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1. Experimental Details 58 

The ARPES experiments were performed in a µ-metal UHV chamber (base 59 

pressure <3 × 10−10 mbar) which is equipped with standard sample preparation and 60 

characterization devices. TiO2(110) sample (10×5×1 mm3, HF-Kejing), which was 61 

fixed on a grounded tantalum plate, was placed at the end of a five-axes manipulator, 62 

ensuring the X, Y and Z translation and polar and azimuthal rotation (around Z axis and 63 

the sample surface normal, respectively). It was cleaned by cycles of Ar+ sputtering and 64 

UHV annealing at 850 K, and the quality was confirmed by the sharp (1×1) low electron 65 

energy diffraction (LEED) pattern and undetectable contamination in the Auger 66 

electron spectroscopy. The electrical connection of the bulk reduced TiO2 substrate and 67 

the tantalum plate aligns the Fermi level.                                                     68 

Figure S1. Schematic experimental configuration. (A) Optical layout for high-order 69 

harmonic generation and selection. (B) Overall energy resolution measured from a 70 

polycrystalline gold sample at 300 K. (C) Configuration of the TiO2(110) sample, the 71 

electron energy analyzer and the polarization of the EUV light. 72 
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The EUV (extreme ultraviolet) light was produced through high-order harmonic 73 

generation (HHG) (Figure S1A), where 0.8 mJ output (800 nm, 35 fs, 5000 Hz) from a 74 

regenerative amplifier (Legend Elite Duo HE-USP; Coherent, Inc) was focused onto a 75 

stainless steel tube in the generation chamber. Ar gas was chosen as the media for HHG 76 

and the pressure was actively regulated by a mass controller. The resulted high-order 77 

harmonics propogate collinearly with the driving laser and pass through a two-mirror 78 

monochromator where the 27th order harmonic is selected. After transmitting the 200-79 

nm thick aluminum foil, the selected EUV light was focused onto the TiO2 sample 80 

surface at an incident angle of 45 degree.  81 

Photoelectrons were collected by a hemispherical electron energy analyzer 82 

(Phoibos 150; SPECS) combined with a two-dimensional CCD camera. All the ARPES 83 

experiments were carried out at a sample temperature of 300 K to prevent residual H2O 84 

adsorption. The pass energy was set to 20 eV and the overall energy resolution was 85 

measured to be 375 meV from a polycrystalline gold sample (Figure S1B). The photon 86 

flux of the selected EUV, which could be tuned by varying the driving laser power, the 87 

focal condition and the Ar gas pressure, was optimized to maintain no space charge 88 

effect. The photon energy was then fitted by Fermi-Dirac distribution of the Fermi edge 89 

of the polycrystalline gold sample to be 42.5 eV. Polarization of the resulted EUV light, 90 

which follows that of the driving laser, could be changed by rotating the half wave plate 91 

in the optical path for 800 nm laser. Schematic configuration of the TiO2(110) sample, 92 

the electron energy analyzer and the polarization of the EUV light are shown in Figure 93 

S1C. The EUV light, the surface normal and the electron energy analyzer are placed in 94 

the XZ (horizontal) plane. The entrance slit of the analyzer was located along the X 95 
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axis, enabling the measurement of momentum-resolved electronic structure along this 96 

direction. P- and S-polarization mean that the electric field of the incident EUV light 97 

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

2. Molecular-orbital Bonding Structure and the Coordinate of Octahedral TiO6 99 

for Rutile TiO2 100 

 101 

 102 

Figure S2. (A) Molecular-orbital bonding structure for Rutile TiO2, (a) Ti atom levels, 103 

(b)crystal-field split levels, and (c) final interaction states. (B)The inset picture is the 104 

coordinate of octahedral TiO6.
1 105 
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3. Accessible k⊥
 at h =42.5 eV 106 

In a photoemission process from a crystal surface, the parallel component of the 107 

wavevector ( k ) is conserved but the perpendicular one ( k⊥
) is not. Then energy and 108 

parallel momentum conservation can be expressed as equation (1-3).2-3  109 
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 113 

Where 𝜃 is the emission angle, and Ekin is kinetic energy of the emitted free 114 

electrons with mass m0. The effective mass m* of the electrons is approximately 1.35 115 

m0.
4-5 V0 is inner potential parameter with respect to the Fermi energy, and its value is 116 

about 15 eV.4-5  is work function, which is approximately 4.8 eV for rutile 117 

TiO2(110).6 EB is the binding energy, which is between 0 and 10 eV in this work. 118 

According to equation 2, the accessible k⊥
 is between 0.390 and 0.433 Å-1 with a 119 

photon energy of 42.5 eV. For rutile TiO2, ΓM = 0.485 Å-1. Therefore, the bands we 120 

measured are close to rather than exactly in the surface Brillouin zone. 121 

 122 
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 125 
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4. Determination of VBM’s along 𝚪𝐌̅̅ ̅̅  and 𝚪𝐙̅̅̅̅  127 

 128 

 129 

Figure S3. Momentum-integrated (in 0.1 Å-1 range) EDC from Figure 1C-1F. The 130 

VBM along 𝚪𝐌̅̅ ̅̅  (k=-0.4~0.4 (1/Å)) and 𝚪𝐙̅̅̅̅  (k=-0.5~0.5 (1/Å)) are determined by the 131 

kink of the spectra in the logarithmic representation.7  132 

 133 
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5. Spectra at �̅�，�̅� and k//=0.5 Å-1  134 

 135 

Figure S4. Momentum-integrated (in 0.01 Å-1 range) EDC from Figure 2C-2F. Left and 136 

right panels display the spectra along ΓM̅̅ ̅̅   and ΓZ̅̅ ̅  respectively. Polarization of the 137 

excitation EUV light are indicated in each graph. Spectra in A-D are normalized at the 138 

secondary electron edge, and those in E-H are normalized at EB=20 eV. 139 
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Table S1. Fitted center (eV), fitted and predicted intensity of σ, π and Pπ bands at  �̅� 140 

point as a function of high symmetry direction and excitation light polarization.  141 

 Obitals              Along 𝚪𝐌̅̅ ̅̅  (�̅�)                    Along 𝚪𝐙̅̅̅̅  (�̅�) 142 

    Center (eV)   Measured Intensity  Predicted Intensity  Center (eV)  Measured Intensity  Predicted Intensity 143 

   P     S     P     S     P     S     P    S     P     S     P     S 144 

σ 8.42  8.04  1.00  0.43  1.00  0.44  8.34  7.91  0.58  0.98  1.03  0.28 145 

π 6.31  6.73  1.22  0.33  0.94  0.63  6.52  5.66  0.61  0.87  0.88  0.56 146 

Pπ 4.66  5.17  0.71  0.69  0.39  0.26  5.03  4.24  0.71  0.46  0.32  0.32 147 

 148 

Table S2. Fitted center (eV), fitted and predicted intensity of σ, π and Pπ bands at 149 

specified point as a function of excitation light polarization.  150 

Obitals            Along 𝚪𝐌̅̅ ̅̅  (�̅�)             Along 𝚪𝐙̅̅̅̅  (k//=0.5 1/Å)   151 

    Center (eV)   Measured Intensity  Predicted Intensity  Center (eV)   Measured Intensity  Predicted Intensity 152 

   P     S     P     S     P     S     P    S     P     S      P     S 153 

σ 8.53  8.32  1.76  0.57  1.00  0.44  8.47  7.91  1.40  1.58   1.03  0.28 154 

π 6.65  6.86  1.92  0.94  0.94  0.63  6.90  6.03  1.68  0.73   0.88  0.56 155 

Pπ 5.12  5.14  2.08  1.30  0.39  0.26  5.35  4.78  3.14  1.36   0.32  0.32 156 

 157 

Fitted intensities are the relative peak area of the fitted bands. Predicted intensities 158 

are the relative detection efficiency of the molecular orbitals by hv=42.5 eV light in an 159 

ideal TiO6 octahedron. Detailed calculations are described in the discussion section. 160 

 161 
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6. Previous ARPES Studies in the Surface/Bulk Brillouin Zone of Rutile TiO2(110). 162 

Table S3. Comparison between ARPES measured bands of rutile TiO2. BZ stands for 163 

Brillouin zone. The values in the table are that at gamma points. The k⊥
 is between 164 

0.390 and 0.433 Å-1 in our current work, close to rather than exactly in the surface 165 

Brillouin zone.     166 

           Along 𝚪𝐌̅̅ ̅̅  (�̅�)     Along 𝚪𝐌 (𝚪)         Along 𝚪𝐙̅̅̅̅  (�̅�) 167 

   Surface BZ          Bulk BZ            Surface BZ 168 

    Current work  Fischer et al’s4  Raikar et al’s8   Current work  Fischer et al’s4 169 

    8.42 (σp)       ∕        8.77 (F)         8.43( σp)      8.44 (F) 170 

8.06 (σs)     8.01 (F)        ∕           7.93 (σs)        ∕    171 

6.72 (πs)     6.85 (E)      7.24 (E)        6.64 (πp)      7.26 (E) 172 

6.31 (πp)       ∕        6.34 (D)        5.78 (πs)       6.06 (C)  173 

5.20 (Pπs)    5.85 (C)      5.34 (C)        5.11(Pπp)       ∕ 174 

4.67 (Pπp)    4.72 (B)      4.66 (B)        4.36 (Pπs)     4.74 (B)  175 

 176 
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7. The Predicted Detection Efficiency of 𝛔 ,𝛑 ,𝐏𝛑 Orbitals and Band Gap State. 177 

Table S4. The predicted detection efficiency of σ orbitals. E, O and N correspond to 178 

even parity, odd parity, and no parity respectively. 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 

 189 
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Table S5. The predicted detection efficiency of π orbitals. E, O and N correspond to 190 

even parity, odd parity, and no parity respectively. 191 

 192 

Table S6. The predicted detection efficiency of Pπ orbitals. E, O and N correspond to 193 

even parity, odd parity, and no parity respectively. 194 

 195 

 196 

 197 

 198 



S13 

 

Table S7. The predicted detection efficiency of band gap state. E, O and N correspond 199 

to even parity, odd parity, and no parity respectively. 200 

 201 

 202 

 203 
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