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Abstract

Substitutional  energies, thermodynamic
charge transiton levels and optical
properties of lanthanide doped anatase TiO,
has been investigated using local density
approximation with the Hubbard U correction
(LDA+U) within the density functional theory
formalism. All the lanthanides apart from La
introduced impurity states in the host band
gap on doping. The calculated substitutional
energies indicate that it is possible to dope
TiO, with lanthanide ions. The optimal
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doping percentage was predicted to be ~3% and dopant levels resulting from Ce, Nd, Sm,
Gd and Tm doping were found to possess negative U characteristics. In addition the
calculated thermodynamic transition levels predicted Lu as not having any possible charge
transitions within the host band gap. The calculated optical absorption coefficients indicate

that lanthanide doping led to optical absorption in the visible regime.
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1.0 Introduction

Titanium dioxide (TiO) has vast applications in electronics, energy and photonics among
other applications [1]. One of the key applications is photocatalysis where solar energy is
converted into hydrogen energy via the splitting of water, decomposing toxic organic and
inorganic pollutants to purify water and air, and providing super-hydrophilicity to solid
surfaces [2]. TiO,, a wide band gap compound semiconductor, is known to be active only in
the ultraviolet (UV) region of the photoemission spectrum. However, in order for TiO to fully
utilize the major part of the solar spectrum, besides UV which is just 5% of the solar
spectrum, several studies aimed at improving the properties of TiO, via doping and co-
doping TiO, with various elements have been carried out with varied measures of success
[3]. TiO, has rutile, anatase and brookite polymorphs. Rutile and brookite are direct band
gap semiconductors. The higher photocatalytic activity of the anatase TiO, over the rutile
and brookite polymorphs can be attributed to the indirect band gap of the anatase which
leads to a slow decay lifetime of photoexcited charge carriers.[1]

Good photocatalysts are known to have conduction band edges that are more negative than
the reduction (redox) potential of water. However, visible-light photocatalysts have been
found to be either unstable under light illumination (CdSe) [4] or have low activity (Fe,Os3) [5].
Attempts have been made in trying to use transition metal (TM) oxides such as Cr,O; as
photocatalysts since they have good visible light absorption [6]. Experimentally, Cr,O3 has a
band gap of 3.4 eV [7] which is larger than the experimental band gap of rutile. This explains
why Cr,03 conduction band edges were found to be more negative compared to the redox
potential of water [8]. Therefore, incorporating a dopant into TiO,, in such a way that the
conduction band levels are made more negative than the redox potential of water can
facilitate the visible light absorption of the host oxide under visible irradiation.

The most widely used semiconductor photo-catalyst is titanium dioxide (TiO,), because it is
relatively easy and inexpensive to synthesize, it is highly stable under irradiation conditions,
non-toxic, and can completely degrade several classes of pollutants in aqueous and gas
phases [2,3]. However, its success as a semiconductor photo-catalyst is limited by its wide
band-gap (3.2 eV) and the recombination of the photogenerated electron-hole pairs [4]. A
3.2 eV (387 nm) band gap necessitates the use of UV light in the photo-production of
electrons and holes.

Conflicting reports exist in the literature regarding the photocatalytic activities on
semiconductors doped with transition metal ions [5]. The disparities are due to a number of
reasons including; variability in the synthetic procedures employed for the preparation of
catalysts which lead to the formation of photo catalysts with varying physio-chemical
characteristics, varying experimental conditions used in the photocatalytic reactions and the
different quantitative methods used for analysis of reactant or product concentrations[6]. In
recent times, Herrmann et al.,[7] made a compelling argument that both n- and p-doping by
transition metal ions leads to an increase in the recombination rate of the photogenerated
electron-hole pairs. In recent years, anion doping has gained popularity and the prime
motivation in this direction has been in extending the visible light response of large band-gap
semiconductors[8,9].

It has been reported that TiO, co-doped with La* and Eu®" exhibits better photocatalytic
properties compared to that of pristine TiO,[10]. The improved photocatalytic properties
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resulted from transitions of 4f electrons in the dopants. A similar observation was made
when TiO, was doped with lanthanides[11,12]. Doping TiO, with lanthanides has been the
subject of intense investigation both experimentally [11-14] and theoretically[15-17]. This is
because lanthanide doping could remarkably improve the photocatalytic activity of TiO, as it
registers visible light response as well as strong redox potential at the same time.
Lanthanides are among the rare-earth elements with great luminescent properties. They are
characterized by the 4f orbitals which in some cases are shielded by filled 5p°6s® sub
orbitals leading to very important spectroscopic properties[18] however, lanthanides ions are
not excited efficiently without a host [19]. Their properties are known to greatly depend on
their electronic configuration and ionic radius, which decreases steadily along the lanthanide
series with respect to the fillings of the 4f orbitals[20].

Density functional theory (DFT) has been the basis for most of the electronic structure
calculations, however it has limitations when it comes to describing properties such as band
gaps (see ref [21-24]). Another key shortcoming of standard DFT is that it cannot accurately
describe systems with strong correlation effects. This is because within DFT, the electron—
electron interaction is expressed as the sum of the Hartree and exchange-correlation (XC)
terms however, the XC term is usually approximated. Due to this approximation, the XC term
cannot accurately account for electronic interactions in strongly correlated systems, hence
the need for DFT+U technique where a Hubbard correction U is added to the standard DFT
formalism [25,26].

In this study we investigate lanthanide doped anatase TiO, using density functional theory
with Hubbard U correction (DFT+U) because lanthanides are known to have 4f orbitals
which cannot be accurately described using standard DFT. The electronic and optical
properties of anatase doped TiO, with each of the eleven (11) different lanthanides namely:
La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tm, Yb and Lu has been investigated. In addition we have
also calculated the dopant substitutional energies, thermodynamic charge transitions
energies as well as their optical absorption spectra.

2.0 Calculation models and methods

Projector augmented plane wave (PAW) method [27] as implemented in the Quantum
ESPRESSO code[28], has been used to study the properties of interest within the DFT+U
formalism. PAW potentials were used for Ti, O and all the lanthanides investigated in this
study. PAW is an improvement to the pseudopotential approximation as it combines the
pseudopotential — approximation  with linearized augmented-plane-wave (LAPW)
method[29,30], making PAW more accurate compared to the pseudopotential
approximation. The Brillouin zone of the unit cell of anatase TiO, was sampled using a
converged Monkhorst-Pack [31] k-point mesh of 6x6x3 and kinetic energy cut-off of 80 Ry.
Standard DFT is known to severely underestimate the band gap in semiconductors, in the
case of TiO2, the band gap of anatase TiO, obtained using spin polarized local density
approximation (LDA) was found to be 1.89 eV compared to the experimental value of 3.2 eV
[32]. This underestimation stems from the wrong energy position of the 3d orbitals of Ti
within the pseudopotential description which intern courses (spurious) interaction with the O
sp bands. To correct for the band gap underestimation in standard LDA, we have adopted
the methodology of [33—-35] where an ad hoc Hubbard U potential is included in the DFT+U
scheme. Within this formalism, the Hubbard U values used should not be considered as
empirical parameters introduced to correct the gap and not the physical on-site electron-
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electron screened potentials, in the sense of the many-body Hubbard Hamiltonian. The
unphysical Tiz4-O2s, IS overcome by including a Hubbard potential U = 10 eV on 3d orbital of
Ti and 5 eV on the 2p orbital of O was found to produce the experimental of gap of TiO2. A
similar approach was used to obtain U values for the lanthanide ions whereby we used
lanthanide sesquioxides varied the Hubbard term until a band gap close to experimental
value is arrived at. The experimental data used was obtained from [36—38]. The obtained
values of U for the case of lanthanides were found to be consistent with other studies [36].

The calculated equilibrium parameters were; a = 3.792A c/a = 2.502, which were in good
agreement with experimental values, a = 3.785A and c/a = 2.513[39], as well as another
theoretical LDA+U results, a = 3.819A and c/a = 2.502 [40]. After obtaining the equilibrium
structure, 72 atom supercells were constructed from the equilibrium structure. The choice of
the 72 atom supercell was made by calculating the dopant substitutional energy as function
of supercell size up to 288 atoms, the substitutional energy difference between the 72 atom
unit cell and the 288 atom unit cell was found to be ~1 eV thus due to computational
efficiency, the 72 atom unit was preferred. Doping was then done by substituting Ti atoms
with lanthanide atoms. In order to avoid significant dopant-dopant interaction within the
lattice, lanthanide atoms were introduced at the next-nearest Ti atom sites from the site of
the first substitution until the desired dopant concentration was achieved. The atomic
positions of the supercells containing the dopants were then relaxed keeping the volume
constant. Figure 1 shows a supercell containing a dopant within its lattice.

Figure 1: (Colour online) A supercell of doped anatase TiO2 (Red, Grey and Blue balls represents O, Ti and
dopant atoms respectively).

2.1 Optical properties

The response function for the optical properties of a solid, describing the absorption or
emission of electrons or photons is the dielectric function. From the imaginary part of the
dielectric function, it is possible to obtain some of the optical properties of a solid. In this
study, the optical properties have been obtained through the frequency-dependent dielectric
function,g(a))z gl(a))+igz(a)) using the formalism of Ehrenreich and Cohen[41]. Within this

formalism, the imaginary part of the dielectric function is given as:
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where the integral is over the first Brillouin zone, Mcv(k):<uCk |é.V|uck> are the dipole matrix

elements for the direct transitions between valence and conduction bands states.
hao, (k) =E, —E, is the excited energy, € is the polarization vector of the electric field, and

Uy (r)is the periodic part of the Bloch wave function for a conduction band state with wave

vector k. Although DFT is known to underestimate the band gap of semiconductors, our
results show that optical properties obtained using DFT outputs are surprisingly in good
agreement with experiment. This is attributed to the ability of the local density approximation
to yield accurate matrix elements between occupied and empty states.

In this study our first goal was to determine the doping percentage that would yield visible
light absorption in TiO, since high concentrations may lead to low photocatalytic activity.
Large impurity states in the band gap that act as recombination centres for photoexcited
electron-hole pairs. To achieve this, some of the optically active lanthanide elements
namely; Gd, Eu and Sm were used to determine this optimal doping percentage. This was
done by plotting the optical absorption of spectrum of TiO, doped with each of the chosen
lanthanide ions individually at different concentrations as seen in Figure 2. From the figure, it
can be seen that the doping percentage that led to absorption on the visible regime is
2.7778% (~3.0%) which is within the experimental doping percentage range [35].
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Figure 2: (Colour online) Calculated absorption spectra of TiO, doped with different lanthanide elements at
different percentage concentrations. (Red, Green and Blue arrows represent UV, visible and IR absorption peaks
respectively).

Table 1: Extracted absorption coefficient of doped anatase TiO».

Ln:TiO:  dopant U(eV) Absorption peaks (ev) Absorption peaks (nm)

0% 3.2 387.5 uv
1.3889% Gd 2 3.1 400 uv
Eu 3 3.1 400 uv
Sm 2 1.1 3.1 1127 400 R uv
2.7778% Gd 2 2.6 476 Visible
Eu 3 0.4 2.6 3100 476 R Visible
Sm 2 2.6 1127 476 R Visible
4.1667% Gd 2 3.1 1127 400 R uv
Eu 3 3.1 400 uv
Sm 2 1.3 3.1 953 400 R uv
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After obtaining the doping percentage that lead to absorption in the visible regime,
substitutional energies, electronic properties and optical properties for all the dopants were
obtained at this dopant percentage (~3.0%).

2.2 Dopant Substitutional energies

According to the Zhang—Northrup[42] formalism, the dopant substitutional energy at any
given charge state ( can be obtained as

q — q
Edopant - Eundoped_ Edoped + n:uTi - n/udopant+ q(EVBM + EFermi )+ Ecorr 20

where E, 4.4 IS the total energy of pristine TiO;, E,, ., is the total energy of the lanthanide
doped TiO, uy; and fiy,,.,are the chemical potentials of Ti and dopant respectively, nis the

number of atoms substituted or added to the supercell, E gz, ,and E.,, are the energy of the

Fermi
valence band maximum and fermi energy respectively and E_ is the correction made to
calculated substitutional energies due to finite size errors and image charge corrections

obtained using the charge model of Freysoldt et al.[43,44]. E . =E, —E,, —0AV,,;, E,is

the self-energy of the isolated charge distribution, E__ the electrostatic energy of the system

per
subject to periodic boundary conditions and qAVq,bis the potential alignment term. The
calculated substitutional energies at different charge sates are presented in Table 2.

2.2 Thermodynamic transition levels

Using the calculated substitutional energies, it is possible to obtain the thermodynamic

charge transition level €Y% which is defined as the Fermi energy position where a dopant in

two different charge states has the same dopant substitutional (formation) energy[45]. This
can be obtained for say 0 and +1 charge states as follows.

1 0
o+l _ (Echropant_ Edopant) 3.0

((0)-(+1))

are the dopant substitutional energies for +1 and 0 charge states

&

and E°

+1
where E dopant

dopant
obtained using equation 2. Additionally the same thermodynamic charge transition levels can
be obtained by making plots of dopant substitutional energies as functions of the Fermi level
position as presented in Figure 3. In the figure, the gradient of each line is the defect charge
state, and the intersection of two lines is the thermodynamic charge transition level of the
defect. The thermodynamic charge transition levels can be associated to defect levels
observed from deep level transient spectroscopy (DLTS) or temperature dependent Hall
measurements[45].
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3.0 Results and Discussions
3.1 Substitutional energies

Dopant substitutional energies were calculated using equation (2.0). In order to bench mark
our calculation with previous studies[46,47]. We have calculated the dopant substitutional
energies at ~1.4% doping (one (1) atom lanthanide substitution) in the neutral charge state
SO as to compare our methodology to previous studies (see Table 1). From the table it can
be seen that our results are consistent previous studies when it comes to the order of which
atom easily dopes anatse TiO2 i.e. Ce < Gd < Pr < Eu. There is difference in the
substitutional energies compared to previous studies, this can be attributed to [47] not using
the Hubbard term in the study and [46] using different values of U on the lanthanides
compared to the ones used in this study. The different values of U resulted from using
different experimental results used to bench mark/ callibrate the Hubbard term.

Table 1 Substitutional energies and averaged bond lengths of ~1.4% Ln-doped TiO.

Substitutional energy (eV) Bond lengths
At.No.  Atom UeV) This work Other works Ti-O (A) Ln-O (A)
58 Ce 3 -1.73 -2.2[46], 1.58[47] 1.912 1.981
59 Pr 2 0.62 1.4[46), 2.83[47] 1.916 1.991
63 Eu 3 3.08 10.5[46], 5.52[47] 1.911 1.971
64 Gd 2 -1.44 0.2[46], 1.76[47] 1.922 1.982
TiO2 1.901

We then proceeded using equation 2.0, to calculate the dopant substitutional energies at
~3.0 dopant concentration percentage (two (2) atom lanthanide substitution) (see Table 2.
From the table it can be seen that the substitutional energies varies depending on the
charge state. It can also be seen from the table that it is easy to dope TiO, with a mojority
lanthanide elements since the dopant substitutional energies are relatively low (=< 3 eV)
hence the reason why lanthanide doped TiO, have attracted lots of experimental scrutiny.
Ce and Gd had the lowest substitutional energies compared to the rest of the lanthanides.
Their formation energies were also negative indication the ease of doping anatase TiO, with
Ce and Gd. This consistent with [46,47] as well as an experimental study that reported Ce as
having the highest photo-catalytic activity in TiO, [48]. The order of the dopant substitutional
energies in ascending order are as follows; Ce < Gd <Pr<Pm<Nd<Lu<lLa<Yb<Tm<
Eu. This order is also consistent with ab initio results of [47].

We then calculated the dopant substitutional energies a function of the Fermi level also
using equation 2.0 and the results are presented in Figure 3. As earlier mentioned, the
intersection of any two lines in each of the figures, that is, the Fermi level position at which
the dopant substitutional energies of the dopant in two different charge states are equal. This
was also confirmed using equation 3.0. From Figure 3 it is evident that thermodynamic
transitions resulting from the doped systems occur very close to the valence band maximum
(VBM), about 1.5 eV above the VBM, Equation 3.0 was then used to identify the possible
transitions associated with the doped systems (see Table 3) than may be observed
experimentally through DLTS measurements.
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Table 2 Substitutional energies of ~3.0% Ln-doped TiO, at different charge states under Ti-rich
conditions.

Atm. No Dopant U (V) -3 -2 -1 0 1 2 3
57 La 2 3.35 3.05 2.75 2.48 214 1.80 1.53
58 Ce 3 0.15 -0.17 0.95 -1.31 -1.63 -2.22 -2.69
59 Pr 2 1.59 1.36 1.1 0.86 0.59 0.32 0.02
60 Nd 3 2.26 2.06 1.86 1.66 1.46 1.26 1.06
61 Pm 1.5 1.96 1.73 1.48 1.21 0.94 0.67 0.54
62 Sm 2 3.53 3.30 3.05 2.91 2.64 2.39 212
63 Eu 3 4.00 3.76 3.51 3.26 3.01 2.67 2.54
64 Gd 2 -0.40 -0.63 -0.88 -1.13 -1.30 -1.54 -1.74
69 Tm 2 5.82 5.28 4.78 2.84 2.39 2.35 2.31
70 Yb 2 3.32 3.09 2.94 2.81 2.54 2.31 2.04
71 Lu 3.5 2.52 2.29 1.99 1.72 1.59 1.25 0.98

Table 3 Calculated thermodynamic charge transition levels in eV of ~3.0% Ln-doped TiO, refferenced
to the valence band maximum (VBM).

At. No. (+3/+2) (+1/0)  (0/-1) (-2/-3) (0/-2) (-1/-3)
57 La - - - 0.30 0.28
58 Ce 0.47 -
59 Pr - - - - - -
60 Nd - - 0.20 - - 0.20
61 Pm - - - - 0.26 0.24
62 Sm - - - - -
63 Eu 013  0.25 - 0.23 0.25
64 Gd - - -
69 Tm - - 0.45
70 Yb - -
71 Lu - - - 0.23 0.29

As can be seen from the Table, Pr, Sm, Gd, Yb had no possible thermodynamic charge
transition levels. A survey of present available literature indicate that no DLTS
measurements have been done of the lanthanide doped TiO2 however, the absence of
thermodynamic charge transition levels can in part be attributed to the inadequacies of
standard DFT/DFT+U when it comes to defect studies[49] hence the need for techniques
beyond the one used in this present study. Ce, Nd, Sm, Gd and Tm had levels that exhibited
negative U characteristic. A defect has negative-U properties if it can trap two electrons (or
holes) with the second being bound more strongly than the first [50]. How these negative U
defects affect the photocatalytic properties of doped TiO. is still an open question.
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Figure 3: (Colour online) Calculated substitutional energies of doped TiO, as a function of the
Fermi level.

3.2 Electronic properties

In order to understand the electronic properties of doped TiO,, we calculated and obtained
the projected density of states using LDA+U. As can be seen in Figure 4, the band gap of
pristine TiO, is 3.2 eV and it is characterized by Ti 3d and O 2p orbitals in valence and
conduction band respectively. On doping TiO,, there is hybridization of Ti 3d and O 2p with
the dopant states, there was no hybridization between the O 2p states or Ti 3d states with 4f
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states when TiO; is doped with La (see Figure 4 a)). Figure 4 also shows four sets of results
as a consequence of the location of the impurity levels within the host band gap.
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Figure 4: (Colour online) Calculated projected density of states of doped TiO,.

It can be seen from Figure 4 that, as the atomic number increases from La to Lu, the energy
level of the impurity states shifts from conduction band (La,Ce,Pr,Nd,Pm) through the middle
of the band gap (Sm,Eu,Gd) to the valence band (Tm,Yb,Lu). It can also be seen in the case
of Sm, Eu and Gd (see Figure 3 b)) that the dopant impurity levels are inside the band gap of
TiO,. It therefore implies in these three cases that, if photon energy is absorbed, the
electrons in the valence band will first be excited to the new states (impurity states) and
finally excited to the conduction band. From the PDOS of La, Pr and Nd it can be seen in
Figure 3 a) and b) that they don’t introduce any impurity states within the band gap TiO,.
Although Pr and Nd have dopant the states deep in the conduction band, La was found not
to be having the 4f states an observation also made by [51]. Lu, Yb and Tm introduced
acceptor states while Ce and Pm introduced donor states within the band gap of TiO, as
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seen in Figures 3 a), 3 b) and 3 c¢) which are likely the source of absorption peaks that lead
to visible light absorption in doped TiO,.

Similar to previous studies [47], it was observed in this study that doping anatse TiO, with
lanthanide ions resulted in delocalized 4f states and that it is these delocalized 4f states that
produce impurity energy levels within the band gap. The 4f states were found not to
hybridize with either the O 2p states or Ti 3d states unlike the case of transition metal doped
TiO; [17]. The impurity energy levels due to the delocalized 4f states are broader than peaks
of transition metal-doped TiO, this is consistent with what was observed by [47] and the
reason for this broadening was explained as resulting from 4f states possessing seven orbits
for electrons to occupy. Another consistency with [47] was observed in the comparison
doped and undoped anatase TiO, where PDOS of doped TiO, were broader in comparison
to the undoped. This was attributed to the reduction of crystal symmetry which results in
electronic nonlocality [52].

3.3 Optical properties

The optical properties of a semiconductor are mainly determined by its electronic structure,
because of this, we investigated the relationship between electronic structure and optical
properties of lanthanide-doped TiO, systems.

35 35 35 35

L |- TiO, L |- TiO, L |- TiO, L |- TiO,
30f |- LaTio, 30k |- Pm:TIO, 30k |- GA'TIO, 304 |- YbTIO,
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Figure 5: Optical absorption spectra of Ln:TiO,
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Table 4: Extracted absorption coefficients of Ln:TiO..

Ln:TiO2 U(eV)  Absorption peaks (eV) Absorption peaks (nm)

0% 3.2 387.5 uv

La 2 0.6 25 2066.7 496 IR Visible
Ce 3 25 496 Visible
Pr 2 14 24 885.7 516.7 IR Visible
Nd 3 0.7 24 17714 516.7 IR Visible
Pm 15 0.8 24 1550 516.7 IR Visible
Sm 2 1.0 2.6 1240 476.9 IR Visible
Eu 3 1.0 2.6 1240 476.9 IR Visible
Gd 2 26 476.9 Visible
Tm 2 0.4 2.5 3100 496 IR Visible
Yb 2 0.4 2.5 3100 496 IR Visible
Lu 3.5 0.4 24 3100 516.7 IR Visible

As seen in Figure 4 from the PDOS of Pristine TiO,, the band gap of anatase TiO, was
found to be 3.2 eV, which is consistent with the optical absorption coefficient presented in
Figure 5 and Table 4. Pristine TiO, had an optical absorption peak at 3.2 eV (388 nm) which
is in the UV region in conformity with experimental results [53]. This peak at 388 nm was
used as benchmark to locate the other peaks resulting from lanthanide-doped TiO,. For an
orderly discussion on absorption coefficients, of lanthanide doped TiO,, using the impurity
state position we have come up four categories.

Category I: Impurity states located at or around the valence band maximum (VBM) (Yb, Tm
and Lu). The 4f impurity states of the lanthanides are at the top of the VB and new
absorption peaks were observed to occur at 2.5 eV (496 nm) for Yb and Tm and 2.4 eV
(516.7 nm) for Lu owing to the narrowing of the band gap as shown in Figure 5. This was
consistent with experimental results [54,55] where absorption peaks were of Yb, Tm and Lu
were observed at 2.6 eV (476 nm), 2.75 eV (450 nm) and 2.8 eV (442 nm) respectively
where all dopant led to peaks in the visible regime. The difference in energies might be
attributes the exchange-correlation functional which is an approximated term within the DFT
formalism.

Category IlI: Impurity states withinin the band gap region of the host (Gd, Eu and Sm). When
the lanthanides are in the octahedral discrete point charges field, the crystal field theory
necessitates the intraband transition of lanthanide 4f electronic states [56]. Due to the
position of the impurity states around the mid gap region of the host band gap, and the
intraband transitions, the absorption coefficient peaks of Sm, Eu and Gd were found to shift
absorption peak of the host from 3.2 eV (388 nm) which is in UV region to the visible light
region at 2.6 eV (476.9 nm) as also shown in Figure 5 in agreement with [57-59] where the
absorption peaks of Gd, Eu and Sm were observed at 2.0 eV (620 nm).

Category lll: Impurity states at/around conduction band minimum (CBM) (Pm, Pr and Ce).
The impurity states of Pm Pr and Ce were found to adequately cover the CBM resulting in
the narrowing the bandgap to 3.1 eV which facilitates the shifting of absorption peaks from
3.2 eV (388 nm) in the pristine TiO, to 2.4 eV (516.7 nm) after both Pm and Pr doping and to
2.5 eV (496 nm) on Ce doping as seen in Figure 5. These results are in good agreement
with experimental results [60,61] in which the absoption peaks on Pm, Pr and Ce absorption
were observed at 2.8 eV (442 nm) for Pm and Pr while for Ce the peak was at 2.9 eV (422
nm).



Page 13 of 18

Category IV: Clean band gap (Nd and La) the 4f states of Nd are found right inside the VB
resulting in reduction in electronic occupation O 2p. The crystal field effect thus facilitates the
shifting of absorption coefficient of the unsdoped host into the visible region at around 2.4 eV
(516.7 nm). This was also in agreement with experimental results [62] where the absorption
peak resulting from Nd doping was observed at 2.57 eV (482 nm). In the case of La doping,
no impurity states from the 4f states were observed either within the band gap or at/around
VBM or CBM however on ploting the absorption spectrum of the La-doped system, an
optical absorption peak in the visible region at 2.5 eV (496 nm) was observed. There is no
explanation in literature on why La behaves in this manner it has only be report that it has an
“exceptional phenomena [51]".

Conclusions

We have investigated the electronic and optical properties of pristine anatase TiO, as well as
lanthanides doped TiO, in addition substitutional energies of one atom and two atom
substitution were investigated using DFT calculations applying LDA+U method. Ce and Gd
had the least substitution energy in all charge states. The calculated thermodynamic
transition levels exhibited negative U behaviour in the case of Ce, Nd, Sm, Gd and Tm. An
optimal doping concentration was realized at 2.78% (~3.00%) which was within the
experimental doping range. Doping TiO, with lanthanide ions was fund to results in shifying
the absorption peaks of the of the pristine for the UV into the the visible regime. Lanthanide
doping in TiO, was also found to lead to narrowing of the band gap(i.e. red shift). From our
study there was consistency between calculated electronic and optical properties of both the
pristine and lanthanide doped TiO, to both the observed experiemental results as well as
other theoretical investigations.
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