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1. Experimental Details

The ARPES experiments were performed in a p-metal UHV chamber (base
pressure <3 x 107! mbar) which is equipped with standard sample preparation and
characterization devices. TiO2(110) sample (10x5x1 mm?®, HF-Kejing), which was
fixed on a grounded tantalum plate, was placed at the end of a five-axes manipulator,
ensuring the X, Y and Z translation and polar and azimuthal rotation (around Z axis and
the sample surface normal, respectively). It was cleaned by cycles of Ar" sputtering and
UHYV annealing at 850 K, and the quality was confirmed by the sharp (1x1) low electron
energy diffraction (LEED) pattern and undetectable contamination in the Auger
electron spectroscopy. The electrical connection of the bulk reduced TiO> substrate and

the tantalum plate aligns the Fermi level.

(A) HHG Generation

Ar gas HHG Selection
f: 500mm

L

TEP.. Thin Film Polarizer

Multilayer mirror Al Filter

Beam Spliter pump-dClay

(R 80%, T 20%) (B) 0.

on% © Experimental data

——Fitted curve
Fermi - Dirac fit
150 —— Background

u.)

004 Ef=425¢V

AE=375meV
Ti: Sapphire

800 nm, 5 kHz, 35 fs 50 \
o4 \L—_____...

T T T T T
415 420 425 430 435 440
E-Ef (eV)

Signal (a

[001]

Figure S1. Schematic experimental configuration. (A) Optical layout for high-order
harmonic generation and selection. (B) Overall energy resolution measured from a
polycrystalline gold sample at 300 K. (C) Configuration of the TiO2(110) sample, the

electron energy analyzer and the polarization of the EUV light.
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The EUV (extreme ultraviolet) light was produced through high-order harmonic
generation (HHG) (Figure S1A), where 0.8 mJ output (800 nm, 35 fs, 5000 Hz) from a
regenerative amplifier (Legend Elite Duo HE-USP; Coherent, Inc) was focused onto a
stainless steel tube in the generation chamber. Ar gas was chosen as the media for HHG
and the pressure was actively regulated by a mass controller. The resulted high-order
harmonics propogate collinearly with the driving laser and pass through a two-mirror
monochromator where the 27™ order harmonic is selected. After transmitting the 200-
nm thick aluminum foil, the selected EUV light was focused onto the TiO> sample

surface at an incident angle of 45 degree.

Photoelectrons were collected by a hemispherical electron energy analyzer
(Phoibos 150; SPECS) combined with a two-dimensional CCD camera. All the ARPES
experiments were carried out at a sample temperature of 300 K to prevent residual H,O
adsorption. The pass energy was set to 20 eV and the overall energy resolution was
measured to be 375 meV from a polycrystalline gold sample (Figure S1B). The photon
flux of the selected EUV, which could be tuned by varying the driving laser power, the
focal condition and the Ar gas pressure, was optimized to maintain no space charge
effect. The photon energy was then fitted by Fermi-Dirac distribution of the Fermi edge
of the polycrystalline gold sample to be 42.5 eV. Polarization of the resulted EUV light,
which follows that of the driving laser, could be changed by rotating the half wave plate
in the optical path for 800 nm laser. Schematic configuration of the TiO2(110) sample,
the electron energy analyzer and the polarization of the EUV light are shown in Figure
S1C. The EUV light, the surface normal and the electron energy analyzer are placed in
the XZ (horizontal) plane. The entrance slit of the analyzer was located along the X

54



96  axis, enabling the measurement of momentum-resolved electronic structure along this
97  direction. P- and S-polarization mean that the electric field of the incident EUV light

98 are along and perpendicular to the XZ plane, respectively.

99 2. Molecular-orbital Bonding Structure and the Coordinate of Octahedral TiOs

100 for Rutile TiO2

101
(A)
Tidp
Ti 4s
Ti3d
0O 2s
pmm—
(a) (b) () (b) (a)
102

103  Figure S2. (A) Molecular-orbital bonding structure for Rutile TiO», (a) Ti atom levels,
104  (b)crystal-field split levels, and (c¢) final interaction states. (B)The inset picture is the
105  coordinate of octahedral TiOg.!
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3. Accessible k, at hv=42.5eV

In a photoemission process from a crystal surface, the parallel component of the

wavevector (k) is conserved but the perpendicular one (k| ) is not. Then energy and

parallel momentum conservation can be expressed as equation (1-3).23

2m, xE,, .
=\ sing 1)
2m’ >
k, = 7\/Ekm (cos0)? +V, @)
E,, =hv-®—E, 3)

Where 6 is the emission angle, and Exin is Kinetic energy of the emitted free
electrons with mass mo. The effective mass m” of the electrons is approximately 1.35
mo.*® Vo is inner potential parameter with respect to the Fermi energy, and its value is
about 15 eV.*® @ is work function, which is approximately 4.8 eV for rutile
TiO2(110).° Eg is the binding energy, which is between 0 and 10 eV in this work.

According to equation 2, the accessible k, is between 0.390 and 0.433 A with a

photon energy of 42.5 eV. For rutile TiOz, T'M = 0.485 AL, Therefore, the bands we

measured are close to rather than exactly in the surface Brillouin zone.
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127 4. Determination of VBM’s along TM and TZ

128
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130  Figure S3. Momentum-integrated (in 0.1 A range) EDC from Figure 1C-1F. The
131 VBMalong TM (k=-0.4~0.4 (1/A))and TZ (k=-0.5~0.5 (1/A)) are determined by the

132 kink of the spectra in the logarithmic representation.’

133
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134  5.Spectraat T, M and k;=0.5 A’

Along TM Along TZ
Around T

104 104
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135

136  Figure S4. Momentum-integrated (in 0.01 A™! range) EDC from Figure 2C-2F. Left and
137  right panels display the spectra along TM and T'Z respectively. Polarization of the
138  excitation EUV light are indicated in each graph. Spectra in A-D are normalized at the

139  secondary electron edge, and those in E-H are normalized at Eg=20 eV.
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Table S1. Fitted center (eV), fitted and predicted intensity of o,mand P; bandsat T

point as a function of high symmetry direction and excitation light polarization.

Obitals Along TM (T) Along TZ (T)

Center (V)  Measured Intensity Predicted Intensity Center (eV) Measured Intensity Predicted Intensity

o 842 8.04 1.00 043 1.00 044 834 791 0.58 098 1.03 0.28
n 631 673 122 033 094 063 652 566 0.61 0.87 0.88 0.56

P, 466 5.17 071 0.69 039 026 5.03 424 0.71 046 032 0.32

Table S2. Fitted center (eV), fitted and predicted intensity of o, @ and P, bands at

specified point as a function of excitation light polarization.

Obitals Along TM (M) Along TZ (k/=0.5 1/A)

Center (€V)  Measured Intensity Predicted Intensity Center (V) ~Measured Intensity Predicted Intensity
P S p S p S p S P S p S

o 853 832 1.76 0.57 1.00 044 847 791 140 1.58 1.03 0.28

m 665 686 192 094 094 063 690 6.03 168 073 0.88 0.56

P, 5.12 514 2.08 130 039 026 535 478 3.14 136 032 0.32

Fitted intensities are the relative peak area of the fitted bands. Predicted intensities
are the relative detection efficiency of the molecular orbitals by #v=42.5 eV light in an

ideal TiO¢ octahedron. Detailed calculations are described in the discussion section.
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6. Previous ARPES Studies in the Surface/Bulk Brillouin Zone of Rutile TiO2(110).

Table S3. Comparison between ARPES measured bands of rutile TiO,. BZ stands for

Brillouin zone. The values in the table are that at gamma points. The k, is between

0.390 and 0.433 A in our current work, close to rather than exactly in the surface

Brillouin zone.

Along TM (T)

Along I'M (T)

Along TZ (T)

Surface BZ

Current work  Fischer et al’s*

8.42 (op)
8.06 (cs)
6.72 (1)
6.31 (m)
5.20 (Pys)

4.67 (Prp)

8.01 (F)
6.85 (E)
/
5.85 (C)

4.72 (B)

Bulk BZ
Raikar et al’s®
8.77 (F)

/
7.24 (E)
6.34 (D)
5.34 (C)

4.66 (B)

Surface BZ

8.43( op)
7.93 (os)
6.64 (tp)
5.78 (1)
5.11(Pyp)

4.36 (Pre)

Current work  Fischer et al’s*

8.44 (F)
/
7.26 (E)
6.06 (C)

/

4.74 (B)
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7. The Predicted Detection Efficiency of ¢ ,m ,P, Orbitals and Band Gap State.

Table S4. The predicted detection efficiency of o orbitals. E, O and N correspond to

even parity, odd parity, and no parity respectively.

o TiO4-[110] TiO4-[1-10]
Orbitals Incident plane//[1-10] Incident plane//[001] Incident plane//[1-10] Incident plane//[001]

24, Ti 0 P(E) S(0) P(E) S(0) P(E) S(0) P(E) S(O)
ol 4s 0,.,. 2pz EME(), | ECOEC), | EGHEN), | EGOE(x). | EMEN). | ECOE(x). | E(EM). | E(x)E(x),
E(v) E(x) E(V) E(x) E(Y) E(x) E() E(x)

0.4 0 0.4 0 0.4 0 0.4 0
02 4s Oss 20z | BOHEQ), | BCOE(x), | EGHE(), | ECOE(x) | ECDEC), | ECOE(x). | EGDE(), | EGOE(x),
E(Y) E(x) E(Y) E(x) E(V) E(x) E(Y) E(x)

2E, 0.4 0 04 ] 0.4 0 0.4 0
o3 3dz 020z | BODEQY), | BCOE(x), | ECHEM), | ECOEC), | ECDEC, | ECOE(x) | EGDE(, | EGOE(x),
E() E(x) E() E(x) E() E(x) E() E(x)

0.6 0 0.6 ] 0.6 0 0.6 0
o4 3dz Os.q 2pz ECOEQ), | E()E(<). | ECOEQ), | ECOE(x), | E(E(N). | ECOE(x), | E(E(). | E(x)E(x),
E() E(x) E(Y) E(x) E(Y) E(x) E(Y) E(x)

0.6 0 0.6 0 0.6 0 0.6 0
65 3dxy? | Oy 2pz | O()O(%), | OO, | O()O(x), | OCHO), | OC)O(x), | O(NON), | EMIEM), | E()E(x),
O(x) O() O(x) 0() O(x) o() E() E(x)

2Ty, U] 0.6 0 0.6 0 0.6 0.6 0
o6 4px O,5.2pz | NOONQY), | NOONG. [ NOONQ), | NOONY). | NOON(V)L | NOOIN(Y). | ECOE(). | ECOE(x),
N(Y) N(Y) N(Y) N(Y) N(Y) N(V) E() E(x)

0.4 0.4 0.4 0.4 04 0.4 0.4 0
o7 4py 0,02z | NOONQY), | NOONG, | NOONG), | NOONGD), | NOONG), | NOONQ). | ECHE(). | EGOE(x),
N(V) N() N() N() N N() E() E(x)

0.4 0.4 0.4 0.4 0.4 0.4 0.4 0
o8 4pz Oy, 2pz E(MWEWN), | ECOE(x). | E(NEN), | EGOE(x), | EMNEN), | E(x)E(x), | O(x)0O(x), | O(N)O(),
E() E(x) E(V) E(x) E(Y) E(x) 0(x) oY)

0.4 (1] 0.4 0 0.4 0 0 0.4

Predicted detection efficiency Incident plane//[1-10] Incident plane//[001]
P:S=1:0.44 P:S=1.03: 0.28
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Table S5. The predicted detection efficiency of m orbitals. E, O and N correspond to

even parity, odd parity, and no parity respectively.

Bis TiO4-[110] TiO4-[1-10]
Orbitals Incident plane//[1-10] Incident plane//[001] Incident plane/[1-10] Incident plane//[001]
1T, Ti 0 P(E) S(0) P(E) S(0) P(E) S(0) P(E) S(0)
1l 3d,, 0.4.2px, | EOVE(), | ECOE(x), | EGOE(), | E(E(%), | ECOE(). | E(=)E(x), | E(E(), | E(XE(x),
0, 5.2py E(Y) E(x) E() E(x) E(Y) E(x) E(Y) E(x)
0.6 0 0.6 0 0.6 0 0.6 0
2 3d,, O, 2pX. NOONE). | NOONGD), | NOONGD, | NOONE), | NOONGD. | NOONGD, | NOONE). | NOONGD,
0,5.2py N(V) N(¥) N(V) N(Y) N(v) N(Y) N(V) N(Y)
0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
3 3d,, Oy 2px, | NOON(Y), | NOONG), | NOON(Y, | NOONG), [ NOON(Y), | NOON(Y), | NEON), | NEONY),
0, 5.2py N(V) N(v) N() N(v) N(V) N(Y) N() N(v)
3Ty, 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
T4 dpx 0.5.2py, | NOON(), [ NOONQ), | NOONG), | NOONGD), | NOONQ). | NOONG), [ E(DEN). | E()E(x),
0,5, 2px N(v) N() N() N() N(v) N() E(V) E(x)
0.4 0.4 0.4 0.4 0.4 0.4 0.4 0
s 4py O, 4 2px, NN, | NOON), | NOONG). | NOONGD), | NOONG), | NOONG), | EGHEM). | E(%)E(%),
O35 2py N(Y) N(Y) N(Y) N() N(Y) N(Y) E(V) E(x)
0.4 0.4 0.4 0.4 0.4 0.4 0.4 0
6 4pz 0, 4. 2py. EMEWN), | EGOE(x), | E(CDEN). | E()E(x), | E(MEX), | E(x)E(x), | O(x)O(x), | O()O),
0,5, 2px E(Y) E(x) E() E(x) E(Y) E(x) 0(x) o)
0.4 0 0.4 0 0.4 0 0 0.4
Predicted detection efficiency Incident plane//[1-10] Incident plane//[001]
P:S=0.94 : 0.63 P:S=0.88 : 0.56

Table S6. The predicted detection efficiency of P, orbitals. E, O and N correspond to

even parity, odd parity, and no parity respectively.

Py T2/ Tyg TiOg-[110] TiOg-[1-10]
Orbitals Incident plane/[1-10] Incident plane//[001] Incident plane//[1-10] Incident plane//[001]
Ti ¢] P(E) S(0) P(E) S(0) P(E) S(0) P(E) S(0)
Pr1 Ov 2py, E(V) E(x) 0(x) on) E(V) E(x) E() E(x)
0,3, 2px E(Y) E(x) 0(x) o) E(Y) E(x) E(Y) E(x)

0.414 0 0 0.414 0.414 o 0.414 0
Pp2 Oy 2px, N(Y) N() N(Y) N N(Y) N(Y) N(Y) N(Y)
055, 2py N(Y) N( N(\) N() N(Y) N(Y) N() N()
0.414 0414 0414 0414 0.414 0.414 0414 0.414
P3 014 2pY, N N(Y N(V) N N(Y) N N N(Y)
0,5 2px N(Y) NCH N() ) N(Y) N N N()
0.414 0.414 0.414 0.414 0.414 0.414 0.414 0.414

Predicted detection efficiency Incident plane//[1-10] Incident plane//[001]
P:S=0.39:0.26 P:S=0.32:0.32
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217
218
219
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Table S7. The predicted detection efficiency of band gap state. E, O and N correspond

to even parity, odd parity, and no parity respectively.

Band Gap States TiO4-[110] Ti04-[1-10]

Orbitals Incident plane//[1-10] Incident plane//[001] Incident plane//[1-10] Incident plane//[001]
Ti e} P(E) S(0) P(E) S(0) P(E) S(0) P(E) S(0)
3dyy E(Y) E(x) E(V) E(x) E(V) E(x) E(V) E(x)
E(Y) E(x) E(Y) E(x) E(Y) E(x) E(Y) E(x)

0.09 0 0.09 0 0.09 0 0.09 0

Predicted detection efficiency Incident plane//[1-10] Incident plane//[001]
P:S=0.03:0 P:S=0.03:0
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