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ABSTRACT

The aim of this work is to study the electronic and optical properties of ramsdellite
titanium dioxide (TiOz), using the first principle calculations with modified Becke-
Johnson (mBJ) exchange potential. By comparison with the experimental data done by
other reseachers, the obtained results allowed us to conclude that the calculated
electronic properties with the mB] approximation are significantly improved than those
obtained using others methods such as Generalized Gradient Approximation (GGA) and
the Local Density Approximation (LDA).Thus, a gap of 3.4 eV with mBJ, which is very
close to the value 3.34 eV was found by experimental work. The optical parameters such
as the dielectric constant, refractive index, extinction coefficient, reflectivity, optical
conductivity and energy loss were also calculated.

Keywords: Ramsdellite TiO,, Electronic Properties, Optical Properties, FP-LAPW, LDA,
GGA,TB-mB]J.

1. INTRODUCTION

Several modern technologies use titanium dioxide (TiO;) as a base material because of its point
defects [1-9] such as solar cells [10] and Li-ion batteries. Furthermore, TiOz has a rich phase
diagram comprising many polymorphs: rutile, anatase, brookite, bronze, hollandite, ramsdellite,
cotunnite, fluorite, pyrite [11-12]. The majority of studies focused on three crystalline phases
(anatase, rutile and brookite). For example, Tran and Blaha’s modified the Becke-Johnson (TB-
mB]J) exchange potential [17-18] method within the Density Functional Theory (DFT) which
has already been proven in the study of electronic structures and optical properties of rutile
and anatase TiO2 [19]. Moreover, in recent years, some experimental studies [14-16] have been
focusing on the use of TiO; ramsdellite as electrode in the electrochemical energy storage in Li-
lon batteries. Despite that, this work is the first to investigate the electronic structures and
optical properties of ramsdellite TiO2(R).This study focused on ramsdellite polymorph of
titanium dioxide, TiO; (R), having TiO¢-octahedra less regular [13].

The comparative calculations with experimental data show that the mB] energy gaps are
substantially improved than LDA and GGA values [20]. Besides that, the optical properties for
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ramsdellite TiOz such as the dielectric functions, refractive index, extinction coefficient, reflectivity
coefficients, conductivity and the energy-loss spectrum were also calculated and discussed.

2. COMPUTATION DETAILS

In this work, DFT calculations [21-22] with Tran and Blaha-modified Becke-Johnson potential (TB-
mB]J) are applied to obtain the electronic band structure and the density of states (DOS) for
ramsdellite TiO2 (R) compound. WIEN2k computer package [23] was used to implemented the full
potential (FP) linearized-augmented plane wave (LAPW) plus local orbital (LO) (FP/LAPW+LO).
The electronic band gap obtained by this method is closer to the experimental value compared to
electronic band gap obtained by LDA or GGA.

The product (RMT*Kmax) equal to 8 was taken since this value is found as the optimal value for
energy convergence, where the RMT is Muffin-Tin sphere radii and Kmax is the cut-off wave vector
in the first Brillouin zone. In this calculations, RMT(Ti) = 2.0 a.u. and RMT(0) = 1.50 a.u were taken
and the integration in Brillouin zone was made with 3000 k-points.

The convergence of the self-consistent calculations was considered as reached only when the
integration of absolute charge-density difference per formula unit between the successive loops is
less than 0.0001e, where e is the electron charge.

3. ELECTRONIC STRUCTURE

3.1 Structural

Figure 1 shows orthorhombic structure of ramsdellite TiO,, with Pbnm symmetry. It consists of

TiOe-octahedra.The lattice parameters and atoms coordinates for ramsdellite TiO, obtained through
calculation and experimental measurement were provided in Table 1 and 2 respectively.

Figure 1. Structure of ramsdellite TiO,

Table 1 Lattice parameters of ramsdellite TiO,

Lattice parameters(A)  Calculation  Experiment [24]

A 4.95 4.90
B 9.58 9.46
C 297 2.96
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Table 2 Atoms coordinates in ramsdellite TiO;

4

5. Calculation Experiment [25]

6 Atom

7' X y Z X y z

8.. Ti -0.081 0.183  0.25 -0.77 0.135 0.25

9. 01 0.638 0.268  0.25 0.636 0.206 0.25
02 0.202 -0.032  0.25 0.238 -0.222 0.25

3.2 Band Structures

Figure 2 shows the calculated energy band structures of ramsdellite TiO; with LDA, GGA and
TB-mB]J. In the three cases, the maximum of the valence band (VBM) and minimum of the
conduction band is at the I' point. This indicates a direct band gap (I'C -I'V) with the following
values: 2.4 eV for LDA, 2.8 eV for GGA and 3.4 eV for mBJ. Takahashi et al. [20] measured the
Ultraviolet-Visible absorption of ramsdellite TiO; and found band gap energy of 3.34 eV.
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Figure 2. Calculated band structures of TiO; (R) with (a) LDA, (b) GGA and(c) mB]J methods

The calculated and experimental band gaps values are summarized in Table 3. These results show
that the value of the energy band gap obtained by mB] approach is very close to the experimental
value [20] compared tothe values obtained by LDA or GGA.

Table 3 Calculated and experimental values of bands gaps of ramsdellite TiO,

Method LDA GGA mB]J Exp [20]

Band Gaps (eV) 2.4 2.8 3.4 3.34

3.3 Electronic Properties

Figure 3 shown the total calculated density of states (DOS) and atomic orbitals of ramsdellite TiO>
(R) obtained using mB]J. There are four bands in the DOS observed. The first left band located at
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about -4 eV is principally due to O 2p states with a small contribution from Ti 3d states. The next
band centered at about -1.5 eV is mainly due to O 2p states. Above the Fermi level, the bands
located at about 4 eV and 7 eV are principally due to Ti 3d states with small contribution from O 2p
states.
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Figure 3. DOS (a) total and (b) partial Ti and (c) partial O using TB-mB] for ramsdellite TiO,

4. OPTICAL PROPERTIES
4.1 Optical dielectric functions

The dielectric function is given by Eq. (1), where &2(w) describe the absorptive behavior and &1(w)
gives information about the electronic polarizability of material that can be extracted from
€2(w) using the Kramers-Kronig relation [26].

g(w) = g1(w) + igz2(w) (D

The real and imaginary parts, respectively €i1(w) and €2(w), of the dielectric function are
represented in Figure 4 respectively for E//a (4a) and E//c (4b), within the photon energy window
of 0-12 eV. g1(w) begin by increasing until a maximum value at 3.7 eV for E//a and 3.9 eV for E//c
and then goes down to negative values between about 7.5 and 12 eV for both E//a and E//c. €1(w)
negative implies that the material is reflective.The static dielectric constant at zero frequency, £%(0)
for E//a and £¢(0) for E//c, are presented in Table 4, using mBJ] method.

Table 4 Calculated static dielectric constant at zero frequency for TiO; (R) using TB-mB]J

mB]J method
£%(0) 4
€°(0) 5.2

The edge of the optical absorption in ramsdellite TiO2 (R) occurs at about 3.2 eV [27]. In this T
point (I'V- I'C) occurs splitting between valence and conduction bands, and it is the direct gap
of optical transition between the highest valence band and the lowest conduction band. This
study suggests that this compound has a strong absorption region extended between 3.6 eV
and 9 eV, and beyond this region, three important peak scan be seen. The first peak located at
around 3.5 eV and 4.5 eV respectively for E//a and E//c is due to the electronic transition from
O 2p states of the valence band (VB) to Ti 3d and O 2p states in conduction band (CB). The
second peak situated at 5.3 eV and 6.2 eV respectively for E//a and E//c is due to the inter-
band transitions between O 2p valence states and O 2s, p, Ti 3d conduction states. The peak
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situated at 7.3 eV and at 7.6 eV respectively for E//a and E//c originates from direct optical
transitions between O 2p and Ti 2p valence states and O s, p and Ti d, s conduction band.
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Figure 4. Real (g,) (black) and imaginary (g,) (red) parts of dielectric functions versus photon energy
(eV) of ramsdellite TiO; respectively for (a) E || aand (b) E || c

4.2 Refractive index n(w)and extinction coefficient k(w)

The values of the real and imaginary parts of the frequency dependent dielectric function
provide basis for the calculation of the refractive index n(w) [28]. The refractive index n(w) are
displayed in Figure 5(a) for E//a (black) and E//c (red). The refractive index is almost
constant until 1 eV, after which it increases with energy until a maximum value of 2.8 for E//a
and 3.5 for E//C at around 3.8 eV.

In Figure 5(b), the extinction coefficients, k(w) for E//a (black) and E//c (red), that was
determined theoretically was sketched out. Some similarities were highlighted between the
behavior of k(w) and n(w). Figure 5(b) shows the first peak of roughly k(w) = 1.75 at about 5
eV for E//c, and k (w) = 1.2 at around 4.6 eV for E//a. This first peak is followed by several

other ones that appear to be quantitatively more present for E//c comparing with E//a, and
with higher intensities as well.
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Figure 5. (a) Refractive indexes n(w) for E//a (black) and E//c (red) and (b) extinction coefficient k(w)
for E//a (black) and E//c (red) versus photon energy (eV) of ramsdellite TiO,

4.3 Reflectivity R(w)

The optical reflectivity R(w) is displayed in Figure 6 and the zero-frequency reflectivity is 11%
and 16% respectively for E//a and E//c. The maximum reflectivity value is about 58.3% at 9.6
eV and 84.2% at 10.9 eV respectively for E//a and E//c. Figure 4(a) and Figure 6 show that
when the real part of dielectric function &1(w) is negative, we get the maximum reflectivity.
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Energy [eV]

Figure 6. Reflectivity R(w) of ramsdellite TiO; for E || a (black) and E || c (red)

4.4 Optical conductivity o(w)

The optical conductivity is given by Eq. (2). The real part o1(w) of optical conductivity is shown
by black curves in Figure 7(a) for E//a and Figure 7(b) for E//c. The two curves are almost
constant up to about 3 eV. Then, the first curve shows a maximum value of optical conductivity
at about 7.3 eV with a magnitude of 615200 Q-1cm-!. As for the second curve, the maximum is
at about 7.7 eV with a magnitude of 871300 (2-1cm-1.

o(w) = 01(w) +102(w) (2)

8 = f
g g / FEY \\\__

Energy [eV) Energy [eV]

Figure 7. Real part (black curve) and imaginary part (red curve) of optical conductivity functions
versus photon energy (eV) of TiO; (R), (a) for E//a and (b) for E//c

The imaginary part o2(w) of optical conductivity is shown by red curves in Figure 7a for E//a
and Figure 7(b) for E//c. It starts decreasing below 0 in negative scale for the ranges of 0 and
7.3 eV for the first curve and the ranges of 0 and 7.7 eV for the second curve. The compound
has a maximum value of optical conductivity at about 9 eV with a magnitude of 264400 Q-.cm-
ifor E//aand 514800 Q-l.cm'! for E//c.

4.5 The energy-loss spectrum L(w)
Figure 8 shows energy loss function L(w). This function allows describing the energy loss of a

fast photon traversing a material. The peaks appearing in these spectra are associated with the
plasma resonance. It is at about 13.2 eV for E//a, and about 13.1 eV for E//c.
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Figure 8. Energy-loss spectrum L(w) of ramsdellite TiO; (black curve) for E//a and (red curve) E//c

5. CONCLUSION

Firstly, the electronic properties of the ramsdellite TiO2(R) were studied using density
functional theory with approximations namely GGA, LDA and the modified Becke-Johnson mB]J
exchange potential as implemented in WIEN2k code. This study shows that the use of mB]J
gives a gap of 3.4 eV, which the closest to the experimental value of 3.34 eV found by Takahashi
et al. [20] while that values found by the LDA and GGA approximations were relatively lower,
2.4 eV and 2.8 eV respectively.

From total and partial DOS calculated for ramsdellite TiO2(R) obtained using mB]J, it can be
seen that there are four bands in the DOS, two in the valance band due principally to O 2p
states and two others in the conduction band due principally to Ti 3d states.

The optical study of ramsdellite TiO», using mB]J, indicated three electronic transition 1) from O
2p states of the valence band (VB) to Ti 3d and O 2p states in conduction band (CB), 2) inter-
band between O 2p valence states and O 2s, p, Ti 3d conduction states and 3) direct optical
between O 2p and Ti 2p valence states and O s, p and Ti d, s conduction band.

The refractive index n(w) and the extinction coefficient k(w ) shows some similarities. Noted
that, when the real part of dielectric function &1(w) is negative, the reflectivity is maximum. The
real part o1(w) of optical conductivity is almost constant up to about 3 eV. Then, a maximum
value appear at about 7.5 eV with a magnitude 1.5 times greater for E//c than for E//a.

The imaginary part o2(w) of optical conductivity shows a maximum value at about 9 eV with a
magnitude of 2 times greater for E//c than for E//a. Moreover, the peak in the spectra of
energy loss function L(w) is associated with the plasma resonance.
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