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Abstract 

To suppress surface dangling bonds, monolayer oxides derived from non-layered bulks usually 

undergo a pronounced structural reconstruction. It remains challenging to resolve these 

structural reconstructions and the induced distinct modulation of intrinsic properties. In this 

study, the structural reconstruction modulated electronic, polaronic, and exitonic properties of 

a non-layered oxide at the monolayer limit are unravelled. Based on first-principles calculations 

and tight-binding simulations for a stable titanium dioxide (TiO2) monolayer, we show that its 

distinct surface Kagome sublattices host a topologically nontrivial flat band at the valence band 

edge. The strong electron-hole interaction in this monolayer oxide gives rise to a large exciton 

binding energy of around 2.49 eV. Interestingly, the monolayer TiO2 also exhibits strong 

electron-lattice coupling, which favours the formation of small electron polarons and thus 

greatly reduces its band gap energy into the visible light range. This work could be useful to 

understand the structural reconstruction induced modulation of exotic physical and chemical 

properties for a broad range of non-layered oxides at the monolayer limit. 
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Introduction 

The delamination of graphene has aroused enormous interest in two-dimensional (2D) 

materials with stunning physical and chemical properties.1-4 Many 2D materials, such as 

hexagonal boron nitride (h-BN),5 transition metal dichalcogenides (TMDs),6, 7 group III and 

group IV metal chalcogenides,8-10 and phosphorene,11 have been exfoliated from van der Waals 

(vdW) layered crystals. These 2D materials resemble the constituent single layer of their parent 

bulks, since they are held together by weak vdW interactions. However, this is not the case for 

non-layered oxides.12-23 When strong metal-oxygen bonds are cleaved, substantial structural 

reconstructions have been noted in these oxide monolayers in order to minimize the surface 

polarization or dangling bonds.14-16 The significant structural reconstruction makes it 

challenging to theoretically predict the non-layered oxide structures at the monolayer limit or 

resolve experimentally grown oxide monolayers. A model example is the titania (TiO2) 

monolayer. Although a TiO2 2D phase has been realized on the rutile-TiO2 (011) surface17 for 

more than a decade, its ground state structure in the monolayer limit is still under debate.24-26  

Significant structural reconstructions at the monolayer limit could simultaneously lead to 

drastic modulation of the intrinsic properties of non-layered oxides.13, 23, 27-29 For examples, the 

dielectric constant of 2D hafnium dioxide (HfO2) is about 50% higher than that of its bulk 

counterpart13, 27; the contact friction of non-vdW Fe3O4 is found much reduced at the 2D limit 

28; it is also noted that 2D α-Fe2O3 prefers the ferromagnetic ordering to the antiferromagnetic 

ordering which its bulk parent exhibits29; in addition, unlike vdW 2D materials for which the 

band gap generally increases down to monolayer, for non-layered oxide monolayers the 

structural reconstruction-induced band gap modulation is more material-specific and diverse.23 

Both band gap increase and decrease were observed in non-layered oxide monolayers.  
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Among non-layered oxides, TiO2 has been intensively studied due to its multiple industrial 

applications.30, 31 It is desirable to understand the structural reconstruction modulated physical 

properties of TiO2 at the 2D limit so that the exploration of potential applications can be 

facilitated. In this study, based on a predicted stable monolayer TiO2 structure, we report that 

its distinct structure at the 2D limit endows it with an intrinsic flat band at the valence band 

edge. We further reveal significant modulation in the electronic, polaronic and excitonic 

properties. The polaron state observed here turns out to provide a novel perspective to 

understand the aforementioned experimentally grown 2D TiO2. The intrinsic flat band, the 

formation of small polarons, and the large excitonic binding energy in this TiO2 monolayer 

shed light on understanding of diversified structural, optical and electronic properties of non-

layered oxides at the monolayer limit.  

Computational Method 

The search for stable 2D TiO2 structures was performed using the particle swarm optimization 

(PSO) method implemented in the CALYPSO program.32, 33 This method has been widely used 

to predict novel 2D structures.33-37 In the current PSO calculations, the stoichiometric formula 

of titanium oxide was constrained to TiO2, and the number of formula units per simulation cell, 

the number of CALYPSO steps, and the number of configurations in each step were set to 16, 

40, and 30, respectively. 

The structural and electronic properties of the stable TiO2 monolayers predicted by PSO were 

further studied by spin-polarized first-principles calculations using the Vienna ab initio 

simulation package (VASP.5.4.4.18)38, 39 with the generalized gradient approximation (GGA) 

in the Perdew-Burke-Ernzerhof (PBE) form.40 The interaction between valence electrons and 

ionic cores was approximated by the projector augmented-wave (PAW) method.41 The 

electronic wave functions were expanded by a plane wave basis with a cutoff energy of 500 
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eV. Γ-centered k-point meshes of 9×9×1, 3×9×1, 6×6×1 and 3×3×1 were used to sample the 

first Brillouin zones of the TiO2 2D unit cell (Figure 1a), and 3×1×1, 2×2×1, and 4×4×1 

supercells, respectively. A vacuum layer of around 15 Å was inserted in the direction normal 

to the TiO2 surface to minimize the spurious interaction between adjacent layers. The total 

energy and Hellmann-Feynman force on each atom were converged to 10−6 eV and 0.01 eV/Å, 

respectively. For structural relaxations, the GGA+U method was applied to the Ti 3d electrons 

with an effective U value of 4 eV.42 The Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) 

was used in the density of states and band structure calculations.43 Investigations have shown 

that the HSE06 functional could accurately describe the electronic structure of both rutile and 

anatase TiO2 bulks (HSE06/experimental band gap: 3.40/3.03 eV for rutile and 3.58/3.20 eV 

for anatase).44, 45 

To simulate the polaron state, we introduced one excess electron in the TiO2 2D unit cell and 

the 2×2×1 supercell and applied a small distortion to a selected Ti lattice site to break the lattice 

symmetry before the structural optimization using the GGA+U method (the U value varying 

in the range of 3.0-4.0 eV). This method has been widely adopted to model the polaron state in 

various oxide structures such as FePO4, BiVO4 and rutile-TiO2.46-50 We also consider the non-

polaron state, in which the excess electron was introduced into the TiO2 2D structure but 

without the initial perturbation. To simulate the interface between 2D TiO2 and the rutile TiO2 

substrate, the Ti-terminated (011) surface of rutile TiO2 was considered since the experimental 

growth of the aforementioned 2D TiO2 was on the Ti-rich rutile TiO2 (011) substrate.17 The 

interface model was built by putting a √3 × 1 × 1 supercell of 2D TiO2 on top of the 2 × 1 × 1 

Ti-rich rutile TiO2 substrate. Pseudo-hydrogen atoms were used to passivate the bottom oxygen 

of the substrate, which could mitigate the artificial impact of the bottom substrate termination 

on the concerned interface between supported 2D TiO2 and the substrate. 
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The STM images were simulated using the Tersoff-Hamann model,51 and visualized with a 

constant height of 1.5 Å above the TiO2 surface. The optical spectrum was calculated using 

both the random phase approximation (RPA) and the Bethe-Salpeter equation (BSE) in the 

Tamm-Dancoff approximation52 on top of the G0W0 results, in which the eight highest valence 

bands and the eight lowest conduction bands were chosen as the basis for excitonic eigenstates. 

Results and Discussion 

The atomic structure of monolayer TiO2 considered here is shown in Figure 1a. This structure 

has been reported to be the ground state of 2D TiO2,45 which is further corroborated by our 

particle swarm optimization simulations. This 2D phase has a hexagonal lattice with the space 

group of P6/mmm and is referred to as hexagonal nanosheet (HNS). We are aware that various 

2D TiO2 structures have been predicted, where the relative stability might vary with the 

different exchange-correlation functionals used in the calculation.45, 53 Nevertheless, the HNS 

TiO2 structure has been found lower in energy than the experimentally synthesizable 2D 

anatase (ANS)-like phase regardless of chosen functionals (see Table S1).21, 53 Figure 1a 

shows that the HNS TiO2 contains 4 Ti and 8 O atoms per unit cell. The two AA stacked 

honeycomb Ti sublattices are connected by a honeycomb O sublattice in the middle. Each Ti 

sublattice is also interpenetrated by a surface Kagome O sublattice with the latter protruded. 

This establishes a double-layered corner-shared tetrahedron structure, similar to the reported 

silica bilayer structure.12, 54, 55 It is noted that Ti atoms are octahedrally coordinated with O 

atoms in either anatase or rutile TiO2 bulk instead of the tetrahedral coordination in 2D HNS 

TiO2. This could be ascribed to the low atomic density of the latter (Figure S1 in Supporting 

Information). The lattice constant of the optimized TiO2 monolayer is 𝑎𝑎 = 𝑏𝑏 = 6.125 Å. There 

are two types of O atoms (denoted as O1 and O2 in Figure 1a). The Ti-O1 bond (1.84 Å) is 

slightly shorter than the Ti-O2 bond (1.86 Å). It is noted that the Ti-O bond length in this TiO2 

monolayer is at least 0.14 Å shorter than that of bulk rutile-TiO2. A similar bond length 
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difference between 2D and bulk structures is also found in other 2D oxide structures.15, 35 This 

can be ascribed to the reduced coordination and the suppression of surface polarization, which 

enhance the in-plane bonding in 2D oxides.  

The electron localization function calculations show that the Ti-O bond in the monolayer TiO2 

is slightly more covalent-like compared with that in the rutile TiO2 (Figure S2).56 This is 

corroborated with the reduced Ti valence state based on the Bader charge analysis,57 i.e., 

Ti+2.24O2
−1.12 for monolayer TiO2 and Ti+2.36O2

−1.18 for the rutile bulk. It is worth noting that the 

reduced Fe valence state of monolayer Fe3O4 has been identified as one of the key factors in 

stabilizing the structure.28  

The reduced coordination and increased in-plane bonding strength in monolayer TiO2 could 

lead to distinct electronic properties compared with its bulk counterparts. The electronic 

properties of the TiO2 monolayer were investigated using the hybrid functional (HSE06) 

method. The projected density of states (PDOS) in Figures 1b-c show that the valence band 

edge states are mainly derived from the O atoms, while the Bloch states around the conduction 

band edge mostly arise from the Ti atoms. This indicates that it is a charge-transfer gap, 

analogous to that of rutile TiO2.58 It is noted that there are dense electronic states at around 3.0 

eV below the Fermi level. As shown in Figures 1c and S3, they are dominated by the 

hybridization between the O1 𝑝𝑝𝑥𝑥,𝑝𝑝𝑦𝑦 orbitals and the Ti 𝑑𝑑𝑥𝑥𝑥𝑥,𝑑𝑑𝑥𝑥2−𝑦𝑦2 orbitals, and between the 

O2 𝑝𝑝𝑧𝑧 orbital and the Ti 𝑑𝑑𝑧𝑧2 orbital, which are favourable to stabilize oxide 2D structures.59 

Meanwhile, the hybridization between the O1 𝑝𝑝𝑥𝑥,𝑝𝑝𝑦𝑦 orbitals and the Ti 𝑑𝑑𝑥𝑥𝑥𝑥 ,𝑑𝑑𝑦𝑦𝑦𝑦 orbitals is also 

noted due to the outward protrusion of the surface O1 sublattice (Figures 1a and 1c). This 

unique electronic structure can be understood by analysing the distinct 2D O-Ti bonding 

network. Different from the three-fold coordinated O atoms in bulk anatase and rutile TiO2, O 

atoms in the 2D structure are just bound to two neighbouring Ti atoms. According to the 
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electron counting model,60 each O atom can get one electron from each O-Ti bond. Thus, the 

O p orbitals in the 2D TiO2 structure will form a bonding paired state with neighbouring Ti d 

orbitals as well as two non-bonding paired states. As shown in Figure 3S, the bonding paired 

O2 𝑝𝑝𝑧𝑧 −Ti 𝑑𝑑𝑧𝑧2 state has a lower energy and a sharper peak near 3 eV below the Fermi level 

than the non-bonding O2 𝑝𝑝𝑥𝑥,𝑝𝑝𝑦𝑦 paired states. For the O1 atom, due to the 6-fold rotational 

symmetry about the out-of-plane axis crossing the hexagonal center (Figure 1a), the hybridized 

O1 px and py orbitals will give rise to one bonding paired state with the neighbouring Ti d 

orbital along the Ti-O1 bond with lower energy and one non-bonding paired states with higher 

energy. These distinct non-bonding paired states near the Fermi level couple to the Kagome 

sublattice and likely lead to exotic properties, such as flat bands as elaborated below.61 

Using the HSE06 hybrid functional, the band gap of the TiO2 monolayer was calculated to be 

4.8 eV with the valence band maximum (VBM) and the conduction band minimum (CBM) 

located at the Γ and K points, respectively (Figure 2a). At the G0W0 level of theory, the band 

gap further increases up to 6.0 eV (Figure S4). This band gap is about more than 2 eV larger 

than that of bulk TiO2 (experimental band gap: 3.03 eV for rutile and 3.20 eV for anatase).44, 

45 On the other hand, the dimensionality reduction, the Kagome surface sublattices, and the 

lower atomic density also reduce the band dispersion of 2D TiO2. In particular, a flat band can 

be seen at the valence band edge across the Brillouin zone, the bandwidth of which is 99 meV 

at the HSE06 level of theory. This flat band is mainly contributed by the surface Kagome O1 

sublattices and slightly by the mid-layered O2 sublattice (see the PDOSs in Figure S3). The 

Kagome O1 sublattices also give rise to two Dirac bands which touch the flat band at the Γ 

point. A gap can be induced at the touching point by the spin-orbit coupling, suggesting this 

flat band to be topologically nontrivial.61  

While there are two equivalent Kagome O1 sublattices, we noted that the flat band is not 

degenerate except at the Γ point. To understand the nondegeneracy and the minor dispersion 



9 
 

of the flat band, the tight-binding (TB) model was constructed. The Hamiltonian describing the 

interactions between oxygen sites can be written as: 

ℋ = ∑ 𝜀𝜀𝑖𝑖𝑖𝑖0 𝑐𝑐𝑖𝑖𝑖𝑖
† 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖 

𝜂𝜂=𝛼𝛼,𝛽𝛽,𝛾𝛾
+ ∑ 𝑡𝑡1𝑐𝑐𝑖𝑖𝑖𝑖

† 𝑐𝑐𝑗𝑗𝑗𝑗<𝑖𝑖,𝑗𝑗>
𝜂𝜂=𝛼𝛼,𝛽𝛽

+ ∑ 𝑡𝑡2𝑐𝑐𝑖𝑖𝑖𝑖
† 𝑐𝑐𝑖𝑖𝑖𝑖<𝑖𝑖,𝑖𝑖> + ∑ 𝑡𝑡3𝑐𝑐𝑖𝑖𝑖𝑖

† 𝑐𝑐𝑗𝑗𝑗𝑗<𝑖𝑖,𝑗𝑗>
𝜂𝜂=𝛼𝛼,𝛽𝛽

+

∑ 𝑡𝑡4𝑐𝑐𝑖𝑖𝑖𝑖
† 𝑐𝑐𝑗𝑗𝑗𝑗<𝑖𝑖,𝑗𝑗> + ∑ 𝑡𝑡5𝑐𝑐𝑖𝑖𝑖𝑖

† 𝑐𝑐𝑗𝑗𝑗𝑗≪𝑖𝑖,𝑗𝑗≫
𝜂𝜂=𝛼𝛼,𝛽𝛽

+ ℎ. 𝑐𝑐., 

where 𝑐𝑐𝑖𝑖𝑖𝑖
†  (𝑐𝑐𝑖𝑖𝑖𝑖 ) is the creation (annihilation) operator for an electron on site 𝑖𝑖  of oxygen 

sublattice 𝜂𝜂. 𝛼𝛼 (𝛽𝛽) denotes the top (bottom) surface O1 sublattice, and 𝛾𝛾 the middle-layer O2 

sublattice. 𝜀𝜀𝑖𝑖𝑖𝑖0  is the on-site energy of site 𝑖𝑖 of sublattice 𝜂𝜂. < 𝑖𝑖, 𝑗𝑗 > (≪ 𝑖𝑖, 𝑗𝑗 ≫) runs over all the 

nearest (next-nearest) neighbouring oxygen sites within oxygen sublattice 𝜂𝜂  or between 

sublattices. 𝑡𝑡1 − 𝑡𝑡5 are the hopping amplitude between oxygen sites and are marked in Figure 

3. When only the nearest neighbouring hoping within each surface Kagome O1 sublattice (𝑡𝑡1) 

is considered, a perfect double-degenerate Kagome band structure is produced (Figure 3a). By 

selectively turning on inter-site couplings, we can identify the one between the two surface 

Kagome O1 sublattices (𝑡𝑡2) which plays a key role in lifting the flat band degeneracy (see 

Figure 3b). This is in line with the predominant contribution from the O1 𝑝𝑝𝑧𝑧 orbital to the 

topmost valence band (Figure S3). There is also a noticeable interaction between O1 and O2 

(𝑡𝑡3), which further modulates the dispersion of the Dirac bands of the Kagome O1 sublattices 

as well as the flat band associated with the O2 sublattice. The resulting TB bands are analogous 

to the DFT bands in Figure 2a, but the topmost flat band is still perfectly flat. The ~100 meV 

band width turns out to originate from the weak yet non-negligible coupling between next-

nearest neighbouring O1 atoms within each surface Kagome sublattice (𝑡𝑡5), as shown in Figure 

3e.  

The topologically nontrivial intrinsic flat band in the TiO2 monolayer may host exotic many-

body quantum phenomena, such as Mott transition,62 Wigner crystallization,63, 64 

superconductivity,65 fractional quantum anomalous Hall effect66, 67, and large exciton binding 

energy.68 One notes that the minor valence band dispersion suggests a very large effective mass 

of hole (𝑚𝑚ℎ ) in the TiO2 monolayer. According to µ = 𝑚𝑚𝑒𝑒𝑚𝑚ℎ
𝑚𝑚𝑒𝑒+𝑚𝑚ℎ

 (𝑚𝑚𝑒𝑒 : the effective mass of 

electron), the effective mass of exciton would be large as well. As such, a large exciton binding 

energy can be expected in the TiO2 monolayer.69, 70 Here, our calculations estimate the exciton 

binding energy to be ~2.49 eV in this TiO2 monolayer (Figure 2b). It is much larger than that 

in the anatase TiO2 bulk (~1.0 eV),71 implying a much stronger light-matter interaction. In 
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addition, the porous structure and atomically thin thickness further weaken the screening effect 

and thus contribute to the large exciton binding energy as well. The weak screening effect in 

the monolayer limit also suggests strong coupling between charge and lattice, as discussed in 

the following. 

Polarons are a type of quasiparticle composed of a charge carrier and its self-induced virtual 

phonon cloud. The polaron state forms when a charge carrier strongly interacts with the host 

lattice and is trapped around one or a few lattice sites, whereas the non-polaron state 

corresponds to a weak interaction with the lattice and a nearly homogenous distribution of the 

charge carrier. TiO2 is one of the historically most studied polaron materials.72 Excess electrons 

migrating in rutile TiO2 have been found to strongly interact with the Ti lattice and form small 

polarons, while the anatase phase is prone to the formation of large electron polarons.47, 73 The 

different polaron behaviours of rutile and anatase TiO2 affect their respective intrinsic 

properties as well as technological applications.47 Herein, the polaron behaviour in the 

monolayer TiO2 was further investigated. For metal oxides, the standard DFT solutions are 

usually more delocalized than they should be due to the presence of the self-interaction error. 

Both the DFT+U method and the hybrid functionals have been widely adopted to alleviate this 

error.72 In this study, we adopted the former method and chose the well-studied rutile TiO2 as 

a reference system. The propensity to small polaron formations can be evaluated by the 

minimum Hubbard U value which is required to stabilise the polaron state over the non-polaron 

state, i.e., the free-carrier state.47 The smaller the required Hubbard U value is, the more likely 

are small polarons to form. Figure 4a summarizes the dependence of the relative stability of 

the polaron state on the Hubbard U value. One sees that the monolayer TiO2 (the 2×2×1 

supercell) needs a similar minimum U value to energetically stabilise the polaron state 

compared with rutile TiO2 (the 3×3×4 supercell), indicating the high likelihood that electrons 

would be trapped by their self-induced potential well. At the Hubbard U value of 4 eV, the 

polaron state is 227 meV lower in energy than the non-polaron state. This could be ascribed to 

the narrow conduction band of monolayer TiO2 (Figure S5).47 The lower coordination of the 

Ti site (4 in the 2D structure and 6 in the rutile structure) and the higher structural flexibility 

may also contribute to the stabilization of the polaron state in the monolayer TiO2.50 

Note that the HSE06 functional has been reported to well describe the electronic structure of 

both rutile and anatase TiO2 bulks (HSE06/experimental band gap: 3.40/3.03 eV for rutile and 

3.58/3.20 eV for anatase).44, 45 Here we switched to the HSE06 functional to calculate the 

PDOSs of the polaron state in monolayer TiO2, as shown in Figures 4b and S6. When an excess 
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electron is available in the monolayer TiO2, it mainly fills the lowest Ti 𝑑𝑑𝑥𝑥2−𝑦𝑦2 and 𝑑𝑑𝑥𝑥𝑥𝑥 states 

of the conduction band. To lower the system energy, these filled states split from the 

unoccupied Ti states, shift towards lower energy and form a narrow mid-gap state. It is at ~1 

eV below the conduction band edge, which is on the typical energy splitting scale of small 

polarons.72 The partial charge associated with this mid-gap state in Figure 4c shows that the 

excess electron in the polaron state is mostly localized on a Ti site, in stark contrast with the 

homogeneous distribution across the whole Ti sublattice (Figure S7) in the non-polaron state. 

The trapped electron density is tilted in such a way that it extends towards voids around the Ti 

site, rather than the neighbouring O sites. The half-maximum width is estimated within 1.5 Å, 

which is around one quarter of the lattice constant of the TiO2 monolayer (Figure 4d). Apart 

from the electronic structure reconstruction, pronounced local lattice distortions around the Ti 

site are also observed. In order to accommodate the excess electron, the Ti atom exhibits 

weaker chemical bonding with its neighbouring oxygen atoms, as evidenced by the 0.08−0.13 

Å Ti-O bond length elongation relative to the non-polaron state (Table S2). It is also noted that 

such local bond length variation induced by the polaron formation is more significant in 

monolayer TiO2 than in the rutile-phase TiO2 (see Table S2). All these characteristics suggest 

that the polaron formed in the monolayer belongs to the small polaron. The preference to the 

formation of small polarons may suggest 2D TiO2 as a potential photocatalyst. On the one hand, 

the filled mid-gap state significantly reduces the band gap and substantially extend its solar 

energy conversion capability to the visible light regime. One the other hand, the 2D nature 

exposes most small polarons, which could facilitate the charge transfer to adsorbates or 

modulate their adsorption behaviour in catalytic processes.47, 74 

As mentioned above, the formation of small polarons in 2D TiO2 can greatly reduce its band 

gap due to the presence of the mid-gap state. The extent to which the electronic structure is 

altered is in fact dependent on the charge carrier density. Interestingly, we found that the 

formation of small polarons in combination with the substrate effects could provide a new 

perspective to understand the monolayer TiO2 grown on the rutile TiO2 (011) surface.17 The 

widely observed substrate effects include the interface charge transfer and the strain effect due 

to the lattice mismatch. Since the rutile TiO2 (011) substrate is slightly reduced and rich in Ti,17 

electrons could be transferred from the substrate to the TiO2 monolayer, as evidenced by the 

considerable charge redistribution at the interface (Figure 5a). The dramatic difference in the 

lattice symmetry and periodicity between the substrate and the as-synthesized monolayer 

implies that the latter is somewhat strained. When both substrate effects are taken into account 
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by introducing an excess electron and applying a compressive strain of ~6.3 %, it is striking 

that the formation of small polarons could reduce the band gap of the 2D TiO2 structure 

proposed here to 2.2 eV at the HSE06 level of theory. It is very close to the experimental value 

of ~2.1 eV.17 In the meantime, the distinct lattice pattern of the as-synthesized TiO2 monolayer 

can also be well reproduced by our STM simulation of the small polaron state (see Figure 5c). 

 

Conclusions 

In conclusion, we unravel the structural reconstruction modulated electronic, polaronic and 

excitonic properties of a stable monolayer TiO2 using first-principles calculations and tight-

binding model. We find that the monolayer TiO2 has a large band gap and its surface Kagome 

oxygen sublattices could induce a topologically nontrivial intrinsic flat band near the valence 

band edge. Such a flat band gives rise to an unprecedentedly large exciton binding energy. We 

further show that the monolayer TiO2 favors the formation of small polarons, which 

significantly reduces the band gap to the visible light range, indicative of its potential 

application in photovoltaics and photocatalysis. In addition, in combination of the substrate 

effects and the small polaron state, the simulated surface lattice, the reduced band gap, and the 

simulated STM image in the monolayer TiO2 are consistent with those of the experimentally 

observed 2D TiO2 phase.17 These findings not only highlight the dimensionality reduction-

induced modulation of various intrinsic properties for non-layered materials, but also shed light 

on understanding of the experimentally grown TiO2 2D phase. In addition, the intrinsic flat 

band in the non-layered 2D oxide monolayer might suggest them to be a promising platform to 

investigate the strong correlation effect and its induced exotic quantum phenomena. 
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Figure 1. (a) The atomic structure of rutile, anatase and 2D TiO2. (b-c) The projected density 
of states onto (b) Ti and O atoms, and (c) Ti d orbitals of the TiO2 2D structure at the HSE06 
level of theory. The Fermi level is shifted to 0 eV. 
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Figure 2. (a) The HSE06 band structure and (b) the optical spectra of the TiO2 2D structure, 
respectively. 
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Figure 3. (a-e) The tight-binding model of 2D TiO2 with the hoping between neighbouring 
oxygen atoms progressively considered. The upper panel marks the considered inter-site 
hoping and the bottom panel is the corresponding TB band structure. The hoping parameters 
are set to 𝑡𝑡1 = −1 , 𝑡𝑡2 = −0.4 , 𝑡𝑡3 = −0.8 , 𝑡𝑡4 = −0.1  and 𝑡𝑡5 = −0.05  eV. The on-site 
energies are set to 𝜀𝜀𝑖𝑖𝑖𝑖0 = 𝜀𝜀𝑖𝑖𝑖𝑖

0 = 0 eV and 𝜀𝜀𝑖𝑖𝑖𝑖0 = −1 eV. 

  



23 
 

 

Figure 4. (a) The stability of the polaron state relative to the non-polaron state in the 2×2×1 
2D and 3×3×4 rutile TiO2 structure as a function of the Hubbard U value. (b) The projected 
density of states onto the Ti orbitals of the polaron state in the 2×2×1 2D TiO2 at the HSE06 
level of theory. The Fermi level is shifted to 0 eV. (c) The visualized partial charge density (top 
view) and (d) its line profiles of the mid-gap state in (b). The iso-value is set to 1.0×10−3 e/Å3. 
The line profiles are along the lines marked in (c) at the height of the top O1 atoms. 
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Figure 5. (a) The side view of the atomic structure for the TiO2 2D structure on the rutile-TiO2 
(011) substrate superimposed with the charge density difference using an iso-value of 1.0×10−3 
e/Å3. The green and purple dots denote the accumulated and depleted charge, respectively. (b) 
The PDOSs of the 6.3% compressed TiO2 2D unit cell structure in the small polaron state at 
the HSE06 level of theory. (c) The simulated STM image associated with the mid-gap state in 
(b), where the atomic structure is superimposed. 
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