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Sichuan, P. R. China 4Ames Laboratory, U. S. Department of Energy, Iowa State University, Ames, Iowa 50011, United States 5Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, United States Lithium titanate (Li2TiO3) is an attractive ceramic material for various industrial applications, particularly as one of most promising breeder blanket materials in future nuclear fusion reactors. Previously-reported studies mainly focus on sintered polycrystalline samples of Li2TiO3. Surface structure of the single-crystal form is rarely reported, although the information of surface structures and stabilities can be critical for further understanding the surface-associated processes. In this work, we perform extensive first-principles density-functional-theory (DFT) calculations to obtain the surface energies of Li2TiO3 (001) with different surface terminations. For four perfect (defect-free) Li-, O-, or LiTi-terminated (001) surfaces, Li- or O-terminated (001) surfaces can be most stable in a limited chemical-potential ranges corresponding to certain experimental conditions, while LiTi-terminated (001) surface is always unfavorable relative to Li or O terminations. By calculating total energies of various possible configurations with surface vacancies, we determine the energetically-most-favorable vacancy-defected surface terminations. From the corresponding ternary phase diagram, we analyze the stability of a specific surface termination with vacancies as well as the possible formation of oxides. Our stability analysis together with DFT-simulated scanning-tunneling-microscope (STM) images reveals that a 1/3-monolayer-Li-terminated surface most likely corresponds to the ordered hexagonal-like pattern observed previously in STM experiments. For a 1/2-monolayer-Li-terminated surface, the most-stable surface structure from our DFT calculations contrasts with previous result from an empirical-potential model.   

                                                               
∗ y27h@ameslab.gov 



2  

I. INTRODUCTION Lithium titanate (Li2TiO3) has numerous practical and potential industrial applications. Among these applications, Li2TiO3 has been considered as one of most promising breeder blanket materials in future nuclear fusion reactors due to its great material performance including reasonable lithium density, high melting temperature, low activation, good chemical stability, good structural compatibility, and excellent tritium release performance [1, 2, 3, 4, 5, 6]. Amongst its already-realized applications, Li2TiO3 has been used as an electrode material for molten carbonate fuel cells [7, 8] and for fast-recharging Li-ion batteries [9, 10, 11, 12]. Recently, Li2TiO3 has also been proposed as a good candidate of microwave dielectric material related to wireless and mobile communication [13], as well as a suitable electrode material for supercapattery application [14]. Most of previously-reported studies have focused on sintered polycrystalline samples of Li2TiO3. Such samples do not provide information about the surface structure at the atomic scale, while the specific atomic-scale surface structure is undoubtedly critical for further studying surface-associated processes, such as adsorption, diffusion, desorption, or reaction of hydrogen isotopes, hydroxyl groups, water molecules, or Li atoms on or near the surface [15, 16, 17, 18]. So far, the only reported experimental study for atomic-scale surface structure of Li2TiO3 is from Azuma et al. [19] They used low-energy electron diffraction (LEED) and scanning tunneling microscopy (STM) to investigate the structure of the monoclinic Li2TiO3 (001) surface under ultrahigh vacuum conditions at room temperature. Their LEED experiment showed a well-ordered Li2TiO3 (001) surface by annealing at 1200 K, and their STM images showed terraces with step heights from 0.2 to 0.3 nm. From their STM images after annealing to 1400 K, ordered hexagonal-like patterns with a periodicity of about 0.5 nm are observed. They attempted to interpret these observed patterns using the empirical-potential molecular dynamics (MD) simulations. In a separate work [20], Azuma et al. performed first-principles density-functional-theory (DFT) calculations for the surface terminations of Li2TiO3 (001). However, they only calculate a few terminations of stoichiometric Li2TiO3 (001) surfaces, and therefore provide very limited information to describe the stability of a specific surface termination. Also, we did not find any comparison between their DFT results and the above experimental observations or the empirical-potential MD-simulated results. Thus, in this work, we perform a systematic first-principles DFT analysis for various perfect (defect-free) and vacancy-defected terminations of Li2TiO3 (001) surfaces and provide insights for the stabilities of surface structures with considerations of the above experimental observations. In Azuma et al.’s experimental work [19], single crystals of monoclinic Li2TiO3 
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with a space group of C2/c were grown. In our present work, therefore, we focus on the monoclinic Li2TiO3, which is actually a stable phase throughout the operating temperature range of a breeder material [21, 22]. The single-crystal Li2TiO3 unit cell contains eight formula units (consisting of 48 atoms) with the experimental lattice parameters: a = 0.50623 nm, b = 0.87876 nm, c = 0.97533 nm, and β = 100.212° at 295 K [21]. Along the ۄ001ۃ direction, the crystal structure of Li2TiO3 features the 
-(Li-O-LiTi-O)-(Li-O-LiTi-O)- stacking sequence with the three different types of atomic monolayer: Li, LiTi, or O monolayer, as illustrated in Fig. 1. A Li (O) monolayer is occupied exclusively by lithium (oxygen) atoms. In a LiTi monolayer, 1/3 of the lattice sites are occupied by lithium atoms and 2/3 by titanium atoms. Then, the Li2TiO3 (001) surface has 4 types of terminations: one type of Lix termination, two types of Ox terminations, and one type of LixTiy termination, where 
x or y is the coverage. For a perfect (i.e., defect-free) Li or O termination, ݔ is equal to 1; for a perfect LiTi termination, ݔ ൌ 1/3 and ݕ ൌ 2/3. For a vacancy-defected Lix or Ox termination, 0 ൏ ݔ ൏ 1; for a vacancy-defected LixTiy termination, 0 ൏ ݔ ൅ ݕ ൏ 1 with 0 ൑ ݔ ൑ 1/3 and 0 ൑ ݕ ൑ 2/3. To identify two distinct Ox terminations, we use the symbols “Ox-LiTi” and “Ox-Li” to denote them, i.e., the first two monolayers at the surface are implied. Along the ۄ001ۃ direction, there are two different interlayer spacings: dLi-O and dO-LiTi, which are the distances between two nearest neighbor (NN) Li and O monolayers and between two NN O and LiTi monolayers, respectively, as indicated in Fig. 1(b). Using the experimental values of coordinates of atoms [21], one can obtain dLi-O = 0.1308 nm and dO-LiTi = 0.1091 nm.  

FIG. 1. (a) A 2×1×1 cell of the Li2TiO3 single crystal. The types of atoms as well as the translation vectors a, b, and c of the unit cell (1×1×1) are indicated. The angle between a and c is β, while a and b, or b and c, are perpendicular to each other. (b) A view along the ۄ001ۃ direction. dLi-O (dO-LiTi) denotes the interlayer spacings between Li and O (O and LiTi) monolayers. 
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This paper is organized as follows. Sec. II describes the general thermodynamic formalism for calculating the surface energies of planar surface systems including the Li2TiO3 surface system. Sec. III describes the DFT method used in our calculations and makes the benchmark calculations for the bulk properties of various crystals involved in the calculations for Li2TiO3 surface energies. Sec. IV presents the results of surface energies for 4 types of perfect terminations of Li2TiO3 (001) surface. Sec. V presents the results of surface energies for various vacancy-defected terminations of Li2TiO3 (001) surface. Sec. VI is a discussion, involving growth and stabilities of Li2TiO3 (001) surface structures which relate previous experimental observations. In Sec. VII, we make a summary. 
II. THERMODYNAMIC FORMALISM From the first and second laws of thermodynamics, for a planar solid-surface system, the Gibbs free energy is given by ܩ ൌ ෍ ௜ܰߤ௜௜ ൅  ሺ1ሻ                                                               ,ܣߛ

where ܩ ؠ ܧ ൅ ܸܲ െ ܶܵ with internal energy ܧ, pressure ܲ, volume ܸ, temperature ܶ, and entropy ܵ; ௜ܰ  is the number of particles (e.g., atoms) composing the ݅th chemical component, and ߤ௜ is the chemical potential of the ݅th chemical component; ܣ is the surface area, and ߛ is an excess Gibbs free energy per unit area due to the presence of the surface by noting that ∑ ௜ܰߤ௜௜  is the Gibbs free energy of the same amount of material in a reservoir which is a very large homogeneous dispersed phase (e.g., a gas phase) with the same chemical potential ߤ௜ for any ݅th chemical component. From Eq. (1), an infinitesimal change in ܧ at constant ܶ and ܲ yields dܧ ൌ ܶdܵ െ ܲdܸ ൅ ෍ ௜dߤ ௜ܰ௜ ൅  ሺ2ሻ                                         ,ܣdߛ
which indicates that ߛ is the change in internal energy ܧ when the area ܣ is reversibly changed for constant entropy ܵ and volume ܸ in a closed system (i.e., constant ௜ܰ). Therefore, ߛ is the work of creating a unit area of a specific surface [23] from a homogeneous dispersed phase when ܶ, ܲ, ܵ, ܸ, and ௜ܰ  are not changed, and then ߛ can characterize the “stability” of this surface: lower (higher) ߛ indicates less (more) work is needed to create the surface and hence the surface is more “stable (unstable)”. The quantity ߛ is usually called the “surface free energy” or “surface energy” of the specific surface, and from Eq. (1) it is generally expressed as 
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ߛ ൌ ܣ1 ൭ܧ ൅ ܸܲ െ ܶܵ െ ෍ ௜ܰߤ௜௜ ൱.                                        ሺ3ሻ 
If a system is modeled by a slab with two symmetric surfaces, each of which has the area ܣ, then Eq. (3) becomes 

ߛ ൌ ܣ12 ൭ܧ ൅ ܸܲ െ ܶܵ െ ෍ ௜ܰߤ௜௜ ൱.                                        ሺ4ሻ 
As discussed by Scheffler et al. [24, 25], the contributions from the ܸܲ and ܶܵ terms can be generally neglected, and then Eq. (4) is approximated as 

ߛ ൌ ܣ12 ൭ܧ െ ෍ ௜ܰߤ௜௜ ൱,                                                   ሺ5ሻ 
where ܧ is directly obtained as the DFT total energy of the supercell containing the slab. Eq. (5) allows one to calculate the surface energy of a nonstoichiometric material surface and therefore has been applied to the studies of stabilities of various multicomponent material surfaces with different terminations [26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42]. Incidentally, for a single-component crystal surface, Eq. (5) reduces to the frequently-used well-known surface-energy formula ߛ ൌ ܧ െ ଵܰߤଵ2ܣ ൌ ܧ െ ܣୠ୳୪୩2ߪܰ ,                                               ሺ6ሻ where the chemical potential ߤଵ is often taken to be ߪୠ୳୪୩, the energy per atom in the bulk crystal, and ଵܰ ൌ ܰ is the number of atoms in the slab. In our DFT calculations for Li2TiO3 (001) surface, the system is modelled as a supercell containing a slab with two symmetric surfaces for any specific termination, as will described in Sec. IV. In this case, Eq. (5) can be rewritten as ߛ ൌ ܣ12 ሺܧ െ Lܰ୧ߤL୧ െ Tܰ୧ߤT୧ െ OܰߤOሻ,                                  ሺ7ሻ where Lܰ୧, Tܰ୧, and Oܰ are the numbers of Li, Ti, and O atoms in the slab; ߤL୧, ߤT୧, and ߤO are the chemical potentials for the elements Li, Ti, and O, respectively. In general, ܧ ൌ ,ሺܶܧ ܲ, ௜ܰሻ is a function of ܶ, ܲ, and ௜ܰ , while ߤ௜ ൌ ,௜ሺܶߤ ܲሻ is a function of ܶ and ܲ, where ݅ denotes Li, Ti, or O. If the surface is assumed to be in thermodynamic equilibrium with the surrounding Li2TiO3 bulk, then the sum of the three chemical potentials satisfies the chemical equilibrium condition 
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L୧ߤ2 ൅ T୧ߤ ൅ Oߤ3 ൌ  L୧మT୧Oయ,ୠ୳୪୩,                                               ሺ8ሻߤ
where ߤL୧మT୧Oయ,ୠ୳୪୩ is the chemical potential for bulk Li2TiO3 crystal. The requirement of Eq. (8) is from such fact that the bulk can exchange Li, Ti, or O atoms with the surface by, e.g., diffusion. From Eq. (8), only two in the three chemical potentials ߤL୧, ߤT୧, and ߤO are independent. In general, the value of ߤL୧మT୧Oయ,ୠ୳୪୩ depends on the experimental condition, but often approximated as the energy per unit formula of the bulk crystal at ܶ ൌ 0 K and ܲ ൌ L୧ߤ∆ L୧మT୧Oయ, which is directly obtained from DFT calculations. The chemical-potential changes of Li, Ti, and O elements from bulk metal Li, bulk metal Ti, and O2 gas to the surface system areߪ ,[24] 0 ൌ L୧ߤ െ T୧ߤ∆ ,L୧,ୠ୳୪୩ߤ ൌ T୧ߤ െ Oߤ∆ T୧,ୠ୳୪୩, andߤ ൌ Oߤ െ  O,୥ୟୱ,                  ሺ9ሻߤ
where ߤL୧,ୠ୳୪୩ (ߤT୧,ୠ୳୪୩) is the chemical potential for bulk metal Li (Ti), and ߤO,୥ୟୱ is the chemical potential for O2 gas. In this work, we approximate ߤL୧,ୠ୳୪୩, ߤT୧,ୠ୳୪୩, and ߤO,୥ୟୱ as the per-atom energies ߪL୧, ߪT୧, and ߪO for the bulk metal Li, bulk metal Ti, and O2 gas, respectively, while ߪL୧, ߪT୧, and ߪO are directly obtained from DFT calculations at ܶ ൌ 0 K and ܲ ൌ 0. Here note that the approximation ߤO,୥ୟୱ ൎ ܶ O is a reasonable choice for the chemical-potential range of interests [24], not implying O2 is in a solid state atߪ ൌ 0 K. From Eqs. (8) and (9), one has 2∆ߤL୧ ൅ T୧ߤ∆ ൅ Oߤ∆3 ൌ  ୤,L୧మT୧Oయ,                                            ሺ10ሻߤ∆
where ∆ߤ୤,L୧మT୧Oయ ൌ L୧మT୧Oయ,ୠ୳୪୩ߤ െ L୧,ୠ୳୪୩ߤ2 െ T୧,ୠ୳୪୩ߤ െ ୤,L୧మT୧Oయߤ∆ ୤,M, which can be experimentally measured at the standard pressure of 100 kPa (101.325 kPa prior to 1982) and a specified temperature (e.g., usually 298.15 K and sometimes extrapolated to 0 K [43]). In this work, we takeܪ∆ ୤,M, where M represents a multicomponent material, e.g., Li2TiO3, TiO2, LiO2, etc., is often called the formation energy of M from its constituent elements and compared with its corresponding standard formation enthalpyߤ∆ O,୥ୟୱ is the change of Gibbs free energy per unit formula for the formation of bulk LiଶTiOଷ from bulk metal Li, bulk metal Ti, and O2 gas. Here it should be mentioned thatߤ3 ൎ L୧మT୧Oయߪ െ L୧ߪ2 െ T୧ߪ െ Oߪ3 ؠ െߝ, which 
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can be obtained from our DFT calculations at ܶ ൌ 0 K and ܲ ൌ 0. If we choose ∆ߤT୧ and ∆ߤO as two independent variables and consider Eqs. (8) and (9), then Eq. (7) can be expressed as ߛ ൌ ܣ12 ൤ܧ െ Lܰ୧2 L୧మT୧Oయ,ୠ୳୪୩ߤ ൅ ൬ Lܰ୧2 െ Tܰ୧൰ ൫∆ߤT୧ ൅ T୧,ୠ୳୪୩൯൅ߤ ൬3 Lܰ୧2 െ Oܰ൰ ൫∆ߤO ൅ O,୥ୟୱ൯൨ൎߤ ܣ12 ൤ܧ െ Lܰ୧2 L୧మT୧Oయߪ ൅ ൬ Lܰ୧2 െ Tܰ୧൰ ሺ∆ߤT୧ ൅ T୧ሻ൅ߪ ൬3 Lܰ୧2 െ Oܰ൰ ሺ∆ߤO ൅ 2/ߝO for a given planar Li2TiO3 surface system. In experiments, these chemical potentials correspond to specific experimental environments (T and P) [24]. In this work, we consider the surface energies only within the bounds of the chemical potentials satisfying െߤ∆ T୧ andߤ∆ Oሻ൨.                                                                     ሺ11ሻ From Eq. (11), we can estimate the surface energy as a function ofߪ ൑ L୧ߤ∆ ൑ 0, െߝ ൑ T୧ߤ∆ ൑ 0, and െ3/ߝ ൑ Oߤ∆ ൑ 0.                    ሺ12ሻ In Eq. (12), the upper bounds of ∆ߤL୧ and ∆ߤT୧ guarantee that system does not decompose into bulk metal Li and bulk metal Ti, and O2 gas, while the upper bound of ∆ߤO is a reasonable choice as an estimate of the truly accessible range [24]. The lower bounds of these inequality are determined by Eq. (10) and the upper bounds. The upper (lower) bound of ∆ߤ௜ is often called the “݅-rich” (“݅-poor”) environment [24, 26] because a higher (lower) chemical potential corresponds to a higher (lower) concentration of the ith component. In addition, we also consider the formation conditions of the binary oxides Li2O and TiO2. The formation energy from bulk metal Li and O2 gas to bulk Li2O is ∆ߤ୤,L୧మO ൌ L୧మO,ୠ୳୪୩ߤ െ L୧,ୠ୳୪୩ߤ2 െ ୤,T୧Oమߤ∆ O,୥ୟୱ, and it isߤ ൌ T୧Oమ,ୠ୳୪୩ߤ െ T୧,ୠ୳୪୩ߤ െ2ߤO,୥ୟୱ from bulk metal Ti and O2 gas to bulk TiO2. Here ߤL୧మO,ୠ୳୪୩ and ߤT୧Oమ,ୠ୳୪୩ can be approximately taken to be ߪL୧మO and ߪT୧Oమ (each of them is the energy per unit formula of the bulk crystal), which are directly obtained from DFT calculations at ܶ ൌ 0 K and ܲ ൌ 0 for bulk Li2O and bulk Ti2O, respectively. Thus, if the condition 2∆ߤL୧ ൅ Oߤ∆ ൑ T୧ߤ∆ ୤,L୧మO                                     ሺ13ሻ is satisfied, then the formation of bulk Li2O is prohibited, and if the conditionߤ∆ ൅ Oߤ∆2 ൑  ୤,T୧Oమ                                     ሺ14ሻߤ∆
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is satisfied, then the formation of bulk TiO2 is prohibited. 
III. DFT METHOD AND BENCHMARK CALCULATIONS Our DFT calculations are performed using the plane-wave-based Vienna ab 

initio simulation package (VASP) code [44, 45]. The electron-core interactions with the pseudopotentials are generated from the projector augmented-wave (PAW) method [46] from the VASP group. The Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [47] as the electronic exchange-correlation energy functional is implemented. The PBE GGA functional was already used to calculate bulk properties [48], defect formation energies [49], lithium diffusion [50], and tritium diffusion [51, 52] in Li2TiO3. In our DFT calculations for the bulk Li2TiO3, we use a 2×1×1 supercell, as shown in Fig. 1. Based on our previous convergence tests [51], the energy cutoff for the plane-wave basis is taken to be 400 eV, and the G-centered k mesh is taken to be 3×2×2. The atoms of a system are always fully relaxed until the total force on any atom is less than 0.1 eV/nm. By optimizing the supercell geometry, we obtain the lattice constants: a = 0.5039 nm, b = 0.8744 nm, c = 0.9653 nm, and β = 100.2°; the interlayer spacings: dLi-O = 0.1270 nm and dO-LiTi = 0.1105 nm. These DFT geometric parameters are in good agreement with the experimental values in Sec. I. We also benchmark the band structure and density of states (DOS) of the bulk Li2TiO3, as plotted in Fig. 2. The corresponding band gap is 2.86 eV, which is reasonably consistent with the experimental value of 3.90 eV [53], as well as previous PBE value of 2.65 eV [20] and 3.20 eV [48]. The underestimation in band gap for most of semiconductors or insulators from PBE GGA calculations has been well-known and can have significant effects on excited-state properties but not the ground-state properties. The surface energies discussed in this work do not involve the excited-state properties and therefore PBE GGA is safe, as previously used in the calculations for other ground-state-related properties of Li2TiO3 [48, 49, 50, 51, 52].      
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FIG. 2. Band structure (left) and DOS of the bulk Li2TiO3, from our DFT calculation. The Fermi energy level is set to be 0 eV on the vertical axis.   As described in Sec. II, to determine the relevant chemical potential ranges and build the surface phase diagram, one needs to know the involved formation energies. In Table I, we list the lattice constants and formation energies of bulk Li2TiO3, Li2O, and TiO2 from our DFT calculations. The comparison with experimental values shows good agreements. In the calculations for these formation energies, we use the values of ߪL୧, ߪT୧, and ߪO from optimized bulk bcc Li, bulk hcp Ti, and O2 molecule, respectively. The optimized lattice constant of bcc Li is ܽ ൌ 0.3439 nm (cf. experimental value 0.35092 nm at 20 °C [54]), while the optimized lattice constants of hcp Ti are 0.2922 and 0.4632 nm (cf. experimental values 0.295111 and 0.468433 nm at 25 °C [55]) for ܽ and ܿ, respectively. The optimized bond length of O2 molecule in gas phase is 0.12343 nm (cf. experimental value 0.12074 nm [56]).          
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Table I. Lattice constants (ܽ, ܾ, and ܿ in nm) and formation energies (∆ߤ୤,M in eV) of bulk Li2TiO3, Li2O, and TiO2 from our DFT calculations compared with experimental (exp.) lattice constants and formation enthalpies (∆ܪ୤,M in eV, at 0 K [43]). 
୤,M Li2TiO3 (monoclinic) DFT 0.5039 0.8744 0.9653 -17.388  exp. 0.50623 [21] 0.87876 [21] 0.97533 [21] -17.478 [43] Li2O (antifluorite) DFT 0.4576   -6.165  exp. 0.4573 [57]   -6.273 [43] TiO2 (rutile): DFT 0.4607  0.2957 -9.912  exp. 0.458666 [58]ܪ∆ ୤,M orߤ∆ ܿ ܾ ܽ    0.295407 [58] -9.876 [43] TiO2 (anatase): DFT 0.3803  0.9497 -9.993  exp. 0.378216 [58]  0.950226 [58]  

IV. PERFECT (DEFECT-FREE) (001) SURFACES In our DFT calculation for any Li2TiO3 (001) slab, we always use a 2×1 supercell with a vacuum thickness of 1.5 nm and the k mesh is taken to be 3×2×1. All atoms in the slab are fully relaxed until the total force on any atom is less than 0.1 eV/nm. Specifically, to use Eq. (11) to calculate the surface energy of a nonstoichiometric surface termination, one needs to construct a symmetric slab with two exact same surfaces [41]. In addition, the thickness of the slab needs to be tested for convergence of surface energy. After the above consideration, we initially construct 4 slabs before energy minimization for 4 possible types of perfect surface terminations with all atoms at their bulk lattice. The 4 slab models before relaxation are shown in Fig. 3, and the corresponding geometries after full relaxation are shown in Fig. 4. Because we always use the 2×1 supercell, 4 types of perfect surface terminations are denoted as Li12/12 (or Li1), Li4/12Ti8/12 (or Li1/3Ti2/3), O12/12-LiTi (or O1-LiTi), and O12/12-Li (or O1-Li) terminations, according to the notation rule mentioned in Sec. I. By comparing the fully-relaxed structures in Fig. 4 with their initial configurations in Fig. 3, the lateral (parallel to the surface) positions of surface atoms of Li1, Li1/3Ti2/3, and O1-LiTi terminations are not significantly changed, but there is a conservative reconstruction (i.e., the total number of atoms in the reconstructed surface is equal to that in bulk [59]) of the first two-monolayer surface atoms for the O1-Li termination. For the relaxation along the direction vertical to the surface, in Table II 
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we list the interlayer spacing dij after full relaxation, where the integers i and j label the ith and jth single-atom layer (monolayer) from the top surface (with smaller integer) to the middle (with bigger integer) of the slab. We also list the relaxation percentage dij corresponding to the interlayer spacing dij with the definition of ߜ௜௝ ൌ ሺ݀௜௝ െ ݀௜௝ל ሻ/݀௜௝ל ൈ 100%, where ݀௜௝ל ൌ ݀Li-O or ݀O-LiTi is the interlayer spacing before relaxation (e.g., that in Fig. 3). These interlayer spacings will be used to discuss the Li2TiO3 (001) surface structures in Sec. V.  

FIG. 3. Slab models before relaxation for 4 types of surface terminations of Li2TiO3 (001). (a) Li1, (b) Li1/3Ti2/3, (c) O1-LiTi, and (d) O1-Li termination. The upper panel is top view, and the lower panel is side view.    
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FIG. 4. Slab geometries after full relaxation for 4 types of surface terminations in Fig. 3. (a) Li1, (b) Li1/3Ti2/3, (c) O1-LiTi, and (d) O1-Li termination. The upper panel is top view, and the lower panel is side view. 
Table II. Interlayer spacings dij (in nm) and relaxation percentage dij of surface terminations from our DFT calculations. 
Termination  ݀ଵଶ ݀ଶଷ ݀ଷସ ݀ସହ ߜଵଶ ߜଶଷ ߜଷସ ߜସହ 
Li1 averagea 0.0876 0.1282 0.1059 0.1341 -31.05% 16.01% -4.15% 5.59%  maximumb 0.0926 0.1369 0.1155 0.1400 -27.09% 23.89% 4.52% 10.24% Li1/3Ti2/3 average 0.0945 0.1498 0.1198 0.1155 -14.49% 17.96% -5.67% 4.52%  maximum 0.1454 0.1829 0.1291 0.1182 31.58% 44.02% 1.65% 6.97% O1-LiTi average 0.0874 0.1303 0.1229 0.1360 -20.87% 17.89% -3.21% 7.08%  maximum 0.0914 0.1397 0.1237 0.1369 -17.29% 26.43% -2.60% 7.80% O1-Li average 0.1377 0.1327 0.1132 0.1108 8.41% 4.45% -2.49% 0.27%  maximum 0.2176 0.1593 0.1233 0.1203 71.34% 25.43% 11.58% 8.87% Li1/3 average 0.0885 0.1107 0.1087 0.1302 -30.31% 0.18% -1.63% 2.52%  maximum 0.0886 0.1378 0.1237 0.1314 -30.23% 24.71% 11.95% 3.46% 
a The interlayer spacing after taking an average value for all atoms of each monolayer. 
b The interlayer spacing is calculated as the maximum vertical distance between two atoms in the ith and jth monolayer, respectively.  



13  

According to Eq. (11), the surface energy ߛ is a binary function of ∆ߤO and ∆ߤT୧ for a given surface system, e.g., that in Fig. 4(a), 4(b), 4(c), or 4(d). Therefore, one can make a 3-dimensional (3D) plot of ߛ versus ∆ߤO and ∆ߤT୧. For clarity, in Fig. 5 we only show the 2D plots of ߛ versus ∆ߤO at four selected ∆ߤT୧ values, for each of which the surface energies of 4 types of Li2TiO3 (001) surface terminations are plotted. Also, in Fig. 5, only the ranges of chemical potentials satisfying Eqs. (10) and (12) are shown. From Fig. 5, we can see that there is always a chemical-potential region where O1-Li, Li1, or O1-LiTi termination has the lowest surface energy and is hence most stable thermodynamically relative to other 3 terminations, but there is no such region for Li1/3Ti2/3 termination, i.e., the perfect Li1/3Ti2/3-terminated surface is unfavorable for any chemical-potential range. Here we also need to mention that the surface energy of a surface termination can be negative in some certain chemical-potential ranges [31, 32, 38], as seen in Fig. 5. From Eq. (1), a negative surface energy indicates that the surface phase of the material is more favorable in energy or more stable than the corresponding reservoir with the same chemical potentials, i.e., the process of the surface formation from the reservoir is exothermic.       
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FIG. 5. Plots of surface energy ߛ versus ∆ߤO (in units of ߝ) for 4 types of Li2TiO3 (001) surface terminations (corresponding to Fig. 4) at (a) ∆ߤT୧/ߝ ൌ െ9/12, (b) ∆ߤT୧/ߝ ൌ െ7/12, (c) ∆ߤT୧/ߝ ൌ െ5/12, and (d) ∆ߤT୧/ߝ ൌ െ3/12.          
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FIG. 6. Lowest-surface-energy ternary phase diagram for perfect Li2TiO3 (001) surface terminations. Each color indicates a chemical-potential region where any surface energy corresponding to a specific surface termination is lowest relative to other terminations. To show a region corresponding to a most-stable surface termination, in Fig. 6 we plot the lowest-surface-energy ternary phase diagram for the perfect Li2TiO3 (001) surface terminations. In the O-poor (Li- and Ti-rich) region, the Li1-terminated surface is most stable; in the Li-poor (O- and Ti-rich) region, the O1-LiTi-terminated surface is most stable; in the Ti-poor (Li- and O-rich) region, the O1-Li-terminated surface is most stable. In the ternary phase diagram, there is no any region where Li1/3Ti2/3-terminated surface is most stable, as analyzed above for Fig. 5. 
V. VACANCY-DEFECTED (001) SURFACES The STM experiments [19] show the structures of Li2TiO3 (001) surface can differ from the atomic arrangement of its bulk lattice, indicating the vacancies exist in the surface layer. In this section, we show our results of the energetics for vacancy-defected Li2TiO3 (001) surfaces. We first explore the vacancy-defected Lix-terminated surfaces. We only consider a 2×1 supercell in Fig. 3(a), where the number of Li atoms in the complete top Li monolayer of the supercell is 12. Then, the possible discrete coverages of Li on the O1-LiTi-terminated subsurface are n/12, where n = 0, 1, 2, …, or 12 is the number of Li atoms in the top Li monolayer of the supercell. n = 1, 2, …, and 11 correspond to 11, 10, …, and 1 vacancy in the vacancy-defected Li top monolayer, respectively. n = 0 
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corresponds to the perfect O1-LiTi-terminated subsurface and n = 12 corresponds to a perfect Li-terminated surface without vacancies. Note that if a larger supercell is chosen, the number of discrete coverages increases, e.g., for a 4×2 supercell, the possible coverages can be n/48 with n = 0, 1, 2, …, and 48. Obviously, in these coverages for the 4×2 supercell, there are 12 coverages with n = 4, 8, 16, …, and 48 repeating those for the 2×1 supercell. Although increasing the supercell size will lead to a denser coverage network, both larger system size and larger number of possible coverages (and therefore larger number of configurations of top Li atoms) will significantly increase the consumption of computation, while a denser coverage network does not bring more interested insights. Thus, we choose a reasonably small supercell size 2×1. As described below, the results from the 2×1 supercell have been sufficiently good to understand the vacancy-defected surfaces. Below, we use Lix to denote a surface termination with the Li coverage at x = n/12. For a given coverage x = n/12, there are multiple configurations of Li atoms. In order to find the most favorable Lin/12 termination, one needs to calculate the total energies of all possible configurations and compare these total energies. 

FIG. 7. Three most favorable adsorption sites L, W, and X for one Li atom on an O1-LiTi-terminated subsurface. By calculating the adsorption energies of one Li atom (n = 1 or x = 1/12) on the O1-LiTi-terminated subsurface, we find that the most favorable adsorption site is the 
L site (see Fig. 7) with an adsorption energy of -6.62 eV. The second-most favorable adsorption site is the W site with an adsorption energy of -6.56 eV. It should be mentioned that there are three NN W sites with slightly different geometries (see Fig. 7), but our DFT results show the energy differences among them are less than 2 meV, so we do not distinguish them. The third-most favorable adsorption site is the X site with an adsorption energy of -6.36 eV. There are two NN X sites with slightly different geometries (see Fig. 7), but the energy difference between them is less than 
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2 meV, and then we do not distinguish them either. The adsorption energy of one Li adatom on the O1-LiTi-terminated subsurface is calculated as ܧୟୢୱ ൌ ଵܧ െ ୱ୳ୠܧ െ                      .L୧,୥ୟୱ is the energy of one Li atom in gas phase. Because the adsorption energy at L site is significantly lower than the W and X site, we only consider the surface energy of the Li1/12-terminated surface with the Li atom at L site (see Fig. 8(a))ܧ ୱ୳ୠ is half of the energy of the clean substrate with two symmetric O-LiTi-terminated subsurfaces on which no any Li atoms are absorbed, andܧ ,ଵ is half of the total energy of the slab with two symmetric subsurfaces (each of which absorbs one Li adatom)ܧ L୧,୥ୟୱ,                                                    ሺ15ሻ  whereܧ
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FIG. 8. Most favorable configuration of a Lin/12-terminated surface by searching a limited number of configurations (see text). (a) n = 1, (b) n = 2, (c) n = 3, (d) n = 4, (e) 
n = 5, (f) n = 6, (g) n = 7, (h) n = 8, (i) n = 9, (j) n = 10, (k) n = 11, and (l) n = 12. For clarity, the top Li atoms are green-colored. The Li, O, and Ti atoms in sublayers are purple-, red-, and gray-colored, respectively. The yellow dashed frame represents the 2×1 supercell. The number of vacancies per supercell for a configuration with the coverage x = n/12 can be counted as 12 െ ݊, relative to the perfect Li termination in (l). For two Li atoms (n = 2 or x = 2/12 = 1/6) on the O1-LiTi-terminated subsurface, we selectively calculate the total energies of 12 configurations. For each configuration, two Li atoms are at two adsorption sites, and each adsorption site can be L, W, or X site. We find that the most favorable configuration in energy is that in Fig. 8(b), where two Li atoms are at two NN L sites. From these calculations, we also find that the total energy of any configuration including a X site is always significantly higher (0.5 eV at least) than any one not including a X site. The empirical-potential MD simulations of Azuma et al. also show that the Li atoms do not occupy the X sites [19]. Thus, it is safe that we do not generally consider X sites when calculating the configurations of n > 2 or x > 1/6 in the analysis below. 
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FIG. 9. The relative energies of (a) 48 symmetrically-different configurations for Li1/3-terminated surface (the lowest level corresponds to Fig. 8(d)), and (b) 120 symmetrically-different configurations for Li1/2-terminated surface (the lowest level corresponds to Fig. 8(f)). Considering the above energies of configurations and the separations between two Li atoms for n = 2 or x = 1/6, it is expected that, for n = 3 or x = 3/12 = 1/4, the configurations in Fig. 8(c) is most favorable than other possible configurations. This is confirmed by selectively calculating 7 other configurations which have 0.28 to 2.31 eV higher energies than that in Fig. 8(c). Similarly, for n = 4, 5, 6, 7, 8, 9, 10, and 11, we selectively calculate 48, 3, 120, 3, 4, 4, 2, and 3 configurations, respectively. The most favorable configurations for these different Li coverages n from 1 to 12 are shown in Fig. 8. As an illustration, we plot the relative energies of 48 symmetrically-different configurations for n = 4 in Fig. 9(a), and 120 symmetrically-different configurations for n = 6 in Fig. 9(b). Each level in Fig. 9 is the energy value of a configuration relative to the lowest-energy configuration for a surface termination with a specific Li coverage x. For Fig. 9(a), x = 1/3 or n = 4, and for Fig. 9(b), x = 1/2 or n = 6. Note that the configuration space is large for an intermediate n value , e.g., for the 2×1 supercell, total number of sites is 16 (including 4 L sites and 12 W sites), and then there are ܥଵ଺ସ ൌ 1820 and ܥଵ଺଺ ൌ8008 configurations for n = 4 and 6, respectively. In our calculations, we neither consider any occupation of two NN L and W sites on account of too high energies of such pairs due to too short separations nor the symmetrically same configurations. Therefore, the numbers of configurations to be considered are largely reduced. We select and calculate 48 and 120 symmetrically-different configurations for n = 4 and 



20  

6, as plotted in Figs. 9(a) and 9(b), respectively. As seen in Fig. 9(a), the first-lowest level is much lower than the second-lowest level, and the gap between them is 0.74 eV. The first-lowest level in Fig. 9(a) corresponds to the configuration in Fig. 8(d), where a periodic hexagonal-like pattern of top Li atoms is exhibited. The further discussion for this pattern will be presented in Sec. VI. In Fig. 9(b), the first-lowest level is 0.10 eV lower than the second-lowest level. The first-lowest level in Fig. 9(b) corresponds to the configuration in Fig. 8(f). This DFT result is not consistent with that obtained by Azuma et al.’s from an empirical-potential model, where the most favorable configuration (hereinafter referred to as the “EPM pattern”) is shown in Fig. 8(b) in Ref. [19]. The EPM pattern actually corresponds to the 24th-lowest level with an energy of 0.246 eV relative to the first-lowest level in Fig. 9(b). This also indicates the failure of the empirical potential [17, 19] in predicting the stabilities of surface structures of Li2TiO3 crystal, at least in searching the lowest-energy structure for a specific Li coverage, e.g., x = 1/2 in Fig. 9(b). We will analyze this pattern again in Sec. VI. In the above calculations, only 2D configurations of the top Li atoms are considered. To examine the possibility of the 3D configurations, we perform several types of calculations. Firstly, we initially construct a 4-Li-atom pyramid with 3 Li atoms at 3 NN W sites and the 4th Li atom on top of the base triangle. Such 4-Li-atom pyramids have three possible configurations, each of which corresponds to the 4th Li atom above a Li, O, or Ti atom of the sublayer (see Fig. 7). Fully relaxing these three 4-Li-atom pyramids obtains the energies of 1.85, 3.05, and 6.38 eV higher than those for the hexagonal-like 2D structure in Fig. 8(d). Secondly, we take one Li atom away from the perfect Li1-terminated surface (Fig. 8(l)) (so that a vacancy is left) and position it at an adsorption site on top of Li monolayer with the vacancy. We only consider the configurations for which the Li adatom has a largest distant from the vacancy. For such configurations, there are three possible adsorption sites, each of which can be above a Li, O, or Ti atom of the sublayer, similar to the above 4-Li-atom pyramids. Fully relaxing these three configurations yields the energies of 1.94, 1.96, and 2.00 eV higher than those for the perfect 2D Li1-terminated surface in Fig. 8(l). Similarly, we also select and calculate a 3D configuration with a 4-Li-atom pyramid for any of x = 5/12, 1/2, 7/12, 3/4, and 5/6, and find that these 3D structures have 3 to 6 eV higher energies than the corresponding 2D structures in Fig. 8. Thus, we do not consider the 3D structures for any Lix terminations in this work. In Fig. 10, we plot the surface energy ߛ versus ∆ߤO for most favorable Lix-terminated surfaces (corresponding to Fig. 8) at four selected ∆ߤT୧ values. The surface energies of 4 types of perfect Li2TiO3 (001) surface terminations (corresponding to Figs. 4 and 5) are also plotted in Fig. 10 for comparison. From Fig. 10, a chemical-potential region corresponding to the lowest surface energies can be 
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found for O1-LiTi, Li1, O1-Li, Li1/12, Li1/6, Li1/4, Li1/3, Li5/12, Li1/2, or Li5/6 termination, but no any region with the lowest surface energies corresponds to Li1/3Ti2/3, Li7/12, Li2/3, Li3/4 , or Li11/12 termination. To more clearly show the chemical-potential regions corresponding to most stable surface terminations, in Fig. 11 we plot the lowest-surface-energy ternary phase diagram for perfect Li2TiO3 (001) surface terminations and various most favorable Lix-terminated surfaces. Compared with Fig. 6, the O-poor (Li- and Ti-rich), Li-poor (O- and Ti-rich), and Ti-poor (Li- and O-rich) regions in Fig. 11 still correspond to the most stable Li1-, O1-LiTi-, and O1-Li-terminated surfaces, but the most stable Lix terminations with different ribbon-like areas from x = 1/12 to 1/6 to 1/4 to 1/3 to 5/12 to 1/2 to 5/6 successively cover the middle part of the phase diagram from left to right, as indicated by various colors. These ribbon-like areas have different widths along the ∆ߤO axis. Among them, the Li1/2 region (n = 6, yellow-green) is widest, and the Li1/3 region (n = 4, wine) has the second-largest width, while the Li5/6 region (n = 10, black) is narrowest and actually reduced to a straight line (see Fig. 11). Note that there is no region corresponding to Li1/3Ti2/3, Li7/12, Li2/3, or Li3/4 termination in the ternary phase diagram, as analyzed above for Fig. 10.           
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FIG. 10. Plots of surface energy ߛ versus ∆ߤO for most favorable Lin/12-terminated surfaces (corresponding to Fig. 8) at (a) ∆ߤT୧/ߝ ൌ െ9/12, (b) ∆ߤT୧/ߝ ൌ െ7/12, (c) ∆ߤT୧/ߝ ൌ െ5/12, and (d) ∆ߤT୧/ߝ ൌ െ3/12. (c’) is a local enlargement of (c), and (d’) is a local enlargement of (d). For comparison, the surface energies of 4 types of perfect Li2TiO3 (001) surface terminations (corresponding to Figs. 4 and 5) are also plotted.   
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In Fig. 11, we also plot the formation boundaries of the binary bulk oxides Li2O and TiO2. Under the b1 line, the formation of bulk Li2O is impossible, but forming bulk Li2O is possible above the b1 line. Under the b2 (b3) line, the formation of bulk anatase (rutile) TiO2 is possible, while forming bulk anatase (rutile) TiO2 is impossible above the b2 (b3) line. Thus, the region where the formation of all these bulk oxides is impossible is only that narrow area between the b1 and b2 lines. 

FIG. 11. Lowest-surface-energy ternary phase diagram for perfect Li2TiO3 (001) surface terminations (Fig. 6) plus vacancy-defected Lin/12 terminations. Each color indicates a chemical-potential region where any surface energy corresponding to a specific surface termination is lowest relative to other terminations. The dashed lines b1, b2, and b3 indicate the formation boundaries of bulk Li2O, bulk TiO2 (anatase), and bulk TiO2 (rutile), respectively. For vacancy-defected Ox-Li-, LixTiy-, or Ox-LiTi-terminated surfaces, in principle, one can perform similar calculations to the above vacancy-defected Lix-terminated surfaces, but the number of configurations (including 2D and 3D) is huge even for a 2×1 supercell. Instead of calculating a large number of configurations, we selectively calculate several typical configurations of interest in light of available experimental observations [19], as will discussed in Sec. VI. These configurations before and after full relaxations are shown in Fig. 12, and the lowest-surface-energy ternary phase diagram after considering these configurations is shown in Fig. 13.   
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FIG. 12. Typical configurations for vacancy-defected LixTiy-, Ox-LiTi-, and Ox-Li-terminated surfaces of Li2TiO3 (001). (a) Li1/3Ti0, (b) Li0Ti1/3, (c) Li1/6Ti1/6, (d) O1/3-LiTi, (e) O1/3-Li, and (f) O1/4-Li termination. All atoms in a vacancy-defected terminated monolayer are blue-colored. The Li, O, and Ti atoms in sublayers are purple-, red-, and gray-colored, respectively. An arrow indicates the configurations before and after full relaxation from left to right.             
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FIG. 13. Lowest-surface-energy ternary phase diagram for perfect Li2TiO3 (001) surface terminations and vacancy-defected Lin/12 terminations (Fig. 11) plus vacancy-defected LixTiy-, Ox-LiTi-, and Ox-Li-terminated surfaces in Fig. 12. 
VI. DISCUSSION The step heights of terraces on Li2TiO3 (001) surface observed from experimental STM images are around 0.25 nm [19], which is approximately equivalent to a two-monolayer height (see Fig. 1(b) and Table II). Here we assume that the sum (݀ଵଶ ൅ ݀ଶଷ) of two topmost interlayer spacings for any surface termination does not significantly change relatively to the bulk value, as listed in Table II. Thus, two surfaces of the upper and lower terraces of a step can be either Ox-LiTi- and Ox-Li-terminated (i.e., both terminations are oxygen anion monolayers), or Lix- and LixTiy-terminated (i.e., two terminations are lithium and lithium-titanium cation monolayers, respectively), and it is possible that any monolayer as a surface termination can be vacancy-defected and reconstructed [19]. In addition to the step heights, an interesting and helpful factor to determine the possible structure of the surface termination can be the observed hexagonal-like patterns with a periodicity of about 0.5 nm [60] from the experimental STM images. From the lowest-surface-energy ternary phase diagram in Fig. 11, a chemical-potential region (wine-colored), where a Li1/3 termination is most stable, can be found. The configuration of this Li1/3 termination is actually a non-conservative reconstruction (i.e., the total number of atoms in the reconstructed surface is unequal to that in bulk [59] because it is vacancy-defected), as shown in Fig. 8(d) or 12(a), featured by a triangular lattice with one side length ݈ଵ ൌ 0.5039 
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nm and other two side lengths ݈ଶ ൌ 0.5046 nm from our DFT calculation. The ݈ଵ and ݈ଶ values, which can be obtained from previous experimental lattice constants [21], are 0.5062 and 0.5071 nm, respectively. Because ݈ଵ ൎ ݈ଶ, the pattern looks hexagonal-like. If there are no more configurations which have even lower surface energies than those within the wine-colored chemical-potential region in Fig. 11, the Li1/3 termination should be globally most stable, i.e., a hexagonal-like pattern should be observed, as revealed by our DFT-simulated STM image in Fig. 12(b), when the experimental condition satisfies this chemical-potential range. However, the chemical potentials corresponding to the experiments are not available, and thus we need to check more possibilities. Here we also should mention that our DFT-simulated STM image is obtained within the Tersoff-Hamann approximation [61], and we take a reasonable sample bias of 3.7 V under the constant current mode by considering the value of 3.0 V used in experiment [19] and the energy gap of 2.86 eV from our DFT calculations in Fig. 2. Let us first examine the EPM pattern (a Li1/2 termination) suggested in Ref. [19]. On the one hand, from our DFT calculations, the configuration corresponding to the EPM pattern has a DFT energy of 0.246 eV higher than the configuration in Fig. 8(f) and is more unfavorable than 23 configurations for the Li1/2 terminations, as analyzed in Sec. V. Also note that the configuration in Fig. 8(f) does not correspond to the above hexagonal-like pattern. On the other hand, using the configuration (Fig. 12(c)) corresponding to the EPM pattern, we cannot obtain any DFT-simulated STM image which looks hexagonal-like, as seen in Fig. 12(d). Thus, we do not suggest Li1/2 termination to be the hexagonal-like pattern observed in the experimental STM images. Then we examine the possible structures which look like a hexagonal pattern before geometric optimization for vacancy-defected LixTiy terminations. From the bonding analysis for possible adsorption sites for a Li or Ti atom on the O1-Li-terminated subsurface, we choose three most possible configurations shown in Figs. 12(a), 12(b), and 12(c). Our DFT calculations show that the configuration (a Li0Ti1/3 termination) in Fig. 12(b) has relatively high surface energies (with a range from 0.76 to 3.92 J/m2) and no any lowest-surface-energy region appearing within the ternary phase diagram in Fig. 13. For both Li1/3Ti0 (Fig. 12(a)) and Li1/6Ti1/6 (Fig. 12(c)) terminations, the configurations after full relaxations become away from a hexagonal-like pattern. Thus, one should exclude these vacancy-defected LixTiy terminations for the hexagonal-like pattern. Let us examine possible Ox-LiTi terminations. We choose a typical configuration (O4/12-LiTi or O1/3-LiTi termination) in Fig. 12(d), which has a hexagonal-like structure. Our DFT calculations show that this configuration after full relaxation has relatively high surface energies (with a range from 0.99 to 10.46 J/m2) and no any lowest-surface-energy region appearing within the ternary phase diagram in Fig. 13. 
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By checking the bonding details of possible adsorption sites for an O atom on the Li1/3Ti2/3-terminated subsurface, we expect that other O1/3-LiTi terminations are not more favorable than that in Fig. 12(d). Then, one should also exclude any O1/3-LiTi termination. 

 
FIG. 14. (a) Fully-relaxed geometry of most favorable Li1/3-terminated surface, which is the same as Fig. 8(d). The periodicity of the pattern is indicated by two triangles with the side lengths l1 and l2. (b) DFT-simulated STM image corresponding to (a). (c) Fully-relaxed geometry of a Li1/3-terminated surface which is the EPM pattern in Fig. 8(b) in Ref. [19]. (d) DFT-simulated STM image corresponding to (c). (e) Fully-relaxed geometry of O-Li-terminated surface, which is the same as Fig. 4(d). (f) DFT-simulated STM image corresponding to (e). In (a) and (c), the top Li atoms are green-colored. The Li, O, and Ti atoms in (e) or in sublayers 
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of (a) and (c) are purple-, red-, and gray-colored, respectively. For (b), (d), or (f), the sample bias is set to be 3.7 V at a constant electron density of 10−8 nm−3 under the constant current mode. Now we examine Ox-Li terminations. It is indeed that the periodicity of the conservative reconstruction after full relaxation of the perfect O1-Li termination (Fig. 4(d) or Fig. 12(e)) is hexagonal-like, but the pattern, as displayed by the DFT-simulated STM image in Fig. 12(f), is rather anisotropic in contrast to the Fig. 12(b). On the other hand, the region (red-colored) corresponding to this termination in the lowest-surface-energy ternary phase diagram largely shrinks when the vacancy-defected surface terminations are taken into account: from Fig. 6 to Fig. 11, the red-colored region is partly replaced by the yellow-green color representing the Li1/2 termination in Fig. 8(f); from Fig. 11 to Fig. 14, most of the red-colored region is further occupied by the dark-blue color representing the Li1/3Ti0 termination in Fig. 12(a). Thus, only a small red region at the most is left finally. From this analysis, we expect that the reconstructed O1-Li termination has few opportunities as the experimentally-observed hexagonal-like pattern because the chemical-potential region is too small so that satisfying such conditions might be difficult experimentally, although it cannot be excluded completely. We also consider an O1/3-Li termination in Fig. 12(e) as a possible hexagonal-like structure, but the no any lowest-surface-energy region corresponding to it appears within the ternary phase diagram in Fig. 13, and therefore this termination is excluded too. Based on the above analysis, we conclude that the Li1/3 termination in Fig. 8(d) is the most likely structure corresponding to the hexagonal-like pattern observed in experimental STM images [19]. Here we must emphasize that, for a given chemical-potential pair ∆ߤT୧ and ∆ߤO, more stable structures than the configurations considered in the above analysis are still possible, and the lowest-surface-energy ternary phase diagram will be thereby updated if a more stable structure exists. For example, from our DFT calculations, the surface energies of an O1/4-Li termination in Fig. 12(f) are lower than the Li1, Li5/6, and, Li1/2 terminations within a chemical-potential range, and then the region corresponding to this chemical-potential range in the phase diagram is updated from the orange, black, and yellow-green colors in Fig. 11 to the blue-green color in Fig. 13. As mentioned in Sec. V, exhausting all 2D and 3D configurations is difficult or impossible computationally due to a huge number of entire configurations. Nevertheless, given the hexagonal-like pattern observed in experiment, we expect that the possible configurations selected in the above analysis are enough for the purpose of interpreting such pattern. In Fig. 11 or 13, we also plot the formation boundaries of bulk Li2O, bulk TiO2 (anatase), and bulk TiO2 (rutile) as the dashed lines b1, b2, and b3, respectively. As stated in Sec. V, the formation of bulk TiO2 is possible under the b2 line, while the 
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whole wine-colored region (the Li1/3 termination) is under the b2 line. This indicates that bulk TiO2 can form under the same chemical-potential environment as that for the Li1/3 termination. The domination of bulk TiO2 formation or appearance of the Li1/3 termination should depend on the availabilities of Ti, O, and Li in the environment at the surface. For example, an environment of insufficient Ti and/or O will lead to the appearance of the Li1/3 termination (i.e., the hexagonal-like pattern), while insufficient Li (i.e., relatively-plentiful Ti and O) will result in the precipitation of TiO2 on the surface. Similarly, changing chemical potentials into the region above the b1 line and under an environment of relatively-plentiful Li and O, the precipitation of Li2O will appear on the surface. In Azuma et al.’s experiments [19], the annealing at 1200 K does not lead to ordered domains. This may be attributed to the corresponding chemical potentials out of the wine-colored region in the phase diagram in Fig. 13. In contrast, that the experimental STM images for the annealing at 1400 K exhibit the hexagonal-like pattern [19] is because the corresponding chemical potentials are within the wine-colored region in the phase diagram in Fig. 13. Further annealing at around 1400 K (even though the chemical potentials do not significantly change) may cause an environment of relatively-plentiful Ti and O (e.g., by diffusion of atoms along the surface, dewetting, or desorption-adsorption process of atoms from surface defects or other non-(001) facets of the Li2TiO3 sample at such high temperature) so that the precipitation of TiO2 develops on the terraces and consequently the ordered domains with hexagonal-like pattern disappear finally, as observed in experiments [19]. It is also possible that the further annealing around 1400 K leads to the significantly-changed chemical potentials to be out of the wine-colored region in the phase diagram in Fig. 13. This also causes the disappearance of the ordered domains because the chemical potentials out of the wine-colored region do not correspond to the hexagonal-like pattern, as analyzed in Sec. V. As far as this is concerned, due to insufficient information from the experiments, it is difficult to distinguish that the chemical potentials are significantly changes or remain unchanged during the further annealing around 1400 K. During annealing at 1400 K, the experimental STM images show the straight step edges separate with the terrace widths of several tens of nanometers and step heights around 0.25 nm [19]. Based on the bulk values of interlayer spacings as well as optimized values listed in Table II for various surface terminations, two surfaces of the upper and lower terraces of a step can be either Ox-LiTi- and Ox-Li-terminated, or Lix- and LixTiy-terminated, as discussed at the beginning of this section. Because our above analysis shows that a hexagonal-like pattern appearing on a terrace in the experimental STM images is likely the Li1/3 termination in Fig. 8(d) or 14(a), the two terraces connecting this terrace should be LixTiy-terminated surfaces, on which there should be no ordered hexagonal-like patterns observed, i.e., the appearance and 
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disappearance of the hexagonal-like patterns are alternative when crossing the steps. This theoretical prediction needs further confirmation in the future experimental studies on the Li2TiO3 (001) surface. 
VII. SUMMARY We have performed extensive first-principles DFT calculations for surface energies of various perfect (defect-free) and vacancy-defected Li2TiO3 (001) surface terminations and obtained the corresponding lowest-surface-energy ternary phase diagrams. For four possible perfect surface terminations, we find that Li1-, O1-Li-, or O1-LiTi-terminated (001) surfaces can be most stable in a limited chemical-potential region, while Li1/3Ti2/3-terminated (001) surface is always unfavorable relative to other three terminations. By calculating the energies of different configurations for a vacancy-defected Lix termination with a given coverage x of Li, we obtain the energetically-most-favorable structure and the corresponding surface energy. We also selectively consider LixTiy-, Ox-Li-, and Ox-LiTi-terminated (001) surfaces. From the ternary phase diagram as well as our DFT-simulated STM images, we find that a Li1/3-terminated surface most likely corresponds to the ordered hexagonal-like pattern observed in previous STM experiments [19]. The ternary phase diagram also shows that the oxides can simultaneously form with specific surface terminations and consequently rough the surface. In addition, we find that the energetically-most-favorable structure in Li1/2-terminated surfaces from our DFT calculations is not consistent with previous result from an empirical-potential model [19]. Finally, from our DFT results, we predict that, crossing the steps of Li2TiO3 (001) surface, the alternative domains with and without the hexagonal-like pattern can appear under an appropriate experimental condition, e.g., annealing at 1400 K, and the future further experimental confirmation on this is needed. This work provides an atomistic-level understanding for Li2TiO3 (001) surfaces from DFT calculations, and the obtained surface energy phase diagrams can be helpful for further Li2TiO3 (001)-associated studies, e.g., adsorption, diffusion, desorption, or reaction of hydrogen isotopes, hydroxyl groups, water molecules, etc. The method in this work can be applied for other similar three-component systems. 
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