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Site-selective excitation (SSE), which is usually Ti3* Site-Selective Excitation
realized by tuning the wavelength of absorbed light, is an ideal [110]
Bridge O,, 1) [170]

way to study bond-selective chemistry, analyze the crystal structure,
investigate protein conformation, etc., eventually leading to active
manipulation of desired processes. Herein, SSE has been explored
in (110)-, (100)-, and (011)-faced rutile TiO,, a prototypical
material in both surface science and photocatalysis fields. Using
ultraviolet photoelectron spectroscopy and photon energy-,
substrate orientation-, and laser polarization-dependent two-photon
photoemission spectroscopy (2PPE), intra-atomic 3d — 3d -LleV . -
transition from the split Ti** 3d orbitals, i.e., band gap states and "Transition Dipole Moment
excited states at ~1.00 eV below and ~2.40 eV above the Fermi Tis. oy in TiOg 179,

level, respectively, has been proven for all of the samples, suggesting

that it is a common property of this material. The distinct structure of rutile TiO, results in the anisotropic 3d — 3d transitions with
the transition dipole moment along the long axes ([110] and [110]) of TiOg4 blocking units. This anisotropy facilitates the selective
excitation of Ti’* ions in the two types of TiO4 which cannot be realized by conventional wavelength tuning, via polarization
alignment of the excitation source. Discovery in this work builds the foundation for future investigation of site-selective
photophysical and photochemical processes and eventually possible active manipulation in this material at the atomic level.
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cules/clusters via direct chemical bond formation, playing
crucial roles in charge and energy transfer for subsequent
surface physics and chemistry.”” In-plane titanium and oxygen
vacancy sites on TiO, surfaces are preferential locations for
adsorbates because there are undercoordinated Ti atoms.”” If
these adsorption-related surface atoms can be selectively
excited, driving force can be provided in the nearest proximity
of target adsorbates to trigger desired surface physical and
chemical processes and eventually realize active manipulation,
as in the field of coherent control.*

Rutile, the most stable crystallography of TiO,, is composed
of vertex-connected TiOg4 octahedra with the long axes along
[110] and [110] directions (Figure 1a),"” which will be
denoted as TiOg[119) and TiOg[17g], respectively, in the
following text. On the most intensively studied (110) surface

Similar to state-selective excitation in molecules,”” quantum
materials,”* and bulk materials” through frequency tuning, site-
selective excitation (SSE) can also be realized by making use of
the characteristic absorption at distinct local environment sites
and functional groups of materials. SSE can be used in
unimolecular reactions to regulate the dynamics® and in doped
crystals to analyze the structure and manipulate the emission
spectra.’”” For proteins and biological membranes, SSE
provides an additional dimension in fluorescence spectroscopy
to study structures, dynamics, and interactions.'®™'? In
photosynthesis materials, excitation takes place at photo-
sensitizer sites and charges transfer to catalytic active sites to
initiate reactions.">™'> Sometimes, the roles of these two kinds
of sites can be reversed, providing a chance to manipulate
reactions."”’

Semiconductor-based photocatalysis can convert solar
energy to chemical fuels, holding hope in addressing energy
and environmental issues.'® Titanium dioxide (TiO,) is a
model material in this field because of its relatively high
photoactivity, affordability, nontoxicity, and photostabil-
ity.'”7*" Substrate atoms connect adsorbed atoms/mole-
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Figure 1. (a) Structure of rutile TiO,. Blue and red spheres represent titanium and oxygen atoms, respectively. The TiO4 octahedron blocking
units, i.e., TiOg110)’s and TiOg 170y’s, are highlighted in light green and purple, respectively. (b—d) The atomic structures of rutile TiO,(110)-(1 X
1), TiO,(100)-(1 X 1), and TiO,(011)-(2 X 1) with their corresponding LEED images, respectively. Highly symmetric directions of the three TiO,
surfaces are labeled by arrows. 2- and 3-fold coordinated oxygen (O,. and Os.), 5-fold coordinated Ti (Tis.), and oxygen vacancies (O,) are
indicated. Specially, on TiO,(110), surface TiOg.[1,9) and TiOg (7o) and the corresponding Tis. and Tis,.,, are labeled.

4
(a) t
Epepr === === = — - - ---
Wi~5eV
N BGS B
~1.1eV 2PPE
UPS
Bulk Surface

(b)

Polarization Angle
p_’ml

Laser beam

A/2 plate

Figure 2. (a) Schematic diagram of 2PPE and UPS from TiO,. In 2PPE, an unequilibrated electronic structure is prepared by the “pump” pulse,
occupying the empty states, which are then ionized by the “probe” pulse. It is worth noting that (1) the two-photon excitation starts from the BGS
in the present work and (2) the probing depths of 2PPE and UPS are different (see main text for detail). (b) Configuration of the 2PPE
experiments. The incident and detection planes coincide (light green plane, horizontal in the lab coordinates). The polarization angle « is defined
as the angle between the electric field of the laser beam and the horizontal plane. P-pol/S-pol stands for the P-/S-polarized light, which means the

electric field is parallel/perpendicular to the incident plane.

(Figure 1b), there are two types, namely, the in-plane (Tis.)
and oxygen vacancy-related (Tis.,,) S-fold coordinated Ti
ions, which are located at the center of TiOg[j;9) and
TiOg.[170), respectively. The electronic structure of Ti ions near
the Fermi level (Eg) is closely related to defects.”"** Point
defects such as oxygen vacancies,”! Ti interstitials,”> and
surface hydroxyls®* can be readily introduced to rutile TiO,.
The excess electrons brought by the defects disperse over
several Ti sites, resulting in the partial reduction of center Ti
ions in TiOg blocking units.”>*® For simplicity, these partially
reduced Ti ions will be referred to as Ti**. The reduction is
accompanied by the formation of localized polaronic band gap
states (BGS) at about 1 €V below the Eg (Figure 2a).>! BGS
are of mainly Ti*" 3d character, which belongs to the t
orbitals in the distorted TiOg crystal field.*” The roles of Ti**
defects in photoabsorption,”>**~*" chemical adsorption,**~**
and surface chemistry™~*” have been frequently reported. Tis,
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and Tis.,, on the TiO,(110) surface are two distinct
adsorption sites where the surface chemistry is significantly
different.”® It is very intriguing to know whether these two
types of Ti** ions can be selectively excited to serve the
following physics and chemistry.

The ground states of Ti’* in TiO, have been well
characterized.’"*******® Then, understanding the properties
of Ti**-related excited states and the transition from ground to
excited states is a prerequisite to address the above concern.
Excited states at 2.40 + 0.30 eV above the Eg of TiO,(110)
have been detected by two-photon photoemission spectrosco-
py (2PPE; Figure 2a) for a long time, but the assignment of
orbitals and the related transition are in debate. Petek et al.
ascribed the excited states to ¢, states of TiOg octahedra and
proposed that there were two types of 3d — 3d transitions in
rutile TiO,: one was isotropic and the transition dipole
moment of the other was along [110].*°° The conclusions on
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Figure 3. UPS spectra in the 2.5 to —0.5 eV binding energy range showing the band gap states of rutile TiO, (a) (110), (b) (100), and (c) (011).
The data points were fitted by Gaussian functions after background (dashed lines) subtraction. The fitted curves were rescaled in (d) for a better
comparison. The multiplied factors and center energies were specified.

the transition are inconsistent with the symmetry of rutile
TiO,, which is composed of elongated TiOg[;9) and
TiOg 170} Thornton et al. suggested that the excited states
were the unoccupied orbitals of surface hydroxyls.”' This
attribution, however, is problematic because these states still
exist without surface hydroxyls. By combining 2PPE measure-
ments and density functional theory (DFT) calculations on
TiO,(110), we have previously proposed that BGS and the
excited states at 2.4 + 0.3 eV above E; originate from the
splitting of t,, orbitals in TiOg octahedra in the presence of the
Jahn—Teller effect, and the resulting localized intra-atomic 3d
— 3d transitions are anisotropic with the transition dipole
moments along the long axes of TiO4 ie, [110] and
[1?0].32’40

So far, most of the discussion on Ti** 3d — 3d transition in
rutile TiO, is limited to the (110) substrate. Though such
transition has been mentioned in rutile TiO,(011), the
existence of excited states has not been strictly proven.’”
Whether the anisotropic Ti*" 3d — 3d transition is a common
feature in rutile TiO, and not subject to specific surface needs
more evidence from other substrates besides (110). Therefore,
systematic photon energy-, orientation-, and polarization-
dependent 2PPE measurements are performed on rutile
Ti0,(110), (100), and (011) substrates. Ti** 3d excited states
at 2.4 + 0.3 eV above Eg have been detected for all samples.
Based on the hypothesis of anisotropic Ti** 3d — 3d transition
along [110] and [110], the transition probabilities have been
calculated within the dipole transition approximation as a
function of substrate orientation and light polarization, which
reproduce the experimental results fairly well. By proving the
intrinsic anisotropic Ti** 3d — 3d transition in rutile TiO,, our
work demonstrates that Ti** ions in rutile TiOg [110] and
TiOg [179) can be selectively excited by light polarization
alignment rather than conventional frequency tuning. The
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finding paves the way for future investigation of site-selective
photophysical and photochemical processes and eventually
possible active manipulation in rutile TiO,, especially on the
(110) surface where Tis.’s and Tis.,,’s are exposed and are
preferential adsorption sites showing distinct surface chemistry.

All experiments were performed in an ultrahigh vacuum (UHV)
system (base pressure < 5 X 107" mbar) equipped with standard
preparation and characterization devices such as an ion gun (IQE 11/
3S, SPECS), electron bombardment heating and liquid nitrogen
cooling (100—1000 K) components, a low-energy electron diffrac-
tometer, and a hemispherical electron energy analyzer (Phoibos 100,
SPECS).*® The (110), (100), and (011) samples of rutile TiO, were
prepared by cycles of Ar* sputtering (1 keV, 10 min) and annealing
(30 min at 850, 670, and 850 K, respectively) until sharp low-energy
electron diffraction (LEED) patterns were observed and contami-
nation was below the detection limit of X-ray photoelectron
spectroscopy (XPS). While the (110) and (011) samples were
annealed in UHV, the (100) substrate was annealed in a § X 1077
mbar oxygen atmosphere.’® The resulting slightly reduced rutile
TiO,(110), (100), and (011) samples exhibited well-ordered (1 X 1),
(1 X 1), and (2 X 1) LEED patterns (Figure 1b—1d), respectively.

The randomly polarized He I (hv = 21.2 eV) from a helium lamp
(UVS 10/3S, SPECS) was chosen for the ultraviolet photoelectron
spectroscopy (UPS) measurements. The second harmonic generation
(SHG) of a Ti:sapphire oscillator (Mai Tai, Spectra-Physics) with a
repetition rate of 80 MHz was utilized to realize the two-photon
photoemission from TiO,. The photon energy of SHG in the
ultraviolet region was tuned from 2.99 to 3.53 eV by varying the
wavelength of the fundamental output of the oscillator before a BBO
nonlinear crystal. The spot size, pulse energy, and pulse width of the
exciting UV laser at the substrate surface were ~100 ym, 1.5 nJ, and
~100 fs, respectively.

The orientations of TiO, samples were varied by rotation around
the surface normal (z-axis in Figure 2b), locating the highly symmetric
directions of the substrate into the incident plane. The detection and
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Figure 4. 2PPE spectra from rutile TiO,(100) (a) and (011) (b) as functions of photon energy. Experimental configurations are sketched in the
inset pictures. (c) Peak positions of 2PPE spectra of rutile TiO,(110), (100), and (011) as a function of photon energy and linear fitting.
Dependence of the integrated (d) P-polarized (P) and (e) S-polarized (S) 2PPE signals of rutile TiO,(110), (100), and (011) on the photon
energy. The data points are obtained by normalizing the photon energy-dependent 2PPE intensity to the photon flux first and integrating the
corresponding normalized 2PPE spectra after Henrich background subtraction. Solid lines are Lorentz fittings to the data points. Resonant energies
are indicated. The parentheses and square brackets in the legends in (c—e) refer to the substrate surface plane and the in-plane highly symmetric
direction in the laser incident plane, respectively. Selected data sets are displayed in (c—e), and the rest are shown in Figures S8 and S10 in the SI.

the incident planes coincide. The incident angle of the UV laser beam
was 33° and the polarization was controlled by a half waveplate in
front of the UHV chamber. Photoelectrons were collected normally
with a collection angle from —5 to +5°. All of the photoelectron
spectra were recorded with a pass energy of 20 eV and a sample
temperature of 100 K. The TiO, substrates were flashed to 600 K
from time to time to remove background water adsorption.

The band gap of rutile TiO, is 3.05 eV, the work function (Wf)
of TiO, samples under investigation is higher than 5.0 eV
(Figure 4), and the Fermi level of reduced rutile TiO, lies
about 0.40 eV below the conduction band minimum (CBM).>
These lead to an energy difference of ~7.65 eV between the
valence band maximum (VBM) and the vacuum level (E,,.).
With the photon energy (2.99—3.53 eV) in the current work,
only electrons from the BGS can be excited above the E,
through two-photon photoemission. That is to say, BGS are
the initial states in the 2PPE measurements in the present
work. The occupied BGS of rutile TiO,(110), (100), and
(011) are studied first using UPS, followed by the investigation
of the empty states by 2PPE.

Figure 3 displays the UPS spectra in the 2.5 to —0.5 eV binding
energy range for (110), (100), and (011) samples. Since in the
adjacent 3—2 eV region, contribution from the satellite line of
He I (hv = 23.1 V) cannot be neglected,”® we have added
such satellite background to a Henrich secondary electron
background.”” Detailed description of the background
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subtraction method can be found in the Supporting
Information (SI).

After background subtraction, we can see that only the BGS
on (110) can be fitted by one single Gaussian function
centered at 1.10 eV, while those on (011) and (100) are
apparently asymmetric (Figure 3a—3c). Therefore, they are
fitted with two Gaussians, yielding peak positions at 0.88/1.44
eV for (100) and 0.84/1.64 eV for (011). Two BGS at 0.70
and 2.20 eV corresponding to Ti’* and unknown species,
respectively, have been detected for TiO,(011).>* The binding
energy of the shallow state in our work is close to the reported
one, while that of the deep state differs by 0.56 eV. The exact
reason for the discrepancy, however, is not immediately clear.
The quality of TiO, samples and the preparation history are
possible factors. In addition to the unidentified origin, the deep
band gap states are beyond the access of 2PPE with the photon
energy in the current work. Consequently, for (100) and
(011), only the shallow BGS will be discussed later.

The intensity and the center of the BGS are highly substrate-
dependent (Figure 3d). The shallow BGS intensity for (100)
and (011) amounts to only ~10 and 20%, respectively, of that
for (110). Even including the deep states, BGS intensity for
(100) and (011) is still only ~20 and 50%, respectively. The
centers of the BGS are 1.10, 0.90, and 0.80 eV for (110),
(100), and (011), respectively. The experimental error is 0.2
eV according to the standard deviation from measurements at
different locations on the sample surfaces.

The probing depth of photoelectron spectroscopy is
determined by the inelastic mean free path of the produced
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Figure S. (Top) Front view of the geometric relation between the (a) (110), (b) (100), and (c) (011) surfaces, TiOg4 0] (light green) and

TiOg [170) (purple) octahedra and directions of Ti**

3d — 3d transition dipole moment ([110] (green) and [110] (purple)) of rutile TiO,. Blue

and red spheres represent titanium and oxygen atoms, respectively. Because of the reconstruction at the surface and subsurface of TiO,(011), TiOg
octahedra are not standard TiOg [110; and TiOg [17). (Bottom) Cubic cells showing the surface (blue plane) and important directions of the three

rutile TiO, substrates.

photoelectrons.”” For UPS measurements with a photoelectron
kinetic energy of several 10 eV (about 1S eV for the electrons
from the BGS in the present work), the probing depth is only a
few layers.”” BGS of TiO, are associated with the Ti** caused
by point defects such as oxygen vacancies, hydroxyls, and Ti
interstitials.******® Therefore, the measured BGS intensity
reflects the defect density in the topmost layers. It is not
strange that the BGS intensity of (100) is much weaker than
that of (110) because oxygen was used to prepare the former
samples, resulting in the decrease of Ti** concentration within
the probing depth of UPS. The relative BGS intensity of (011)
and (110) is consistent with that under similar preparation
procedures,”" suggesting that the formation energy of oxygen
vacancies on the former surface is much higher than that on
the latter one. The excess charges associated with the BGS of
TiO,(100) are located deeper than those of TiO,(110). 62,63
The preparation together with the intrinsic deeper location of
the excess charges of TiO,(100) and TiO,(011) results in the
difference in the probed UPS intensity compared with
TiO,(110). The binding energies of BGS for TiO,(110) and
shallow BGS for (100) and (011) fall into the reported energy
range (0.60—1.30 V). 3+4054016t

Figure 4a,4b displays representative 2PPE spectra from rutile
TiO,(100) and (011), respectively, as a function of exciting
photon energy (hv ~ 3.01-3.53 eV) with selected
experimental configurations (inset graphs). Those for
TiO,(110) (Figure SS) and other configurations (Figures S6
and S7) are presented in the Supporting Information. These
2PPE spectra exhibit prominent intensities between 5.50 and
6.25 eV and shifting peak positions with photon energies.
Owing to the “pump—probe” detection configuration of 2PPE,
the spectra contain information of both initial and intermediate
(if there are any) states. The slope (k) of the dependence of
the final state energy (Eg,,) on the photon energy provides
evidence for the origin of the 2PPE signals according to the
following equations

= E, i + 2hv (1)

E final

initial

Eﬁnal = E, + hv (2)

intermediate
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where E, ;. and Ej mediae denote the initial and intermediate
state energies, respectively. k = 1 (2) means that 2PPE signals
come from the intermediate (initial) states.

The peak positions of the 2PPE spectra from TiO,(110),
(100), and (011) substrates are plotted as a function of photon
energy in Figure 4c. Linear fitting of the data points yields
three almost parallel lines (k = 0.71). For TiO,(110), we have
demonstrated that the 2PPE signals in this energy range arise
from the empty Ti** 3d orbitals.”>**** The parallel depend-
ence of the final state energy on the photon energy therefore
suggests that there exist empty states at 2.4 + 0.3 eV in rutile
Ti0,(100) and (011). The trend of the excited state levels is
consistent with that of the BGS binding energy for these
substrates, given the 0.2 eV experimental error. Similar to
Ti0,(110), the lifetime of the excited states in TiO,(100) and
TiO,(011) are very short (less than 20 fs),>**” and therefore,
these electrons relax in the conduction band before ionization
with 100 fs pulses, causing a peak position red shift in the high
energy region and slopes in Figure 4c of less than 1 (a detailed
explanation is included in the SI). Drawing analogy to rutile
TiO,(110) and anatase TiO,(101),>**>*"** the 2PPE signals
of rutile TiO,(100) and (011) can be attributed to the
localized Ti** 3d — 3d transition. That is to say, the Ti** 3d —
3d transition is a common phenomenon in rutile TiO,.

In order to find the resonant energy of Ti’* 3d — 3d
transition in rutile TiO,, the 2PPE signals of (110), (100), and
(011) substrates are integrated after background subtraction
and displayed versus photon energy (Figure 4d,e). Lorentz
fitting to the data points yields resonant energies of 3.45/3.46
eV for all three substrates, which are consistent with the energy
difference between BGS and excited states in this work and our
previous measurements.’”> The consistent resonant Ti**
3d—3d transition energies for all three substrates further
indicate that it is a common feature of rutile TiO,.

Noteworthy, the 2PPE signals of the three TiO, substrates
are comparable, though the UPS-measured BGS (initial states
in 2PPE) intensity of (110) is much higher than those of (100)
and (011). Because of the lower kinetic energy of photo-
electrons in 2PPE compared with UPS in the present work, the
probing depth of the former is larger than that of the latter.””
Therefore, the different intensity ratio ((100) and (011)
relative to (110)) of 2PPE and UPS suggests that Ti’* defects
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Table 1. Predicted Probability of the Ti** 3d — 3d Transition in Rutile TiO, as a Function of Substrate Surface, Substrate
Orientation, and Laser Light Polarization”

transition probability

P-pol S-pol

TiO, TiO, orientation (direction in electric field electric field ;:ngall?lﬁ?y measured rdi‘tivi Pdisi:rlef/)elmcy
surfaces the incident plane) direction  possibility ~ direction  possibility Prp/Prs intensity Ip/Ig %
(110) [001] [110], [001] A [110] A 0.29:1.00 0.29:0.58 042

[110] [110], [110] A [001] F 0.99:0 0.99:0.13
(100) [010] [100], [010] A [001] F 0.99:0 0.99:0.03

[001] [100], [001] A [010] A 0.29:1.00 0.29:0.48 0.52
(o11) [100] [o11], [100] A [011] A 0.95:1.00 0.95:1.83 0.83

[011] [o11], [01] A [T00] A 0.84:0.50 0.84:0.43 0.14

“In the third and fifth columns, the directions of the projected electric field of the exciting laser beam are indicated. A and F denote “allowed” and
“forbidden,” respectively. Calculated transition probability (Prp/Prg) and measured intensity (Ip/I;) ratio between P-2PPE and S-2PPE (measured
by P- and S-polarized light, respectively), and the relative discrepancies are shown in the last three columns. Details of the calculations are included
in the text and SL

Intermediate State Energy (eV)
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Figure 6. Rutile TiO, substrate surface-, substrate orientation-, and laser polarization-dependent 2PPE spectra acquired at a photon energy of 3.35
eV. The surfaces, orientations, and polarization are labeled. (a, b) TiO,(110) with the incident plane along (a) [001] and (b) [110]. (¢, d)
Ti0,(100) with the incident plane along (c) [010] and (d) [001]. (e, f) TiO,(011) with the incident plane along (e) [011] and (f) [100]. P and S
represent the polarization of the laser beam used to acquire the 2PPE spectra.

in TiO,(100) and (011) are located deeper than those in we proposed that the 3d — 3d transition in rutile TiO, is
TiO,(110), confirming previous studies.”** anisotropic with the transition dipole moment along the long

axes of TiOg4 blocking units based on the measurements from

Now that Ti** 3d — 3d transition is an intrinsic property of Ti0,(110).">** To provide further support for this hypothesis,

rutile TiO,, what are the directions of the transition dipole additional orientation- and polarization-dependent 2PPE
moment? Rutile TiO, is composed of TiOg4 units with long measurements on other low-Miller-index-faced rutile TiO,
axes of octahedra along [110] and [110]." In previous work, substrates are necessary.
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Figure 7. Polarization angle dependence of the calculated Ti** 3d — 3d transition probability (blue spheres) and the measured 2PPE intensity (red
spheres) in rutile TiO,(011) with the incident plane along (a) [011] and (b) [100]. The 2PPE intensities are obtained by integrating the

background-free spectra.

Figure S shows the geometric relation between the (110),
(100), and (011) surfaces and the [110] and [110] directions
of rutile TiO,. Aligning the in-plane highly symmetric
directions with the incident plane, the directions of the
projected electric field of the laser beam can be obtained
(Table 1). In the dipole transition approximation, if there is an
electric field projected along the direction of the transition
dipole moment, a transition can take place. To simplify, when
the electric field is along the [001] direction, as indicated by
red arrows in Figure 5a,5b, which is perpendicular to both
[110] and [110], the transition is forbidden. According to the
above analysis, in the case of TiO,(110) and (100), 3d — 3d
transitions are forbidden under S-polarized light excitation if
the [110] and [010] planes are rotated into the incident plane
respectively. In the rest of the configurations, 3d — 3d
transitions are allowed. The measured configuration-depend-
ent 2PPE is qualitatively consistent with the prediction (Figure
6).

To be more quantitative, the Ti** 3d — 3d transition
probabilities are calculated for various experimental config-
urations under dipole transition approximation. There are
three substrates, and each substrate has two highly symmetric
directions on the surface, resulting in six experimental
configurations. For each configuration, 2PPE spectra can be
acquired with both P-polarized (P-2PPE) and S-polarized (S-
2PPE) light. The transition dipole moment along [110] and
[110], i.e., fiy;o and Fijgo, respectively, are assumed to be the
same, which is reasonable, since the two types of TiOg
octahedra are equivalent in bulk rutile TiO,. Then, the
transition dipole moment and the electric field of P-polarized
(E,) and S-polarized (E;) light can be written as

. 1 1
/’lllo = [—) = O]

2’ V2 3)
IR 1 1

firo = [ﬁ’ G 0} @)
F = Hyyo + Figo (s)
E, = A cos(a)cos(33°)% + A cos(a)sin(33°)Z )
E, = A sin()y )
E= Ep + Es (8)
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where i, E, A, a, % %, and Z stand for the total transition dipole
moment, the total electric field, the amplitude of the electric
field, the polarization angle relative to the incident plane, and
the unit vectors along «, y, and z axes (Figure 2b), respectively.
The square of the module of the dot product between the
transition dipole moment and the electric field can be used to
compare the transition probability (Pr).

T
Prp « lji-E | (9)

(10)

Here, Prp and Prg are the transition probability under the
excitation of P- and S-polarized light, respectively. The ratio
between Prp and Prg can be calculated for each experimental
configuration (details are included in the SI) and listed in
Table 1.

To verify the predicted results, a series of substrate surface-,
substrate orientation-, and laser polarization-dependent 2PPE
experiments were conducted using a photon energy of 3.35 eV
(Figure 6). Because of the substrate-dependent Ti** density
and 3d — 3d transition probability (distortion of TiOg
octahedra), the intensities are compared and discussed for
the same substrate rather than between different substrates.
The ratios between the intensity of P-2PPE and S-2PPE (I,/
I5) after Henrich background subtraction are listed in Table 1.
The calculated Prp/Prg values are compared quantitatively
with the measured Ip/Is by normalizing I, and the
corresponding Prp.

Overall, the predicted relative transition probabilities (Prp/
Prg) agree well with measured Ip/I. Especially for the two
experimental configurations where the transition is predicted
to be forbidden under S-polarized light excitation, the
measured Ip/Ig reaches 7.62:1 and 33:1, respectively. In
other cases, the relative discrepancies between the calculated
transition probability ratio and the measured intensity ratio
ranged from 14 to 83%. The deviation likely comes from the
simplification of the calculation, where the details of the wave
functions of the initial (BGS) and intermediate (empty Ti** 3d
around 2.4 + 0.3 eV) states, the ionization cross section
(which could be anisotropic) of the intermediate states, and
contribution from Ti interstitials are not considered. Despite
the exact values, these consistent intensity ratios suggest the
rationality of the hypothesis of anisotropic Ti** 3d — 3d
transition in rutile TiO,.

Fixing the experimental configuration, the variation of the
2PPE intensity with the polarization of the exciting laser

Py  Ifi-EJ?
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provides another evidence for checking the direction of the
transition dipole moment.*”>* According to the above analysis,
the total transition probability can be written as follows.

P, i -EP (11)
Pry g  lii-EP = 12 A sin(a)P (12)
Prygo  li-EP* = 12 A cos(a)cos(33%)1 (13)

For the more complicated TiO,(011), Py is calculated as a
function of « in both configurations (eqs 12 and 13 and Figure
7), ie, the incident plane parallel to [011] and [100],
respectively. When the incident plane is along [011], the
maximum/minimum intensity appears at 90/0°, while in the
other configuration, the trend is totally antiphased. The
polarization-dependent 2PPE is then recorded at correspond-
ing configurations for comparison. The dependence of the
calculated Pp on the polarization angle reproduces the
measured 2PPE intensity well, confirming the correctness of
the assumption of the Ti** 3d — 3d transition in rutile TiO,,
ie., the anisotropic transition along [110] and [110], which
arises from the special structure of rutile TiO,.

Proving the intrinsic anisotropic Ti’* 3d — 3d transition in
rutile TiO,, we demonstrate that Ti** ions in TiOg.[119] and
TiOg [17¢] can be selectively excited by proper combination of
the substrate surface, substrate orientation, and light polar-
ization, rather than tuning the frequency of excitation light as
researchers do in hybridized photocatalysts.'”> Such SSE
provides a new pathway to study atom-specific physical and
chemical processes both in the bulk and at the surface of TiO,.

Especially TiO, is widely used in heterogeneous catalysis
where the interfacial interaction plays critical roles. Adsorption
can modify the interfacial properties significantly. On the one
hand, adsorption on TiO, is reported to stabilize excess
electrons at the surface,° ™" and the d — d transition can also
get enhanced.’®*® On the other hand, adsorption leads to the
hybridization of orbitals between the adsorbate and the
substrate, facilitating interfacial electron transfer in 10
£5.°°77" Such a time scale is comparable with the lifetime of
the Ti** 3d sates in TiO,.*” Tis. and Tis.,, which are
preferential adsorption sites of distinct properties on the
TiO,(110) surface, can be selectively excited because they are
at the center of TiOg[1;0) and TiOg[17g), respectively.
Enhanced Ti** 3d — 3d transition and orbital hybridization
at the adsorbate/Ti0,(110) interface make it an ideal platform
to study and manipulate desired electron transfer. The lifetime
of adsorbed negative species is usually too short for the
reaction to take place at the excited potential energy surface
(PES).”>”* However, similar to the desorption induced by the
electronic transition mechanism,”* decay of the excited species
back to the ground state after traveling on the excited PES can
deposit vibrational energy to the adsorbates. Such a non-
adiabatic energy coupling can provide the driving force for the
following reactions.

In summary, through systematic UPS and photon energy-,
substrate orientation- and laser polarization-dependent 2PPE
measurements on (110), (100), and (011) substrates, splitting
of Ti®* 3d orbitals in TiOg4 octahedra to BGS and excited states
at 2.4 + 0.3 eV above the Eg and the resulting intra-atomic 3d
— 3d transition have been proven to be common properties of
rutile TiO,. Owing to the distinct structure of rutile TiO,, the

3d — 3d transition is anisotropic with the transition dipole
moment along [110] and [110], which facilitates the selective
excitation of Ti*" ions in TiOg [110] and TiOg [170] by aligning
the polarization of the excitation source rather than tuning the
frequency. This result provides an avenue to realize site-
selective physics and chemistry in this model material and
eventually possible atom-specific control.
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