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Two-dimensional materials with a honeycomb lattice, such as graphene and hexagonal boron nitride, often contain local defects in which the hexagonal elements are replaced by four, five, seven, and eight-membered rings. An example is the Stone-Wales (S-W) defect, where a bond rotation causes four hexagons to be transformed into a cluster of two pentagons and two heptagons. A further series of similar defects incorporating divacancies results in larger structures of non-hexagonal elements. In this paper, we use scanning tunneling microscopy (STM) and density functional theory (DFT) modeling to investigate the structure and energetics of S-W and divacancy defects in a honeycomb (2 × 2) Ti 2 O 3 monolayer grown on an Au(111) substrate. The epitaxial rumpled Ti 2 O 3 monolayer is pseudomorphic and in a state of elastic compression. As a consequence, divacancy defects, which induce tension in freestanding films, relieve the compression in the epitaxial Ti 2 O 3 monolayer and therefore have significantly lower energies when compared with their freestanding counterparts. We find that at the divacancy defect sites there is a local reduction of the charge transfer between the film and the substrate, the rumpling is reduced, and the film has an increased separation from the substrate.

Our results demonstrate the capacity of the substrate to significantly influence the energetics, and hence favor vacancy-type defects, in compressively strained 2D materials. This approach could be applied more broadly, for example to tensile monolayers, where vacancy-type defects would be rare and interstitial-type defects might be favored.

Introduction

Two-dimensional materials of atomic thickness often have a honeycomb lattice, such as graphene and hexagonal boron nitride (h-BN). 1 These films consist of fully coordinated atoms and they interact weakly with their supporting substrates via van der Waals bonding. There are several different atomic configurations of the honeycomb lattice. Graphene consists of a flat layer of carbon atoms arranged in a simple hexagonal lattice. 2 Silicene has a buckled honeycomb structure, where the atoms are subdivided into two planes of silicon atoms. 3 Hexagonal boron nitride has a flat layer of alternating boron and nitrogen atoms, and this heteroelemental nature adds chemical and polar complexity to the system. 4 Bilayer silica consists of two layers of tetrahedral structural units in which four oxygen atoms surround a silicon atom. 5 Crystalline monolayers of water (ice) can form a H-bonded puckered honeycomb network. 6 2D materials with a honeycomb structure often contain local structural defects where the hexagons are replaced by 4, 5, 7 and 8-membered rings. The non-hexagons can be generated through Stone-Wales (S-W) transformations. This mechanism was first predicted in graphene and involves rotating a C-C dimer by 90° to transform four hexagons into two pentagons and two heptagons. 7 A further series of related defects incorporating divacancies (DV) results in larger structures of non-hexagonal elements. The simplest divacancy defect consists of one octagon and two pentagons and is called a DV (5-8-5) defect which is named after the ring sizes of the building blocks. Other structures include the DV(555-777) defect, containing three pentagons and three heptagons, and the DV(5555-6-7777) defect, containing four pentagons and four heptagons surrounding a hexagon. 8 These structures have been widely investigated in graphene, 9,10 h-BN, 11 transition metal dichalcogenides, 12 bilayer silica 13 and ice monolayers. 14,15 Generally, these defects have relatively high formation energies (e.g. 5-8 eV in graphene) 16 mainly due to the bond distortions in the non-hexagonal rings. Small 4 and 5-membered rings result in bond compression, whereas large 7 and 8-membered rings result in bond expansion. The strain resulting from 5 and 7-membered rings is lower than for 4 and 8-membered rings. 17 5 and 7-membered rings often form defect pairs that have relatively low strain energy. In graphene, both DV (5-8-5) and DV(555-777) defects have two missing carbon atoms but the latter, although it is larger, has a lower formation energy due to smaller bond distortions.

Mechanically straining the graphene lattice results in a change in the formation energies of the S-W defect and the DV(5-8-5) defect. 18,19 An alternative approach to investigate the influence of lattice strain on the defects is to grow the 2D material via epitaxial growth on lattice-mismatched or patterned substrates. [20][21][22] This results in compression or tension of the supported film and has been reported in graphene supported on a Ni(111) substrate, 22 where the small lattice mismatch between graphene and Ni(111) allows the carbon hexagons to be in registry with the substrate. However, the Ni(111) substrate barely influences the behavior of the defects because the energy gain from the interfacial van der Waals interaction (0.7 eV per two carbon atoms) 23 is negligible compared with the high energy cost of distorting the C-C bonds (5-8 eV). 16 What is required then to investigate the effects of lattice strain, is a system where the energy gain from adhesion due to epitaxy is sufficiently high to compensate for the elastic energy loss due to film distortion. An example of such a system, a Ti 2 O 3 epitaxial monolayer on an Au(111) substrate, is investigated in this paper. Ti 2 O 3 monolayers have a (2 × 2) honeycomb structure that is geometrically similar to that of graphene. 24,25 The oxide film is stabilized by the structural registry with, and the charge transfer to, the substrate, which results in a substantial adhesion energy.

Using Ti 2 O 3 monolayers supported on Au(111), we explore the role of epitaxial strain in determining the structural and electronic properties of local structural defects. Previous work has revealed the presence of non-hexagonal defects in monolayer films of Ti 2 O 3 on Pt(111), V 2 O 3 on Pd(111) 24,26 and Cu 2 O on Cu(111). 27 In our study, a series of defects with different arrangements of polygons were observed in the Ti 2 O 3 honeycomb structure. Their atomic structures, electronic properties and defect energies are determined by combining scanning tunneling microscopy (STM) and density functional theory (DFT). Despite the differences in the nature of the chemical bonding, we find that the metal-oxygen-metal bonds structurally evolve in a similar way to those of graphene. The physical origin of the defects is the same, i.e. they incorporate non-hexagonal rings at the expense of strain energy. Our study demonstrates that the compressive strain in the oxide film due to the Au(111) support barely affects the S-W defect, whereas it significantly reduces the energies of the divacancy defects. In addition, STM which was previously used to observe strain fields in graphene around single vacancies, 28 domain boundaries, 29 and nanobubbles, 30 as well as in graphene-black phosphorus heterostructures 31 here reveals the existence of an anisotropic strain field surrounding the DV(555-777) defect as a result of small atomic height displacements. Finally, we also observe a so-called 'flower' defect consisting of six pentagon-heptagon pairs around a core of seven hexagons.

Methods

Experimental methods

The experiments were performed in an ultrahigh vacuum (UHV) system at a base pressure of 10 - 8 Pa. STM measurements were carried out in a JEOL instrument (JSTM 4500XT) at room temperature using etched tungsten tips in constant current mode. The Ti 2 O 3 honeycomb ultrathin films on Au(111) substrates were grown according to the description detailed in Ref. [ 25 ]. Micasupported Au(111) single crystals (Agilent Technologies, U.K.) were used as substrates. Au(111) substrates were sputtered by Ar + ions and UHV annealed to 600 °C for 1.5 h resulting in the herringbone reconstruction. Ti vapor is deposited using an e-beam evaporator (Oxford Applied Research EGN4) from a 99.99% pure Ti rod supplied by Goodfellow, U.K. The surfaces are then annealed in 10 -6 Pa O 2 for 0.5 h to create the (2 × 2) Ti 2 O 3 honeycomb ultrathin films. Most STM images presented in the paper are the results of multiple frame averaging (MFA) using a software package called Smart Align with the general method described in Ref. [ 32 ] and the specific application to STM described in Ref. [ 33 ]. Quantitative processing methods are provided in the Supporting Information. The STM images were smoothed using ImageJ packages.

Theoretical Calculations

All computational results were obtained within a plane wave density functional approach, with a spin-polarized gradient-corrected PW91 exchange-correlation functional, 34 and the projector augmented wave method 35 implemented in VASP. 36,37 Simulated STM images were obtained within the Tersoff-Hamann approximation 38 at a positive bias of and the LDOS was plotted at 5.2 Å from the center of the first Au substrate plane. Atomic charges were estimated according to Bader's prescription. 39,40 The formation energies of defects in Au-supported Ti 2 O 3 films were evaluated with respect to the pristine supported honeycomb film,

E form = E(Ti 2 O 3 + defect/Au) -E(Ti 2 O 3 /Au) + n/m[E(Ti 2 O 3 /Au) -E(Au)]
, where E(Ti 2 O 3 +defect/Au) and E(Ti 2 O 3 /Au) are the total energies of the defective and pristine supported honeycomb films, respectively, and the factor n/m accounts for the Ti 2 O 3 deficiency in the defective film (n =1 formula unit in all considered cases, except for the Stone-Wales defect for which n = 0), with respect to the number of oxide formula units in the surface unit cell (m = 24). Further details can be found in Supporting Information. DFT calculations for the Ti 2 O 3 monolayer were also carried out on a hypothetical freestanding film. These simulations result in a flat film with a lattice parameter of 6.35 Å, as shown in Fig. 1b(ii). The rumpling of the supported film is due to the effect of electron transfer from the film to the electronegative Au substrate. This causes Coulomb interactions to push the O anions away from the substrate, and attract the Ti cations towards the substrate. 42,43 The resulting equilibrium in-plane lattice parameter of the Au-supported honeycomb film can be estimated to be about 5.9

Å (see Supplementary Information S2f

). This value is much smaller than that of the unsupported film, but somewhat larger than the (2 × 2)-Au(111) periodicity of 5.77 Å. This indicates that the pseudomorphic Ti 2 O 3 film is in a state of in-plane elastic compression. The atomically resolved (2 × 2) honeycomb lattice with a periodicity of 5.77 Å serves as a calibration lattice for the experimental STM images. The STM image is averaged from 88 raw frames to enhance the signal-to-noise ratio, details described in the Supporting Information (image width 5.2 nm, V s = 0.9-1.0 V and I t = 0.22-0.24 nA). The inset shows a DFT simulation of the STM image ( , distance from the center of the first Au substrate plane is 5.2 Å).

Visualization of defects.

The relationship between the Stone-Wales (S-W), DV(5-8-5), DV(555-777) and DV(5555-6-7777) defects can be represented through the S-W transformation in combination with a divacancy (DV) formation, as illustrated in Fig. 2. The first row in Fig. 2 The first column in Fig. 2 shows the formation of a S-W defect. A Ti 2 O unit (Fig. 2a) can be thought to undergo a bond rotation of 90° to form a S-W defect where four hexagons are replaced by two pentagons and two heptagons (Fig. 2i). The second column in Fig. 2 shows the formation of a DV(5-8-5) defect. The Ti 2 O 3 cluster highlighted in Fig. 2b is removed. The resultant four dangling bonds (Fig. 2f) recombine to form two pentagons and one octagon. The coordination of the Ti and O atoms is maintained for this, and indeed for all the defects, as is the Ti 2 O 3 stoichiometry. The Ti 2 O 3 vacancy here is called a "divacancy" because it incorporates two missing Ti atoms, and from a structural point of view this is analogous to two missing carbon atoms in graphene. The DV(5-8-5) defect can transform into a DV(555-777) defect via a S-W transformation, as shown in the third column in Fig. 2. A Ti 2 O unit shared amongst an octagon and three hexagons (Fig. 2c) undergoes a 90° rotation to form a DV(555-777) defect (Fig. 2k).

The DV(555-777) defect contains three pairs of alternating 5 and 7-membered rings. Following the same mechanism, the DV(555-777) defect undergoes a S-W rotation and results in a loop of four pentagon-heptagon pairs surrounding a hexagon, as shown in the right-hand column of Fig. 2. This structure is called the DV(5555-6-7777) defect. The schematic models in Fig. 2 illustrate that the existence and evolution of the S-W and DV defects are linked to the capability of bonds to break and of a Ti 2 O unit to undergo a rotation to allow new bonding configurations to form. To analyze the typical energies involved in these transitions we calculated the energetics of rotation of a Ti 2 O unit that results in the formation of a S-W defect, as shown in Fig. 3. This figure shows that there are two possible intermediate atomic arrangements (Fig. 3 b andc). In Fig. 3b there are two dangling oxygen atoms and this state has an energy of 5.3 eV with respect to the pristine lattice shown in Fig. 3a. This atomic configuration is similar to that calculated for unsupported graphene 44 or unsupported h-BN monolayer. 45 The alternative configuration shown in Fig. 3c only has one dangling oxygen atom, has a lower calculated energy of 3.6 eV, and is similar to the transition state of Ni-supported graphene 46 and unsupported silicene. 47 For completeness, we have also calculated the energies of the configurations shown in Fig. 3b,c for an unsupported HC monolayer (6 eV, 3.2 eV, respectively), and these are not significantly different from the supported situation. The energy of the intermediate atomic arrangements can be linked to the number of dangling oxygen atoms which is why the configuration in Fig. 3b has approximately twice the energy of that in Fig. 3c. These dangling oxygen energies are consistent with values of the cohesive energy per bond in bulk Ti 2 O 3 or TiO 2 which is of the order of 3 eV. 48,[START_REF] Cox | CODATA Key Values for Thermodynamics[END_REF] For comparison, the energy involved in a S-W bond rotation is 10.4 eV for unsupported h-BN, 45 2.64 eV for silicene 47 The third mechanism relates to the use of STM. We have observed on a small number of occasions that during scanning tip-surface interactions can give rise to DV defects and S-W rotations. Presumably this occurs when the tip makes contact with the honeycomb film and some of the monolayer atoms are transferred onto the STM tip. We discuss this observation further in Supporting Information S4.

Defect structures in the Ti 2 O 3 honeycomb monolayer.

Experimental STM observations of the defect structures are presented in the top row of Fig. 4.

The main feature in the images is the clustering of polygons embedded in the honeycomb lattice.

The geometry of the clusters is the same as in the models in the bottom row of Fig. 2, hence the structures are referred to as S-W, DV(5-8-5), DV(555-777) and DV(5555-6-7777) defects.

Atomic models, including the Au substrate atoms, are shown in the third row of Fig. 4. Image simulations (the second row of Fig. 4) calculated from these atomic models are in good agreement with the experimental STM images. The only visible difference is the bright region to the left of the DV(5-8-5) defect in the experimental image (Fig. 4b), probably due to contamination.

The bottom row of Fig. 4 shows the calculated variations of the Ti-O bond lengths which illustrate the strain within the structures. The bonds are colored according to an increase (red and yellow), decrease (blue), or negligible variation (green) in the bond length with respect to 1.82 Å, the value found in the pristine supported layer. In the S-W defect, the bond expansion is relatively weak and only the central Ti-O bonds are slightly compressed (Fig. 4m and Supplementary Information S3). Conversely in the divacancy defects, the Ti-O bonds are considerably expanded because the surrounding film is stretched to fill in some of the area due to the missing Ti 2 O 3 unit. The DV(5-8-5) defect has twelve of the most elongated Ti-O bonds (1.85 Å, colored in red in Fig. 4n), indicating that bond expansion is localized in the octagon. The DV(555-777) defect has six significantly expanded bonds (1.85 Å, colored in red) and several moderately expanded bonds (1.82-1.84 Å, in yellow and orange). When compared with the DV(5-8-5) defect, the DV(555-777) defect is larger, but its lattice distortions are smaller and not concentrated in the central ring. The structural characteristics of the DV(555-777) and DV(5555-6-7777) defects are similar, except that the latter involves more distorted bonds. The experimental STM parameters of (a-d) are V s = 0.95 V and I t = 0.22 nA; V s = 0.9 V and I t = 0.22 nA; V s = 1.0 V and I t = 0.2 nA; V s = 0.9 V and I t = 0.22 nA, respectively, with image widths of 2.9-3.0 nm for all cases. Panels (m-p) show variations of bond lengths for the defects. The bonds are colored according to an increase (red and yellow) or decrease (blue) of the bond length.

Analogous defect structures to the ones shown in Fig. 4 were also calculated for hypothetical freestanding Ti 2 O 3 films. The bond distortions in the freestanding films are much larger than in the supported films. The presence of a solid substrate diminishes the degree of distortion suffered by the defective layers because the in-plane Ti-O bond stretching can be accommodated by a reduction of film rumpling.

The calculated defect formation energies in the supported Ti 2 O 3 film are reported in Table 1 and range between 0.3 eV and 1.4 eV. Interestingly, these energies are significantly lower than those of similar defects in other honeycomb monolayers, e.g., graphene (5-7.6 eV), 16 h-BN (8.7-19.7 eV), 11 or bilayer silica (2.8-9 eV). [START_REF] Björkman | [END_REF] Moreover, their relative stability is different.

Remarkably, the formation energy of the Ti 2 O 3 DV(555-777) defect is considerably lower than that of the S-W defect, whereas the DV(5555-6-7777) and S-W defects are essentially isoenergetic. This finding stands in stark contrast to the usual hierarchy in other monolayers with a honeycomb structure, where S-W defects are by far systematically favored over the various divacancy defects. In the following discussion, we thoroughly investigate the origin of this unusual behavior and specifically analyze the role of the Au substrate. To clarify the support effect, we start by considering defects in a calculated hypothetical freestanding honeycomb Ti 2 O 3 film. A perfectly flat structure is favored in an unconstrained film shown in Fig. 1b(ii), with an in-plane lattice parameter of 6.35 Å, which is much larger than that of the (2 × 2)-Au(111) substrate (5.77 Å).

The calculated energies of the defects in the freestanding film are reported in Table 1. The hierarchy of the formation energies is analogous to those in graphene and in most other 2D materials. Because in calculations of defect energies the overall number of Ti-O bonds is preserved (see Supporting Information S2d), the defect energetics are therefore mainly driven by the degree of bond distortion. In the S-W defect in the freestanding monolayer, the Ti-O bonds are slightly contracted with an elastic energy cost of 0.2 eV. However in the divacancy defects, the Ti-O bonds are considerably elongated with energy costs of +3.5, +4.0, and +4.5 eV for DV(555-777), DV(5555-6-7777), and DV(5-8-5) defects, respectively. These elastic contributions account for the main part of the defect formation energies (second column in Table 1) and provide a good estimate of the relative stability of divacancy defects in the freestanding film: S-W << DV(555-777) < DV(5555-6-7777) < DV (5-8-5). More generally, this conclusion also applies to defect formation in other freestanding films.

As discussed previously, to achieve a 2 × 2 pseudomorphic structure with the Au(111) surface, the Ti 2 O 3 monolayer is in a state of in-plane compressive strain of the order of 2%. It is this substrate-induced strain that is responsible for the drastically different divacancy defect energies compared with the freestanding case. The removal of a Ti 2 O 3 unit in the divacancy defects results in a large tensile strain in the freestanding film, while, in the supported film, it results in a release of the compressive strain. Consequently, the elastic contribution to the defect energy changes from large and positive (of the order of +4.0 eV) in the freestanding film, to small and negative (of the order of -0.5 eV) in the supported film. This qualitatively different elastic response of supported and freestanding films to the defect creation is the main reason for the substantially different defect energies. In particular, it explains that the energies of the S-W defects in supported and unsupported Ti 2 O 3 films are similar because S-W defects only induce a small film distortion and are barely influenced by the external strain. However, the divacancy defects have lower energies in supported films because they introduce a large amount of lattice distortions and release the compressive strain. Interestingly, in the latter, the optimal arrangement of adjacent 5 and 7 member rings in the DV(555-777) defect produces the smallest strain in the freestanding films and the most efficient compressive strain release in the supported case, leading to the lowest defect energy. More generally, film structures that are buckled due to their interaction with a substrate may more readily accommodate elastic distortions produced upon defect formation, which in turn may lead to relatively low defect energies. This is clearly the case in our Au-supported honeycomb-Ti 2 O 3 films but is likely also to be the case in silicene.

STM experiments provide additional information that cannot readily be modeled using ab initio methods due to the large number of atoms involved. After image processing using multiple frame averaging (MFA), the STM image (Fig. 5a), averaged over 138 frames without other image filtering (detailed procedures described in the Supporting Information S1), reveals an anisotropic strain field surrounding the DV(555-777) defect, a feature which is not visible in single images. The three rows of hexagons adjacent to each heptagon are marginally brighter than the other lattice atoms. The elevation of the Ti atoms extends several unit cells beyond the divacancy defect. The brightness of the Ti atoms decreases with the increase of their distance from the defect core. In particular, measurements between the first and second pairs of Ti atoms adjacent to the heptagon show an average height difference of 0.83 ± 0.19 pm (Fig. 5b). It demonstrates the power of MFA in that it allows STM to resolve surface features into the subpicometer regime.

The origin of the anisotropic strain field in Fig. 4a can be explained in terms of atomic displacements. The Ti atoms in the defect cores move away from their three-fold hollow adsorption sites in order to optimize the bonding. These displacements increase their elevation and their associated local density of states (LDOS) resulting in brighter spots in the STM images.

These bright spots are mainly located along the heptagon directions, implying that there are greater lattice distortions adjacent to the heptagons. Similar anisotropic strain fields of a DV(555-777) defect have been theoretically predicted in 2D silica and graphene. We have also observed a defect loop of six alternating pentagons and heptagons (Fig. 6a), previously called a 'flower' defect in graphene and 2D silica. 13,52 The defect core is a crystalline 

Electronic structure of the defects

The in-plane atomic displacement of the Ti atoms in the defects alters their atomic positions with respect to the Au substrate and hence the ion-Au distances. In the divacancy defects, several Ti atoms (orange or yellow balls in Fig. 7a-d) shift away from the Au-hollow sites to bridge and top sites. This displacement increases the Ti elevation with respect to the Au surface. ). This effect is visualized as a lowering of the electrostatic potential, as seen in Fig. 7i.

Conclusions

We have used STM to observe a series of local structural defects in the Ti 2 O 3 honeycomb layer on Au(111). DFT simulations have further determined in detail the atomic and electronic structures of the S-W and divacancy defects as well as their formation energetics. Whilst these defects are topologically similar to their counterparts in graphene and other 2D honeycomb materials, the relatively strong interaction of the oxide monolayer with the Au substrate significantly affects the defect energies and hierarchy. Moreover, we show that the elastically compressed monolayer film favors the formation of divacancy-type defects because they facilitate the release of the compressive strain. These results broaden the perspective under which such defects may be considered in other 2D materials, such as graphene or h-BN films, and open the door to new ideas in relation to the design of defect structures through a judicious combination of monolayer film and substrate. It is further probable that in monolayer films in a state of elastic tension, it will be difficult to form vacancy-type defects whereas other defects of the interstitial-type may be favored to release the tensile strain. Our study provides a solid atomic and electronic structure-based understanding of the peculiarities of local structural defects in supported ultrathin oxide films and is the starting point for further investigations into more complex defects in 2D oxide nanostructures. The defect cores with increased Ti brightness in the STM images were shown to correlate with a downshifted Ti d-Au hybridization band that will influence their chemical reactivity, for example by decreasing the CO binding energy. 55 Furthermore, enhancement of the signal-to-noise ratio of STM images using MFA provides a better comparison between experiments and simulations and reveals fine surface features that hitherto were buried in noise.
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 31 The pristine Ti 2 O 3 (2 × 2) honeycomb structure.The structural model of the titanium oxide monolayer epitaxial film on Au(111) is shown in Fig.1a. The film has Ti 2 O 3 stoichiometry and a honeycomb structure. The film adopts the 2 × 2 periodicity of the Au(111) substrate with the Ti atoms located in Au(111) three-fold hollow sites and the O atoms located in on-top positions.25,41 A Ti 2 O 3 (2 × 2) unit cell is highlighted in Fig.1a. DFT calculations show that the films incorporate substantial rumpling with the O atoms shifted away from the substrate with respect to the Ti atoms by 0.7 Å, as shown in Fig.1b(i).Despite the O atoms being closest to the STM tip during scanning, typical empty states STM images show the Ti locations as bright spots in the images (Fig.1c). A calculated STM image in the bottom right corner of Fig.1cdemonstrates good correspondence between theory and experiment for this system.

Fig. 1

 1 Fig. 1 Pristine Ti 2 O 3 (2 × 2) honeycomb structure. (a) A schematic of the Ti 2 O 3 monolayer with a honeycomb lattice on Au(111). Ti atoms (blue) are located in Au(111) (grey) three-fold hollow sites, and O atoms (red) are located in on-top positions. A Ti 2 O 3 2 × 2 unit cell is highlighted. Side views of the calculated structures of supported (i) and freestanding (ii) Ti 2 O 3

  shows the initial structure in each case. The atoms in motion are highlighted throughout the process to help visualize the bond rotation. The middle row qualitatively shows the movement in each case. The final optimized structures are shown in the bottom row where 5, 6, 7 and 8-membered rings are clustered in various arrangements.

Fig. 2

 2 Fig. 2 Schematic representation of the relationship of the Stone-Wales (S-W), DV(5-8-5), DV(555-777) and DV(5555-6-7777) defects. The initial structures are shown in (a-d), in which the atoms that move are indicated by an oval. The movements in each case are qualitatively shown in (e-h), where the rotation is indicated by black arrows. The final optimized structures are shown in (i-l). The pentagons, heptagons and octagons are highlighted in pink, blue and green. Ti and O atoms are blue and red balls, respectively. The Au substrate atoms are not shown.

Fig. 3

 3 Fig. 3 Calculated reaction pathways for the creation of a S-W defect in a Ti 2 O 3 honeycomb monolayer on Au(111). The relaxed geometries for the two intermediate states with (b) two or (c) one dangling oxygens shown. Ti, O and Au atoms are blue, red and grey, respectively.

Fig. 4

 4 Fig. 4 Defect structures in Ti 2 O 3 honeycomb. Experimental STM data (a-d), and corresponding DFT simulations (e-h) of S-W, DV(5-8-5), DV(555-777) and DV(5555-6-7777) defects. The atomic models including the Au(111) substrate atoms are shown in (i-l) with Ti atoms in blue, O atoms in red and Au atoms in grey. The STM images from (a), (c) & (d) are generated from 4, 138 and 4 frames using multiple frame averaging (MFA).The experimental STM parameters of (a-d) are V s = 0.95 V and I t = 0.22 nA; V s = 0.9 V and I t = 0.22 nA; V s = 1.0 V and I t = 0.2 nA; V s = 0.9 V and I t = 0.22 nA, respectively, with image widths of 2.9-3.0 nm for all cases. Panels (m-p) show variations of bond lengths for the defects. The bonds are colored according to an increase (red and yellow) or decrease (blue) of the bond length.

Fig. 5

 5 Fig. 5 Atomic structure of the strain field around a DV(555-777) defect. (a) STM image using a look-up table that has been chosen for maximum contrast. The STM image is averaged from 138 frames (image width 4.7 nm, V s = 1.0 V and I t = 0.2 nA). (b) Height profile along the

  domain of seven hexagons rotated by 30° with respect to the pristine honeycomb lattice. A model atomic structure is shown in Fig.6b. The defect conserves the number of Ti and O atoms relative to the pristine lattice and maintains Ti 2 O 3 stoichiometry. The Ti atoms in the rotated central domain are moved to the top sites and the O atoms are moved to bridge sites. Elevation of these Ti atoms leads to increased brightness in the defect core atoms in the STM image (Fig.6a).

Fig. 6 '

 6 Fig. 6 'Flower' defect consisting of six pentagon-heptagon pairs. (a) STM image averaged from 12 frames (image width 4.0 nm, V s = 0.9 V, I t = 0.22 nA) and (b) an atomic model schematic of the 'flower' defect.

Fig. 7

 7 Fig. 7 Electronic structures for the defects. (a-d) Variations of ion-Au separation of the defects with respect to the pristine film. Red, green and blue denote increased, barely affected and shortened distances, respectively. (e-h) The density of states projected on Ti (black lines) and O (red lines) atoms in the defect cores. Projections on atoms in the pristine honeycomb film are indicated in shadow as a reference. (i) Map of the electrostatic potential taken through a DV(555-777) defect along the white line shown on the left. Low and high potential regions are colored in green and red, respectively. Red maxima indicate the positions of O atoms.

  and 9.2 eV for unsupported graphene.44 

Table 1 .

 1 Calculated formation energies (in eV) for local structural defects in supported and freestanding Ti 2 O 3 films, compared with literature values for freestanding layers of graphene, silicene, h-BN and bilayer SiO 2 .

	Defect	Supported
		Ti 2 O

3 Freestand ing Ti 2 O 3 Graphene 16 Silicene 47 h-BN 11 Bilayer SiO 2

  

							50
	S-W	1.1	1.1	5.0	2.1	8.7	2.8
	DV(5-8-5)	1.4	5.9	7.6	3.7	19.7	9.0
	DV(555-777)	0.3	4.4	6.7	2.8	-	5.7
	DV(5555-6-	1.0	5.2	7.2	-	-	4.8
	7777)						

  [START_REF] Björkman | [END_REF]51 
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