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X-ray absorption linear dichroism at the Ti K edge of anatase TiO, single crystals
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Anatase TiO, (a-TiO,) exhibits a strong x-ray absorption linear dichroism in the pre-edge, the XANES and
the EXAFS at the titanium K edge. In the pre-edge region, the behavior of the A1-A3 and B peaks originating
from the 1s — 3d transitions is due to the strong p-orbital polarization and strong p — d orbital mixing. An
unambiguous assignment of the pre-edge peak transitions is made in the monoelectronic approximation with the
support of ab initio finite difference method calculations and spherical tensor analysis in quantitative agreement
with the experiment. Our results suggest that several previous studies relying on octahedral crystal field splitting
assignments are in accurate due to the significant p-d orbital hybridization induced by the broken inversion
symmetry in a-TiO,. It is found that A1 is mostly an on-site 3d — 4p hybridized transition, while peaks A3 and
B are nonlocal transitions, with A3 being mostly dipolar and influenced by the 3d — 4p intersite hybridization,
while B is due to interactions at longer range. Peak A2, which was previously assigned to a transition involving
pentacoordinated titanium atoms, is shown to exhibit a quadrupolar angular evolution with incidence angle,
which implies that its origin is primarily related to a transition to bulk energy levels of a-TiO, and not to defects,
in agreement with theoretical predictions [Vorwerk et al., Phys. Rev. B 95, 155121 (2017)]. Finally, ab initio
calculations show that the occurence of an enhanced absorption at peak A2 in defect-rich a-TiO, materials
originates from defect-related p density of states due to the formation of doubly ionized oxygen vacancies. The
formation of peak A2 at almost the same energy for single crystals and nanomaterials is a coincidence while
the origin is different. These results pave the way to the use of the pre-edge peaks at the Ti K edge of a-TiO; to
characterize the electronic structure of related materials and in the field of ultrafast x-ray absorption spectroscopy

where the linear dichroism can be used to compare the photophysics along different axes.

DOI: 10.1103/PhysRevB.100.245207

I. INTRODUCTION

Titanium dioxide (TiO,) is one of the most studied
large-gap semiconductors due to its present and potential
applications in photovoltaics [1] and photocatalysis [2]. The
increasingly strict requirements of modern devices call for
sensitive material characterization techniques which can pro-
vide local insights at the atomic level [3,4]. K-edge x-ray
absorption spectroscopy (XAS) is an element-specific tech-
nique that is used to extract the local geometry around an
atom absorbing the x radiation, as well as about its electronic
structure [5]. A typical K-edge absorption spectrum usually
consists of three parts: (i) In the high-energy region above
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the absorption edge (typically > 50 eV), the extended x-ray
absorption fine structure (EXAFS) contains information about
bond distances. Modelling of the extended X-ray absorption
fine structure (EXAFS) is rather straightforward, as the theory
is well established [5]. (ii)) The edge region and slightly
above it (< 50 eV) represents the x-ray absorption near-edge
structure (XANES), which contains information about bond
distances and bond angles around the absorbing atom, as well
as about its oxidation state. In contrast to EXAFS, XANES
features require more complex theoretical developments due
to the multiple scattering events and their interplay with
bound-bound atomic transitions. (iii) The pre-edge region
consists of bound-bound transitions of the absorbing atom.
In the case of transition metals, the final states are partially
made of d orbitals. Pre-edge transitions thus deliver informa-
tion about orbital occupancies and about the local geometry
because the dipole-forbidden s — d transitions are relaxed by
lowering of the local symmetry. The Ti K-edge absorption
spectrum of anatase TiO, (a-TiO,) exhibits four pre-edge
features labeled Al, A2, A3, and B, while rutile TiO, only

Published by the American Physical Society


https://orcid.org/0000-0002-7448-8948
https://orcid.org/0000-0003-3438-6370
https://orcid.org/0000-0002-3071-3373
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.100.245207&domain=pdf&date_stamp=2019-12-20
https://doi.org/10.1103/PhysRevB.95.155121
https://doi.org/10.1103/PhysRevB.95.155121
https://doi.org/10.1103/PhysRevB.95.155121
https://doi.org/10.1103/PhysRevB.95.155121
https://doi.org/10.1103/PhysRevB.100.245207
https://creativecommons.org/licenses/by/4.0/

T. C. ROSSI et al.

PHYSICAL REVIEW B 100, 245207 (2019)

shows three [6,7]. Their assignment has been at the center
of a long debate, which is still going on, especially in the
case of the a-TiO;, polymorph [8-10]. In this paper, we use
X-ray absorption spectroscopy (XAS) linear dichroism (LD)
at the Ti K edge to assign the pre-edge transitions of a-TiO,
since this technique can provide the orbital content in the
final state of the bound transitions with the support of ab initio
finite difference method (FDM) calculations and spherical
tensor analysis of the absorption cross section.

Early theoretical developments to explain the pre-edge
features in a-TiO, were based on molecular orbital (MO)
theory [11-13], which showed that the first two empty states
in a-TiO, are made of antibonding 1,, and e, orbitals derived
from the 3d atomic orbitals of Ti. Transitions to these levels
have, respectively, been assigned to the A3 and B peaks while
the absorption edge is made of Ti 71, antibonding orbitals
derived from Ti 4p atomic orbitals. Although MO theory can
predict the energy position of the transitions accurately, it
cannot compute the corresponding cross sections and does
not account for the core hole to which quadrupolar transi-
tions to d-orbitals at the K edge are extremely sensitive [9].
The corresponding transitions are usually redshifted by the
core hole and appear as weak peaks on the low-energy side
of the pre-edge. In a-TiO,, peak Al contains a significant
quadrupolar component [9], sensitive to the core hole, which
explains the inaccuracy of MO theory to predict this transi-
tion. Full multiple scattering (FMS) is a suitable technique
to treat large ensembles of atoms and obtain accurate cross
sections [8,10,12,14]. From FMS calculations, a consensus
has emerged assigning a partial quadrupolar character to Al, a
mixture of dipolar and quadrupolar character with #,, orbitals
to A3, and a purely dipolar transition involving e, orbitals to B
[12,15]. However, as correctly pointed out by Ruiz-Lopez and
Munoz-Paez [12], this simple picture of octahedral symmetry
energy split t, and e, levels becomes more complicated in
a-TiO, because of the local distorted octahedral environment
(Dyq symmetry), which allows local p — d orbital hybridiza-
tion [16]. In that case, the dipolar contribution to the total
cross section becomes dominant for every transition in the
pre-edge region [17]. In addition, the cluster size used for
the FMS calculations has a large influence on the A3 and B
peak intensities, showing that delocalized final states (off-site
transitions) play a key role in the pre-edge absorption region
[12]. Finally, the local environment around Ti atoms in a-TiO;
is strongly anisotropic and Ti-O bond distances separate into
two groups of apical and equatorial oxygens which cannot
be correctly described with spherical muffin-tin potentials as
implemented in FMS. This limitation is overcome with the
development of full potential FDM calculations for near-edge
structure (FDMNES) [18-20].

Empirical approaches have been used by Chen et al. [21]
and Luca et al. [7,22,23] to establish correlations between the
Ti K pre-edge transitions in a-TiO, and sample morphologies,
showing that bond length and static disorder contribute to the
change in the pre-edge peak amplitudes [21] and that the A2
peak is due to pentacoordinated Ti atoms [7,22,23]. Farges
et al. confirmed this assignment with the support of multiple
scattering (MS) calculations [14]. The recent works by Zhang
et al. [24] and Triana et al. [15] have shown the strong

interplay between the intensity of pre-edge features and the
coordination number and static disorder, in particular in the
case of the A2 peak. However, the A2 peak is also present in
the XAS of single crystals, which suggests that the underlying
transition is intrinsic to an almost defect-free a-TiO,. Clear
evidence of the nature of this transition is lacking, which we
provide in this paper.

The clear assignment of the pre-edge features of a-TiO,
is important in view of recent steady-state and ultrafast XAS
[25-27] and optical experiments [28]. In the picosecond XAS
experiments on photoexcited a-TiO, nanoparticles above the
band gap, a strong enhancement of the A2 peak was observed,
along with a redshift of the edge [25]. This was interpreted
as trapping of the electrons transferred to the conduction
band (CB) at undercoordinated Ti centers that are abundant
in the shell region of the nanoparticles, turning them from
an oxidation state of 44 to +3 [25]. The trapping time was
determined by femtosecond XAS to be < 200 fs, i.e., the
electron is trapped immediately at or near the unit cell where it
was created [26,27]. Further to this, the trapping sites were
identified as being due to oxygen vacancies (Oy,) in the
first shell of the reduced Ti atom. These O,,.’s are linked to
two Ti atoms in the equatorial plane and one Ti atom in the
apical position to which the biexponential kinetics (hundreds
of ps and a few ns) at the Ti K-edge transient was attributed
[26,29]. However, this hypothesis awaits further experimental
and theoretical confirmation. In this sense, the assignment of
peak A2, which provides the most intense transient signal in
the pre-edge of a-TiO, is a prerequisite.

In this paper, we provide a detailed characterization of the
steady-state XAS spectrum by carrying out a LD study of a-
TiO, single crystals at the Ti K edge, accompanied by detailed
theoretical modeling of the spectra. We fully identify the four
pre-edge bands (A1-A3 and B) beyond the octahedral crystal
field splitting approximation used in several previous studies
[17,30]. Their dipolar and quadrupolar character is analyzed
in detail as well as their on-site vs intersite nature. We present
a quantitative reproduction of the experimental LD data with
FDM calculations, the observation of the quadrupolar nature
of peak A2 in agreement with theoretical predictions [31], and
the corresponding assignment of peak A2 as originating from
a quadrupolar transition in single crystals and from defect
states in nanomaterials. This delivers a high degree of insight
into the environment of Ti atoms, which is promising for
future ultrafast x-ray studies of the photoinduced structural
changes in this material.

II. EXPERIMENTAL SETUP

The LD measurements we performed at the microXAS
beamline of the SLS in Villigen, Switzerland using a double
Si(311) crystal monochromator to optimize the energy resolu-
tion. Energy calibration is performed from the first derivative
of the XAS spectrum of a thin Ti foil. We used a moderately
focused rectangular-shaped x-ray beam of 20 x 200 wm?m?
in horizontal and vertical dimensions, respectively. The XAS
spectrum is obtained in total fluorescence yield (TFY) with a
Ketek Axas detector system with Vitus H30 SFF and ultralow
capacitance Cube-Asic preamplifier (Ketek Gmbh).
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FIG. 1. Linear dichroism experiment with (a) side view and
(b) top view. The sample surface is in grey while the incident x-ray
beam is in pink. A set of Euler angles (6, ¢, ¥) is used to orient the
electric field & and wave vector k of the incident x-ray beam with
respect to the sample.

The sample consists of a (001)-oriented crystalline a-TiO,
thin film of 30 nm thickness. Sample growth and charac-
terization procedures are reported in the Supplemental Ma-
terial (SM), Sec. 1 [32] (see also Refs. [33,34] therein).
Figure 1 shows schematics of the sample motion required
for the experiment. The sample was placed in the center of
rotation of a system of stages which allow for both in-plane
rotation (¢) and out-of plane rotation (6). By convention, a
set of Euler angles (0, ¢, ¥) orients the electric field € and
wave vector k with respect to the sample. 6 measures the
angle between ¢ and the [001] crystal direction (Z axis of the
sample frame) orthogonal to the surface. ¢ measures the angle
between € and the sample rotation axis x. In principle, a third
angle v is necessary to fix the position of the wave vector
in the orthogonal plane to the electric field, but here ¢ = 0°.
The 6 angles reported in the experimental data sets are with
a maximum systematic offset of +0.2° which comes from the
precision setting up the & = 0° reference from the sample half
clipping of the x-ray beam at grazing incidence. The precision
of the rotation stage of 0.01° is negligible with respect to this
angular offset.

LD is usually studied with the sample rotated in the plane
orthogonal to the incident x-ray beam (¢-rotation) [35]. In
this paper, we present a sample rotation around X (@ rotation),
which provides the largest changes in the XAS. This rotation
induces a change of x-ray footprint onto the sample surface.
We clearly show that it does not introduce spectral distortions
because the effective penetration depth of the x rays through
the material (between 97 and 580 nm across the absorption
edge of a-TiO, for the largest footprint at 6 = 1° used here
[36]) is kept constant as the sample is much thinner than the
attenuation length at the Ti K edge. Instead, the total amount
of material probed by the x rays changes due to the larger
x-ray footprint when 6 increases and a renormalization over

the detected number of x-ray fluorescence photons is required.
This is done with the support of the FDMNES calculations
since a few energy points have 6-independent cross sections,
as previously reported in other systems [37-43] (vide infra)
[44]. With this renormalization procedure performed at a
single energy point (4988.5 eV), we could obtain a set of
experimental points with 6-independent cross sections at the
energies predicted by the theory confirming the reliability
of the method. Hence, crystalline thin films with suitable
thicknesses with respect to the x-ray penetration depth offer
more possibilities to study LD effects than single crystals and
prevent the usual self-absorption distortion of bulk materials
when using TFY detection [45].

III. THEORY

A. Recent developments in computational methods

Recently, there have been two main developments in the
computation of XANES spectra. The first is based on band-
structure calculations (LDA, LDA + U, ...), which compute
potentials self-consistently with and without the core hole
before the calculation of the XAS absorption cross section
with a core hole in the final state [17,46]. This approach
provides excellent accuracy but is limited to the few tens
of eV above the absorption edge due to the computational
cost of increasing the basis set to include the EXAFS. The
second one, the FDMNES approach implemented by Joly
et al. [19,20], overcomes the limitations of the muffin-tin
approximation to get accurate descriptions of the pre-edge
transitions, especially for anisotropic materials. The recent
theoretical work by Cabaret ef al. combining GGA-PBE self-
consistent calculations with FDMNES [17] concluded that in
a-TiO,, peak Al is due to a mixture of quadrupolar (#,) and
dipolar transitions (p — 1), A3 to on-site dipolar (p — e,),
off-site dipolar (p — t,) and quadrupolar (e,) transitions,
while B is due to an off-site dipolar transition (p, — eg). These
results, together with those of previous works, are summarized
in Table I. However, experimental support to the pre-edge
assignments is still lacking, and is provided in this paper using
Ti K edge LD XAS spectra with the theoretical support of
ab initio full-potential FDMNES calculations and spherical
harmonics analysis of the XAS cross section.

B. Finite difference ab — initio calculations

The ab-initio calculations of the XAS cross section were
performed with the full potential FDM as implemented in the
FDMNES package [18,19]. A cluster of 7.0 A was used for the
calculation with the fundamental electronic configuration of
the oxygen atom and an excited state configuration for the tita-
nium atom (Ti : [Ar]3d14sz4p1) as performed elsewhere [24].
We checked the convergence of the calculation for increasing
cluster sizes and found minor evolution for larger cluster
radii than 7.0 A (123 atoms). The Hedin-Lundqvist exchange-
correlation potential is used [47]. A minor adjustment of the
screening properties of the 3d levels is needed to match the
energy position of the pre-edge features with the experiment.
We found the best agreement for a screening of 0.85 for the 3d
electrons. After the convolution of the spectrum with an arctan
function with maximum broadening of 1.5 eV, a constant
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TABLE 1. Previous and present assignments of the final states involved in the Ti K pre-edge transitions of a-TiO, single crystals. The
orbitals with dominant contribution to the transition are emphasized in bold. E'1 is for dipolar transitions and E2 for quadrupolar transitions.
Off-site transitions are in red, on-site transitions are in black. Irreducible representations corresponding to the final state in the considered point
group of a-TiO, are in parentheses. The dash (—) symbol refers to orbital hybridization.

Reference Al A2 A3 B
[10] 3d,2_2(by), 4p., 3dy (b2), 4p,, 3d.y(b2), 3d2(ar1) 4p, 4s
4p., 4py, 3d,, 3d,.(e) 4p., 4py, 3d,;, 3d,.(e)
[17] E1: p(tyg), E2: 3d(ty,) E1l: p(eg), p — 3d(tyg), E2: 3d(e,) El:p,, 3d(eg)
[15] El:4p — 3d(ty,), E2: 3d(t,) El:4p,d,,,d,;, d,(ts) El:dp.d._p.d(e)
This work El:dp,, —3dy,3d,,, E2: El:4p, —3d,y, E2: 3d,y, 3d > El:4p,,4p,, 4p,—3d.,, 3d El:4p,, 4p,, 4p,
dy,dy, da_yp

gaussian broadening of 0.095 eV is applied to account for the
experimental resolution of the experiment and get the closest
agreement with the broadening of the pre-edge peaks.

C. Spherical tensor analysis of the dipole and quadrupole
cross sections

Analytical expressions of the dipole and quadrupole XAS
cross sections [02(¢) and 02(¢, k), respectively] are obtained
from their expansion into spherical harmonic components
[35,48]. The expressions of o2(¢) and 02(¢, k) depend on
the crystal point group which is Dyj, (4/mmm) for a-TiO,. The
dipole cross section is given by

L
V2

and the quadrupole cross section by

oP@)=0"0,0)— —@Bcos’0 — 1)a?(2,0) (1)

a2, k) = 2(0,0)

[5
+ ﬁ(3 sin? @ sin® ¢ — 1)09(2,0)

1
+ ——[355in” 6 cos? O cos> Y

V14
+5sin? 0 sin®> ¢ — 4]62(4, 0)
++/5sin? 0[(cos® 6 cos> Y — sin® ) cos 4¢
—2cos @ sin Y cos ¥ sin4¢plo 2’ (4, 4), 2)

with 6, ¢, and v as defined in the Ti site point group (Dyy).
oX (I, m) withX = D, Q is the spherical tensor with rank / and
projection m. oX" refers to the real part of the cross-section.
The Euler angles (6, ¢, ¥) in the experiment are referenced to
the crystal frame, which is rotated in the (O, %, y) plane with
respect to the Euler angles in the Ti site frame. Consequently,
the angles in Egs. (1) and (2) differ from the angles defined
in Fig. 1 by a rotation of ¢. In the Ti site frame, the x and 9
axes are bisectors of the Ti-O bonds while the crystal frame is
along the bonds. The matrix R to go from the site frame to the
crystal frame is

1 1
NG
— 1 1
R=\-% = )
0 0o 1

In the following, the polarizations of & and k are given in the
crystal frame. Consequently, the corresponding polarizations
for the site frame are given by & = R~ (&) and ks = R~ (k).

Although some terms of o” (&) and o9(e, 12) may be neg-
ative, the total dipolar and quadrupolar cross sections must
be positive, putting constraints on the values of o” (I, m) and
o9(1, m). The electric field &€ and wave-vector k coordinates
in the (%, ¥, 2) basis of Fig. 1 are given by

sin 6 cos ¢ . cos 6 cos ¢
¢ =|sinfsing |, k= |cosfsing |. “4)
cos 6 —sinf

Hence the detail of the cross-section angular dependence in
Egs. (1) and (2) requires the estimate of the spherical tensors
oP(l,m) and o9(l,m) as performed elsewhere [33]. The
XAS cross section measured experimentally is an average
over equivalent Ti atoms under the symmetry operations of
the crystal space group. The analytical formula representing
this averaged cross section requires the site symmetrization
and crystal symmetrization of the spherical tensors, which is
provided in the SM, Secs. 7 and 8 [32]. From this analysis,
we obtain nearly equal (up to a sign difference) crystal-
symmetrized [{o (I, m))x], site-symmetrized [{c (I, m))], and
standard [o (I, m)] spherical tensors. Assuming pure 3d and
4p final states in the one-electron approximation, analytical
expressions are provided for o?(¢) and o2 (e, k) whose an-
gular dependence with 6 and ¢ are given in Table II. The
full expressions of the cross sections are provided in the SM,
Sec. 7 [32]. In this paper, we analyze the angular dependence
of the pre-edge peak intensities with 6 and ¢ and assign
them to specific final states corresponding to Ti-3d and/or 4p
orbitals with the support of both FDM and spherical tensor
analysis.

IV. RESULTS

The experimental evolution of the Ti K-edge spectra with 6
is depicted in Figs. 2(a) and 2(b). The spectra are normalized
at 4988.5 eV where the cross section is expected to be 6-
independent according to FDMNES calculations [shown by
the leftmost black arrow in Fig. 2(c)]. From this normalization
procedure, a series of energy points with the cross-section
independent of the 8 angle appear in the experimental data set,
as predicted by theory [black arrows in Figs. 2(a) and 2(c)],
showing the reliability of the normalization procedure. In the
pre-edge, the amplitude of peak Al is dramatically affected
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TABLE II. Angular dependence along 6 and ¢ of the dipole and quadrupole XAS cross-section dominant terms in Egs. (1) and (2) at the
Ti K-edge of a-TiO,, according to the final state of the transition. Transitions to p final states are dipole allowed [o”(&)], while transitions to

d final states are quadrupole allowed [02 (€, 1.

Final state oL (&) or 622, k)0 dependence oP(@) or 022, k)¢ dependence
Dx> Py —cos?0 no dependence

D- cos’ 6 no dependence

d. sin” @ cos? 0 no dependence

d, sin @ cos? 6 cos(4¢)

do_yp sin® @ cos? 6 —cos(4¢)

dy;, dvz —sin? 6 cos? @ no dependence

by the sample orientation. In the postedge regions, significant
changes are observed as well.

Ab initio FDM calculations of the total XAS cross section
(including dipolar and quadrupolar terms) are presented in
Figs. 2(c) and 2(d) for the same angles of incidence 6 as in

(a) Ty T T T T T T

Intensity (normalized)

— 30
50
— 70
A3B
Al
[ R B B
4950 5000 5050 5100 5150
Energy (eV)
(C) T T T T I T T T T I T T T T I T T T T
=)
z
=
é/
=
e
g
g
8
95}
=
>
A3
INTYY
T R B B
4950 5000 5050 5100 5150

Energy (eV)

the experiment. In the pre-edge region, the trends for peak Al
and A3 are nicely reproduced. The absence of peak A2 at first
sight, partially originating from defects [7,21-23], is due to
our perfect crystal modeling in the FDM calculations. In the
postedge region, a good agreement is found, especially for the

(b) T o T o T T T T

Intensity (normalized)

4966 4968 4970 4972 4974 4976
Energy (eV)

(d) L L T T T T
20 — 60

— 30 — 70

XAS cross-section (MBarn)

4966 4968 4970 4972 4974 4976
Energy (eV)

FIG. 2. (a), (b) Experimental and (c), (d) calculated Ti K edge spectra at the of a-TiO, for different angles of incidence 6 with the sum of
dipolar and quadrupolar components (thick lines) and with quadrupolar components only [thin lines and dashed lines in (d) for better visibility
of overlapping curves]. The full x-ray absorption spectrum is shown in (a), (c) while the pre-edge region is shown in (b), (d). A few points with

0-independent cross sections are marked with black arrows.
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(@)

Intensity (normalized)

4968 4970 4972 4974 4976 4978
Energy (eV)

(b) T T T T T T

XAS cross-section (MBarn)

4968 4970 4972 4974 4976 4978
Energy (eV)

FIG. 3. (a) Experimental and (b) calculated XAS spectra at the Ti
K pre-edge region of a-TiO, for different sample orientations along
¢ (0 = 45°) with the sum of dipolar and quadrupolar components
(thin lines) and with quadrupolar components only [thin dashed lines
in (b)]. Only two spectra are shown in (b) because only two different
spectra can be sampled in 30° steps due to the periodicity of 90° of
quadrupolar transitions.

isosbestic points. This shows that a strong LD remains well
above the edge in this material.

The evolution of the spectra is also shown for a fixed
incidence angle 8 = 45° while the sample is rotated around
¢ [Fig. 3(a)] [49]. The changes in amplitude are significantly
less than with 6 rotation. We observe a minimal evolution of
the amplitudes of peak B and at the rising edge from 4971 eV
while a larger effect is distinguished in the spectral region
of peaks Al, A2, and A3. Ab initio calculations with the
same & and k orientations as in the experiment are depicted
in Fig. 3(b). Only a weak evolution of the amplitude of the
pre-edge features is expected and is essentially located in
the region of peaks A2 and A3. The amplitude should reach
its maximum for ¢ = 180°[90°], which is inconsistent with
the experiment. Instead, the fitted evolution of the pre-edge
peak amplitudes shows that A2 undergoes a 30% peak am-

10° 10°

A3 T
(@ a1 (d)
A1A3B
© 102 @107
a a
= 107 =z 10
Z Z
100 —s-DOS 10°° —s-DOS
o Spectrum o Spectrum
4966 4968 4970 4972 4974 4976 4970 4980 4990 5000 5010 5020
Energy (eV) Energy (V)
10° 10°
A3 T
(b) (e)
Ay
© 1072 DOS © 102
2 p,-DOS 2
2 p.-DOS 2
& o Spectrum { §
=107 E 10
2 > p,-DOS
p.-DOS
1076 10 —total p DOS
o Spectrum
4966 4968 4970 4972 4974 4976 4970 4980 4990 5000 5010 5020
Energy (eV) Energy (V)
10° 10°
A3 T
(c) a1
© 102 % 10
a a
T 107 =z 10
Z. Z . .
dy,-DOS —d,2_,2-DOS dyy-DOS —d,2_2-DOS
106 d,.-DOS o Spectrum 1070 d,.-DOS o Spectrum
—d.-DOS —d..-DOS
4966 4968 4970 4972 4974 4976 4970 4980 4990 5000 5010 5020
Energy (eV) Energy (eV)

FIG. 4. Calculated projected final state DOS for each type of (a),
(d) s-, (b), (e) p- and (c), (f) d-final state orbitals in the pre-edge
(left) and postedge regions (right). Reported spectra (black circles)
are calculated for 8 = 90°. The total p DOS (py, py, p;) is given in
(e) (black line).

plitude change whose angular variation is compatible with a
quadrupolar transition (SM, Fig. 6(a) [32]) while A1, A3, and
B have a maximum amplitude evolution of 10% (within the
fitting confidence interval) with no specific periodicity (SM,
Fig. 7 [32]). The strong variation in A2 peak amplitude can
be observed by the appearance of a pronounced shoulder for
¢ = 150°, which becomes smoother for ¢ = 180° [Fig. 3(a)].
Consequently, the main evolution in the pre-edge under ¢
rotation is due to peak A2 which explains the disagreement
with the perfect crystal FDM calculations. It also shows the
essentially dipolar content of peaks Al, A3, and B, providing
circles in polar plots along ¢ (SM, Fig. 7 [32]), which is in
agreement with the results obtained from 6 scans (vide infra).
A fit of the A2 peak with a 90°-periodic function shows that
it may be assigned to the contribution of d,>_,» orbitals from
the expected angular evolution by spherical harmonic analysis
(SM, Figs. 6(a) and 6(b) [32]). However, the d,>_,» density
of states (DOS) in the region of peak A2 is negligible with
respect to dy, and d (vide supra), hence we rely on the more
pronounced angular evolution with 6 in the following to show
the involvement of d,, orbitals in the formation of peak A2.
To describe the origin of the LD dependence with 6 and
assign the pre-edge resonances, the projected DOS of the
final states for the pre-edge and postedge region is depicted
in Fig. 4 (we drop the term “projected” in the following for
simplicity). Due to the large differences between the DOS of
s, p, and d states, a logarithmic scale is used vertically and
normalized to the orbital having the largest DOS contributing
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FIG. 5. Overlap between the angular evolution of the amplitudes
for peaks (a) Al, (b) A2 in the theory (lines) and the experiment
(circles with error bars). The error bars represent 95% of confidence
interval for the fitting of the amplitude.

to the final state among s, p, and d orbitals. For peaks Al,
A3, and B, most of the DOS comes from d orbitals while the
s and p DOS’s are comparable. However, due to the angular
momentum selection rule, the spectrum resembles the p DOS
both in the pre-edge and the postedge regions as witnessed
by the similarity between the total p DOS and the calculated
spectrum [black line in Fig. 4(e)]. Importantly, peak Al has
only (py, py) contributions [Fig. 4(b)], meaning that this tran-
sition is expected to have a much weaker intensity when the
electric field becomes parallel to the Z axis, in agreement with
the 6 dependence of its amplitude (Fig. 2). The d DOS at peak
Al involves d.;, d,;, and d,>_,» orbitals [Fig. 4(c)], among
which the first two can hybridize with the (p,, p,) orbitals and
relax the dipole selection rules. The dipolar nature of Al is
also seen from the monotonic increase of its amplitude from
0 = 0° to 8 = 90°, inconsistent with a quadrupolar-allowed
transition with 90° periodicity. Following the same analysis,
peaks A3 and B do not undergo a strong change in amplitude
under 6 rotation because (pyx, py) and p. contribute similarly
to the DOS for these transitions [Fig. 4(b)] although FDM cal-
culations show that A3 should evolve in intensity with 6 due
to a ~20% larger DOS for p, than for p,, p, as experimentally
observed. From the integrated d DOS along (x, y) and z (SM
Fig. 8(a) [32]), we notice the inconsistency between the peak
amplitudes in the theory and the experiment, which shows that
they are essentially determined by the p DOS (SM Fig. 8(b)
[32]).

For a more quantitative description of the dipolar and
quadrupolar components in the pre-edge, we extracted the
quadrupolar cross section from the FDM calculations. It is
shown as thin lines in Fig. 2(d), where continuous and dashed
lines are used for better visibility of overlapping curves. The
quadrupolar contributions are limited to peaks Al and A3
with a contribution in the spectral region of peak A2. At
peak Al, the quadrupolar amplitude is maximum for 6 =
0° and & = 90° and the total cross section becomes mainly
quadrupolar for 6 = 0° while the quadrupolar component
contributes ~ 15% of the peak amplitude for & = 90°. From
the development of the cross section into spherical harmon-
ics (Table II), the dipolar transitions to p, , final states are
expected to vary as — cos® @ while transitions to p, vary as
cos? @ plus a constant (see SM, Fig. 12(a) [32]). The fitted
evolution of the dipolar cross section of peak Al in the
experiment and in the FDM calculations is compatible with
a transition to p,, (green line in Fig. 5(a), fitting details in

the SM, Sec. 2 [32]). The quadrupolar component [red line
in Fig. 5(a)] is compatible with a transition to d,., d,. due to
its — sin” @ cos? # predicted evolution (Table IT) in agreement
with the d DOS at peak Al [Figs. 4(c) and 12(b) in the
SM] [32]. The comparison between the experimental and
theoretical amplitudes of peak Al [Fig. 5(a)] gives excellent
agreement, further confirming that the A1 transition is mostly
dipolar to p, , final states. Following the same analysis, it is
more difficult to determine the dominant p DOS contributing
to the transitions at peak A3 and B due to the weak evolution
of their amplitude with 6.

As pointed out earlier, the quadrupolar cross section has a
doublet structure in the region of peaks A2 and A3 [Fig. 2(d)].
The most intense of the two peaks at § = 45° is in the spectral
region of peak A2 where the transition involving defects is
expected in a-TiO, nanoparticles, for instance. A closer look
at the fitted evolution of the A2 amplitude with 6 shows
a quadrupolar evolution with maximum value at 6 = 45°
[Fig. 5(b)]. This is in agreement with the expected angular
evolution of d. and d,, final states from spherical tensor
analysis (SM, Fig. 12(b) [32]) which contribute to the DOS
in the spectral region of peak A2 [Fig. 4(c)]. It indicates
that although the amplitude of A2 is underestimated in the
FDM calculations, the consensus that A2 originates from
undercoordinated and disordered samples may be more subtle
because of the involvement of a transition in the perfect crystal
as discussed below.

From this combined experimental and theoretical analysis,
we emphasize that consecutive peaks in the pre-edge of a-
TiO, are not simply due to the energy splitting between tp,
and e, as previously invoked [17]. This splitting is more
complicated than the usual octahedral crystal field splitting
because of the strong hybridization between p and d orbitals
in a lowered symmetry environment, which affects the relative
ordering of the transitions. The consistent results between
experiment, FDM calculations, and spherical tensor analysis
show the reliability of the assignment provided in this paper.
Table I compares our results with previous assignments of
peaks Al to B.

V. DISCUSSION

A. Local versus nonlocal character of the pre-edge transitions

Pre-edge transitions can originate either from on-site (lo-
calized) or off-site transitions involving neighbor Ti atoms of
the absorber. Off-site transitions are dipole allowed due to the
strong p — d orbital hybridization [16]. This effect has been
shown on NiO, an antiferromagnetic (AF) charge-transfer
insulator, for which the Ni K-edge transition to 3d orbitals
of the majority spin of the absorber is only possible between
Ni sites due to the AF ordering [46]. Hence, to disentangle
between the local or nonlocal character of the pre-edge tran-
sitions in a-TiO,, we performed FDM calculations on clusters
with an increasing number of neighbor shells starting from
an octahedral TiOg cluster with the same geometry and bond
distances as in the bulk. The results are shown in Fig. 6 with
two orthogonal electric field orientations along [001] (6 = 0°)
and [010] (8 = 90°).

The calculation for TiOg (green curve) shows only Al,
meaning that it is mostly an on-site transition. The absence
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FIG. 6. Evolution of the calculated a-TiO, XAS spectrum at the
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of peaks A3 and B suggests that they are mostly nonlocal
transitions in agreement with Ref. [17]. Increasing the clus-
ter size to 4 A includes the second shell of Ti ions, which
generates most of the A3 amplitude. This shows that, similar
to NiO, an energy gap opens between the on-site and off-site
transitions to 3d orbitals of Ti and that A3 is mostly dipolar
and strongly influenced by the intersite 3d — 4 p hybridization.
Peak B is missing for this cluster size which shows that it is
due to a longer range interaction and can be reconstructed with
a5 A cluster, including the next shell of neighbor Ti atoms. A
similar trend in the local or nonlocal character of the pre-edge
transitions is observed at the metal K edge of 3d transition
metal oxides which has to do with the degree of p — d orbital
mixing [30].

B. Origin of peak A2 in bulk a-TiO,

The experimental ¢ and 6 angular evolution of the A2
amplitude (Figs. 5(b) and 6(a) in the SM [32]) matches a
quadrupolar transition and qualitatively consistent with the
cross section obtained from FDMNES calculations in the
region of peak A2 [thin lines in Figs. 2(d) and 3(b)]. Recent
calculations accounting for the electron-hole interaction in the
Bethe-Salpeter equation have reproduced peak A2, although
with an underestimated amplitude as in our FDM calculations
[31]. Peaks A1l and A2 are found to exhibit their maximum
amplitude when the electric field is parallel to the (a, b) and ¢
axes, respectively. This is in agreement with our measurement
for peak A1 [Fig. 5(a)] as a result of the coupling between the
3d orbitals of Ti with the p, , DOS. For peak A2 [Fig. 5(d)],
we observe a dominant quadrupolar evolution with a deviation
from the ideal behavior showing the presence of p, states,
which increase their contribution to the transition when 6 —
0° (see blue line in the SM, Fig. 12(a) [32]). Although both
peaks Al and A2 show p-d orbital mixing, this mixing is
clearly stronger for the Al peak where the dipole contribution

becomes dominant over the quadrupolar in contrast to the A2
peak. It shows that the amount of p-d orbital mixing differs for
these transitions, which can be explained by the ~100 times
lower p, DOS in the region of peak A2 than p, , DOS in the
region of peak Al [Fig. 4(b)]. The underestimated amplitude
of peak A2 in our calculation is likely due to the lack of ex-
plicit treatment of the electron-hole interaction, which would
improve the agreement of energy and amplitudes for peaks Al
and A2 without resorting to changes in screening constants of
the 3d electrons as in our study. Recent calculations using the
Bethe-Salpeter equation estimate that the average amplitude
of peak A2 is ~15% of the average amplitude of peak Al,
which comforts this hypothesis [31]. A parallel can be made
between the energy splitting of peaks Al and A2 containing
quadrupolar localized components and the splitting of the
bound excitons of a-TiO, observed in the optical range where
the (a, b) plane exciton has a larger binding energy than the ¢
exciton [28,50,51].

C. Origin of peak A2 in defect-rich a-TiO,

While we show that the presence of the A2 peak can be
explained by the electronic structure of a-TiO,, a number
of previous studies have concluded that A2 is related to
lattice defects [7,21-23,25,26,29]. The question arises as to
the connection between the A2 peak and the lattice defects,
if any. Oxygen vacancies are native defects in a-TiO, [52].
The occurrence of an oxygen vacancy (Oy,) in the vicin-
ity of a Ti atom will further lower the D,; symmetry and
introduce p — d orbital mixing in the pentacoordinated Ti
atom increasing the transition amplitude while broadening
the transition due to the inhomogeneous contribution of the
vacancy distribution [15,24]. To check the effect of an Oy,
on the XAS spectrum of a Ti atom in the vicinity, ab initio
FDM calculations are performed at the Ti K edge of Ti atoms
with a doubly ionized Oy, (V%;r) at the apical or equatorial
position in a supercell of 768 atoms. The calculations are
performed with a bulk a-TiO; 4 x 4 x 4 superlattice structure
from which one oxygen atom is removed in the center and
neighbor titanium atoms are moved along the broken Ti-O
bond to simulate lattice relaxation. We have taken the local
structural relaxation reported in another work with hybrid
functional calculations where the titanium atoms move away
from V%;’ by 0.509 A in the equatorial plane and 0.109 A in
the apical position [53]. The results are depicted in Fig. 7(a)
for the absorption cross section and Fig. 7(b) for the DOS
[54]. The calculations with an oxygen vacancy show a peak
in the region between peak Al and peak A3 where peak A2 is
expected while peak A3 and B remain essentially unaffected.
The calculated DOS [Fig. 7(b)] shows that the p, , DOS at
peak Al is slightly blueshifted when the vacancy is introduced
in the apical position while, for the vacancy in the equatorial
position, the p, DOS dominates in the region of peak Al with
a slight blueshift. The calculated DOS in the regions of peaks
A3 and B essentially shows changes in the amplitudes with
almost no chemical shift except for a substantial redshift of
the p,, DOS of peak B when the vacancy is introduced at the
apical position. In contrast to these minor changes along
the energy axis, the largest difference appears in the energy
region between peaks Al and A3 where a p,, and p, DOS
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FIG. 7. (a) Effect of an oxygen vacancy introduced at the equato-
rial (blue) or apical position (red) of a TiO4 octahedron on the XAS
spectrum of a4 x 4 x 4 a-TiO, supercell including lattice relaxation.
The spectrum at the Ti K edge for the perfect supercell is shown
in black. The calculation is angle averaged (no specific orientation
taken for the crystal and the incident x-ray beam). (b) Computed p
DOS for defect free a-TiO, (black) and with an oxygen vacancy in
the equatorial (blue) and apical position (red). The p, , DOS is shown
with crosses and the p, DOS with circles. Vertical dotted lines are
guides to the eye at the energy position of the peaks maxima in the
pre-edge of defect free a-TiO,.

appears upon formation of a vacancy in the equatorial and
apical position, respectively. Hence, DOS is formed in the
region of peak A2, which has the polarization corresponding
to the orbitals pointing towards the Oy,.. It is clear from this
analysis that this DOS is representative of the defect states
introduced by the Oy,.. We have compared our calculated
DOS with other authors. Janotti et al. report hybrid functionals
calculations (HSE) which predict that V%;r forms empty DOS
0.65 eV above the conduction band minimum (CBM) [55],
which is comparable to our prediction of 0.71 eV and 1.11 eV
for the energy of the calculated DOS representative of V%*
with respect to the CBM. Na-Phattalung et al. find that the
unoccupied DOS of the nearest titanium atoms to the vacancy
has a maximum on the low-energy side of peak A3, in agree-

ment with our results for the vacancy in the equatorial position
[56]. Similar results have been obtained in rutile TiO, for
which doubly ionized oxygen vacancies introduce a blueshift
of the Ti 3d-DOS by 1 eV [57]. A similar effect is present in
a-TiO; at the O K edge where the asymmetry of the so-called
e and e, peaks with a tail on the high-energy side cannot
be reproduced in the calculations with a bulk structure which
is assigned to the presence of blueshifted defect states from
the bulk [58]. The amplitude of these peaks increases upon
heavy ion irradiation compatible with the formation of more
oxygen vacancies [59]. Hence, we find that the occurrence of
a transition corresponding to undercoordinated Ti atoms in the
region of peak A2 overlapping with the intrinsic quadrupolar
transition detailed in Sec. VB is a coincidence. The experi-
mental spectrum of a-TiO, nanoparticles with defects would
be a linear combination of the Oy, spectra (red and blue
curves in Fig. 7) and the spectrum of hexacoordinated Ti
atoms in the bulk (black curve in Fig. 7), which depends on
the amount of vacancy in the system. However, this study
shows that peak A2 is expected to be present even in crys-
talline a-TiO, nanoparticles because the intrinsic quadrupolar
transition is likely dominant over the defect contribution. The
large increase in cross section in the region of peak A2 for
pentacoordinated Ti atoms is fully compatible with our recent
studies on photoexcited a-TiO, nanoparticles [25,26,29]. We
therefore conclude that peak A2 originates from an essentially
quadrupolar transition in the regular a-TiO, lattice and from
the p DOS of pentacoordinated Ti atoms with an Oy, in the
vicinity.

VI. CONCLUSION

In summary, a complementary approach using experimen-
tal Ti K edge LD measurements of a-TiO, single crystals, ab-
initio FDM calculations and spherical tensor analysis provides
an unambiguous assignment of the pre-edge features. We
show that Al is mainly caused by a dipolar transition to
on-site hybridized 4p, , — 3d.., 3d,, final states, which give
a strong dipolar LD to the transition with a weak quadrupolar
component from (3d.;, 3d,;, 3d>_,>) states. The A3 peak is
due to a mixture of dipolar transitions to hybridized 4py , . —
(3dyy, 3d2) final states as a result of strong hybridization
with the 3d orbitals of the nearest Ti neighbor with a small
quadrupolar component. The B peak is purely dipolar (4p
orbitals in the final state) and is an off-site transition (the elec-
tron final state is delocalized around the absorbing atom). The
distinction between on-site and off-site transitions is possible
using different cluster sizes in the FDM calculations. The LD
is visible well above the absorption edge due to the strong
p-orbital polarization in a-TiO, which affects the amplitude of
the XANES and EXAFS. Surprisingly, a quadrupolar angular
evolution of peak A2 is observed for the first time with a
narrow bandwidth, showing that it is an intrinsic transition
of the single crystal. A connection between the unexpectedly
large experimental amplitude of this peak in nanoparticles
is made with oxygen vacancies forming pentacoordinated Ti
atoms. Crude FDMNES calculations show that empty DOS
appears in the region of peak A2 upon formation of oxygen
vacancies (Vé’L) and that it overlaps with the quadrupolar
transition observed in this work for defect-free materials. This
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explains the relatively intense A2 peak in amorphous TiO;
[24] or upon electron trapping at defects after photoexcitation
of anatase or rutile TiO, [25,26,29]. The unprecedented quan-
titative agreement provided in this paper is made possible by
the continued improvement of computational codes, including
full potentials [18-20] and the more accurate description
of the core-hole interaction in Bethe-Salpeter calculations
[31,60]. Experiments are ongoing to extend this work to rutile
TiO,.

The present results and analysis should be cast in the
context of ongoing ultrafast x-ray spectroscopy studies at Free
Electron Lasers [61,62]. For materials such as a-TiO,, the
increased degree of detail that can be gathered from such
sources was nicely illustrated in a recent paper by Obara et al.
[27] on a-TiO,, showing that the temporal response of the pure
electronic feature (at the Ti K edge) is much faster (~100 fs)
than the response of structural features (~330 fs) such as
the pre-edge and the above-edge XANES. The present work

shows that by exploiting the angular dependence of some of
the spectral features, even up to the EXAFS region, one could
get finer details about the structural dynamics, in particular
about nonequivalent displacements of nearest neighbors.
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