic [1]. It provides many intermediary utilization
ways when it is grown in different polymorphic
forms. Naturally, titanium dioxide forms in three
different structures namely most stable rutile, me-
dium stable anatase and less stable brookite [2].
Since last century, many types of advanced mate-
rials has been invented by applying high pressure
on the crystal structure which may be significant
for many electronic and industrial applications.
Jin- Hua Wang et al. used the technique such as
laser light excitation to investigate the Raman
and photoluminescence spectra of a cubic struc-
ture named as yttrium oxide (Y,0,) [3]. Yugui
et al. synthesized noble nitride material, under

high pressure and high temperature [4]. Thus,
it is clear that, high pressure plays an important
role which transform a material to other form of
material. Gong et al. [5] simulated many ther-
modynamic properties of an ideal glass and got
concluded that, ideal glass manifest cooperative
diffusion and clearly shows distinguished behav-
iour from the liquid state. They also clearly dem-
onstrated that, glass state has flat potential land-
scape which was the most critical feature of ideal
glass. So it is important to analyse the optical as-
pect of catalytic material like titanium dioxide. It
is found that, if high pressure is applied to rutile
type polymorphs, they get converted to fluorite
type (CaF)) and pyrite (FeS)) structure. In past
few years, titanium dioxide has been evolved as
most promising photo catalysts due to its number
of merits like eco- nontoxicity, cost-effectiveness,
long term stability [6, 7]. TiO, materials mainly
utilized in civil products such as interior deco-
ration, personal hygiene and beautification until
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in 1972 two scientists Fujishima and Honda [8]
used firstly TiO, electrode to photocatalyze water
splitting [9, 10]. Since then, many researches are
being carried out to find out different applications
of different polymorphs of titanium dioxide. Cu-
bic TiO, has superb optical absorption transitions
in the range of visible light (3.26 eV — 1.59 eV)
due to which it is a best candidate material for
making solar cells. Some distinguished industrial
and commercial applications such as, transparent
windows and glasses, highly efficient solar cells,
dynamic random access modules, photodetectors
and creating super hard materials, are distinctly
encouraged in present era [11-13]. If it is in the
powdered form, this can be used as pigment for
painting as well as for making plastics. How-
ever, considering future conservation of energy
and cleanliness of environment, solar cell is most
important application for which cubic TiO, may
be a preferred material [14-16]. So, for various
monitoring or control applications, optical char-
acterization is much necessary. Optical proper-
ties are unique in nature and easy to characterize
any type of semiconductor material. Some optical
properties can be (1) They can be adaptive with
any type of environment including high-vaccume
environment (2) They provide much necessary
information which will be helpful for analyse
transport properties of impurity or various defects
and electrical behaviour. (3) They have abilities
to provide analysis for long-range wave length/
energy, finest results and high degree of accuracy
by which it’s possible for chemical and elemental
analysis (4) Finally, these properties act as “table-
top” properties for semiconductor manufacturing
industry. In general, the cubic TiO, is synthesized
from anatase TiO, by heating at a high tempera-
ture of 1900 to 2100 K in a diamond-anvil cell
under a pressure of 48 GPa [17-19]. Investigation
on both phases of cubic TiO, have been carried
out by many research groups both experimentally
and theoretically. Kim et al. [20] performed neu-
tron scattering experiment and concluded that py-
rite TiO, is unstable because of the imaginary fre-
quencies in the phonon spectra during the entire
pressure range, however fluorite TiO, is stable
because of absence of such imaginary frequen-
cies [20]. Imaginary frequency can be implied as
a negative force constant i.e. in one direction en-
ergy is maximum whereas other orthogonal direc-
tions energy is minimum. Miloua et al. [6] stud-
ied both the cubical TiO, in detail using full po-
tential linearized augmented plane wave method.
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Moreover, Mattesini et al. [20, 21] found out that,
the only difference between both the cubic phases
of TiO, is the concern about positions of oxygen
atoms located. In pyrite TiO,, oxygen atoms are
located at whereas in fluorite structure, these
are at. Similarly, Zhao et al investigated different
material parameters such as diffusion, interfacial
energy using atomistic simulation. Following the
same way, Hu et al. [22] concentrated the study
on electronic and other properties using density
functional theory and ultra-soft pseudopotentials.
Previously, we have studied detailed analysis on
structural, electronic and mechanical properties
of both phases of cubic TiO, [23], but dielectric
properties of both phases of cubic TiO, have not
been studied.

From the literature, it is clear that, numerous
investigations are being carried out for natural
TiO,. Most of the investigations of TiO, are on its
structure, electronic and thermodynamic proper-
ties whereas very few investigations are carried
out on dielectric properties of both phases cubic
TiO,. Hence, detailed investigation and analysis of
structural and dielectric properties are motivated
for various applications. In this paper, a systematic
ab-initio investigation of the structural, and dielec-
tric properties of cubic TiO, are studied in detail.

COMPUTATIONAL METHODS

Theoretical simulations were performed us-
ing orthogonalized linear combinations of atomic
orbitals method. For titanium material, s and p
local orbitals were added to the LCAO basis set
for improving the convergence of considered
wave function whereas for oxygen, a single or-
bital s were added to the basis set. All the LCAO
parameters are optimized using Limited Memory
Broyden - Fletcher - Goldfarb - Shanno (LBFGS)
algorithm which is more popular compared to
First Inertial Relaxation Engine (FIRE) and other
Quasi Newton optimization algorithms. While
simulating the default lattice parameters of both
the crystals are varied within and then plotted the
characteristic curve between total energy in Har-
tree (Htr) and total volume in Bohr. The relation-
ship between these quantities is shown Figure 1a
and 1b for fluorite and pyrite TiO, respectively.
All the optimized lattice parameters and specifi-
cations are considered from [24]. The optimized
fluorite and pyrite structure shown in Figure 2a
and 2b respectively.
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Fig. 1. (a) Total Energy vs Total Volume for fluorite type TiO, (b) Total Energy vs Total Volume for pyrite type TiO,
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Fig. 2. (a) Optimized Fluorite TiO,, (b) Optimized Pyrite TiO,

Geometrical atom positions for fluorite struc-
ture: Titanium 4a (0, 0, 0) and Oxygen 8c (1/4,
1/4, 1/4). Similarly for pyrite structure: Titanium
4a (0, 0, 0) and Oxygen, 8c (x, x, x), x = 0.3411.
The interatomic distance for each phase of cubic
TiO, was shown in Figure 1 [24].

Big balls (white) represents Ti (Titanium) at-
oms and small balls (red) represents O (oxygen)
atoms.

RESULTS AND DISCUSSION

With the density functional theory framework
presented in the computational section, the simu-
lation results and analysis on optical properties of
fluorite and pyrite TiO, is shown here. This simu-

lations are performed in a 12 GB Z380 HP work-
station with 12 GB RAM using Virtual Nano Lab
(VNL) software from Quantumwise Atomistix
Tool Kit (ATK) [25-27].

Optical properties

For optical and opto-electronic applications,
it is very crucial to understand and manipulate
polarization of light. Many optical designs basi-
cally focus on wave length and intensity of light
without concentrating on polarization. But polar-
ization affects the laser beam focus, influences the
cut-off wavelength of filters and most importantly
to prevent unwanted back reflection. It is a known
fact that, light is an electromagnetic (EM) wave,
and the oscillations of the electric field is L to
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the direction of propagation for which it need de-
tailed analysis on each aspect of optical proper-
ties. Here, main focus is on the unpolarized light
wave, as such the direction of this electric field
varies randomly with time. The optical properties
can be calculated considering real dielectric con-
stant, ¢ (w) and complex dielectric constant, &,(w)
using the following equation:

é(0)=¢(0)+ie, (o) (1)

As TiO, is considered as a super-photo cata-
lytic material, a detailed investigation is needed to
know its future applications. This can be accom-
plished if study on the dielectric properties of it is
carried out. As in Eq. (1), the imaginary part, that is
the complex dielectric constant €, consists of two
parts: one due to intraband transition of the inci-
dent electromagnetic (EM) wave and the other due
to interband transition of the incident EM wave.
For metals, intraband transition was considered
whereas interband transition is for semiconduct-
ing materials. Again, the interband transition is
of two types, direct band and indirect band transi-
tions. Due to little contribution towards dielectric
function, indirect interband transitions can be ne-
glected, although it provides information regarding
electron-phonon scattering. The direct interband
transitions contributes mainly to the dielectric
function (imaginary part) which can be found out
from the momentum matrix between occupied and
unoccupied wave functions. For evaluating real
and imaginary parts of the dielectric function, the
Kubo-Greenwood formalism has been used [24,
28]. Mathematically, it can be expressed as:

2h4 f ( )
N It 11
#y(@)== meVa' 4 Z —ha)—th B
2)
Where [’ is the i component of the dipole

matrix element between state n and m, v is the
volume, I' is the broadening factor, and f'the fer-
mi function. The dielectric response co-efficients
such as, the relative dielectric constant (g ), po-
larizability (o) and optical conductivity (o) are
related to susceptibility as:

£.(0)=(1+ 2(@),

a(w)=V, y (o),

o(w)=—iwe, x (@) 3)
The fluorite and pyrite TiO, single crystals

have a cubic symmetry, because of which they
require only one dielectric tensor component to
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characterize the linear optical properties. For
this reason, even if the linear dielectric tensor of
both the crystals compounds have three indepen-
dent components, but here one axis values have
been considered to calculate different optical
properties.

The imaginary part of the complex dielectric
function as specified in Eq. (4), is obtained from
the momentum matrix elements between the two
electronic states that is occupied and unoccupied
states. This can be expressed mathematically as,

27
Qg, ,{Zv:c

Where y¢, and y*, are the conduction band
and valence band wave functions at &, u is the
vector defining the polarization of the incident
electric field, w is the light frequency and e is the
electronic charge. According to Kramers-Kronig
transforms [29] the imaginary part given in Eq.
(1) and calculates the real part of the dielectric
constant. Mathematically, this can be expressed
as,

“lu.r

&(w)=

[6(E-E-E) (@)

a)da)

—2 (5)

-

&(0)=1+= Pj

In the above equation, P representing domi-
nant value of integral.

Using the above dielectric constants Eq. (4)
and (5), several optical properties such as refrac-
tive index (), extinction co-efficient (k), reflec-
tivity (r), absorption coefficient (&), photo-con-
ductivity (o), and loss coefficient (L) have been
calculated.

The real part of dielectric function (g,) shows
how much a material becomes polarized when an
electric field is applied. This is due to creation of
electric dipoles in the material. From Figure 2a,
a major peak occurring at ~2 e} can be observed
for the fluorite TiO,. At this point, electron transi-
tion occurs at the Ti 3d states in the CB minimum
to O 2p states in the VB maximum. The observed
dielectric constant is 4.7 eV for fluorite type TiO,
using the Perdew-Zunger exchange correlation
parameters under the framework of LDA. Dielec-
tric constant for different exchange correlation
are shown in Table 1. Similarly, it can be seen
that from Figure 3b for the pyrite TiO, real dielec-
tric constant, it can be seen that, there is two peak
points situated at ~1.8 e} and 2 eV. The first peak
is weak and corresponds to the Ti 3p and O 2s
states in the lower valence band whereas the sec-
ond peak is the highest occurring point which is
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Fig. 3. (a) Real part of dielectric constant of fluorite TiO, (b) Real part of dielectric constant of pyrite TiO, (c)
Imaginary part of dielectric constant of fluorite TiO, (d) Imaginary part of dielectric constant of pyrite TiO, (¢)
Refractive index of fluorite TiO, () Refractive index of pyrite TiO, (g) Extinction coefficient of fluorite TiO, (h)
Extinction coefficient of pyrite TiO, (i) Reflectivity of fluorite TiO, (j) Reflectivity of pyrite TiO, (k) Absorption
coefficient of fluorite TiO, (1) Absorption coefficient of pyrite TiO, (m) Real photo conductivity of fluorite TiO,
(n) Real photo conductivity of pyrite TiO, (o) Imaginary photo conductivity of fluorite TiO, (p) Imaginary photo
conductivity of pyrite TiO, (q) Energy Loss Function of fluorite TiO, (r) Energy Loss Function of pyrite TiO,

caused due to transition of electron from conduc-
tion band minimum at Ti 3d states and valence
band maximum at O 2p states. For pyrite, the ob-
served dielectric constant is lower than fluorite
structure having value of 3.5 eV

The absorption property of any material can
be known from the imaginary part of the dielec-
tric constant as in Eq. (1). If this value is, then the
material is transparent. When absorption begins,
this value becomes non-zero. The peak absorption
occurs at 2.1 eV which is due to direct interband
transitions as well as direct excitons of the fluo-
rite structured TiO, whereas for pyrite structured
TiO,, the peak occurs at 2.45 eV. The imaginary
part of dielectric constant for both the structure
shown in Figure 3c and 3d respectively.
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The calculated values of dielectic constants as
obtained from Eq. (2), (3), (4) and (5) also vali-
date the equation for dielectric constant in terms
of refraction [30] as given below:

82772

(6)

Where 7 is the index of refraction. It is a func-
tion of photon energy and it can be given as:

n=n+ik (7
where: n — the complex refractive index,
n — the refractive index,

k — the extinction co- efficient.

When light passes through a material, it in-
teracts with the constituent molecules or atoms.
These interactions has a direct effect on the bend-
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ing of light. As temperature increases, the inter-
action of molecules decreases. From Fig. 3 (e)
and (f), it can be seen that the calculated value
of refractive index 7 is 2.16 for the fluorite TiO,
and 1.9 for pyrite TiO, respectively. The refrac-
tive index for other type of exchange correlation
methods given in Table 1. With lower refrac-
tive index, more and more light absorption takes
place. Moreover, due to this light also travels fast-
er. Because of these reasons, efficiency of solar
energy conversion increases. So, pyrite type TiO,
is much more efficient compared to fluorite type
TiO,. In this case, the fluorite structure will have
more bending effect as compared to pyrite TiO,,
because it has more refractive index [31].

The extinction coefficient (k) for both the struc-
tures is displayed in Figure 3g and 3h. Basically, &
indicates the amount of absorption loss when the
electromagnetic wave propagates through the ma-
terial. Normally, similar characteristics for (k) and
absorption coefficient (a) can be observed. It is
found from Figure 3g that, for fluorite type TiO,,
molar absorptivity starts from 0 e} and continues
up to 9 eV. Thus in the energy range, 0 eV/'<k <9
eV, fluorite type TiO, behaves as a transparent ma-
terial. At 3 eV, rises to its global maximum value,
and then gradually falls to its minimum value at
around 9 eV. Similarly, for pyrite structured TiO,,
molar absorptivity starts from 0 e} and continues
up to 7 eV. In the energy range, 0 eV<k<7 eV, py-
rite type TiO, behaves as a transparent material.
At ~2.5 eV, rises to its global maximum value,
and then gradually falls to its minimum value at
around 7 el as seen from Figure 3h.

Figure 3i and 3j shows the reflectivity curve
of fluorite and pyrite structures of TiO,. The term
reflectivity means when a photon beam is bom-
barded with the material, some portion of the
beam is reflected back or scattered at the interface
between the two media even if both materials are
transparent in nature. The reflectivity R(w) of any
material with normal light incidence can be cal-
culated using refractive indices (#) and extinction
coefficient (k) by the following Fresnel equation
[32, 33]:

2 2
Rlw) =012 ®
(I+n) +k

From Eq. (8), it can be observed that at lower
energy, fluorite type TiO, shows strong reflectiv-
ity. For fluorite structure TiO,, the global maxi-
mum occurs at 4.15 eV which arises due to inter-
band transition. This global maxima occurs at an

energy level within the Infrared and ultraviolet
region, from which it can be inferred that, fluo-
rite type TiO, can be best used as a coating ma-
terial [34, 35]. After this, a sharp decrement can
be seen which results in minimum reflectivity at
energies in the range 6-9 eV, beyond which re-
flectivity is much lower and can be negligible.
This minimized reflectivity is due to a collective
plasma resonance. This plasma resonance can be
determined by the imaginary part of dielectric con-
stant which also represents the degree of overlap-
ping between the inter-band absorption regions.
When total energy increases towards higher range,
fluorite material shows no reflectivity. Similarly,
for pyrite structure TiO,, a strong reflectivity can
be observed in the energy range 05 e}. The maxi-
mum reflectivity also happens around 4.7 eV. Then
reflectivity sharply decreases and comes to very
low value at 9 eV. In pyrite type TiO, also reflectiv-
ity lies within IR-visible-UV region, due to which
it is also suitable as coating material [34, 35].
The absorption coefficient (o) on the other
hand, provides some important information re-
garding maximum solar energy conversion effi-
ciency. It also describes, how far a light with a
specific energy or wavelength can travel before
being absorbed. Figure 3k and 31 shows absorp-
tion curve for fluorite and pyrite structure TiO,.
From the characteristics curves, it can be ob-
served that for compound semiconductor mate-
rial, like TiO,, the absorption coefficient does not
start from origin. This is due to non-metallic na-
ture of the material. For fluorite type TiO,, the ab-
sorption coefficient starts from 1 e} and rises up
to a value at 7 e} approximately and then gradu-
ally decreases to a value at around 9.5 eV. Beyond
10 eV, no absorption happens as shown in Fig-
ure 3k. For the region 0-2 eV, the characteristics
curve is known as fundamental absorption edge.
The fluorite TiO, attains global maxima for ab-
sorption curve near to 3 e}/ which was formed due
to valence to conduction band region popularly
known as Interband Absorption Region (IAR). It
can be observed that, there is a small edge near
to 3.2 eV which occurs for free excitons and an
edge near to 4 e}/ which occurred due to bounded
excitons. As the main fact is, more the absorption
value more is the electrons penetrated into TiO,
by capturing large number of electrons that fall on
it. So, for any semiconductor, it is advantageous
to have more absorption coefficient. Similarly, for
pyrite TiO,, absorption starts from 0.6 e} up to a
maximum value at 5.8 e} approximately and then
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decreases gradually to a value near to 12 e} and
after this, no absorption happens as shown in Fig.
3 (1). For pyrite type TiO,, valence to conduction
band transition occurs near at 2.6 e¢V. Mathemati-
cally, the absorption coefficient can be calculated
from the following expression,

_4rk
A

where: k — extinction coefficient, °
A — the wavelength.

(04

(€

Figures 3(m-p) shows the real photo-conduc-
tivity of fluorite and pyrite type TiO,. The main
fact is, as large absorption amount at the surface
of the material, more number of electrons released
from the surface due to which electrical conduc-
tion can be expected from the surface of material
when bombarded with photons. Similarly, in the
case of semiconductor, when photons are bom-
barded with energy greater than the band gap en-
ergy, it may resulted in creation of electron-hole
pairs. This process is called photo-conductivity.
The current produced due to photo-conductivity
is directly related to the incident light intensity.
This property is very important in case of photo-
voltaic cell popularly known as solar cell which is
used for conversion of solar energy to electricity.
The conductivity for real part (¢,) and imaginary
part (0,) for the dielectric function &(w) are related
through the expression [33] given below,

o, = we, ()

o, = wes, (a)) (10)

From eq. (10), it can be observed that, con-
ductivity is proportional to real and imaginary
part of dielectric constant which is in good agree-
ment with our results as shown in Figure 3(i-j)
and Figure 3(k-I). The electrical conductivity of
any medium increases, as it absorbs more and
more photons. It can be seen that both fluorite
and pyrite TiO, has good absorption values. So
these two structures can provide good electrical
conductivity.

Figure 3q and 3r shows the energy loss func-
tion (ELF) for fluorite and pyrite TiO,. It explains,
how much is the energy loss occurs when a fast
electron traverse through the material. In quan-
tum physics, it can be defined as the bulk plasma
frequency W, which occurs when the imaginary
dielectric constant, ¢,<1 and real dielectric con-
stant ¢ =0. The loss spectra is much weaker in the
lower energy regime, however it becomes sig-
nificant at around 4 e} and continues up to 8 eV
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The instant at which maximum loss occur is at
around 5 eV, which corresponds to plasmon en-
ergy hw, of the fluorite type TiO, semiconductor.
The characteristics below 4 e} is due to interband
transitions whereas, the peak in the characteris-
tics plot is after 4 e} which corresponds to bulk
plasmon peaks associated with collective charge
excitons. Thus it can be said that, oscillations are
formed due to valence electrons linked with plas-
mon oscillations. Similarly, for pyrite structure
TiO,, ELF becomes significant at around 2.1 eV’
and continues up to 6.5 eV. The instant at which
maximum loss occur is at around 5 eV, which cor-
responds to plasmon energy hcop of the pyrite TiO,
semiconductor [36, 37]. Mathematically, ELF can
be given as [32]:

ELF =1lm (_—1) (11)

g(w)

CONCLUSIONS

A simulation based study is presented here
on the structural as well as frequency dependent
dielectric properties within the dipole approxima-
tion for fluorite and pyrite TiO, material using
OLCAO basis sets under the framework of DFT.
Most results are compared with previously cal-
culated LDA works as well as plane wave results
and found competitive results using the above
specified basis set. The calculated lattice param-
eters of fluorite compound is in good agreement
with experimental data with a deviation of less
than and due to unavailability of experimental
findings for pyrite type cubic TiO,, theoretical
study will be much more helpful in near future.
Moreover, in this work, investigation on the di-
electric properties with LDA found to be very
much closer to other researchers calculated val-
ues. Some underestimated value for some of the
dielectric properties can be observed because
a single exchange — correlation potential is not
continuous across the band gap. By following
two individual ways, error can be made less. First
one is to implement Green’s function instead of
density functional theory. The Green’s function
can help to study self-energy of quasi particles
in a many particle system. The second way can
be, applying of self-interaction correction (S/C).
Here, self-interaction in the Hartree term 1is re-
moved by an orbital-by-orbital correction to the
exchange-correlation potential. From the results,
it has been observed that the dielectric functions
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Table 1. Dielectric constants of cubic TiO, using the OLCAO, and other exchange correlation methods used with

LDA

Phase Methods a(A) Vol. (A3) £,(0) n Reference
LDA-PZ-OLCAO 4.787 109.696 4.7 2.2 This Study

Fluorite LDA - B3LYP 4.744 106.766 7.348 2.711 [12]

LDA-CAPZ 4.739 106.429 7.75 2.78 7]

(Fm3m) LDA- VASP 4748 107.08 [17]

LDA-CASTEP 4.749 107.104 [38]

EXPERIMENTAL 4.87 115.500 2]
LDA-PZ-OLCAO 4.844 113.661 3.75 1.90 This study

LDA - B3LYP 4.744 106.766 7.345 2.710 2]

Pyrite LDA-CAPZ 4.807 111.1 7.64 2.76 7]

(Pa3) LDA- VASP 4.821 112.10 [17]

LDA- CASTEP 4.805 110.95 7]

LDA- LCAO 4.800 110.66 [18]

Note: Column 1 indicates different phases of cubic TiO,, column 2 indicates specific method of simulation, col-
umn 3 indicates about optimized lattice constant ‘a’ in A3, column 4 indicates optimized volume of lattice, column
5 indicates dielectric constant ‘¢,(0)’ of cubic TiO,, column 6 indicates refractive index of material and finally last

column indicates the referred article.

agree with experimental values in case of both the
cubic -TiO, with a minimal error. These under-
estimation can be avoided if better optimization
algorithms are used.
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