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ji Abstract. The influence of non-interacting Kohn-Sham Hamiltonian on the non-self
45 comnsistent GW (GoW,) quasiparticle gap and Bethe-Salpeter-Equation(BSE) optical
46 spectra of anatase TiO- is systematically evaluated. GoW, and BSE calculations are
47 carried out starting with HSE06 (Heyd-Scuseria-Ernzerhof) type functionals containing
48 20p:25%and 30 % exact Hartree-Fock exchange. The results are also compared against
49 GoWy+BSE calculations starting from semi-local(PBE) functionals. Our results
50 indicate that the GoWy and BSE calculations of anatase TiO5 depend critically on
51 the mean-field starting point, wherein its dependence is mainly introduced through
52 the dielectric screening evaluated at the intermediate GoWy. We find that the band
53 dispersion, density of states, and consequently the oscillator strengths of optical
54 excitation and spatial localization of excitons are insensitive to the starting points
55 while the quasiparticle gap, optical gap and exciton binding energies are strongly
56 affected. GoW)y quasiparticle gap of anatase TiOs computed over hybrid functional
;73 starting points is typically overestimated compared to measured values. However, by
59 varying the amount of exact exchange, the dielectric screening can be tuned, and thus

the quasiparticle gap. Exciton binding energy is shown to increase in proportion to
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the increase of the amount of exact exchange. A simple extrapolation of the calculated
data leads to the exact match with the recently measured value with 13 % of the exact
exchange. Systematic analysis of GoWy+BSE calculation starting from screenedshybrid
functionals provided in this study forms a reference for all such futurefcalculations,of
pristine anatase TiO5 and its derivatives.

1. Introduction

~
Titanium Dioxide (TiOj) is one of the most widely explored,métal-oxides owing to

its charge transport and oxidation properties, abundance, non-toxicity, and corrosion
resistance. TiOy finds promising applications in photocatalysis[l=3], opto-electronic
devices[4, 5], dye-sensitized solar cells(DSSC)[4, 6-9], treatment/ of pollutants[10, 11],
production of hydrocarbon fuels[12,13], antimicrobial coatings[14], nonlinear optical
applications[15] and so on. Among the naturally’eccurring TiOy polymorphs, the
anatase form is found to be photocatalytically most agtive phase than rutile and
brookite[16-20]. Anatase has a wider optical gap/@nd smaller electron effective mass,
which leads to its higher electron mobility[6, 21-23].. It plays a key role in the injection
process of solar cells yielding high conversion efficiency[4-7,24]. Tuning of electronic
and optical properties of anatase TiO, for tailor-made applications has been an active
area of research[25], exploring various,strategies, like doping with noble gas[26], various
metals[27-35] as well as by strain engineering[36, 37].

Processing materials for wtailor-made applications requires a fundamental
understanding of their electrénic and optical excitations.  The excited carriers
and the associated perturbation in|a material have a many-body character and
operate collectively as quasiparticlesi Experimentally, the quasiparticle character of
electronic excitation is capgired! in photoemission(PES) and inverse photoemission
spectroscopy (IPES):wDue tonthe quasiparticle nature of the excitation, the energies
measured using (I)PES are called quasiparticle energies. Similarly, optical excitation
creates electrons/and ‘heles, paired into bound states due to the strong Coulomb
interaction forming quasiparticles called excitons.

For quantitative 'modeling of photoemission and optical absorption of pristine
anatase TiOg, it'is necessary to invoke many-body effects[28,38—44]. One must include
the many=body effects in the electronic and optical spectra by employing the many-
body perturbation theory(MBPT). In MBPT, the photoemission spectrum is modeled
via the GW _approximation (GWA)[45-47]. On top of GW calculation, the Bethe-
Salpeter equation (BSE)[48] is solved to include electron-hole interaction during optical
absorption.

The standard GW calculation starts with a Kohn-Sham (KS) DFT calculation
to obtain a non-interacting (single-particle) ground state. The GWA is then applied
perturbatively to the KS orbitals |¢°) and one-electron energies eX%. This results
in different GW flavors depending on whether |¢X) and/or €X° determined self-

consistently or not. Self-consistent GW calculations starting from semi-local(PBE)
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functional overestimate the quasiparticle gap of TiO,, worsening the agreement with
experiments[49]. Therefore, the non-self consistent GW calculation (GoWg) is used
for all practical calculation of TiO,[50-55]. However, due to the lack ofself-
consistency, GoW) calculations become sensitive to the initial non-interacting KS-DFT
Hamiltonian(Hy).

The starting point sensitivity of the GoWy method is usually addressed by choosing
an H such that the resulting quasiparticle correction is minimized, hence justifying the
use of GWA as perturbation[46,56-58]. For GoW, and BSE ¢alculations of pristine
anatase TiO, semi-local(PBE) DFT wave functions were explored\as the starting
points[39-42, 49,59, 60]. GoW, quasiparticle gaps obtained from such e¢alculations show
huge variability. For oxides and materials with d-orbitals close tothe band edges, hybrid
functional[61-64] provides a more reasonable and physically accurate initial KS DFT
wave function compared to local/semi-local functionals[65-71}." In this direction, we
assess the performance of hybrid functional as the starting point for GyW, and BSE of
anatase TiOs in the present work. To the best of our knowledge, apart from a recent
study in Ref. [72], GoWy+BSE calculations of pristine anatase TiO4 exploring the role
of hybrid functional as starting points arénot available.

Hybrid functional have certain inherent advantages compared to semi-local
functional[73-75] as the starting point for, GoWjp calculations. Hybrid functional
remedies the bandgap underestintation[73-80], caused by local/semi-local functional.
Formally, hybrid functionals describe nenslocal two-particle scattering processes[81, 82];
therefore, the resulting wave functions are elose to the quasiparticle wave functions.
Hybrid functional provides the~eorrect ordering and occupation of bands and the
localization of orbitals leading to aceurate quasiparticle properties and dielectric
functions|[65, 69, 70, 72, 83, 84]v "y Besides hybrid functional, the DFT+U method is
commonly used to represent/localization of orbitals. However, DFT+U introduces
unreasonable lattice,distortions when suboptimal U values are used[85-87]. Moreover,
unlike DFT+U, hybridifunctional treat delocalized and localized states on the same
footing through the orbital dependence of the Hartree-Fock(HF) exchange. Hence, for
TiO5 and other8d transition-metal compounds, orbital-dependent screening present in
the hybrid funetionalis.the most effective way to address the starting point dependence
of GoW, associated withilocalized d orbitals[88].

In this, study, hybrid functional[63,89,90] DFT wavefunctions are used as the
starting point for GoW, and subsequent BSE calculations of anatase TiO,. HSE06-
like screened hybrid functional as parametrized by Heyd-Scuseria-Ernzerhof[63, 89, 90]
arg employed for the calculations. The amount of exact exchange (a) contained in
the existing formulations of hybrid functional is not a universal entity. Rather, « is a
material-dependent parameter. For a given system, one could choose an optimal « so
thatathe subsequent GoWy+BSE calculation gives an accurate value for quasiparticle
gap and optical gap. The rationale for varying « is its relation to the dielectric
screening of the material[91-96]. In the case of uncorrelated d electronic systems like
TiO,, « is proportional to 1/e.,, where e, is the dielectric constant of the material
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in the limit of very large frequencies[55,95,97,98]. In the present work, the syalue of
a contained HSEO06-like functional(HSE06(«)) is varied, and its effects ondthe DFT
electronic structure of anatase TiOs is investigated. The role of & on the Ggldy
quasiparticle gap, BSE optical spectra and exciton binding energy is also investigated
starting from HSE06(«) wavefunctions.

The article is organized as follows: Computational schemes forrDFT and MBPT
calculations are summarized in Sec. 2. Sec. 3 compares the ground state DET electronic
structure using PBE and HSEO06 type functional. Further, the variation of GyW,
quasiparticle gaps and BSE spectra of anatase TiOy calculated .on R}p of PBE and
HSEO06 type starting wave functions are discussed. The role, of exchange-correlation,
and in particular, the effect of the amount of exact exchange present in HSE0O6 type
functional on the DFT and MBPT calculations of anatase TiO, are discussed in detail.
We conclude the article in Sec. 4 with a discussion of/our results; scope and limitations.

2. Computational details

2.1. Semi-local and hybrid DFT

All ground state DFT, GW, and BSE calculations are performed using the Vienna
ab-initio simulation package (VASP) [99-108]. Recommended projector augmented
wave(PAW) potentials[104, 105] supplied with VASP were employed for all atoms to
describe the core-valence interactions. These PAW potentials are optimized for GW,
as opposed to the standard PAW potentials, and provide an accurate description of
scattering properties even at higher energies[103]. Besides the Ti 4s & 3d and O 2s &
2p valence states, the shallow Ti 3s & 3p core states are also treated as valence electrons.
Their inclusion is essential for an‘aeciirate calculation of quasiparticle energy gaps[40],
the omission of which causes the quasiparticle bandgap to vary by about 0.3 eV[49].
Gaussian smearing ‘with o =,0:05 eV was used to broaden the one electron levels.
Based on the convergence, of ;total free energy, we have set 520 eV as kinetic energy
cut-off to describé the plane waves included in the basis set. An unshifted I'-centered
6 x 6 x 3 Monkhorst-Pack grid [106] is used for sampling the body-centered tetragonal
Brillouin zoné of anatase TiOs. Initially, the geometry of the conventional unit cell of
bulk anatase TiO, is relaxed using the GGA (PBE) functional with force and energy
convergence thresholds of 10-° eV /A and 1076 eV, respectively. The relaxed tetragonal
lattice is charadterized by lattice constants: ¢ = 3.805 A and ¢ = 9.781 A, which are in
reasonableragreement with lattice parameters measured in experiments[107-109].

The electronic structure of anatase TiO, is then calculated by introducing the
HSEQ6[61463] functional. In the present investigation, we maintain the screening
parameter defining HSEO6 type functional at w = 0.20 A (corresponding to a screening
length'r-, = 2/w = 10 A). However, in the spirit of Ref. [55,110-115] amount of exact
exchange(«) is varied to understand its effect on the spectral properties of pristine
anatase TiOy. We focus our attention on three values for exchange fractions; 20%, 25%
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(standard HSE06) and 30% for which DFT electronic structure is computed, @and the
variation of the many-body response resulting from them are evaluated at GgW,+BSE

level. DFT calculation with a given « in the description of HSE06 type functional«is
henceforth labelled as HSE06(«).

2.2. GoWy and BSE calculations

The many-body electron-electron interaction in the GWA is represented by the electronic
self-energy, which is approximated as ¥ = iGW, where G is the one=particle Green’s
function, and W is the dynamically screened Coulomb interaction[57,116,117]. The
Green’s function can be expressed by using the electronic eigenvaluesrand wave functions
computed for the DFT Kohn-Sham system. The screengd-Coulomb interaction(W) is
obtained from the polarizability, which is given by theproduet©f the non-interacting
electron and hole Greens’s functions[118,119]. In the non-self-consistent GW (GoWp)
calculations, GWA uses non-interacting Kohn-Sham (KS) orbitals |¢X%) as starting
point. The self-energy ¥ is then approximated as X = i@ WS Here, GX° is the
Kohn-Sham one-particle Green’s function and W% is the screened Coulomb interaction
constructed from G using the random-phase approximation. In the present work, the
orbitals [¢X®) of well-converged ground state. DR calculation with HSE06(«) functional
is used as the starting point foraGoll, calculations. In the perturbative regime,
the difference between the GW self-energy %% and Kohn-Sham exchange-correlation

potential v,., is to be regarded as small with respect to the entire Hamiltonian. The
KS

first-order correction eiGOWO to the input KS energies ¢;*” is obtained by solving the

quasiparticle equation

5o GRS RGNS | 0o (50 — 0[] |61 1)

(2

where eiGOWO represents the quasiparticle energy, Z; is the normalization factor for
the orbital and the index i runs over states and k points in a solid.

The Bethe-Salpeter.cquation for two particle-Green’s functions is solved to calculate
the optical properties[119=121]. In the coupled electron-hole basis, the BSE turns into

an eigenvalue problem;

(Ec - Ev) Afc + Z chw’C’(QS)Af'c’ = QSAEC (2)

v'c!

where_c(®). denotes the conduction (valence) band, and E. and E,, respectively, are
the energies of electron in the conduction band and hole in the valance band. K._j
represents the electron-hole interaction kernel. (g is the exciton energy and A3, is
the eigenvector of the BSE. The first term on the left side of Eq. 2 describes the
uncorrelated electron-hole pair, while the second term accounts for the interaction
between bound electron and hole. This form is referred to as the Tamm-Dancoff
approximation to BSE[122-124] and corresponding VASP implementation is used in
the present work[51,103,125]. From the solution of the BSE, the dielectric function
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and oscillator strengths of optical transitions of anatase TiOy are computed for/parallel
and perpendicular(with respect to the crystallographic ¢ axis) polarizationséyFurther,
the excitation mechanism is explained by examining the exciton amplitude projections
on the quasiparticle bandstructure in fatband form[126-129]. Based on, theranalysis;
the nature of photo-generated charge carriers, their origin and spatiak localization in
the anatase TiO, are also presented. The influence of amount .of exact, exchange
((PBE), 20,25 and 30%) on the optical gap, binding energy and spatial{localization

of excitons are further addressed.
~

3. Results and Discussion

3.1. DFT bandstructure with PBE and HSE06(«) functionals

To understand how the exact exchange contribution(«) affects the bandgap, DFT
calculations were first carried out with HSE06 type functional by varying « from 15%
to 35% with an interval of 5%. This range of af for hybrid functionals yields excellent
results for a large class of systems[94, 96, 115, 130]./Fig.1 shows that for several k-point
grids, the difference between the corresponding bandgap is below 0.05 eV, so a good
convergence is reached in this range of «. For arepresentative case of 6 x 6 x 3 k-grid
sampling, the HSE06(«) band gap increases from 3.04 eV to 4.36 eV as the fraction of
exchange is increased from 15% to 35%. This apparent increase in hybrid DFT gap in
linear proportion to the increase in o (= 0:33 eV for every 5% increase in «) is consistent
with the trend observed for hybrid functionals elsewhere[96, 111,114, 115].

To assess the influence of @xchange-correlation on the bandstructure, the PBE and
HSEO06(«) bandstructure of TiO, is compared. The general features of the electronic
structure of anatase TiOg using HSE06(a) are discussed by taking HSE06(20) as a
representative case. The PBE and HSE06(20) bandstructure of anatase TiOy along
the high symmetricidirections«in the irreducible Brillouin zone is shown in Fig.2.
Interestingly, the dispersion of conduction and valence bands near the respective band
edges remain similar with,both GGA and HSE06(«) functionals. The addition of exact
exchange shifts ‘the, HSEQ6(«) conduction bands to higher energies with respect to the
PBE counterparts, almost uniformly across all the bands and k-points. Nevertheless, the
valence bands remain unaffected irrespective of PBE and HSE06(«) exchange-correlation
functionals.” Thesamount of shift is proportional to the value of o. With o = 20 %,
HSE06(20) conduction bands move up by 1.23 eV with respect to PBE conduction bands;
henge; the overall band gap opens up to 3.34 eV. The bandgap is indirect with CBM at
I' point and VBM at 0.91I"' — M[115, 131], consistent with the literature [39,41, 132].

HSE06(20) density of states of anatase TiOy shown in Fig.3 reveals that O-2p
orbitals occupy the top of the valence band. Conduction bands populated primarily
by the Ti-3d like orbitals are split into two groups, one lying above and one below
4.5 eV. The band splitting occurs as a result of TiOg octahedral coordination in TiO,
and associated crystal field splitting of Ti-3d orbitals into triply degenerate to, (states

Page 6 of 22
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below 4.5 eV) and doubly degenerate e, (states above 4.5 eV) states[41, 133-135]. The
joint contribution of Ti-3d and O-2p orbitals near the band edges, coupled with strong
dispersion of bands indicates the hybridization of O-2p and Ti-3d orbitals. Hybridizatien
of orbitals in the vicinity of the Fermi level leads to the formation of cowvalent Ti=
O bonds|38,133,136,137]. The bond’s covalent nature has also beenyestablished by
determining the charge enclosed within the Bader charge volume[138] ofirespective
ions. From the Bader charge analysis, we arrive at Bader charge-based{ionic states
of Ti?26% and O''?2~. The departure of ionic charge states from'the expected nominal
ionic valences of +4 and -2 for Ti and O, respectively, indicates the\strong covalent
character of the Ti-O bond. With HSE06(cv = 25, 30%)¢and PBE/functionals, the
situation regarding the band dispersion and density of states are wery similar except for
the variation in the bandgap(supplementary information).

KS band gaps obtained using HSE06(«) funé¢tional in“the present work are
consistent with previous reports. We calculate a<bandgap of 3.68 eV with standard
HSE06(with a@ = 0.25). We can compare this with the following reported values
calculated using the standard hybrid functionlals; Avhich ‘are 3.60 [41,139], 3.57[140],
3.58[141], 3.59[95], 3.60[142], and 3.89 ¢V[143]. Ref. /[144] reports a gap of 3.38 eV
with standard HSE06 functional[144]. Similarito our work, Ref. [130] varied the mixing
fraction of hybrid(HSE) functional and found am indirect bandgap of 3.20 eV with
22% exact exchange. 20% exchange fraction in the screened HSE06 functional tested
for anatase TiOy in Ref [145] obtainedia bandgap of 3.05 eV[145]. The considerable
variability of hybrid DFT bandgaps of TiOs s evident across the literature, and it owes
partly to minor differences in imitiahstructure and computational setup.

We observe that the bonding character, band dispersion and density of states
are very similar irrespective ofiwhether the exchange-correlation present in the non-
interacting KS Hamiltonian is either semi-local(PBE) or non-local(hybrid functionals).
However, the bandgapof the materials is strongly affected by the addition of non-local
HF exchange. Due ‘o its proportionality to the dielectric screening of the material,
increasing the exchange fraétion («) increases the bandgap in linear proportion to «.
Being an uncorrelated metal oxide, it is fair to assume that the linear relation of TiO,
bandgap to agis'valid...Relying on the validity of this relation, in the discussion that
follows, we restriet our GolVy and BSE calculations only on PBE, and HSE06(20, 25,
30 %) DET, eigensystems. For all other GoW, and BSE calculations, the k-point grid
has been fixed 4o a 6 x 6 x 3 grid. Typically, this k-point sampling density is more
than_sufficient to accurately represent the screened exchange interaction in metals and
semicondugtors, whereas dealing with bare exchange requires at least a (12 x 12 x 12)
grid[90]. This demonstrates the computational efficiency one can achieve when screened
hybrid exchange functionals are being used.
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Figure 1. The convergence of HSEQ6(«) bandgap for various values of exchange
fraction (o = 15, 20, 25, 30 and 35%) with réspect to Brillouin zone sampling size. For
6 X 6 x 3 k-point grid, as « increases band gap also increases at an approximate rate
of 0.66 eV per 10% increase in the @y which is represented quantitatively by a straight
line E,(eV) = 0.0660(%) + 2.038."The bandgap extrapolated to v = 0 closely matches
the PBE bandgap (2.11 eV).

3.2. GoWy Quasiparticle corrections

We have determined GW, quasiparticle corrections on top of DFT eigenvalues obtained
with PBE and HSE06(«) functionals. In'the remainder of the text, the former is labelled
as GoWo@QPBE and the latter Gpl#p,QHSE06(ar). The convergence of the GoW, bandgap
is carefully examined for the/number of empty states(virtual orbitals) and frequency
points in the real space for the résponse functions. For all GoW, calculations, we have
set a rather conservative. cut-off of 150 eV for the basis set for the GoW, response
function. The details of the eonvergence study are summarized in Fig.4 for representative
cases of GoWy@PBE and G,W,@HSE06(20). Within the range of values of convergence
parameters used in thisswork, quasiparticle gaps and HOMO and LUMO energies show
similar convergence rates fzrespective of the PBE or HSE06(«) starting wave functions.
To calculate the frequency-dependent dielectric matrix, 256 bands(48 occupied and 208
virtual forbitals)y 100 points on the frequency grid, and a 6 x 6 x 3 gamma-centered
k-point, were used. With this set-up, the quasiparticle bandgap is converged to within
0.01 eV. Eor even better convergence, one has to use a larger energy cut-off, denser
k-point sampling and more empty states, which would make the calculation practically
impossible due to forbidding memory requirements[146].

Table 1 presents the calculated GyW, bandgaps on PBE and HSE06(«) starting
points compared to the literature data. Our results show that the exchange-correlation
functional chosen while constructing the initial wave functions significantly affect the
quasiparticle gap of anatase TiO,. GoW, quasiparticle gap calculated on top of PBE

Page 8 of 22
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36

37 Figure 2. The H@EO6(20) and GGA(PBE) band structure calculated along the
38 I'-X—R—Z-TI'“AM— A— Z high symmetric directions in the irreducible Brillouin zone
28 (IBZ) of anatase TiO4. The red and black curves represent the PBE and HSE06(20)
M bands, wespectively. The Fermi energy is taken as the reference for energy. The
42 red and blue squares label the conduction band minimum as obtained in HSE06(20)
43 and GGA(PBE) bandstructure, respectively. The blue circle labels the valence band
44 maximum, which is the same with both GGA and HSE06(20).

45

46

47 band gap (GoW,@QPBE) is 3.8 eV, while the gaps calculated with GoW,@HSEO06(«) are
ZS even larger. As the amount of exact exchange is increased, the quasiparticle gap also
50 increasesiin proportion: 4.10, 4.17, and 4.25 eV for a = 20,25 and 30 %, respectively.
51 Coming fromPBE to HSE06(«), the introduction of exact exchange partially corrects
gg for the self-energy and opens up the bandgap. Compared to PBE, hybrid functionals
54 modify the electronic screening due to the presence of non-local exact exchange, bringing
55 the.quasiparticle character of the excitation to prominence. It is also evident from
56 the amount of quasiparticle correction over PBE and HSE06(«) starting points. We
57 . . . . . .

58 obtain a GoW, quasiparticle gap of 3.8 eV over PBE wave starting point with a
59 bandgap of 2.11 eV, leading to a quasiparticle correction of 1.69 eV. At the same time,
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Figure 3. The total and orbital decomposed density of states/showing the Ti-3d and
O-2p contributions to the local density of states:i/Energies in DOS are labelled with
reference to Fermi energy.
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Table 1. GyW, Quasiparticle gap (EGOWO) and BSE optical gaps (EggtE) obtained
in the present work, in comparison with literature data determined using different
DFT starting points. Available experimnentally measured quasiparticle gaps(Eg;p )
and direct optical gaps(Eg;f ) are also listéd for comparison. The symbols I and D
in parentheses of quasiparticle’gaps denote if the band gaps are indirect or direct,

respectively.

GoWy QP Gap(eV) BSE Optical gap(eV) Exp.(eV)

Starting Point EG%WO Ref. EgliE Ref. Eglgf,p Eg;ff
HSE06(20) 4.10(1)/4.14(D) Phis work  3.911  This work 3.97(D)[42]  3.79[42]
HSE06(25) 417(1)/4.21(D)  Thiswork 3.455  [72] 3.8 [147]
HSE06(30) 4.25(1)/4.29(D) 4 This work 3.69[148]
HSE06 3.89(1) [140]
HSE06 4.05(1) [41]
HSE 4.28(1) [49]

3.8(I)/3.838(D)  This work 3.745  This work

356(1)/4.14(D)  [40] 357 [41]

3.83(1)/429(D)  [39] 3.90  [39]

3.73()13.78(D)  [41] 3.76 [42]
LDA/GCGA__23.73(1) [95] 40  [40,135]

3.7(T) [149] 45 [41]

3.791(1) [36] 3.641  [150]

3.46(1)/3.92(D)t  [42]

3.92(1) [60]

3.5(1)/3.8(D) [151]

3.866(1) [150]

4.03(1) [49]
GGA+4U 3.27 [149]

3.92 eV(D), the direct gap at I" point, is obtained after correcting for redshift of 150 meV as a result
of zero-point renormalization(ZPR) of the bandgap. In the absence of ZPR the direct gap at I' point

15 4.07 eV.
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Figure 4. Convergence of GoWy HOMO, and LUMO energies, and bandgaps with
respect to number of bafidssand number of frequency grid points for both PBE and
HSEO06(20) starting wave functions. ‘Convergence is similar for both GGA and HSE06
starting wave functions

HSE06(20) bandgap is 3.34 eV, and the GoW, gap calculated over it is 4.1 eV, implying
a correction only by 0.76 eV.\With HSE06(25) and HSE06(30) starting points, the
respective quasiparticle corrections are 0.49 and 0.24 eV. It indicates that, by tuning «,
one can attribute the desired amount of quasiparticle character to the HSE06(«) wave
functions.

Unlike KS-DE®sband, gaps, GoW, quasiparticle gaps can be directly compared
with bandgaps measuredyusing angle-resolved photoemission spectroscopy (ARPES).
Recently, Ref. [42]),reported the direct bandgap of single-crystalline anatase TiOs to
be 3.97 eV at the I' point. Compared with this measurement, our GoW,@HSE06(20)
yields an overestimated value of 4.14 eV. On the other hand, the direct quasiparticle gap
at the GoWoQPBE level is 3.838 eV. GyW, calculation of anatase TiO, starting from
LDA/GGA and GGA+U wave functions were explored previously by some studies(Table
1). /Quasiparticle gap obtained from these calculations ranges from 3.27 to 4.03 eV.
Our GoWH@PBE is also within this range. Unlike GoWy@QPBE calculations, GoW,
calculations of anatase TiO, starting from hybrid functional DFT have been quite sparse
in_the literature. Apart from the present work, Ref. [41] and Ref. [140] reported 3.89
eV and 4.05 eV, respectively, with standard HSEO6 functional starting points. A much
larger value of 4.28 eV was reported in Ref. [49] using HSE functional(unscreened).
G Wy on top of standard hybrid functional is seen to overestimate the bandgap compared
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to experimental values. Nevertheless, as we have shown in the present work,/we can
improve this by tuning the amount of exact exchange.

Overall, the huge variability of GoW, quasiparticle gaps in Table 1 showsuthe
poor consensus in the literature regarding the calculated quasiparticle bandgap of
anatase TiO,, revealing its strong sensitivity to computational setting and initial
structural geometries. The variability can sometimes be attributed™@o the,difference
in pseudopotentials used for different calculations. However, it was reported that the
variation is not more than 30 meV compared to an all-electron‘ealeculation of a given
system[49]. An important yet usually ignored origin of discrepancy?s the neglect of
zero-point renormalization (ZPR) of electronic structure. Atllew températures, ZPR of
the bandgap of anatase TiO, is a dominant effect causing a redshift of 150 meV for the
quasiparticle gap[42]. Including the effect of ZPR, Ref. [42]estimated a quasiparticle gap
of 3.92 eV using GoW, with PBE functionals, which i§ in excellent agreement with their
own ARPES data (3.97 V) mentioned above. In most of the'other Gy, calculations
in the literature, the effect of ZPR is unaccounfed for.».In our case, considering the
redshift of 150 meV due to the ZPR, direct GoWy gdps calculated using HSE06(20) and
PBE functionals are 3.99 eV and 3.68 eVjrespectively.

For the quasiparticle gaps to become, independent of the starting wavefunctions
and eigenvalues, the G and W might be determined self-consistently. However, in the
case of anatase TiO, this does not lead'tosan improvement. In Ref. [49] it was found
that the quasiparticle gap of anatase TiOs increases as the self-consistency level is
ratcheted up from GoWy, GWg.and GW, and a 50 % overestimation is noticed with
GW calculations. For the self-eomsistent GW, and GW, their quasiparticle gaps are
still larger than the GoW,@HSEOO06(20) presented in our work. Interestingly, Ref. [49]
obtained a better agreement ofithe quasiparticle gap with experiment when the self-
consistency is limited only infGreen’s functions(G), while keeping the screening fixed
at the initial non-interacting KS-DFT level (i.e., GW, method). However, as shown in
this work, adjusting‘the,screening by varying « in the HSE06-like functional, one can
obtain a reasonably accuratevalue of quasiparticle gaps with GoWj itself, with the same
accuracy of selfzeonsistent calculations but with a much lesser computational cost.

3.8. Optical trapsitions

The imaginary part of dielectric function (e3(w)) of pristine anatase TiOy obtained from
BSE using screened Coulomb interaction(Wy) from GoWy@HSE06(«) and GoW,@QPBE
is presentedpin’ the Fig.5. Our BSE results from HSE06(a) and PBE starting point
will be labelled BSEQHSEO06(«r) and BSEQPBE, respectively, in spite of the fact
that the intermediate GyW, calculation is always performed. Since we are interested
only in the low energy excitation spectra, 20 BSE eigenvalues for the incident light
polarized parallel and perpendicular to the c-axis are computed in the BSE step. The
exciton wavefunctions can be expressed in a coupled electron-hole pair configuration

1S) = XA, Jve), where v and ¢ are valence and conduction band states at the k
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point, and A%, is the eigenvector of the Bethe-Salpeter Equation (Eq. 2) with eigenvalue
ES

exc’

The eigenstate corresponding to the first bright exciton from the BSE éigenvalue
problem of Eq. 2 is visualized in a fatband form[126-129]. It is followed by.a discussien
on the role of exact exchange in the optical gap, the exciton binding energy and spatial
localization of excitons of anatase TiO,.

The first bright exciton peak in the optical spectra, which definesithe optical gap,
is converged when 256 bands, 6 x 6 x 3 k-points, 8 topmost valence bands and 16 lowest
conduction bands are used while solving the BSE(see supplementary information). For
a proper description of screening effects and many-body corredtions of}iog even larger
number of bands and a much denser k-point sampling would have to bé used[42], which
is beyond the limits of our computational resources at present. Hence, within the level
of convergence possible with this setup, we demonstrate the effect of H-F exchange by
obtaining theoretical estimates at affordable level of aumerical precision.

In Fig.5, taking the anisotropy associated with the tetragonal symmetry of the
anatase TiO, lattice into account, we resolve the éy(w)rinto two components- £ L ¢
which is the average over the z and y components andithe E || c(the z component).
At the outset, it is interesting to note that the osecillator strengths of transitions and
over all profile of the dielectric function is independent of the DFT starting point used
for BSE calculations. This is due to the similarity of band dispersion and density of
states irrespective of the choice of PBE and,HSE06(«) exchange-correlations. Moreover,
the optical gap (first peak of e3) occursifor the £ L ¢ component, also irrespective of
the starting wave functions. “Fer BSEQPBE as well as BSEQHSEO6(«), optical gap
lies below the respective directsquasiparticle bandgap, confirming that the first direct
optical excitation of anatase TiOs is deminated by bound excitons. All other excitations
are resonant excitations for'BSEQPBE as well as BSEQHSEO06(«).

The optical gap and bhinding energy of first bright exciton in anatase TiO,
exhibit strong sensitivity to thelexchange-correlation functional present in the non-
interacting KS Hamiltonian. With PBE starting points, due to the smaller bandgap
and overscreening/associatediwith it, the binding energy of excitons for the first peak at
3.745 eV is 93410 meV. On the other hand, in any case, BSEQHSE06(«) optical gap
is larger than«that obtained from BSEQPBE. Non-local exact exchange present in the
hybrid functional and asseciated electronic screening shifts the BSEQHSE06(«) peaks
towards higher energies than BSEQPBE peaks (Table 2). With HSE06(20) functional
starting point, we obtain an optical gap of 3.911 eV, creating excitons which are bound
with _respect to the direct quasiparticle gap of 4.14 eV. The exciton binding energy
corresponding to this excitation, calculated as the difference between the optical gap
and the direct quasiparticle GoWy gap, is 229+10 meV. For a = 25 and 30 %, first
peak is'still present below the direct quasiparticle gap, but are blue shifted compared to
BSE@HSE(06(20). The exciton binding energy also increases in proportion to .. Optical
gap (exciton binding energy) for 25 and 30% are 3.949 eV (261£10 meV) and 3.992 eV
(298+10 meV), respectively. With an increase in the amount of H-F exchange («),
the quasiparticle gap (GoWy bandgap) becomes wider (Table 2). A larger electronic
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Figure 5. Variation in the imaginary part of dielectric function of anatase TiOs for in-

plane and perpendicular polarization as a function of the fraction of H-F exchange(«)
in the modified(HSE06) starting point, for BSE calculation. The peak correspond to
first direct optical transition is blue-shifted as the value of « is increased. Similarly,
the excitons become moréstrongly bound as « is increased (see Table 2).

gap makes the electronic screening less efficient, and consequently the electron-hole
interaction is less screened. Therefore, the electron-hole pairs in the interacting levels
becomes more strongly bound as the amount of exact exchange is increased.

In the fatband representation.shown in Fig.6, the black and green open squares are
Kohn-Sham eigenvalues in thé valence band and conduction band, respectively. At a
given k -point, pairspofeircles of identical color and radii present in the valence band and
the conduction band‘represent quasiparticle electron-hole pair forming the exciton. The
size of the circle dénotes,thed@bsolute value of the amplitude | A, | as used in the Eq. 2.
It is apparent from the Fig. 6 that only two highest occupied bands (v = 7,8) and two
lowest unoccupied bands'(c = 9, 10) considered for BSE are involved for the first bright
transition (optical gap).»The most important part of the Brillouin zone responsible
for the BSE@HSEQ6(20) excitonic peak at 3.911 eV lies along the I' — Z directions.
Within/the resglution of k-space available in our BSE calculation, we can assert that
other_regions contribute only weakly. This observation holds true irrespective of PBE
or HSE06(a) exchange-correlation used, and independent of amount of exact exchange
(supplementary information).

Combining Fig.6 with the orbital projected HSE06(20) and PBE density of states
in the supplementary information, we identify that O-p,, p, states make up most of the
v = 7,8 bands and Ti-d,, states occupy the ¢ = 9,10 bands. Dispersion of the lowest
conduction band and the highest valence band in the I' — Z direction are nearly parallel,
leading to similar electron and hole group velocities in this region. This provides a large
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27 Figure 6. Eigenstates of the firstybright transition of anatase TiOs is visualized
28 along with the relative coupling strengthhof quasiparticle electron-hole pair in fatband
29 style. Black and green open squares in the fatband are Kohn-Sham eigenvalues in the
30 valence band and conduction bands.respectively. Energies in the plot are shifted to
31 make Fermi energy zero. Thepairs of circles of same color and radii, one centered
32 at a hole eigenvalue,from the valence band and the other at an electron eigenvalue at
gi the conduction band at,a given k-vector represent an electron-hole pair. The radius
35 of the circle is an jindicative, of relative coupling strength of individual exciton. The
36 I" and Z region of the Brillouin zone predominantly contribute to the first excitonic
37 transitions while thesrest of the regions contributes only weakly. This clearly shows
38 the localization of excitens in the plane perpendicular to the c-axis of anatase unit cell.
39
40
41 joint density of states for.the optical transitions providing stability and strong binding
42 of excitons. Flatness ofitopmost valence band and bottom most conduction bands in
Zi the I' — Z direction indicates that orbital interactions in anatase TiOs mainly run in
45 the zy planeghan in the z direction in the real space[152]. As excitonic states are also
46 from the same région of the Brillouin zone, this immediately translate into localization
Z; of excitonston the @y plane in real space. Similar observation has been made by Ref.
49 [153] and Ref. [42] wherein it is shown that high degree of localization of bound exciton
50 confine, the excitons almost in a single atomic plane(in the xy plane). Besides, the
g; localizatiom, of excitons predicted in this work with BSE-G,W,-HSE06(20) agrees well
53 withithe analysis of spatial distribution of the exciton wave functions in real space by
54 Ref. [39] and Ref. [154].
gg While comparing the present BSE calculation with the experiments it must be
57 considered that the present BSE calculations include only coupling of direct electron-
58 hole transitions. Hence, possible interactions originating from the indirect nature of the
59

material would not be considered. The excitons described in our BSE calculation are



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - EST-100293.R3

Quasiparticle electronic structure and optical response of anatase TiOy 16

Table 2. HSE06(«) indirect gap (El;gpos(@)), Indirect and direct quasiparticle gap
(Eép, Egp), quasiparticle correction over indirect bandgap (Eép — Bl spbsl@)), BSE
optical gaps (EODptical) and exciton binding energy of anatase TiOs as a function=of
H-F exchange fraction(«) in the HSE06(«x) set-up.

a EIIJSEOG(OZ) Eép Eép - E}{SEOG(O‘) Egp Egptical EB
(%) (eV) (eV) (eV) (eV) (eV) (meV)
PBE 2.11 3.80 1.69 3.838 3.745 93
20 3.34 4.10 0.76 4.14 3.911 229
25 3.68 4.17 0.49 4.21 3.949 261
30 4.01 4.25 0.24 4.29 34992 298

screened by the electronic component alone. Ionic relaxation and lattice rearrangements
accompanying exciton formation[155] and the influeneesof intrinsic defects[143, 156] are
not taken into account in our calculation. Experimentsawould generally involve the
effects of temperatures and indirect processes like the electron-phonon interactions. In
the case of pristine anatase TiOs, as evidenced by thelarge difference between static and
optical dielectric constants (static (optical) dieleetric constants : 45.1(5.82) for E L ¢
and 22.7(5.41) for E || ¢), the latticesrelaxation has strong influence on the dynamics
of excited charges[157]. Moreover, at finite temperatures, electron-phonon interactions
and lattice thermal expansion,affect temperature band gap renormalization in anatase
TiO2[20]. In several experimentahinvestigations, the absorption edge of anatase TiOs
was reported to be in the range 3.2-8:8 ¢V from optical measurements[147, 158-160].
These measurements are affecteg by indirect processes described above[21, 135,158, 161—
165].

Since our BSE optical gap can only be compared with measured direct optical gaps
we look at the reported valuesof transitions of anatase TiO, that have been previously
found by spectroscepie. ellipsometry at 3.8 eV, and 3.79 eV, respectively, by Ref. [147]
and Ref. [42] and/at 3.69'¢V by photoluminescence as in Ref. [148]. Our estimate of BSE
direct optical gap of 3.911 eV computed over HSE06(20) starting wave functions is in
close agreement with these experimental data. The deviation from experiment is within
a range of 4= 043 eV, which is quite reasonable, considering the fact that experimental
errors and temperature effects need to be accounted for as well.

Theoretical estimate of optical gaps by BSE calculations of pristine anatase TiOq
liesdina wide‘range from 3.45 to 4.5 eV (Table 1). In the literature, however, the
use of hybrid functional as the starting wave functions for BSE calculation of anatase
TiO3 is,not very well explored. One such BSE study reported an optical gap of 3.45
eV[72] for E L ¢ polarization using the standard HSE06 functional as starting wave
functions. This is the lowest of all available BSE calculations of pristine anatase TiOs,
and is underestimated compared to results obtained using hybrid functionals in present
investigation. With PBE functional starting wave function, direct optical gap obtained
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from BSE calculation for anatase single crystals by Ref. [42](3.76 eV) yields excellent
agreement with spectroscopic ellipsometric study (3.79 eV), making it the most reliable
estimate of the optical gap so far. In the present work, BSEQPBE and BSEQHSE06(20)
yields optical gaps of 3.745 and 3.911 eV, respectively, both of which are very, close to
experimental values presented in Ref. [42]. However, with regard todexciton binding
energy, 160 meV is reported in Ref. [42] from the BSE calculation on PBE starting point.
This value has also been verified at low temperatures and measured 180<meV as the
binding energy of excitons of anatase TiO2[42]. In the present werk; the exciton binding
energy calculated using BSEQHSE06(20), i.e., 229 meV, is closer to fhis measured value
compared to 93 meV estimated with PBE starting point.

Similar to the quasiparticle gap, exciton binding energy also varies linearly in
proportion to the amount of exact exchange. A simple linear, extrapolation of the
available data to the case of zero exact exchange gives 90mneV as the exciton binding
energy. This is consistent with the exciton binding energy obtained from pure semi-
local(PBE) functional starting point(93 meV). Foriaw =,20%, the relation a = 1/e
provides an estimate for dielectric constant(e.,) 0f 54This if lower than the experimental
dielectric constant of TiO of 5.82 [166]/€., = 5.82 leaves us with a reasonable choice
of a of 17.2 %. Extrapolation of BSEQHSEO6(«) exciton binding energy to o = 17.2%
yield 208 meV, bringing it further closer to, the measured exciton binding energy of
180 meV as in Ref. [42]. Howeverj an exact.match of BSEQHSEO6(«) exciton binding
energy with 180 meV is possible with 13:% of exact exchange.

4. Concluding remarks

In conclusion, we have systematically investigated the effects of the non-interacting KS
Hamiltonian on the Gy W quasiparticle gap and the BSE optical spectra of anatase TiOs.
GoWy and BSE calculationsd@are carried out starting from HSEO6 type functionals, which
mixes 20, 25 and 30%exact Hartree-Fock exchange and with GGA(PBE) functional.
We have shown that the values of quasiparticle gap, optical gap and exciton binding
energies exhibitsstrong semsitivity to the starting DFT wave functions. The starting
point dependenece is mainly introduced through the dielectric screening evaluated at the
GoWy step. [ However, except for the bandgap variation, the electronic bandstructure
and the density of states are very similar irrespective of the functionals employed.
Furthermore, the qualitative features of the optical dielectric function, i.e., the shape
and oscillator strengths and spatial localization of excitons, are also insensitive to the
chgice of exehange-correlation functional.

GoWy quasiparticle gap of anatase TiO, computed over hybrid functional starting
points isitypically overestimated compared to measured values. However, by tuning the
amount of exact exchange, the dielectric screening can be varied, hence the quasiparticle
gap. Due to the non-local exact exchange contribution, the W, constructed from
HSEO06(«r) would be expected to lead to lesser screening than that constructed from PBE
functional. Therefore, GoW, gaps of anatase TiOy on HSE06(«) starting points tend
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to be larger than GoW @PBE gaps. Similar to GoW) gaps, the exciton binding energy
also increases in proportion to the amount of exact exchange. A simple extrapolation
of the calculated data leads to the result so that, with 13 % of exact exchange, wercan
obtain an exact match with the recently measured value.
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