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From the refined atomic positions obtained by Belmal et al. (2004) [1] using X-ray diffraction for

Li0.50Co0.25TiO(PO4), we have performed a structural optimization by minimizing the forces acting on

the atoms keeping the lattice parameters fixed at the experimental values. With this relaxed

(optimized) geometry we have performed a comprehensive theoretical study of electronic properties

and dispersion of the linear optical susceptibilities using the full potential linear augmented plane wave

(FP-LAPW) method. The generalized gradient approximation (GGA) exchange-correlation potential was

applied. In addition, the Engel-Vosko generalized gradient approximation (EVGGA) was used for

comparison with GGA because it is known that EVGGA approach yields better band splitting compared

to the GGA. We have calculated the band structure, and the total and partial densities of states. The

electron charge densities and the bonding properties were analyzed and discussed. The complex

dielectric optical susceptibilities were discussed in detail.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Titanium oxyphosphates MITiO(PO4) (MI
¼Li, Na, K, Rb, Cs, and

Tl) have been extensively studied for their structural, linear,
nonlinear optical, and electro-optical properties [2–8]. Belmal
et al. [1] have studied the effect of substitution of a monovalent
ion by a divalent ion. They found that this substitution leads to a
new series of titanium oxyphosphates. For example the powder of
Li0.50Co0.25TiO(PO4) was obtained from a stoichiometric mixture of
Li2CO3, CoO, TiO2, and (NH4)HPO4 heated at 300, 600, 800, and
1000 1C, respectively with intermediate regrinding. The final
product is pink colored and the diffraction data were obtained at
room temperature on a Philips PW 3040(y–y) diffractometer using
a graphite monochromator [1]. Titanium oxyphosphate is used as
active material for lithium batteries. Belharouak and Amine [9]
have studied Ni0.5TiOPO4 oxyphosphate in the (NiO–TiO2–P2O5)
ternary diagram as a novel insertion compound for lithium
batteries. The three-dimensional structure of this material consists
of corner sharing octahedral [TiO6], isolated [PO4] tetrahedral, and
[NiO6] octahedral located between the titanium chains. The
material also contains octahedral vacant sites that constitute
ll rights reserved.
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favorable sites for lithium insertion. Kaoua et al. [10] have
extended their research interest on titanium oxyphosphates
(MII(TiO)2(PO4)2, with MII

¼Mg, Fe, Co, Ni, Cu, and Zn) to vanadium
oxyphosphates MII(VIVO)2(PO4)2 (MII

¼Co and Ni). They found that
for each compound two phases were synthesized and character-
ized at room temperature. The structures consist of a three-
dimensional framework built up of infinite chains of tilted
corner-sharing [VO6] octahedral, cross-linked by corner-sharing
[PO4] tetrahedral. Benmokhtar et al. [11] have synthesized and
characterized a new titanium oxyphosphate Mg0.50TiO(PO4) by
X-ray diffraction, 31P MAS-NMR, Raman diffusion, infrared absorp-
tion, and diffuse reflectance spectroscopy. The structure of
Mg0.50TiO(PO4) consists of infinite chains of corner-shared [TiO6]
octahedra parallel to the c-axis, cross-linked by corner-shared
[PO4] tetrahedra. Kenza et al. [12] have synthesized and charac-
terized carbon-coated Li0.5Ni0.25TiOPO4/C composite by the
co-precipitation method using polyethylene glycol as a carbon
source. The 3D structure exhibits an open framework favorable to
interaction reactions. This Li0.5Ni0.25TiOPO4/C composite exhibits
excellent electrochemical performance with good capacity reten-
tion for 50 cycles. Approximately 200 mAh/g could be reached at
C, C/2, C/5, and C/20 rates in the 0.53 V potential ranges. El Bouari
and El Jazouli [13] have prepared Pb0.5Ti2(PO4)3 powder from
dilute solutions of Pb(NO3)2,6H2O (I), (NH4)2HPO4(II), and TiCl4 in
ethanol (III). Benmokhtar et al. [14] have prepared and character-
ized two new phases of phosphates Fe0.5TiO(PO4) and Fe0.5Ti2(PO4)
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Table 1
The optimized atomic positions.

Atom x (optimized) y (optimized) z (optimized)

Li 0.00000 0.00000 0.00000

Li 0.00000 0.50000 0.50000

Co 0.50000 0.00000 0.00000

Ti 0.73677 0.22967 0.34113

Ti 0.25294 0.71942 0.16789

P 0.24457 0.12867 0.37592

P 0.75444 0.63073 0.11844

O 0.71624 0.14511 0.11191

O 0.23310 0.66370 0.39109

O 0.74970 0.99939 0.79671

O 0.23701 0.49554 0.71478

O 0.27062 0.48119 0.05847

O 0.76166 0.98876 0.45008

O 0.43482 0.23171 0.86536

O 0.55817 0.75050 0.62099

O 0.95244 0.75220 0.10477

O 0.05177 0.25448 0.64021
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by X-ray diffraction, Mossbauer spectroscopy, and magnetic
measurements.

From the above mentioned it is clear that there is a dearth of
theoretical work on titanium oxyphosphates Li0.50Co0.25TiO(PO4).
We take Li0.50Co0.25TiO(PO4) as a model oxyphosphate and there-
fore feel that it may be interesting to study its electronic proper-
ties. It may be used as electro-optical devices and could be a good
material for lithium batteries. Theoretical studies will be helpful
in elucidating the relationship between the structure and the
dispersion of optical susceptibilities. In the past ab-initio density
functional theory (DFT) calculations have been extensively
applied for the computations of structural and optical parameters.
Further, the efficiency of the optical susceptibilities is inherently
dependent upon the structural features. As a result, it would be
valuable to probe and understand the structure and the optical
properties in this class of materials. A detailed description of the
structural and optical properties of titanium oxyphosphates
Li0.50Co0.25TiO(PO4) using a DFT full potential method is very
crucial and could give important insights into understanding the
origin of the electronic properties, their relations with principal
structural parameters, chemical bonds, and their relation with
dispersion of linear optical constants.

The computational details are given in Section 2. Results and
discussions are presented in Section 3 and the conclusions in
Section 4.
2. Structural features and computational details

The titanium oxyphosphates crystallizes in the monoclinic
structure space group P-1. The experimental lattice parameters
and the atomic position were given by Belmal et al. [1]. The
structure of the titanium oxyphosphates Li0.50Co0.25TiO(PO4) is
similar to that of Li0.50Ni0.25TiO(PO4) [15]. It is formed by a three-
dimensional framework of TiO6 octahedra and PO4 tetrahedra.
PO4 groups are isolated from each other and connected to TiO6

octahedra at the corners. Each TiO6 octahedron shares four
corners of its basic unit with four PO4 tetrahedra and the two
other corners with two TiO6. TiO6 octahedra form infinite chains
Ti–O–Ti–O parallel to the c-axis. In these chains, a very short Ti–O
bond and a very long one are alternating. Lithium atoms fully
occupy the site 2a, whereas cobalt atoms occupy statistically half
of the site 2b. The cobalt and lithium octahedrals form infinite
chains of edge-sharing octahedral running parallel to the a-axis.
Each TiO6 shares two adjacent faces with LiO6 and CoO6 [1].

As mentioned above experiments show that this compound has a
crystal structure corresponding to monoclinic symmetry and space
group P21/c. In the experimental paper it is mentioned that Co atoms
have a fractional occupancy 0.5. As the Wien2k code does not handle
fractional occupancies, we have chosen to do the calculations using a
supercell corresponding to triclinic symmetry and spacegroup P-1.
We have optimized the structure by minimization of the forces
(1 mRy/a.u.) acting on the atoms, keeping the lattice parameters
fixed at the experimental values. From the relaxed geometry the
electronic structure and the chemical bonding can be determined and
various spectroscopies can be simulated and compared with experi-
mental data. Once the forces are minimized in this construction one
can then find the self-consistent density at these positions by turning
off the relaxations and driving the system to self-consistency. The
optimized atomic positions are presented in Table 1.

Self-consistent calculations of the electronic structure and
optical properties based on the scalar relativistic full-potential
linearized augmented plane wave (FP-LAPW) method were carried
out using the WIEN2K package [16]. This is a very precise
and efficient approach to solve the Kohn–Sham equation within
a framework of DFT. Within a framework of this approach, the
potential and corresponding charge density is expanded into lattice
harmonics inside each atomic sphere and as a Fourier series in the
interstitial region. The exchange correlation potential was treated
using two approximations: the generalized gradient approximation
(GGA) [17] for the total energy calculations and the Engel–Vosko
GGA (EVGGA) formalism [18] for band structure calculations. It is
well known that in the self-consistent band structure calculation
within the DFT approach, the generalized gradient approximation
GGA approach is based on simple model assumptions, which are
not sufficiently flexible to accurately reproduce the exchange
correlation energy and its charge space derivative. Engel and Vosko
[18] considered this shortcoming and constructed a new functional
form of GGA, which is able to reproduce better exchange potential
at the expense of less agreement in the exchange energy by taking
into account the inter-particle interactions. This approach (EVGGA)
yields better band splitting compared to the GGA [18].

The Kohn–Sham equations are solved using a basis function of
linear APW’s. To achieve energy eigenvalues convergence, the wave
functions in the interstitial regions were expanded in plane waves
with a cut-off Kmax¼9/RMT, where RMT denotes the smallest atomic
sphere radius and Kmax gives the magnitude of the largest K vector in
the plane wave expansion. The muffin-tin (MT) radii were assumed to
be 1.87 atomic units (a.u.) for Li, 1.91 a.u. for Co, 1.7 a.u. for Ti, and
1.44 a.u. for O and P atoms. The valence wave functions inside the MT
were expanded up to lmax¼10 while the charge density was Fourier
expanded up to Gmax¼14 (a.u)�1. The self-consistency was achieved
using 300 k-points in the irreducible Brillouin zone (IBZ). The linear
optical susceptibilities were calculated using summation over 500 k-
points within the IBZ. The self-consistent calculations are converged
since the total energy of the system is stable within 10�5 Ry.

Since Li0.50Co0.25TiO(PO4) crystallizes in the monoclinic struc-
ture space group P-1, the dielectric tensor has three principal
components corresponding to the electric field E

!
directed along a,

b, and c-crystallographic axes. These are the complex tensor
components; exxðoÞ, eyyðoÞ, and ezzðoÞ. The imaginary part of these
three complex components are exx

2 ðoÞ, e
yy
2 ðoÞ, and ezz

2 ðoÞ, respec-
tively. The inter-band transitions of the dielectric function eðoÞ are
usually presented as a superposition of direct and indirect transi-
tions. We can neglect the indirect inter-band transitions formed
by elecron–phonon interactions that are expected to give a small
contribution to eðoÞ [19]. To calculate the direct inter-band
contributions to the imaginary part of the dielectric function
e2ðoÞ, it is necessary to perform summation over all possible
transitions from the occupied to the unoccupied band states.
Taking the appropriate inter-band transition matrix elements into
account, as the investigated compound is metallic we must
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include the Drude term (intra-band transitions) [20]:

e2ðoÞ ¼ e2interðoÞþe2intraðoÞ ð1Þ

where

e2intraðoÞ ¼
oPt

oð1þo2t2Þ
ð2Þ

where oP is the anisotropic plasma frequency [21] and t is the
mean free time between collisions:

o2
P ¼

8p
3

X

kn

W2
kndðeknÞ ð3Þ

where ekn is EnðkÞ�EF and Wkn is the electron velocity (in basal
plane) squared.
3. Results and discussion

3.1. Band structure and density of states

We present the band structure, and total and partial density of
states (DOS) using GGA and EVGGA in Figs. 1 and 2. Following these
figures one can compare GGA and EVGGA. It is clear that using
EVGGA causes a shift in the structures from �20.0 to 5.0 eV by
0.5 eV towards lower energies with respect to the structures in GGA,
while it shifts the structures from 5.0 eV and above by 0.5 eV
Fig. 1. The calculated band structure (a) GGA, (b) EVGGA with the optical transitions d

overlapped bands around Fermi level, and (d) enlarged EVGGA band structure to show
towards higher energies. We should emphasize that using EVGGA
the Fermi energy (EF) is situated at 0.602 eV, while with GGA it is
situated at 0.545 eV. That is clear the EVGGA cause to shift the EF

towards lower energy by around 0.057 eV resulting in a DOS at
EF–N(EF)¼3.0 states/Ry cell for GGA and 2.66 states/Ry cell for
EVGGA. For this reason we show all the results for EVGGA approach.
These figures suggest that the band structure and the DOS can be
divided into six distinct spectral groups/structures. We have
enlarged the band structure near EF in order to show the overlapping
of the bands around EF. We find that Co-d and Ti-d states determine
the overlapping around EF with small admixture of Ti-s/p, P-s/p, and
O-s/p states. The DOS at Fermi energy (EF) is determined by the
overlap between the valence and the conduction bands; this overlap
is strong indicating metallic behavior. Although, the dispersions of
the band structure and DOS obtained within GGA and EVGGA are
very similar in the matter of groups/structures, there are some
minor differences that can lead to different electronic properties.
The electronic specific heat coefficient (g), which is a function of
density of states, can be calculated using the expression:

g¼ 1
3p

2NðEF Þk
2
B ð4Þ

where NðEF Þ is the density of states at Fermi energy EF, and kB is the
Boltzmann constant. The calculated density of states at Fermi energy
NðEF Þ enables us to calculate the bare electronic specific heat
coefficient, which is found to be 0.52 mJ/mol K2 for GGA and
epicted on a generic band structure, (c) enlarged GGA band structure to show the

the overlapped bands around Fermi level.



Fig. 2. (a) Calculated total density of states (states/eV unit cell) using GGA (dark solid curve) and EVGGA (light dashed curve), and (b–i) calculated partial densities of

states (states/eV unit cell) using EVGGA.
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0.46 mJ/mol K2 for EVGGA. We hope that future experiments will
help in determining which of the approximations (GGA or EVGGA) is
more suitable.
From the PDOS (see Fig. 2b–i) we are able to identify the
angular momentum character of the various structures. The low-
est group (first group), which is located at �20.0 eV, is originating



Table 2
Our calculated bond lengths in comparison with experimental data [1].

Bond length (Å) Exp. This work Bond length (Å) Exp. This work

Li–O(1) 2.11(1) 2.10 Ti–O(10) 2.26(1) 2.27

Li–O(10) 2.11(1) 2.10 Ti–O(2) 2.03(3) 2.03

Li–O(2) 2.25(2) 2.23 Ti–O(3) 1.88(1) 1.87

Li–O(5) 2.11(1) 2.12 Ti–O(4) 1.99(1) 2.00

Co–O(1) 2.14(2) 2.15 Ti–O(5) 1.86(2) 1.85

Co–O(10) 2.14(2) 2.15 P–O(2) 1.58(1) 1.57

Co–O(2) 2.13(3) 2.12 P–O(3) 1.56(2) 1.55

Co–O(4) 2.07(1) 2.06 P–O(4) 1.56(3) 1.55

Co–O(4) 2.07(1) 2.06 P–O(5) 1.57(2) 1.56

Ti–O(1) 1.68(2) 1.66
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mainly from Ti-s/p and O1-s states. The second group (�12.0 eV)
arises from P-p, Ti-s/p, and O2-5s/p states. The third group
(�10.0 eV) is a mixture of P-s/p, Ti-s/p, O1p, and O2-5s/p states.
The fourth group (�8.0 to �4.0 eV) is a mixture of P-p, Ti-s/p, and
O1-5p states. The group from �2.0 eV up to Fermi energy is
formed by Co-d and O1-5p states. The group around Fermi energy
consists of Co-d, Ti-s/p/d, P-s/p, and O1-5s/p states. The last group
from Fermi energy and above is hybridization of Co-d, Ti-s/p/d,
P-s/p, and O1-5s/p states. From the PDOS, we may note that there
is a strong hybridization between various states. P-s and P-p are
hybridized strongly within the energy range from Fermi energy up
to 6.0 eV. The energies around �12.0 eV and above between
2.0 and 5.0 eV O2-5s are hybridized with O2-5p.

The origin of the chemical bonding can be elucidated from the
total and the partial densities of states. We find that the densities
of states, extending from �10.0 eV up to Fermi energy (EF), are
mainly originated from Co-d states (24.0 electrons/eV), Ti-s states
(0.04 electrons/eV), Ti-p states (0.06 electrons/eV), O1-p states
(2.2 electrons/eV), O2-5-p states (1.2 electrons/eV), and O2-5-s

states (0.1 electrons/eV). This is obtained by comparing the total
densities of states with the angular momentum projected den-
sities of states of Co-d, Ti-s/p, O1p, O2-5p, and O2-5sp states as
shown in Fig. 2. These results show that some electrons from
Co-d, O-s/p, and Ti-s/p states were transferred into valence bands
(VBs) and contribute to weak covalence interactions between
O–O, Ti–Ti, and Co–Co atoms, and substantial covalence interac-
tions between Co and O, Co and Ti, and Ti and O atoms.
Accordingly, we can also say that the covalent strength of Co–O,
Co–Ti, and Ti–O bonds is weaker than that of O–O, Co–Co, and
Ti–Ti bonds.

To explain the bonding properties of Li0.50Co0.25TiO(PO4) we
have plotted the electronic charge density contour in the (011)
plane shown in Fig. 3a. The contour plot shows more ionic and
partial covalent bonding between Li and O, which depends on
Pauling electro-negativity difference of Li (0.93) and O (2.58)
atoms. As a result, we observe a large Li electronic charge
transferred to O site. This can be seen easily by color charge
density scale, where blue color (þ0.5000) corresponds to the
maximum charge accumulation site. The interaction between Co
and O produces covalent-like bond due to small electro-negativity
difference around 0.7 (electro-negativity of Co is 1.88) and also
due to the hybridized Co-3d states with O-p states. Also the
electronic charge density between Ti(1.54) and O shows more
strong covalent bonding. As the electro-negativity of P (2.19) is
close to the O (2.58) and difference between there electro-
negativity is small as 0.39, this may cause very strong covalent
bonding with respect to Co–O, Li–O, or Ti–O. Another reason for
this strong covalent bonding is that P is tetrahedrally coordinated
by four O ions (see Fig. 3b). The angle between O–P–O is 111.560
Fig. 3. (a) Total valence charge densities in the (0 1 1) plane, and (b) shows that P is tet

in this figure legend, the reader is referred to the web version of this article.)
and bond lengths between P–O and O–O are 1.5752 and 2.6 Å,
respectively. Due to this strong hybridization the d-states of P and
p-states of O cause the crystal field splitting of d-states of P also.
This was explained in detail in the part discussing the density of
states data. From the relaxed geometry we have calculated the
bond lengths and the bond angles. The calculated bond lengths
and the bond angles were compared with the experimental data
[1] and good agreement was found (see Tables 2 and 3).

3.2. Fermi surface

In condensed matter physics, the Fermi surface is useful for
predicting the thermal, electrical, magnetic, and optical properties of
metals, semimetals, and doped semiconductors. The Fermi surface
separates the unfilled orbitals from the filled orbitals, at absolute
zero. The Fermi level is determined via the Kohn–Sham eigenvalue of
the highest occupied state. From the band structure plot in Fig. 1 it is
clear that two bands cross the Fermi energy. Fig. 4a and b shows the
Fermi surface of Li0.50Co0.25TiO(PO4), using GGA and EVGGA, respec-
tively. Following these figures we should emphasize that the shape
of Fermi surface obtained by EVGGA is different from that obtained
by GGA. That is attributed to the fact that EVGGA approach yields
better band splitting compared to the GGA, resulting in the density of
states at EF–N(EF) and bare electronic specific heat coefficient for GGA
being less than that obtained by EVGGA.

3.3. First order (linear) optical susceptibility dispersion

Fig. 5a and b displays the variation of the imaginary (respon-
sible for absorption) part of the electronic dielectric function
exx

2 ðoÞ, e
yy
2 ðoÞ, and ezz

2 ðoÞ for both GGA and EVGGA. The broad-
ening due to electron–phonon interactions was taken to be 0.1 eV
so as bring out all the structures [22]. Following exx

2 ðoÞ, e
yy
2 ðoÞ, and

ezz
2 ðoÞ spectra one can see that EVGGA produces better band
rahedrally coordinated by four O ions. (For interpretation of the references to color
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splitting, which may result in correct optical transitions between
the occupied and unoccupied bands. For this reason we present
all the results for EVGGA. To the best of our knowledge, there is
no experimental data or theoretical calculations are available in
the literatures for the optical properties of the investigated
compound to compare with our results. But we can refer to our
previous work [23] in which we compared our calculated optical
properties with the measured one to justify the reliability of the
DFT methodology for the calculation of dielectric functions.

Following Fig. 4b, one can see that all the structures are shifted
towards higher energies by around 0.5 eV with higher magnitude
especially for the first spectral structure at lower energies. Also
we note that all components exx

2 ðoÞ, e
yy
2 ðoÞ, and ezz

2 ðoÞ display two
principal structures situated around 1.0 and 6.0 eV, respectively.
Some insignificant humps are observed between these structures
and in the tail of these three components. We should emphasize
that there is a considerable anisotropy between the three com-
ponents. At energies 1.0 eV and between 3.0 and 7.0 eV the tensor
component ezz

2 ðoÞ is dominant and shows a larger contribution,
Table 3
Our calculated bond angles in comparison with experimental data [1].

Bond angle (1) Exp. This work Bond angle (1) Exp. This work

O(1)–Li–O(10) 180.0(1) 179.3 O(10)–Ti–O(5) 81.7(3) 81.0

O(1)–Li–O(2) 72.8(3) 73.0 O(2)–Ti–O(5) 89.3(3) 90.0

O(10)–Li–O(2) 107.2(1) 107.9 O(3)–Ti–O(5) 93.1(2) 92.8

O(1)–Li–O(2) 107.2(1) 107.9 O(4)–Ti–O(5) 160.5(3) 160.0

O(10)–Li–O(2) 72.8(3) 73.3 O(1)–Co–O(10) 180.0(1) 179.4

O(2)–Li–O(2) 180.0(1) 179.2 O(1)–Co–O(2) 74.6(2) 75.0

O(1)–Li–O(5) 100.2(2) 99.8 O(10)–Co–O(2) 105.3(3) 106.0

O(10)–Li–O(5) 79.7(3) 79.0 O(1)–Co–O(2) 105.3(3) 106.0

O(2)–Li–O(5) 102.2(1) 103.0 O(10)–Co–O(2) 74.6(2) 74.0

O(2)–Li–O(5) 77.7(3) 77.1 O(2)–Co–O(2) 180.0(1) 179.0

O(1)–Li–O(5) 79.7(3) 80.0 O(1)–Co–O(4) 80.4(3) 80.0

O(10)–Li–O(5) 100.2(2) 99.8 O(10)–Co–O(4) 99.5(1) 99.0

O(2)–Li–O(5) 77.7(3) 77.1 O(2)–Co–O(4) 76.7(2) 77.0

O(2)–Li–O(5) 102.2(1) 103.0 O(2)–Co–O(4) 103.2(3) 104.0

O(5)-Li-O(5) 180.0(1) 179.6 O(1)–Co–O(4) 99.5(1) 99.0

O(1)–Ti–O(10) 172.6(3) 172.0 O(10)–Co–O(4) 80.4(3) 80.9

O(1)–Ti–O(2) 98.5(1) 98.0 O(2)–Co–O(4) 103.2(3) 103.0

O(10)–Ti–O(2) 74.1(2) 73.7 O(2)–Co–O(4) 76.7(2) 77.0

O(1)–Ti–O(3) 99.9(2) 99.1 O(4)–Co–O(4) 180.0(1) 179.0

O(10)–Ti–O(3) 87.2(2) 87.0 O(2)–P–O(3) 110.6(3) 110.9

O(2)–Ti–O(3) 160.6(4) 160.0 O(2)–P–O(4) 106.3(2) 107.0

O(1)–Ti–O(4) 98.5(2) 98.0 O(3)–P–O(4) 109.8(3) 110.0

O(10)–Ti–O(4) 79.4(3) 80.0 O(2)–P–O(5) 110.3(2) 110.8

O(2)–Ti–O(4) 80.8(1) 81.0 O(3)–Li–O(5) 108.01(1) 109.0

O(3)–Ti–O(4) 90.8(1) 90.0 O(4)–Li–O(5) 111.5(2) 111.56

O(1)–Ti–O(5) 99.5(1) 100.0

Fig. 4. (a) Fermi surface using GGA,
whereas at middle and higher energies all the three polarizations
give comparable contributions.

We have performed calculations of exx
2 ðoÞ, e

yy
2 ðoÞ, and ezz

2 ðoÞ
with and without the inclusion of the Drude term. The effect of
the Drude term is significant for energies less than 1 eV. The sharp
rise at low energies is due to the Drude term. The peaks in the
optical response are caused by the allowed electric–dipole transi-
tions between the valence and the conduction bands. In order to
identify these structures we should consider the values of the
optical matrix elements. The observed structures would corre-
spond to those transitions that have large optical matrix dipole
transition elements.

It would be worthwhile to attempt to identify the band
transitions that are responsible for the spectral structures in
exx

2 ðoÞ, eyy
2 ðoÞ, and ezz

2 ðoÞ using our calculated band structure.
Fig. 1b presents the optical transitions that are responsible for
the spectral structures in exx

2 ðoÞ, e
yy
2 ðoÞ, and ezz

2 ðoÞ. For simplicity
we have labeled the transitions in Fig. 1b, as A, B, and C. The
transitions A are responsible for the structures in exx

2 ðoÞ, e
yy
2 ðoÞ,

and ezz
2 ðoÞ for energies up to 4.0 eV, transitions B are responsible

for the structures in the energy range 4.0–8.0 eV, and transitions C
are responsible for the structures between 8.0 and 12.0 eV.

From the imaginary parts of the dielectric functions exx
2 ðoÞ,

eyy
2 ðoÞ, and ezz

2 ðoÞ the real parts exx
1 ðoÞ, e

yy
1 ðoÞ, and ezz

1 ðoÞ can be
calculated using the Kramers–Kronig relations [24]. The exx

1 ðoÞ,
eyy

1 ðoÞ, and ezz
1 ðoÞ are shown in Fig. 4c. Using the calculated

dispersions of imaginary and real parts of the dielectric function
one can evaluate other optical properties such as reflectivity
spectra RðoÞ, absorption coefficients IðoÞ, refractive indices nðoÞ,
loss function LðoÞ, and the conductivity sðoÞ.

In Fig. 4d, we show the three components of the calculated
reflectivity spectra. It is interesting that there is an abrupt
reduction in the reflectivity spectrum at 12.5 eV confirming the
occurrence of collective plasmon resonance excitations. The depth
of the plasmon minimum is determined by the imaginary part of
the dielectric function at the plasma resonance and is represen-
tative of the degree of overlap between the inter-band absorption
regions.

Electron energy loss spectroscopy is a valuable tool for
investigating various aspects of materials [25]. The plasmon
losses corresponding to a collective oscillation of the valence
electrons and their energies are related to the density of valence
electrons. In the case of inter-band transitions, which consist
mostly of plasmon excitations, the scattering probability for
volume losses is directly connected to the energy loss function.
In Fig. 4e, the energy loss function is plotted in basal-plane and in
direction of c-axis. There are other features in this spectrum, in
(m) Fermi surface using EVGGA.



Fig. 5. Calculated exx
2 ðoÞ (dark solid curve—black), eyy

2 ðoÞ (light dashed curve—red color online), and ezz
2 ðoÞ (light solid curve—blue spectra: (a) GGA, (b) EVGGA,

(c) calculated exx
1 ðoÞ (dark solid curve—black), eyy

1 ðoÞ (light dashed curve—red color online), and ezz
1 ðoÞ (light solid curve—blue color online) spectra using EVGGA; (d)

calculated RxxðoÞ (dark solid curve—black), RyyðoÞ (light dashed curve—red color online), and RzzðoÞ (light solid curve—blue color online) spectra using EVGGA; (e)

calculated loss function LxxðoÞ (dark solid curve—black), LyyðoÞ (light dashed curve—red color online), and LzzðoÞ (light solid curve—blue color online) spectra using

EVGGA; (f) calculated imaginary part of the conductivity of sxxðoÞ (dark solid curve—black), syyðoÞ (light dashed curve—red color online), and szzðoÞ (light solid

curve—blue color online) spectra using EVGGA. The optical conductivity in 1015 s-1 (g) calculated real part of the conductivity of sxxðoÞ (dark solid curve—black), syyðoÞ
(light dashed curve—red color online), and szzðoÞ (light solid curve—blue color online) spectra using EVGGA. The optical conductivity in 1015 s�1. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)
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addition to the plasmon peak, associated with inter-band transi-
tions. The plasmon peak is usually the most intense feature in the
spectrum and this is at energy where e1(o) goes to zero. The
energy of the maximum peak of (�e1(o))�1 is observed at
�12.5 eV for LxxðoÞ, LyyðoÞ, and LzzðoÞ, which are assigned to
the energy of volume plasmon _op. The calculated optical con-
ductivity dispersions ImsðoÞ and Re sðoÞ are shown in Fig. 4f and
g. It also shows anisotropy between sxxðoÞ, syyðoÞ, and szzðoÞ.
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The optical conductivity (OC) is related to the frequency-depen-
dent dielectric function eðoÞ as eðoÞ ¼ 1þ4pisðoÞ=o. The peaks in
the optical conductivity spectra are determined by the electric–
dipole transitions between the occupied band states of the
unoccupied conduction states.
4. Conclusion

In the present work we have done an optimization of the
refined crystal structure following X-ray powder diffraction data
for Li0.50Co0.25TiO(PO4) single crystals. The obtained relaxed geo-
metry was used to perform a comprehensive theoretical study of
the structural properties and dispersion of the linear optical
susceptibilities using the full potential linear augmented plane
wave method within a framework of GGA and EVGGA approaches.
Both the band structure and the density of states show that this
compound is metallic with a DOS at EF, N(EF) of 3.0 states/Ry cell
using GGA, and 2.66 states/Ry cell using EVGGA. Although the
band structure and DOS obtained within GGA and EVGGA are very
similar, the principal groups/structures are spectrally shifted by
around 0.5 eV towards the lower energies with respect to struc-
ture obtained by GGA. The bare electronic specific heat coefficient
is found to be 0.52 mJ/mol K2 for GGA and 0.46 mJ/mol K2 for
EVGGA. We have studied the electronic charge density contour in
the (0 1 1) crystallographic plane to explain the bonding proper-
ties. The complex dielectric optical susceptibilities were analyzed
and discussed in detail.
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