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ABSTRACT
The electronic and magnetic properties of Titanium and one of its oxide Anatase are calculated by using
Tight Binding Linear Muffin-Tin Orbital Atomic Sphere Approximation (TB-LMTO-ASA) method under
Density Functional Theory (DFT). The lattice parameter, band structure, Density of States (DOS) and charge
density distributions of Ti and TiO2 (Anatase) required for electronic structure are calculated respectively.
The orbital contribution is analyzed by fat band structure; the d- orbital on conduction band and, s and p
orbitals on valance bands. Consequently, their magnetic properties are checked. From our study, we found
that the magnetic moments of Ti and TiO2 are found to be 2.2 μB and 0 respectively. The total Density of
States for spin up and down electron have smaller difference in Ti and symmetric in TiO 2 indicates that Ti
slightly paramagnetic and Anatase is non magnetic in nature. The charge density plots reveals the
concentration of electrons at the site under study. Anatase can be deposited onto Mxene to form MxeneAnatase nanocomposite which has several excellent applications in the field of biosensors, biocompatible
materials, energy storage devices, topological insulators etc.
Key Words: Density Functional Theory, DOS, Band Structures, Photocatalyst, anatase mxene
nanocomposites
important photocatalytic material that exists as
two main polymorphs: anatase and rutile. The
presence of either or both of these phases impacts
on the photocatalytic performance of the
material. Titaniumffl dioxide, also known as
titania, is of growing interest due to its proven
ability to function as a photocatalyst and
facilitate important environmentally beneficial
reactions, such as water splitting to generate
hydrogen and treatment of polluted air and water
[2, 3].
It is Black, reddish to yellowish brown, dark blue,
gray with tetragonal structure. There are 4 atoms
per unit cell (Z). It’s space group is I41/amd, group
number 141 with lattice parameter; a=3.7845 Å,
c=9.5143Å and α=β=γ=90o. It is soluble in HF and
insoluble in H2O. Its hardness is 183 Mohs and
Bulk Modulus is 183 GPa [4]. The Atomic
Positional Parameters for Ti: 4a; 0.0000 0.0000
0.0000 and O: 8e;
0.0000 0.0000 0.2081
respectively.

INTRODUCTION
Anatase is an oxide of Titanium with two Ti and
four oxygen atoms. About 80% of the world’s
titanium dioxide is consumed in paints, varnishes,
paper and plastics and about 8% is used in other
pigment applications like printing inks, fibers,
rubber, cosmetic products and foodstuffs. The rest
is used for the production of technical pure
titanium, glass and glass ceramics, electrical
ceramics, biomedicine photocatalysts, electric
conductors, data storage and electronic devices and
chemical intermediates [1].
The electronic and magnetic properties of a
material depends upon the behavior of valance
electrons moving in the field of ion-core of
constituent atoms. Titanium (Ti)-22 is a d block
transitional metal with hexagonal closed packed
(HCP) type of structure and space group P6/mmm
and space group number 194. We have taken value
of c as 4.68 Ao[1].
Similarly, Titanium dioxide (TiO 2) is an
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MATERIALS AND METHODS
a. The TBLMTO Approach
The first principles study of electronic structure
calculations in condensed matter have mainly three
approaches: 1) Fixed Basis Set Methods: The
wavefunction is determined as an expansion in
some set of fixed basis functions like linear
combination of atomic orbitals (LCAO), plane
waves, Gaussian orbitals etc. 2) Partial Wave
Methods: The wavefunction is expanded in a set of
energy and potential dependent partial waves like
the cellular method, the augmented plane wave
method and the Korringa-Kohn-Rostoker (KKR)
method [5, 6]. 3) LMTO Methods: This method
used both of above i. e. it is the linearized version
of KKR that combines the desirable features of the
fixed basis method and that of partial waves. The
potential is assumed to be spherically symmetric
close to nuclei or ion core called as muffin tin
sphere. The potential is assumed to be flat in
between or in interstitial position [7].

Fig. 2: Tail cancellation.
Before starting full problem of an electron in a
solid, we define muffin-tin potential for a single
electron ‘e’ inside a single muffin-tin sphere as [9]:
v ( r−R ) = v(rR) , for rR ≤ sR

····································· (2)

−vo, for rR > sR
where rR=|r−R|, sR is the radius around R in which
the potential is spherically symmetric and is called
muffin-tin sphere. sR is so small that the spheres do
not overlap. −vo is the slowly varying potential in
the interstitial that is considered as constant
average. L is angular momentum levels (l,m), il is
convenient definition, YL(r) are spherical harmonic
functions, rR angular variables associated with the
unit vector (r-R)/rR and φRL (rR,ε) are solutions of
radial equation in the spherical region. The
Schrödinger
equation
for
single-electron
wavefunction is given by:

b. Muffin-Tin Potential and Partial Waves Solution
The Density Functional Theory (DFT) is based on the
density of electron, the Local Density Approximation
(LDA) depend solely upon the value of the electronic
density at each point in space and Frozen Core
Approximation (FCA) is the consideration of only the
valence electron freezing the core electron. The LDA
discussed under DFT reduces the many-body
Hamiltonian of the valence electron cloud in the
presence of a `frozen' array of ion-cores.
The muffin-tin approximation is a shape
approximation of the potential field in an atomistic
environment. It is most commonly employed in
quantum mechanical simulations of electronic band
structure in solids[8]. The muffin tin potential can
be defined by:

[− ∇ 2 + v (r − R)]φ(r − R , ε )=εφ (r − R , ε ) ···· (3)
We can easily solve equation (3) in the spherically
symmetric potential as
φ(r − R)=φRL (rR,ε) ilYL(r) ····································(5)

V (r )= ∑R v (r − R) ·································· (1)

For rR ≤ sR potential is spherically symmetric with
solution containing spherical harmonic function
YL(r) and for rR > sR potential is spherically
symmetric with spherical harmonic function YL(r)
with radial equation having two linearly
independent solutions with Spherical Bessel jl(kr)
and Neumann ηl(kr) functions where κ2=ε −vo
gives the kinetic energy of this interstitial region. It
is follows that only is regular at origin and both are
regular at infinity. As r=R is not included in this
region, both solutions are allowed and the full
solution in this region is the linear combination:
ARl(ε,κ)jl(κ rR)+BRl(ε,κ)nl(κrR) where constants A
and B are determined by applying the boundary
condition on the muffin-tin sphere at which both the

where, R and r are the position of the ion-cores and
the position of the electron as shown in figure 1.

Fig. 1: Construction of muffin-tin potential.
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wave function and its derivative are continuous.
The part of the partial wave within its muffin-tin or
personal sphere centered at R is called head while
outside is called its tail.

e. The computational details
The structural parameters of the material under
study is selected. The lattice parameter and
positions are found for which we use directly
experimental value for elements and Vegard's law
for binary alloys [17]. The final lattice parameter
are found by energy minimization method. After
the Hartree Fock calculations, the volume of the
space is optimized excluding the empty spheres
by expanding the oval inside muffin tin spheres.
We then run self consistency code which provides
all the necessary data to calculate the Band
structure, Density of states and Charge density in
our system [18]. With the values of optimized
lattice parameters, we calculate the electronic
nature of s, p, d and f orbitals as band structure
and density of state. Finally, we use code to find
out the charge density distribution. The syntax of
the operation is as follows:
lminit.run: generate a CTRL file with the structural
data (i. e. given input)→lmhart.run: generate
overlapping potentials from atomic Hartree
potentials or to find MT-radii →lmovl.run:
calculate and to display sphere overlaps→lmes.run:
find interstitial spheres→lmctl.run: rewrite the
CTRL file according to the parameters in the
original CTRL and atomic files and to insert default
value→lm.run:
perform
self-consistent
iterations→lmbnd.run:
generate
bands
for
plotting→lmdos.run: generate density of states for
plotting→gnubnd.run: produce data files for energy
bands plot→gnudos.run: produce data files for
density of states plot [1, 7, 19, 20, 21, 22].

c. Muffin-Tin Orbitals, Tail Cancellation and
Linearization for Atomic Sphere Approximation
Head of partial wave contains most of the
information about the muffin-tin potential and the
tail about the constant potential outside. The tail of
the partial wave depends on energy through the
phase shift. If κ2 is negative, it diverges
exponentially and is called muffin-tin orbital [1].
The tail has negligible contribution. As a result, the
tail from positive direction and negative direction
can be canceled as shown in fig 2. The interstitial
positions have such high symmetry that both the
muffin-tin and the repulsive interstitial potentials
can be approximated spherically symmetric. The
interstitial sphere is called ‘empty sphere’ that form
a closed pack structure with muffin-tin sphere[10].
Hence, it is termed as atomic sphere approximation
(ASA). The KKR equation is then linearized to get
TB-KKR secular equation that leads to the TBLMTO method [11].
d. Self Consistent Calculations
The calculations of energy minimization, band
structure and density of states have been carried out
within the framework of density functional theory
(DFT). The exchange correlation energy Exc have
been treated under local density approximation
(LDA) [12]. The crystal potential is constructed of
overlapping Wigner-Seitz spheres for each atom in
the unit cell. In TB-LMTO-ASA procedure, frozen
core approximation is included in the selfconsistent calculations of the effective crystal
potential [7, 9, 13]. In self consistent calculation,
Kohn Sham Equation uses DFT as effective single
body problem. To solve this equation, the local
density approximation is made and give the initial
density of the system to many-body problem to get
effective mean field (EMF). The EMF is placed in
KS equation. We obtain energy level and
corresponding wave function and hence a new
electron density of the system. If the electron
density is not same as that of initial, they are mixed
together and the process is repeated until the
difference between initial and final is negligible i. e.
The calculations were iterated to self-consistency
with an error in total energy less that 10−6 Rydberg.
This is called self consistent procedure and the
corresponding field is called self consistent field
(scf) [6, 8, 14, 15, 16].

RESULTS AND DISCUSSION
This includes the energy minimization with
optimizing the lattice parameter, band structure,
fatband structure of d orbitals, density of states and
charge distribution for the electronic structure of Ti
and its oxide (Anatase) for the determination of
their electronic and magnetic properties.
a. Energy minimization
With the use of given lattice parameter, we have
optimized the parameter at minimum energy. We
have plotted the energy by varying the lattice
constant within a certain range where the selfconsistent calculations converged. The graph so
obtained was fitted with a second degree
polynomial such that there was a minimum value of
energy corresponding to a lattice parameter.
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Fig. 3a: Energy Vs Lattice Parameter of Ti.
Fig. 4a: Band Structure of Titanium (our plot).

The circles in the graph between energy and lattice
parameter show the actual data points, and the
curve represents the best fit. Fig. 3., shows that the
value of energy decreases at first, becomes
minimum and again starts increasing.

Fig. 4b: Band Structure of Titanium [23].
ii) Fat Band Structures of d orbitals
The contribution of orbital electrons to the
conductivity is mostly due the d orbital electrons as
shown from its fat band structure as below [24]:

Fig. 3b: Energy Vs Lattice Parameter of TiO2.
The lattice parameter of Ti at minimum energy is
2.81Ao (5.31 a. u) as shown in Fig.3a. The
optimized lattice parameter of anatase using
Vegards law is 7.149 a.u. Taking this as base value,
the optimized lattice parameter is 7.15 a.u. as
shown in Fig. 3b.
b. Band Structure Calculations
i) Band Structure of Titanium
The overlapping of valance band and conduction band confirms the metallic nature of Titanium. The
two bands lying well below the Fermi level are due
to 4s2 electrons and the bands near the Fermi
energy are due to 3d2 electrons of Titanium. The
band structure of titanium from our study is as
shown in fig which is in close agreement with the
study carried out by G. Glench in 2014 as shown in
fig below:

Fig. 5a: eg band Structure of Titanium.
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the energy range from -5 to -3 eV. The lowest
conduction band is dominated by Ti 3d states.

Fig.5b: t2g band Structure of Titanium.
Fig. 6b: Energy Band Structure of
Pure anatase [25].

From the Fat Band Structure as shown in Fig. 5 a)
and 5 b), it is clear that the occupancy of the d band
electrons is more near the Fermi energy level
showing significant contribution in electronic and
magnetic of Titanium. The overlapping between
conduction band and valence band indicates the
metallic of Titanium.

Fig. 6.a) shows that, the energy is minimum at
valence band and maximum in conduction bands at
gamma point (Γ). The band gap at the gamma point
from our calculation is 2.10 eV which close to the
value 2.21 eV calculated by Wu et. al. [27] as
shown in Fig.6b above.

ii) Band Structure of Anatase
Fig. 6 a) (not in same scale) below shows the band
structure of pure anatase TiO2. It is observed that
the band gap is about 2.1eV is nearly in agreement
with the result of 2.21eV in Fig. 6 b) obtained by
Wu et. al. in 2008 using a plane wave
pseudopotential method in the framework of the
density functional theory and the generalized
gradient approximation.

Fig. 7a: Fat band structure of s orbital of anatase.

Fig. 6a: Energy band structure of anatase.
The valence band of pure TiO2 mainly consists of
the 2p, 2s states of O and 3d states of Ti. In the
uppermost valence band, the O 2p states are
predominantly found between -5 and 0 eV, while
the O 2s states appear in the range from -18 to 15.5 eV. The Ti 3d states give rise to some bands in

Fig. 7b: Fat band structure of p orbital of anatase.
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of eg orbital near the Fermi level but not
overlapping the conduction and valence band. So,
they also do not have contribution in the physical
properties of the solid like electrical and magnetic
properties is negligible.
b. Density of States(DOS) Calculations
DOS helps us to calculate various properties such
as internal energy, density of particles, specific heat
capacity, magnetic moment and thermal
conductivity. The product of density of states
and the probability distribution function is the
number of occupied states per unit volume at a
given energy for a system in thermal equilibrium.
Some worth noting points about DOS are: a) DOS
of orbital are symmetric about Fermi level have no
contribution in magnetic moment, while, the DOS
of orbitals anti-symmetric do have. b) The peaks in
the DOS signifies the large number of states at the
corresponding energy. c) The charge found in any
orbital indicates that its contribution in magnetic
moment is due to the orbital.
The magnetic moment is obtained by integrating
difference of density of states between up and down
spin states upto Fermi Energy [26] by
computational approach. The projected density of
states PDOS have less information than total
density of states(TDOS). LDOS stands for the local
density of states related to LDA.

Fig. 8a: Fat band structure of t2g orbital
of anatase.

i) Density of States of Titanium

Fig. 8b: Fat band structure of eg orbital
of anatase.
We further calculated the fatband structure of
anatase with s and p orbital characteristics as shown
in Fig 7. a) and 7. b). In the Fig 7. a), maximum
occupancy of the s electrons is far above the Fermi
energy along Γ, and X & P axis. The Fig.7. b)
shows that p electrons are largely distributed below
the Fermi energy level. As a result, the s and p
orbital have no contribution in conduction of
electron between conduction and valence band.
We also carried out the band structure calculation
for the d orbital of anatase showing t2g and eg
orbital characteristics as shown in Fig.8.a) and b)
respectively which shows that the number of
electrons occupying the energy states above the
Fermi level in case of t2g orbital is higher than that

Fig.9a: Total SPDOS of s orbital electrons of Ti.
From the calculated data, the spin projected density
of state of Titanium is plotted with reference to the
Fermi energy in Fig. 9. The vertical line at zero in
the figure represents Fermi energy of the system.
Density of states plots above the horizontal axis are
due to up spin and below due to down spin states.
The region left to the vertical reference line
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indicates valance band and that to the line is
conduction band. The total spin projected density of
states of Titanium for s, p and d orbital electrons are
as shown in Fig.9a, 9b and 9c respectively.

Fig.10b: Color line:DOS (up spin)
of Titanium [23].
In the Fig. 10. a), the green line represents the
DOS plot of s orbital electron, blue line represents
p orbitals electrons and red line represents the d
orbital electrons. For s and p orbital dos plots, all
peaks of density of states of up spin states and
down states are lying below the Fermi energy
while that of d orbital lie across the Fermi level
showing that d orbitals contribute a lot in the
electronic and magnetic property of Titanium. Up
spins and down peaks of spins density of states are
slight difference with each other. As a result,
Titanium has some magnetic moment. The
magnetic moment obtained by integrating
difference between the density of states of up spin
and down spin of Ti is found to be 2.2 μB. So, Ti
is metallic but paramagnetic (slight magnetic) in
nature. This value is in close agreement with the
value obtained by Glench in 2014.

Fig.9b: Total SP DOS of p orbital electrons of Ti.

Fig.9c: Total SPDOS of d orbital electrons of Ti.
The combined effect of all the above DOS plots of
s, p, d orbitals are as in Fig.10 (not in scale) below.
It is clear that the electrons of d orbitals near the
Fermi level have the significant role for conduction
which ultimately give the corresponding electronic
and magnetic property of Titanium. The DOS plot
is in well agreement with the DOS plot made by
Gench in 2014.

i) Density of States of Titanium

Fig.10a: Spin Projected DOS of s orbital
of anatase.
From the calculated data, the total spin projected
density of states of anatase for s, p and d orbital
electrons are as shown in Fig. 10 a), 10 b) and 10 c)
respectively.

Fig.10a: Color line: Total (spd) DOS of Titanium.
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Fig.10b: Spin Projected DOS of p orbital
of anatase.
Fig.11b: Combined (spd) SPDOS plot
of anatase [27].
In the up and down DOS plot of anatase as shown
in Fig. 11. a), the highest peak of up spins lies
above the Fermi energy and that of down spins is
below the Fermi energy. Also the number of peaks
above and below the Fermi level are same in one
line i. e. symmetric. From data obtained for density
of states of anatase, the magnetic moments of
anatase is found to be 0.00000833 μB, which is
negligible at absolute zero. So, anatase has no
magnetic moment. This is in agreement with the
result recently found by the research group of
García in 2018 as shown in Fig. 11. b) above.

Fig.10c: Spin Projected DOS of d orbital
of anatase.

e. Charge Distribution Calculations
i) Charge density at different orbitals
The charge density at different orbitals of Ti are
mentioned in the following Table 1.

The combined (spd) SPDOS plot of anatase is
shown in Fig. 11. a) below. It is clear that the
electrons of d orbitals near the Fermi level have the
significant role for conduction which ultimately
give the corresponding electronic and magnetic
property of Titanium. The DOS plot is in well
agreement with the DOS plot made by Glench in
2014.

Orbitals

S↑

S↓

P↑

P↓

d↑

d↓

Charge

0.32905513

0.32369631

0.38679992

0.35912800

3.984489343

4.61642722

Table 1: Charge density at different orbitals of Ti.

From the charge distribution tables, we observed
that there is slightly difference of charges between
up spin and down spin state of d-orbital for Ti. But,
the contribution of s and p orbital in comparison to
the d orbital is negligible.

Fig.11a: Combined(spd) SPDOS plot of anatase.
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The charges are not transferred in any orbital in
case of anatase.

the flakes and ~2-3nm on the basal planes are
formed in the process of oxidation in 25 days. This
shows that the process is active at the edges. It is
also seen that the Mxene film created after vacuum
assisted filtration of its colloidal solution significant
stability in air. e.g.Ti3C2Tx is stable for 30 days at
room temperature in air [29]. It can be true of
multilayer powers but not studied mxene fewlayer
powder systematically yet.

f. Charge density at different sites
It is a measure of electric charge per unit volume of
space in one two or three dimensions. Charge
density depends on the position as action of point in
electrostatic. The value of charge density with
respect to the color is shown in charge density scale
in fig 12 a). Fig 12 b) shows that the charge
distribution in Ti atom on 001 site where the
maximum distribution of the charges occur on the
corners. Similarly, Fig 12 c) shows the charge
density of anatase in 000 site where the maximum
charges occurs at interstitial site and have no
contribution in conduction.

Fig.13: SEM image of Mxene Anatase
nanocomposite Retrieved from:
Deysher, G. et. al. 2019[30].
The synthesis of mxene oxide is more simpler than
that for graphene or carbon allotropes. Carbon
supported mxene oxides from hybrid system are
used for water treatment [32] lithium-air batteries
[33], catalytic converters for exhaust systems [34,
35] and solar cells [36]. e. g. TiO2 particles may act
as a photocatalyst for degrading pollution in air and
water with the help of activated carbon [32]. The
synthesis of these hybrid systems needs multisteps.

Fig.12: a) Charge Density Scale b) Charge density
of Ti c) Charge density of anatase.
Mxene Anatase nanocomposite
Mxenes are carbides, nitrides or carbonitries
compounds with Mn+1Xn, where M is early
transition metal and X is C or N [28]. n is integers
with value 1,2 and 3. Ti3C2Tx of ~600±200nm is
stable (very few 1.2% degradation) for 25 days
when kept in argon sealed vials refrigerator (4oC).
Alternately, when the solution is stored at room
temperature in air, it is found to be oxidized
completely in 15 days. As the process continues,
the anatase particles of ~100nm along the edges of

Fig.14: Synthesis of Mxene Anatase nanocomposite
Retrieved from: Cao, M. et. al. (2017)[31].
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TiO2 particles can be developed on graphitic carbon
in one step by flash oxidation of MXene powders at
1150°C for 30s in air for the controlled oxidation of
Ti3C2Tx flakes [38]. Similarly, another one-step
oxidation methods such as hydrothermal, heating in
CO2[39], and H2O2-assisted oxidation[38] have also
been demonstrated. These different methods can
result slightly different properties. They have fewer
wrinkles, defects and agglomerates than that in the
bottom-up approaches [40].
Anatase when deposited on graphitic carbon by the
flash oxidation method can be used as and efficient
anode material in lithium ion batteries [38].
Similarly, TiO2 on 2D carbon sheets produced by
annealing of Ti3C2 at 800°C for 1h in CO2
atmosphere can be used as excellent microwave
absorber [40].

The band structure calculation of Titanium shows
that only its d orbital electrons have significant
contribution in electronic and magnetic properties.
As a result, the Titanium is metallic but slightly
paramagnetic in nature. Similarly, the band
structure calculation of Anatase shows that none of
s, p and d orbital electrons have contribution in
conduction due to no overlapping between
conduction and valance band. So, anatase is
semiconductor with wide energy gap of 2.10 eV.
The DOS plot of Titanium also shows the large
numbers of d orbital electrons near the Fermi level
have the significant role for conduction which
ultimately give the corresponding electronic and
magnetic property of Titanium. The magnetic
moment obtained by integrating difference between
the density of states of up spin and down spin of Ti
is found to be 2.2 μB. So, Ti is metallic but
paramagnetic (slight magnetic) in nature. Similarly,
from data obtained for density of states of anatase,
the magnetic moments of anatase is found to be
0.00000833 μB, which is negligible at absolute
zero. So, anatase has no magnetic moment.
Furthermore, the table of charge density at different
orbitals of Ti shows that only the d orbitals
electrons are transferred and have respective
contribution in conduction. The charges are not
transferred in any orbital in case of anatase.
Finally, the maximum distribution of the charges
occur on the corners of Titanium are contributing in
conduction. While, maximum charges occurs at
interstitial site of anatase have no contribution in
conduction. The calculated values are in good
agreement with previous works as mentioned
above.
Regarding
the
anatase
mxene
nanocomposite, it is applicable in diversed field
with excellent performance.

Fig. 15: XRD plots of TiO2-Ti3C2, Ti3C2 and TiO2.
(Retrieved from: Zhu, J. et. al 2016)[37].
Besides Ti3C2, several other mxenes including are
predicted to be oxidized for several applications
high-capacitance electrodes for lithium ion
capacitors[41],
catalysis,
energy
storage,
photovoltaics and optical sensors[42]. Likewise,
Ordered Double Transitional Metal Layered
Carbides as topological insulators[43, 44] and
TiO2–Ti3C2 as nanocomposite for biocompatible
material and mediator-free biosensor.
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CONCLUSIONS
The lattice parameter of Ti at minimum energy is
2.81Ao (5.31 a. u). The optimized lattice parameter
of anatase using Vegards law is 7.149 a.u. Taking
this as base value, the optimized lattice parameter
is 7.15 a.u.
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