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Abstract

The identification for lattice multiphases in TiO2  nanocrystals is studied by high resolution

transmission electron microscope and electron diffraction pattern. Based on the spectroscopic

analysis using soft X-ray absorption and resonant inelastic soft X-ray scattering, it is believed

that the oxygen vacancies at the interface exhibit the structural distortion of TiO  cluster around

the defect  site  as for the multiphase lattice.  We elucidate that  the extra  3d  electrons  nearby

induce the inelastic scattering features with the excitation-energy dependence owing to different

energy relaxation processes, characteristic of the electron-phonon coupling or nature of electron-

hole pair at the intermediate state. The manifold dd excitations driven by the strong interaction

between Ti-3d  and O-2p  electrons  is  noticeably rich co-existed on both Ti and O sites. The

sophisticated  experiment  can  advance  the  perspective  of  nano-composite  TiO2  for  various

interactions of surface Ti3+ in the application of future devices.

Keywords: soft X-ray, XAS, RIXS, TiO2 nanocrystals
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I. INTRODUCTION

Ti-O nanocomplexes are one of the most widely studied photoactive semiconductor materials

owing to their  inherently-chemical stability,  readily availability,  tunable electronic properties,

and non-toxicity.1,2  Among these, the three polymorphys of TiO2  (rutile, anatase, and brookite

phases)  with  a  bandgap  ranging  from  3.0  to  3.2  eV  are  commonly  appropriate  for  the

photoelectric properties in the ultraviolet (UV) wavelength region and succeeding application

e.g. photocatalysis,3  biosensors,4  and photo-electrochemical cells.5  In the quest of enhancing the

photoelectric effect, it is crucial to understand how to impact the related electronic properties of

the oxide, such as the role of lattice defects (e.g. oxygen vacancies) and introduction of impurity

elements  into  the  host  oxide  matrix  (a.k.a.  doping)  towards  the  alteration  of  its  intrinsic

properties.2  Generally, oxygen vacancies give rise to the mid-gap states (typically located close

above  or  below  the  valence  band  maximum  and  conduction  band  minimum,  respectively)

serving as active charge trapping states and thus impeded the photoelectric effect by accelerating

the  electron-hole  recombination  rate.6  The  discussion  for  this  kind  of  lattice  and  electronic

correlation is often seen in the oxide, but so far the comprehensive insight for the nanoscale

dimension is lack.

Titanium dioxide of trivalent Ti configuration (Ti3+) is a strongly correlated transition metal

oxide with the complex correlation of both occupied and unoccupied states.7 While the presence

of trivalent Ti on the surface of TiO2 nanocomplexes have previously been reported,8,9 the role at

inter-surface levels remains to be fully understood for the Ti-O interaction. However, difficulties

in  identifying  these  Ti3+  species,  typically  embedded  at  the  interface  between  a  disordered

”nanophase” precipitated on the surface of an otherwise crystalline core, is often conducted by

combined electron microscopy (e.g. scanning tunnel microscopy and/or transmission electron

microscopy (TEM)) and X-ray photoelectron spectroscopy (XPS) studies to emanate details on

the surface and subsurface geometry, chemical state, valence band (VB) and lattice structure of

the  oxide.10,11  For all  that,  these  experimental  capabilities  do not  shed light  on the  element-

specific  contribution  to  localized  electron-hole  recombination  sites,  nor  relating  the  specific

strong correlation between Ti and O sites in the case of closing to the Fermi level.
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In  this  connection,  we  present  herein  combined  high  resolution  transmission  electron

microscopy and detailed soft X-ray spectroscopy (namely X-ray Absorption Spectroscopy (XAS)

and Resonant Inelastic X-ray Spectroscopy (RIXS)) studies on the electronic properties of TiO2

nanocrystals (NCs) - specifically the correlation between trivalent Ti and local charge symmetry

on  the  surface  at  inter-surface  levels.  XAS  and  RIXS  represents  two  key  spectroscopy

techniques, probing the element-related information in the unoccupied and occupied state near

the Fermi level under resonant utilization.12,13  As to the excitors, the insight for the energy- and

momentum-losses  between  incident  and  emitted  X-ray  could  illustrate  the  underlaying

mechanism  of  energy  transfer,  charge  separation,  phonon  interference,  and  orbital

hybridization,12,14  since the losses are considered to have the new decaying paths (for certain

energy/momentum transfer)  acting as the excited electron-hole pair  in the intermediate  state,

being forecast for the following Ti3+  identification.  As at and above resonant absorbance, the

emission dispersion of RIXS is strongly dependent on the inter- and intra-correlation between

charge, spin, lattice, and orbital, also defined as resonant X-ray emission spectroscopy (RXES).

We  present  herein  detailed  XAS  and  RIXS  measurement  on  the  structural  and  electronic

properties of intrinsic TiO2  NCs composed of a crystalline core and an amorphous surface, in

particular for the role of Ti3+ state.

II. RESULTS

High resolution TEM studies revealed existence of clusters of TiO2  NCs with ordered lattice

fringes and lattice planes, ca. 0.184 and 0.285 nm apart (Fig. 1a). Fig. 1b presents the select area

electron diffraction (SAED) along the (001) and (202) planes (collected across the entire surface

area of the particle). The point of view confirms that TiO2  NCs are predominantly composed of

an anatase  phase.15  Besides,  it  occurs  the diffraction rings  at  the center,  typically  telling  the

presence of multiphase-typed lattice  (i.e.  the amorphous phases),  because a large number of

randomly oriented grains results in the merged spots extensively seen as circle rings. The darker

region on the surface in Fig. 1a renders it possible for the multiphase region. The statistical

analysis of various TiO2 NCs indicates that the ratio of darker region (amorphous area) is 42.4%

relative to the area of whole NCs; thus, the next matter is how to identify it by spectroscopic
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perspective,  such  as  the  structural  defect  and  multiphase  formation.  The  element-specific

spectroscopy is employed for the multiphase (amorphous) contribution further.

The element-sensitive XAS technique, monitoring the transition intensity from a core electron

to  the  unoccupied  density  of  states,  is  specific in  the  details  of  electronic  structure,  charge

symmetry, and charge transition in complex materials. The Ti L-edge XAS in Fig. 2a reflects the

Ti 2p → 3d transitions (TiO2  NCs and reference XAS spectra of anatase- and rutile-TiO2). The

features at photon energy 458.0 (463.2) eV, and 460.1 (465.2) eV are known as the multiples t2g

and eg of Ti 3d orbitals in L3 (L2) edge,16 because ligand-field splitting in the octahedral complexes

of  TiO2  (Ti4+  configuration)  denotes  the  unfilled  t2g  (xy,  yz,  and  yz)  and  eg  (x2-y2  and  z2)

symmetries. The eg  sub-band segregated from TiO ligand field is denoted as the driving force

to  split  the  peak (459.7  and 460.6 eV),  which  making  two-phase (anatase-  and rutile-TiO2)

recognizable. Fig. 2b presents the O K-edge XAS spectra from O 1s → 2p transitions in the TiO2

samples. Spectral features at 530.7 and 533.2 eV are derived from O 2p states coupled to Ti 3d

(i.e.  t2g  and  eg  sub-bands),  whereas  the  spectral  features  in  the  higher  energy  range  can  be

assigned to O 2p-Ti 4s (at 538.9 eV) and O 2p-Ti 4p (at 544.5 eV) hybridization, respectively.2,17

The absorption spectra (Ti L-edge and O K-edge) of TiO2 NCs show a similar anatase phase by

the bulk reference, which is well in line with our findings from HRTEM studies (see Fig. 1b).

However, absorption features seem no obvious difference in TiO2 NCs and bulk reference. Thus,

the other investigation is demanded to seek for the odd multiphase on the interface, such like the

hetero-NCs (core/shell for Ti4+/Ti3+), as being lower spectral Ti3+ weight.6

X-ray emission spectroscopy (XES) measures the recombination intensity from the electron in

VB/CB to  the  core  hole  obeying  the  energy  and  momentum  conservation.  On/off  resonant

condition  by  the  incident  X-ray  energy  makes  the  intermediate  states  different  in  the  de-

excitations  process,  which  is  utilized  for  small  amount  distinction  of  multiphase  complex

system.12,13  RIXS spectra at Ti  L-edge and O  K-edge, respectively, have been acquired at the

excitation energies (indicated at A-I and A’-H’ in Fig. 2). The RIXS spectral features at Ti  L-

edge  in  Fig.  3a  reflect:  (i)  elastic  scattering,  (ii)  fluorescence  emission,  and  (iii)  inelastic

scattering in the energy-loss axis. The sharp peak at the high-energy side (i), which follows the

incident X-ray energies as the Rayleigh scattering, is used to calibrate the emission energy scale.
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As evident for (ii),  the energy position of the broad peak centered at  ca.  450.0 eV does not

change  notably  with  the  increased  excited  photon  energies,  which  can  be  explained  by the

constant energy difference between the VB and the core-level state of Ti site. The RIXS spectra

in Fig. 3b indicate that the energy-loss profiles (iii)  in the energy interval  ca.  4 to 0 eV are

attributed to the inelastic scattering features. Excited at photon energies for the unoccupied  t2g

and  eg  state (A-I), the asymmetric shaped tail arises its intensity and grows the multi-features

nearby. Resonant along Ti 3d1-t2g peak (A-C), a growing peak at 0.9 eV starts to move its energy-

loss position up to 1.5 eV above the asymmetric tail. At the valley between the t2g and eg state (E),

double-peak shows up at energy-loss position at 1.1 and 2.6 eV. As exciting at higher energy (F-

H for Ti 3d1-eg), the first (second) peak shifts from 1.1 (2.6) to 1.8 (2.9) eV with the incident

energy dependence. It is similar to the de-excitation process (from A to D) around the resonant

absorption of Ti 3d1-t2g state. In fact, the RIXS of anatase and rutile TiO2 (3d0 configuration) have

previously manifested absence of dd excitations,18,19  as the c3d1 RIXS intermediate states do not

give rise to the electron-electron scattering (dd excitations). The present inelastic features in the

energy interval ca. 4 to 0 eV are in agreement with the dd excitations assignment in LixTiO2 (x=0

 0.5 for 3∼ d0  → 3d1  configuration) and core-shall TiO2  nanowire for the inter-transition (t2g-t2g)

and intra-transition (t2g-eg) of Ti site.6,18  It is generally admitted that an ideal scheme to interpret

the excitation-dependent shift of inelastic peaks and asymmetric part of elastic peak is essential

to do the theoretical calculation (i.e density functional theory). On the other hand, the shift of dd

excitations with the scan of absorption energy in our TiO2  NCs is analogous to Moser  et al20

result, describing the coexistence of delocalized dd feature and asymmetric tail happened at the

transition to Ti eg orbitals is derived from the poorly screened core hole and more delocalized eg

states.21  Thus,  RIXS result  of  TiO2  NCs denotes  the  spectroscopic  measurement  toward  the

structural transition between the surface (Ti3+ states) and core (Ti4+ states).

Fig. 3d and 3e display the O K-edge RIXS spectra at excitation energy of 529.5 to 533.2 eV in

the emission energy and energy-loss representation. The main feature, centered at ca. 525.7 eV,

projects the partial density of states (pDOS) in the VB mixing of O 2p and Ti 3d orbitals.18 At the

resonant  energy  point  (E’),  an  additional  energy-loss  feature  at  1.4  eV  emerges  from  the

asymmetric sideband. Moving to the higher energy point (F’), it grows double features up at 1.5

eV and 2.2 eV. To emphasize the asymmetric weight among the energy-loss range of 0 to 3 eV,
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the spectral difference analysis, by subtracting the symmetric shape of the elastic peak (pre-edge

absorption, A’) from each of asymmetric profiles, is exhibited in Fig. 3f. At the resonances of O

2p and Ti 3d-t2g state (B’-A’ to E’-A’), the raising positive signal (the increasing asymmetric part

from the elastic peak) is shown in the range of 0 to 3 eV, while the absorption and de-excitation

process are assumed to vibrate the core-level state, as the step to increase the energy relaxation.

Probing at the off-resonant energy point, the difference spectra (F’-A’ and G’-A’) has the slight

difference in the range of 0 to 1 eV, but there is a new wide peak in the region of 1 to 3 eV. At

absorption peak (H’), the asymmetric  sideband with a long tail  is found again by the strong

relaxation process at the resonant O 2p and Ti 3d1-eg. Apparently, the increasing asymmetric tail

with the confident peak is expanded from the symmetric center of the elastic-scattering matter. It

is similar to the previous case of graphite for the lattice distortion around excited carbon atoms

as a ”long-tail” towards the low-energy side.22

Fig. 4a shows a comparison for both Ti and O RIXS spectra. For the excitation below O 2p

and Ti 3d1-t2g hybridized state, the RIXS profile (A) at the Ti site reveals the dd excitation (t2g-t2g)

and electron decay channel, while the profile (A’) at O site reflects only the symmetric elastic

scattering. At the resonance to the O 2p and Ti 3d1-t2g  hybridized state, RIXS feature at Ti site

(C) has one broad peak around 1.5 eV on the asymmetric  sideband, similar to that of O  Kα

emission (E’). Just above this resonance (E for Ti; G’ for O), one mixing dd excitations at 2.3 eV

is present at the O site while the split features are probed at the Ti site. Upon resonant excitation

to the O 2p and Ti 3d1-eg hybridized state (H and H’), the RIXS profiles in both sites reveal the

asymmetric  tail  but  dd  excitation  is  visible  only  for  Ti.  So  far,  no  inelastic  decay  features

(inelastic relaxation and dd excitations) have been previously reported in the O Kα RIXS spectra

of TiO2 even in the Ti 3d1 configuration.18,20 While we consider the lifetime of the electronic core-

hole state (intermediate state), which is long enough by the resonant condition to allow the atoms

to move suffered from the mixing coordination of normal Ti4+ and vacant Ti3+ site (i.e. phonon

relaxation), the emission spectra have the chance to observe a long tail extending from the elastic

state  (shown as  asymmetric  shoulder).22,23  It  comes  to  the  decaying channels  being  different

vibrational energy levels or specific nature of unoccupied state of TiO2  NCs; most of all,  the

RIXS measurement displays a long energy-loss tail and two shifted peaks (dd excitations) via the

electron-electron couplings and defect induced multiphase coordination.
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In Fig. 4b, XPS-VB (hv = 150.0 eV), oxygen K-edge NXES (hv = 570.0 eV), and RIXS (hv =

530.7  eV (E’))  spectra  are  aligned  for  the  element-related  comparison.  The  oxygen  NXES

reflects the partial density of states (pDOS) of VB, where the valence band maximum is located

at BE 3.7 eV in XPS-VB measurement. The XPS-VB spectrum (denoted as total DOS) in inset

of Fig. 4b discloses one peak at BE 1.4 eV within the bandgap region, which is absent in oxygen

NXES (pDOS).7,24 As probing at resonant state (hv = 530.7 eV (E’)), the spectral feature (around

energy-loss  position  0 and 3 eV) grows up within the bandgap region of TiO2  NCs, mostly

corresponding to the Ti 3d1-t2g hybridizing to O 2p. In other words, the absence of oxygen-related

electron in VB range is evaluated by the  pDOS measurement of oxygen  K-edge NXES. The

hybrid state between the extra Ti-3d1 electrons and O 2p valence state though the Ti-O coupling

is verified by the total DOS measurement of XPS-VB data and resonant features of RIXS data.

Thus, Fig. 3c draws the lattice coordination of TiO2  NCs, where oxygen vacancies introduce

lattice distortion and delocalized 3d elections within the TiO  clusters. The Ti3+ site with lattice

expansion and O/Ti4+ sites with lattice compression (from the on-site Coulomb interactions) are

shown. After the on-resonant enhancement and multiphase-induced Ti3+  state (t2g  and eg),  the

collective movement around the oxygen vacancy makes the nearby Ti/O sites coordinative well,

playing as a new decay channel (asymmetric tail).

The relevant aspects for the intermediate state selected at Ti and O site by RIXS is shown in

Fig. 5a. The Ti 2p electron is excited to the unoccupied 3d1-t2g orbital in the absorption process,

then the core hole and excited electron as the intermediate state yields the perturbation around

the oscillated lattice and 3d excitation in case of the strong Coulomb interaction and less screen

effect. The inter dd excitation in the Ti L-edge RIXS is ascribed to the Ti 3d1-t2g orbital of multi-

phase  TiO2  NCs with  the  intensive  electron-electron  interactions.  Fig.  5b  illustrates  that  the

inelastic scattering process on O site forms the inter dd transition of Ti 3d1 electron via the strong

Ti and O orbital hybridization. On the contrary, RIXS at O 2p  and Ti 3d1-eg  hybridized state

doesn’t induce the 3d  electron-electron interaction due to no  d-electron in the Ti-eg  state and

lower heterogeneous O and Ti coupling. The excitation-energy dependence of RIXS highlights

the role of Ti 3d1-t2g electron in the TiO2 NCs.
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III. METHODS

NCs of  intrinsic  TiO2  were synthesized  through  sol-gel  method  in  which  metal  alkoxide

Ti(OR)4 precursor was used. Titanium tetraisopropoxide (TTIP) (97%, Aldrich) was mixed with

a solution of ethanol (99.5%, Aldrich) and HCl (37%) for stirring an hour. The next step was

added  to  the  mixture  of  water  and  polyethylene  glycol  (7%  PEG,  Aldrich)  to  form  the

hydrophilic group at interface. TiO2  NCs of average particle size 100 nm were spin coated on

fluorine-doped tin  oxide substrates  and annealed  at  530◦C (post  deposition)  under  ambience

condition for 1 hour.25,26  The local structural symmetry and atomic arrangement was confirmed

by  high  resolution  TEM  (JEOL-2100F-HR  TEM)  studies  including  select  area  diffraction

(SAED)  pattern.  Ti  L-edge  and  O  K-edge  XAS spectra  have  been  recorded  in  the  surface

sensitive (probing depth ∼ < 10 nm) total electron yield (TEY) detection mode at beamline(s)

7.3.1 and 8.0.1.4 at Advanced Light Source (ALS) and beamline 20A at National Synchrotron

Radiation  Research  Center  (NSRRC).  Furthermore,  to  better  resolve  the  electron-correlated

phenomena,  RIXS  spectra  were  recorded  at  beamline  7.0  LSU  at  SPring-8,  Japan  (with  a

combined monochromator and spectrometer resolution ∼ <  0.12 eV at Ti L-edge).27

IV. CONCLUSION

In  summary,  the  core/shell  interface  of  TiO2  NCs  is  found  to  be  composed  of  both

nanocrystalline with Ti4+  species and amorphous phase with Ti3+  species. The oxygen vacancy

serves as the dilute Ti3+ state, thus the decay channels of Raman excitations become noticeable.

Each  anion  vacancy  introduces  two  unbonded  3d1  electrons  at  the  defect  center,  which  is

manifested by the single/double-peak excitations  at  non-constant  energy loss (delocalized 3d

character) and is connected to the  t2g-π  bound and collective lattice movement. Through the  π

bonding  for  Ti  3d1  state,  the  delocalized  excitations  of  3d1  carrier  are  corresponding  to  the

electron hopping movement among oxygen vacancy. The strong correlation of Ti-3d and O-2p

orbitals induces energy transfer between  t2g  and  eg. The electron-phonon coupling of the core

exciton state is sensitive to the lattice distortion around Ti and O atoms. The two phases (Ti3+ and

Ti4+)  in  TiO2  nanocomposite  constitutes  the  unambiguous  electron-phonon  (asymmetric

sideband)  and  electron-electron  (localized  and  delocalized  dd  excitations)  coupling.  This

9



investigation provides an alternative understanding for the correlated 3d electrons generated by

the oxygen vacancy of nanoscale dimension.
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FIG. 1: (a) TEM image of TiO2 NCs indicating clusters of ordered lattice fringes and planes ca.

0.184 and 0.285 nm apart.  (b)  Typical  SAED pattern indicating a  multiphase (mixing amorphous +

crystalline) lattice as evidence from combined the diffraction spots and circles.

FIG. 2: Comparison of the absorption spectra of anatase, rutile, TiO2 NCs: (a) Ti L3,2-edge (a) and O K-

edge.
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FIG. 3: (a) and (d) Ti  Lα/β  and O  Kα  RIXS spectra of TiO2  NCs. (b) and (e) in energy-loss scale. The

delocalized  dd  excitations are found around the range of 0 to 4 eV, and the electron-phonon coupling

appears in the asymmetric tail of elastic state. The presenation of (f) is the difference spectra from the

elastic scattering one (A’) to inelastic latter  one (B’  H’).  Scheme of (c)  oxygen vacancy induced∼

structural distortion.
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FIG. 4: (a) The emission comparison of on-and off-resonant RIXS measured in Ti and O site. (b) Valence

band and O Kα RIXS spectra of TiO2 NCs.

(a) (b)

FIG. 5: (a) and (b) various d-d excitations models probed by the elastic scattering from Ti and O

site, individually.
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