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Lithium titanate (Li, TiO3) is an attractive ceramic material for various industrial applications, particu-
larly as one of the most promising breeder blanket materials in future nuclear-fusion reactors. Previously
reported studies mainly focus on sintered polycrystalline samples of Li, TiO3. 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 Li;TiO;
(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 limited chemical-potential ranges corre-
sponding to certain experimental conditions, while a LiTi-terminated (001) surface is always unfavorable
relative to Li or O terminations. By calculating the 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 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

results from an empirical-potential model.
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I. INTRODUCTION

Lithium titanate (Li,TiO3) has numerous practical and
potential industrial applications. Among these applica-
tions, Li,TiO5; has been considered as one of the most
promising breeder blanket materials in future nuclear-
fusion reactors due to its great material performance,
including reasonable lithium density, high melting tem-
perature, low activation, good chemical stability, good
structural compatibility, and excellent tritium release per-
formance [1-6]. Amongst its already-realized applications,
Li,TiO3 has been used as an electrode material for molten
carbonate fuel cells [7,8] and for fast-recharging Li-ion
batteries [9—12]. Recently, Li, TiO3 has also been proposed
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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 the previously reported studies have focused
on sintered polycrystalline samples of Li; TiO3. Such sam-
ples do not provide information about the surface structure
at the atomic scale, while the specific atomic scale sur-
face 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
[15-18].

So far, the only reported experimental study for
atomic scale surface structure of Li; TiO3 is from Azuma
et al. [19]. They used LEED and STM to investigate the
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structure of the monoclinic Li;TiO; (001) surface under
ultrahigh vacuum conditions at room temperature. Their
LEED experiment showed a well-ordered Li, TiO3 (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 empirical-potential MD simulations. In a
separate work [20], Azuma et al. performed first-principles
density-functional-theory (DFT) calculations for the sur-
face terminations of Li,TiO3 (001). However, they only
calculated a few terminations of stoichiometric Li;TiO;
(001) surfaces, and therefore provided very limited infor-
mation to describe the stability of a specific surface ter-
mination. 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 Li; TiO3 (001) surfaces and pro-
vide insights for the stabilities of surface structures with
considerations of the above experimental observations.

In Azuma et al.’s experimental work [19], single crys-
tals of monoclinic Li,TiO; with a space group of C2/c
were grown. In our present work, therefore, we focus
on the monoclinic Li,TiO3, which is actually a stable
phase throughout the operating temperature range of a
breeder material [21,22]. The single-crystal Li; TiO3 unit
cell contains eight formula units (consisting of 48 atoms)
with the experimental lattice parameters: a = 0.50623 nm,
b=0.87876 nm, ¢=0.97533 nm, and B=100.212° at
295 K [21]. Along the (001) direction, the crystal structure
of Li, TiO; 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

(a) (b)
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titanium atoms. Then, the Li, TiO3 (001) surface has four
types of terminations: one type of Li, termination, two
types of O, terminations, and one type of Li,Ti, termi-
nation, where x or y is the coverage. For a perfect (i.e.,
defect-free) Li or O termination, x is equal to 1; for
a perfect LiTi termination, x = 1/3 and y = 2/3. For a
vacancy-defected Li, or O, termination, 0 < x < 1; for a
vacancy-defected Li, Ti, termination, 0 < x +y < 1 with
0<x<1/3and 0 <y < 2/3. To identify two distinct O,
terminations, we use the symbols “O,-LiTi” and “O,-Li”
to denote them, i.e., the first two monolayers at the sur-
face are implied. Along the (001) direction, there are two
different interlayer spacings: dri-o and do-ri1i, 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 experi-
mental values of coordinates of atoms [21], one can obtain
dii-0 =0.1308 nm and dp-ri1i =0.1091 nm.

This paper is organized as follows. Section II describes
the general thermodynamic formalism for calculating the
surface energies of planar surface systems, including the
Li,TiO; surface system. Section III describes the DFT
method used in our calculations and makes the bench-
mark calculations for the bulk properties of various crystals
involved in the calculations for Li,TiO; surface ener-
gies. Section IV presents the results of surface energies
for four types of perfect terminations of Li,TiO; (001)
surface. Section V presents the results of surface ener-
gies for various vacancy-defected terminations of Li; TiO3
(001) surface. Section VI is a discussion, involving growth
and stabilities of Li, TiO3 (001) surface structures, which
relate previous experimental observations. In Sec. VII, we
provide 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

FIG.1. (a)A2x 1 x 1cell ofthe
Li,TiOs single crystal. The types
of atoms as well as the transla-

Li-O

l tion vectors a, b, and ¢ of the
do.vimi unit cell (1 x 1 x 1) are indicated.
d The angle between a and ¢ is S,

O-LiTi

while @ and b, or b and ¢, are

diio perpendicular to each other. (b)
A view along the (001) direction.
dii-o (do-Liti) denotes the inter-
layer spacings between Li and O
(O and LiTi) monolayers.
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by

G= ZNimﬂ/A, (1)

1

where G = E + PV — TS with internal energy E, pressure
P, volume V, temperature 7, and entropy S; N; is the num-
ber of particles (e.g., atoms) composing the ith chemical
component, and w; is the chemical potential of the ith
chemical component; A is the surface area, and y is an
excess Gibbs free energy per unit area due to the pres-
ence of the surface by noting that ) .N;ju; is the Gibbs
free energy of the same amount of material in a reser-
voir, which is a very large homogeneous dispersed phase
(e.g., a gas phase) with the same chemical potential y; for
any ith chemical component. From Eq. (1), an infinitesimal
change in E at constant 7 and P yields

dE = TdS — PdV+ Y w;dN; + ydd, )

1

which indicates that y is the change in internal energy £
when the area 4 is reversibly changed for constant entropy
S and volume ¥V in a closed system (i.e., constant N;).
Therefore, y is the work of creating a unit area of a spe-
cific surface [23] from a homogeneous dispersed phase
when T, P, S, V, and N; are not changed, and then y can
characterize the “stability” of this surface: lower (higher)
y indicates less (more) work is needed to create the sur-
face and hence the surface is more “stable (unstable).” The
quantity y is usually called the “surface free energy” or
“surface energy” of the specific surface, and from Eq. (1)
it is generally expressed as

1
y:Z(E+PV—TS—ZMMi)- 3)

1

If a system is modeled by a slab with two symmetric
surfaces, each of which has the area A4, then Eq. (3)
becomes

1
=—|E PV—TS—§ Niu;i | . 4
Y 2A(+ _ M) 4)

1

As discussed by Scheffler et al. [24,25], the contributions
from the PV and TS terms can be generally neglected, and
then Eq. (4) is approximated as

1
V:ﬂ(E_Xi:Niﬂi)» (5

where E is directly obtained as the DFT total energy
of the supercell containing the slab. Equation (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—42]. Incidentally,
for a single-component crystal surface, Eq. (5) reduces to
the frequently used well-known surface-energy formula

_E—-Niuy  E— Nopuk
24 24

(6)

where the chemical potential p; is often taken to be opy,
the energy per atom in the bulk crystal, and Ny = N is the
number of atoms in the slab.

In our DFT calculations for the Li, TiO3 (001) surface,
the system is modeled as a supercell containing a slab with
two symmetric surfaces for any specific termination, as
described in Sec. IV. In this case, Eq. (5) can be rewritten
as

1
y = ﬂ(E — Nripvri — Nriperi — Nopo), @)

where Ni;, Nri, and Ng are the numbers of Li, Ti, and
O atoms in the slab; wr;, wti, and @ are the chemical
potentials for the elements Li, Ti, and O, respectively. In
general, £ = E(T, P, N;) is a function of 7, P, and &V;, while
i = wi(T,P) is a function of T and P, where i denotes Li,
Ti, or O.

If the surface is assumed to be in thermodynamic equi-
librium with the surrounding Li, TiO; bulk, then the sum
of the three chemical potentials satisfies the chemical
equilibrium condition

2pri + pri 4 310 = MLiyTiOs bulks (8)

where fii,Tio; puik 1S the chemical potential for bulk
Li,TiO;3 crystal. The requirement of Eq. (8) is from such
a 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 wy;, p1i, and po are independent.
In general, the value of 1t1i,Tio; buik depends on the experi-
mental condition, but often approximated as the energy per
unit formula of the bulk crystal at 7= 0 K and P = 0 [24],
oLi,Tio;» Which is directly obtained from DFT calculations.

The chemical-potential changes of Li, Ti, and O ele-
ments from bulk metal Li, bulk metal Ti, and O, gas to
the surface system are

ApLi = [Li — MLibuls AUT = UTi — MLTibulks
and Apo = no — MO,gas> (9)

where (ripuk (Mripuik) 1S the chemical potential for bulk
metal Li (Ti), and pogas is the chemical potential for O,
gas. In this work, we approximate [iiipulk, MTibulk, and
Mo,gas as the per-atom energies o, otj, and oo for the
bulk metal Li, bulk metal Ti, and O, gas, respectively,
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while oy, or, and op are directly obtained from DFT
calculations at 7= 0K and P = 0. Here note that the
approximation jLo gas ¥ 00 is a reasonable choice for the
chemical-potential range of interests [24], not implying O,
is in a solid state at 7 = 0 K. From Egs. (8) and (9), one
has

2Ap1i + Apri 4 3A 1o = ApyLiTioss (10)

where AMf',LizTiO3 = MLi,TiO3,bulk — 2ALipulk — MTibulk —
3/L0,gas 18 the change of Gibbs free energy per unit for-
mula for the formation of bulk Li, TiO3 from bulk metal
Li, bulk metal Ti, and O, gas. Here it should be men-
tioned that Ajus s, where M represents a multicomponent
material, e.g., Li;TiO3, TiO,, LiO,, etc., is often called
the formation energy of M from its constituent elements
and compared with its corresponding standard formation
enthalpy AH; ), 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 take Ay LiyTio; & OLi,Tio; — 20Li — OTi — 300 = —¢,
which can be obtained from our DFT calculations at 7 =
O0Kand P =0.

If we choose Auri and A as two independent vari-
ables and consider Egs. (8) and (9), then Eq. (7) can be
expressed as

|: NL12T103 bulk
Ni;
— — N1i ) (Apeti + MTipuik)

3NL1
+ T —No | (Apo + MO,gaS)

1 Nii
~ 54 E— 70L12T103

NL1
+ 7 — Nri (AMT1+UTI)

3N
+ <TL - NO) (Ao + ao)} . (11)

From Eq. (11), we can estimate the surface energy as a
function of Aur and Aug for a given planar Li,TiO;
surface system. In experiments, these chemical potentials
correspond to specific experimental environments (7 and
P) [24]. In this work, we consider the surface energies only
within the bounds of the chemical potentials satisfying

—e/2 < Apupi <0,—e < Aur <0, and — ¢/3
<Apo <0. (12)

In Eq. (12), the upper bounds of Auy; and Apr; guaran-
tee that the system does not decompose into bulk metal Li,

bulk metal Ti, and O, gas, while the upper bound of Ao
is a reasonable choice as an estimate of the truly accessi-
ble range [24]. The lower bounds of these inequalities are
determined by Eq. (10) and the upper bounds. The upper
(lower) bound of Ap; is often called the “i-rich” (“i-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 condi-
tions of the binary oxides Li,O and TiO,. The forma-
tion energy from bulk metal Li and O, gas to bulk
Li;Ois Ay Li,0 = MLi,0bulk — 2MLibulk — MO,gas> and it is
Ar.Ti0, = ITiOybulk — MTibulk — 2H40,gas rom bulk metal
Ti and O, gas to bulk TiO,. Here pt1i,0puk and fi1io, bulk
can be approximately taken to be 1,0 and otip, (each of
them is the energy per unit formula of the bulk crystal),
which are directly obtained from DFT calculations at 7 =
0 K and P = 0 for bulk Li,O and bulk Ti,O, respectively.
Thus, if the condition

2Apri + Apo < AprLiro (13)

is satisfied, then the formation of bulk Li,O is prohibited,
and if the condition

Apti + 2010 < Apyio, (14)

is satisfied, then the formation of bulk TiO, is prohibited.

1. 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 pseu-
dopotentials 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 has already been used to calculate bulk
properties [48], defect formation energies [49], lithium
diffusion [50], and tritium diffusion [51,52] in Li, TiO3.

In our DFT calculations for the bulk Li,TiO3, we use
a 2 x 1 x 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 I"-centered
k mesh is taken to be 3 x 2 x 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,
¢=0.9653 nm, and B =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
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10 10 FIG. 2. Band structure (left) and
\\<// DOS of the bulk Li,TiOs, from
< / our DFT calculation. The Fermi
i energy level is set to be 0 eV on
the vertical axis.
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structure and DOS of the bulk Li, TiO3, as plotted in Fig. 2.
The corresponding band gap is 2.86 eV, which is reason-
ably 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 the semiconductors or insulators from PBE GGA cal-
culations 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 Li, TiO; [48—52].
As described in Sec. II, to determine the relevant chemi-
cal 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 Li,TiO3, Li,O, and TiO;, from our DFT calcu-
lations. The comparison with experimental values shows
good agreement. In the calculations for these formation

TABLE L

energies, we use the values of oy, o, and op from
optimized bulk bcc Li, bulk hep Ti, and O, molecule,
respectively. The optimized lattice constant of bcc Li
is a = 0.3439 nm (cf. experimental value 0.35092 nm
at 20°C [54]), while the optimized lattice constants of
hep Ti are 0.2922 and 0.4632 nm (cf. experimental val-
ues 0.295111 and 0.468433 nm at 25°C [55]) for a
and c, respectively. The optimized bond length of O,
molecule in gas phase is 0.12343 nm (cf. experimental
value 0.12074 nm [56]).

IV. PERFECT (DEFECT-FREE) (001) SURFACES

In our DFT calculation for any Li,TiO3 (001) slab, we
always use a 2 x 1 supercell with a vacuum thickness of
1.5 nm and the k mesh is taken to be 3 x 2 x 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)

Lattice constants (a, b, and ¢ in nm) and formation energies (A sy in €V) of bulk Li,TiO3, Li;O, and TiO, from our

DFT calculations compared with experimental (exp.) lattice constants and formation enthalpies (AHy s in eV, at 0 K [43]).

a b c Ay or AHy
Li; TiO3 (monoclinic) DFT 0.5039 0.8744 0.9653 —17.388
exp. 0.50623 [21] 0.87876 [21] 0.97533 [21] —17.478 [43]
Li, O (antifluorite) DFT 0.4576 —6.165
exp. 0.4573 [57] —6.273 [43]
TiO; (rutile) DFT 0.4607 0.2957 —-9.912
exp. 0.458666 [58] 0.295407 [58] —9.876 [43]
TiO; (anatase) DFT 0.3803 0.9497 —9.993
exp. 0.378216 [58] 0.950226 [58]
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() I I

Li, termination Li,;;Ti;/; termination 0,-LiTi termination 0 ;-Li termination

(d)

(a

Top view

Side view

L

FIG. 3. Slab models before relaxation for four types of surface terminations of Li,TiO3 (001). (a) Li;, (b) Li;/3Tiy/3, (c) Oy-LiTi,
and (d) O;-Li termination. The upper panel is the top view, and the lower panel is the side view.

to calculate the surface energy of a nonstoichiometric sur- After the above consideration, we initially construct four
face termination, one needs to construct a symmetric slab  slabs before energy minimization for four possible types
with two exactly the same surfaces [41]. In addition, the  of perfect surface terminations with all atoms at their bulk
thickness of the slab needs to be tested for convergence of  lattice. The four slab models before relaxation are shown
surface energy. in Fig. 3, and the corresponding geometries after full

(a) (c)
Top view
1, 8
a
Side view
c
a

Li; termination Li,/3Ti;/; termination 0;-LiTi termination 0;-Li termination

FIG. 4. Slab geometries after full relaxation for four types of surface terminations in Fig. 3. (a) Lij, (b) Li;;3Tiy3, (¢) O1-LiTi, and
(d) O;-Li termination. The upper panel is the top view, and the lower panel is the side view.
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TABLEII. Interlayer spacings d;; (in nm) and relaxation percentage d;; of surface terminations from our DFT calculations.
Termination d12 d23 d34 d45 512 823 534 845
Li; Average® 0.0876 0.1282 0.1059 0.1341 —31.05% 16.01% —4.15% 5.59%
Maximum® 0.0926 0.1369 0.1155 0.1400 —27.09% 23.89% 4.52% 10.24%
Liy/3Tiy 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%
0,;-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%
0;-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%
Liy 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%

4The interlayer spacing after taking an average value for all atoms of each monolayer.
bThe interlayer spacing is calculated as the maximum vertical distance between two atoms in the ith and j th monolayer, respectively.

relaxation are shown in Fig. 4. Because we always use the
2 x 1 supercell, four types of perfect surface terminations
are denoted as Li12/12 (OI' Lil), Li4/12Tig/12 (OI' Lil/gTiz/g,),
012/12—LiTi (OI' Ol—LlTl), and O]z/]z-Li (OI‘ OI—LI) termi-
nations, 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 Lij, Lij3Tiz3,
and O;-LiTi terminations are not significantly changed, but
there is a conservative reconstruction (i.e., the total num-
ber of atoms in the reconstructed surface is equal to that
in bulk [59]) of the first two-monolayer surface atoms for
the O;-Li termination. For the relaxation along the direc-
tion vertical to the surface, in Table II we list the interlayer
spacing dj; 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 per-
centage d;; corresponding to the interlayer spacing d;; with
the definition of §; = (d;; — d;) /d;’j x 100%, where d;’j =
dirio or do.ti is the interlayer spacing before relaxation
(e.g., that in Fig. 3). These interlayer spacings are used to
discuss the Li;TiO3 (001) surface structures in Sec. V.
According to Eq. (11), the surface energy y is a binary
function of Ao and A for a given surface system, e.g.,
that in Figs. 4(a), 4(b), 4(c), or 4(d). Therefore, one can
make a 3D plot of y versus Ao and Apr. For clarity, in
Fig. 5 we only show the 2D plots of ¢ versus Ao at four
selected At values, for each of which the surface ener-
gies of four types of Li;TiOs (001) surface terminations
are plotted. Also, in Fig. 5, only the ranges of chemical
potentials satisfying Eqgs. (10) and (12) are shown. From
Fig. 5, we can see that there is always a chemical-potential
region where O;-Li, Lij, or O;-LiTi termination has the
lowest surface energy and is hence most stable thermo-
dynamically relative to the other three terminations, but
there is no such region for Li;/;3Tiy/3 termination, i.e.,
the perfect Lij 3Tiy/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 sur-
face energy indicates that the surface phase of the material
is more favorable in energy or more stable than the corre-
sponding reservoir with the same chemical potentials, i.e.,
the process of the surface formation from the reservoir is
exothermic.

To show a region corresponding to the most stable
surface termination, in Fig. 6 we plot the lowest-surface-
energy ternary phase diagram for the perfect Li,TiO;
(001) surface terminations. In the O-poor (Li- and Ti-rich)
region, the Li;-terminated surface is most stable; in the
Li-poor (O- and Ti-rich) region, the O;-LiTi-terminated
surface is most stable; in the Ti-poor (Li- and O-rich)
region, the O-Li-terminated surface is most stable. In the
ternary phase diagram, there is no any region where the
Liy/3Tiy/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 the
Li, TiO5 (001) surface can differ from the atomic arrange-
ment 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 Li, TiO3 (001) surfaces.

We first explore the vacancy-defected Li,-terminated
surfaces. We only consider a 2 x 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 dis-
crete coverages of Li on the O;-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.
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FIG. 5.

Plots of surface energy y versus Ao (in units of €) for four types of Li; TiO3 (001) surface terminations (corresponding to

Fig. 4) at (a) Aurti/e = —9/12, (b) Apri/e = =7/12,(c) Auri/e = —5/12, and (d) Apri/e = —3/12.

n=0 corresponds to the perfect O;-LiTi-terminated sub-
surface 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 x 2 supercell, the possible coverages can be n/48
with =0, 1, 2, ..., and 48. Obviously, in these cover-
ages for the 4 x 2 supercell, there are 12 coverages with
n=4, 8, 16, ..., and 48 repeating those for the 2 x 1
supercell. Although increasing the supercell size leads 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) significantly
increases the consumption of computation, while a denser
coverage network does not bring more interested insights.
Thus, we choose a reasonably small supercell size 2 x 1.
As described below, the results from the 2 x 1 supercell
have been sufficiently good to understand the vacancy-
defected surfaces. Below, we use Li, to denote a surface
termination with the Li coverage at x =#/12. For a given

coverage x =n/12, there are multiple configurations of Li
atoms. In order to find the most favorable Li, /|, termina-
tion, one needs to calculate the total energies of all possible
configurations and compare these total energies.

By calculating the adsorption energies of one Li atom
(n=1 or x=1/12) on the O;-LiTi-terminated subsurface,
we find that the most favorable adsorption site is the A site
(see Fig. 7) with an adsorption energy of —6.62 eV. The
second most favorable adsorption site is the €2 site with an
adsorption energy of —6.56 eV. It should be mentioned that
there are three NN 2 sites with slightly different geome-
tries (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 E site with an adsorption energy of —6.36 eV.
There are two NN E sites with slightly different geome-
tries (see Fig. 7), but the energy difference between them
is less than 2 meV, and then we do not distinguish them
either. The adsorption energy of one Li adatom on the
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FIG. 6. Lowest-surface-energy ternary phase diagram for per-
fect Li; TiO3 (001) surface terminations. Each color indicates a
chemical-potential region where any surface energy correspond-
ing to a specific surface termination is lowest relative to other
terminations.

O, -LiTi-terminated subsurface is calculated as
Eads = El - Esub - ELi,gaSa (15)

where E; is half of the total energy of the slab with
two symmetric subsurfaces (each of which absorbs one
Li adatom), Egy is half of the energy of the clean sub-
strate with two symmetric O-LiTi-terminated subsurfaces
on which no Li atoms are absorbed, and Ej;g. is the
energy of one Li atom in gas phase. Because the adsorp-
tion energy at the A site is significantly lower than the Q
and E sites, we only consider the surface energy of the
Lij/12-terminated surface with the Li atom at the A site
[see Fig. 8(a)].

For two Li atoms (n=2 or x =2/12=1/6) on the O,-
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 adsorp-
tion site can be the A, @, or E site. We find that the most
favorable configuration in energy is that in Fig. 8(b), where
two Li atoms are at two NN I' sites. From these calcula-
tions, we also find that the total energy of any configuration
including an E site is always significantly higher (0.5 eV at
least) than any one not including an E site. The empirical-
potential MD simulations of Azuma ef al. also show that
the Li atoms do not occupy the E sites [19]. Thus, it is safe
that we do not generally consider E sites when calculating
the configurations of # > 2 or x > 1/6 in the analysis below.

Considering the above energies of configurations and
the separations between two Li atoms for n =2 or x = 1/6,

FIG. 7. Three of the most favorable adsorption sites A, €2, and
E for one Li atom on an O;-LiTi-terminated subsurface.

it is expected that, for n =3 or x =3/12 = 1/4, the config-
urations in Fig. 8(c) is most favorable than other possible
configurations. This is confirmed by selectively calculat-
ing seven other configurations, which have 0.28-2.31 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 con-
figurations for n =4 in Fig. 9(a), and 120 symmetrically
different configurations for » = 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 configu-
ration space is large for an intermediate »n value, e.g., for
the 2 x 1 supercell, the total number of sites is 16 (includ-
ing four A sites and twelve Q sites), and then there are
C}s = 1820 and C§, = 8008 configurations for n=4 and
6, respectively. In our calculations, we neither consider any
occupation of two NN A and €2 sites on account of too high
energies of such pairs due to too short separations nor the
symmetrically same configurations. Therefore, the num-
bers of configurations to be considered are largely reduced.
We select and calculate 48 and 120 symmetrically differ-
ent configurations for n =4 and 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
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exhibited. A further discussion for this pattern is presented
in Sec. VL. 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 LiyTiOs crystal, at least in search-
ing the lowest-energy structure for a specific Li coverage,
e.g., x=1/2 in Fig. 9(b). We analyze this pattern again in
Sec. VL.

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 calcula-
tions. Firstly, we initially construct a four-Li-atom pyramid
with three Li atoms at three NN Q sites and the fourth
Li atom on top of the base triangle. Such four-Li-atom
pyramids have three possible configurations, each of which
corresponds to the fourth Li atom above a Li, O, or Ti atom
of the sublayer (see Fig. 7). Fully relaxing these three four-
Li-atom pyramids obtains energies 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 Li;-terminated surface [Fig. 8(1)] (so that a vacancy
is left) and position it at an adsorption site on top of the
Li monolayer with the vacancy. We only consider config-
urations for which the Li adatom has the largest distance
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FIG. 9. Relative energies of (a) 48 symmetrically different
configurations for the Lij/3-terminated surface [the lowest level
corresponds to Fig. 8(d)], and (b) 120 symmetrically different
configurations for the Li; ,-terminated surface [the lowest level
corresponds to Fig. 8(f)].

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 four-Li-
atom pyramids. Fully relaxing these three configurations
yields energies 1.94, 1.96, and 2.00 eV higher than those
for the perfect 2D Li,-terminated surface in Fig. 8(I). Sim-
ilarly, we also select and calculate a 3D configuration with
a four-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—6 eV
higher energies than the corresponding 2D structures in
Fig. 8. Thus, we do not consider the 3D structures for any
Li, terminations in this work.

In Fig. 10, we plot the surface energy y versus Aug for
the most favorable Li,-terminated surfaces (corresponding
to Fig. 8) at four selected Apr; values. The surface ener-
gies of four types of perfect Li;TiO3 (001) surface termi-
nations (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
found for Ol—LiTi, Lil, Ol—Li, Lil/12: Li1/6, Li1/4, Li1/3,
Lis;12, Lij», or Liss termination, but no region with the
lowest surface energies corresponds to Lij/3Tiys3, Lizji,
Li2/3, Li3/4, or Lill/lZ termination.

To more clearly show the chemical-potential regions
corresponding to the most stable surface terminations, in
Fig. 11 we plot the lowest-surface-energy ternary phase
diagram for perfect Li; TiO3 (001) surface terminations and
various most favorable Li,-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 Li;-, O;-LiTi-, and
O, -Li-terminated surfaces, but the most stable Li, termi-
nations with different ribbonlike 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 ribbonlike areas have
different widths along the Apo axis. Among them, the
Lij/, region (n =6, yellow green) is widest, and the Li; 3
region (n =4, wine) has the second-largest width, while
the Lis/s region (n = 10, black) is narrowest and actually
reduced to a straight line (see Fig. 11). Note that there
is no region corresponding to Lij/3Tiy/3, Liz/iz, Liysz, or
Liz,4 termination in the ternary phase diagram, as analyzed
above for Fig. 10.

In Fig. 11, we also plot the formation boundaries of the
binary bulk oxides Li,O and TiO,. Under the bl line, the
formation of bulk Li,O is impossible, but forming bulk
Li;O is possible above the bl line. Under the b2 (b3)
line, the formation of bulk anatase (rutile) TiO; is possi-
ble, while forming bulk anatase (rutile) TiO; is impossible
above the b2 (b3) line. Thus, the region where the for-
mation of all these bulk oxides is impossible is only that
narrow area between the b1 and b2 lines.

For vacancy-defected O,-Li-, Li,Ti,-, or O,-LiTi-
terminated surfaces, in principle, one can perform similar
calculations to the above vacancy-defected Li,-terminated
surfaces, but the number of configurations (including 2D
and 3D) is huge even for a 2 x 1 supercell. Instead of
calculating a large number of configurations, we selec-
tively calculate several typical configurations of interest in
light of available experimental observations [19], as dis-
cussed 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.

VI. DISCUSSION

The step heights of terraces on the Li; TiO3 (001) sur-
face 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 (dj; + db3) of the 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 O,-LiTi- and O,-Li-terminated (i.e.,
both terminations are oxygen anion monolayers), or Li,-
and Li, Ti,-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].
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FIG. 10. Plots of surface energy y versus Aug for the most favorable Li,/2-terminated surfaces (corresponding to Fig. 8) at (a)
Auti/e = —=9/12, (b) Auti/e = —7/12, (c) Auti/e = —5/12, and (d) Auri/e = —3/12. (¢/) is a local enlargement of (c), and
(d’) is a local enlargement of (d). For comparison, the surface energies of four types of perfect Li, TiO; (001) surface terminations
(corresponding to Figs. 4 and 5) are also plotted.

In addition to the step heights, an interesting and helpful
factor to determine the possible structure of the surface ter-
mination 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 Lij 3 termination is most stable,
can be found. The configuration of this Li;/3 termination
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FIG. 11. Lowest-surface-energy ternary phase diagram for

perfect Li; TiO3 (001) surface terminations (Fig. 6) plus vacancy-
defected Li, /1> terminations. Each color indicates a chemical-
potential region where any surface energy corresponding to a
specific surface termination is lowest relative to other termina-
tions. The dashed lines bl, b2, and b3 indicate the formation
boundaries of bulk Li,O, bulk TiO, (anatase), and bulk TiO,
(rutile), respectively.

is actually a nonconservative 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 /; = 0.5039 nm and other two side
lengths /; = 0.5046 nm from our DFT calculation. The /;
and /, values, which can be obtained from previous exper-
imental lattice constants [21], are 0.5062 and 0.5071 nm,
respectively. Because /; & [, the pattern looks hexagonal-
like. If there are no more configurations that have even
lower surface energies than those within the wine-colored
chemical-potential region in Fig. 11, the Li; /3 termination
should be globally most stable, i.e., a hexagonal-like pat-
tern should be observed, as revealed by our DFT-simulated
STM image in Fig. 12(b), when the experimental condi-
tion 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 approxima-
tion [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 Li;, termina-
tion) 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 Lij,, 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. 14(c)]
corresponding to the EPM pattern, we cannot obtain any
DFT-simulated STM image, which looks hexagonal-like,
as seen in Fig. 14(d). Thus, we do not suggest Li;,, ter-
mination to be the hexagonal-like pattern observed in the
experimental STM images.

Then we examine the possible structures that look like
a hexagonal pattern before geometric optimization for
vacancy-defected Li, Ti, terminations. From the bonding
analysis for possible adsorption sites for a Li or Ti atom on
the O;-Li-terminated subsurface, we choose the three most
possible configurations shown in Figs. 12(a)-12(c). Our
DFT calculations show that the configuration (a LigTi;/3
termination) in Fig. 12(b) has relatively high surface
energies (with a range from 0.76 to 3.92 J/m?) and no
lowest-surface-energy region appearing within the ternary
phase diagram in Fig. 13. For both Li;/3Tig [Fig. 12(a)]
and Li; 6Tiy 6 [Fig. 12(c)] terminations, the configurations
after full relaxations become away from a hexagonal-like
pattern. Thus, one should exclude these vacancy-defected
Li, Ti, terminations for the hexagonal-like pattern.

Let us examine possible O,-LiTi terminations. We
choose a typical configuration (Oy4/15-LiTi or Oy3-LiTi
termination) in Fig. 12(d), which has a hexagonal-like
structure. Our DFT calculations show that this config-
uration after full relaxation has relatively high surface
energies (with a range from 0.99 to 10.46 J/m?) and
no any lowest-surface-energy region appearing within the
ternary phase diagram in Fig. 13. By checking the bond-
ing details of possible adsorption sites for an O atom on
the Lij/3Tiy 3-terminated subsurface, we expect that other
0y,3-LiTi terminations are not more favorable than that in
Fig. 12(d). Then, one should also exclude any O;3-LiTi
termination.

Now we examine O,-Li terminations. It is indeed that
the periodicity of the conservative reconstruction after full
relaxation of the perfect O;-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 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 Figs. 6 to 11, the red-colored
region is partly replaced by the yellow-green color repre-
senting the Li;/, termination in Fig. 8(f); from Figs. 11 to
14, most of the red-colored region is further occupied by
the dark-blue color representing the Lij/3Tiy termination
in Fig. 12(a). Thus, only a small red region at the most is
left finally. From this analysis, we expect that the recon-
structed O;-Li termination has few opportunities as the
experimentally observed hexagonal-like pattern because
the chemical-potential region is too small so that satisfying
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layer 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.

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 lowest-surface-energy region cor-
responding 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
Li; /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 Apti and Apuog,
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 exam-
ple, from our DFT calculations, the surface energies of
an Oj;-Li termination in Fig. 12(f) are lower than the
Liy, Lisss, and, Lij,, 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 men-
tioned 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 anal-
ysis are enough for the purpose of interpreting such a
pattern.

I(;-r.lc: 0,-LiTi termination
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o Ti-poor Liy/1, termination
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FIG. 13. Lowest-surface-energy ternary phase diagram for per-

fect Li;TiO; (001) surface terminations and vacancy-defected
Li, 1> terminations (Fig. 11) plus vacancy-defected Li,Tiy-,
O,-LiTi-, and O,-Li-terminated surfaces in Fig. 12.
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FIG. 14. (a) Fully relaxed geometry of the most favorable
Liy/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 /; and /,. (b) DFT-simulated STM image corre-
sponding to (a). (c) Fully relaxed geometry of a Li; /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 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 108 nm~3 under
the constant current mode.

In Fig. 11 or 13, we also plot the formation boundaries
of bulk Li,O, bulk TiO, (anatase), and bulk TiO, (rutile)
as the dashed lines b1, b2, and b3, respectively. As stated
in Sec. V, the formation of bulk TiO; is possible under
the b2 line, while the whole wine-colored region (the Li; /3
termination) is under the b2 line. This indicates that bulk
TiO, can form under the same chemical-potential environ-
ment as that for the Li; /3 termination. The domination of
bulk TiO, formation or appearance of the Li; 3 termina-
tion should depend on the availabilities of Ti, O, and Li
in the environment at the surface. For example, an envi-
ronment of insufficient Ti and/or O leads to the appearance

of the Lij;3 termination (i.e., the hexagonal-like pattern),
while insufficient Li (i.e., relatively plentiful Ti and O)
results in the precipitation of TiO, on the surface. Simi-
larly, changing chemical potentials into the region above
the bl line and under an environment of relatively plenti-
ful Li and O, the precipitation of Li,O 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 Li,TiO; sample
at such high temperature) so that the precipitation of TiO,
develops on the terraces and consequently the ordered
domains with a 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 dis-
tinguish that the chemical potentials significantly change
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 ter-
race widths of several tens of nanometers and step heights
around 0.25 nm [19]. Based on the bulk values of inter-
layer 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 O,-LiTi- and O-
Li-terminated, or Li,- and Li, Ti,-terminated, as discussed
at the beginning of this section. Because our above anal-
ysis shows that a hexagonal-like pattern appearing on a
terrace in the experimental STM images is likely the Li; 3
termination in Fig. 8(d) or 14(a), the two terraces con-
necting this terrace should be Li, Ti,-terminated surfaces,
on which there should be no ordered hexagonal-like pat-
terns observed, i.e., the appearance and disappearance of
the hexagonal-like patterns are alternative when crossing
the steps. This theoretical prediction needs further confir-
mation in the future experimental studies on the Li;TiO3
(001) surface.
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VII. SUMMARY

We have performed extensive first-principles DFT cal-
culations for surface energies of various perfect (defect-
free) and vacancy-defected Li,TiO; (001) surface termi-
nations and obtained the corresponding lowest-surface-
energy ternary phase diagrams. For four possible perfect
surface terminations, we find that Li; -, O;-Li-, or O;-LiTi-
terminated (001) surfaces can be most stable in a lim-
ited chemical-potential region, while Li; 3 Ti,/3-terminated
(001) surface is always unfavorable relative to the other
three terminations. By calculating the energies of different
configurations for a vacancy-defected Li, termination with
a given coverage x of Li, we obtain the energetically most
favorable structure and the corresponding surface energy.
We also selectively consider Li, Ti, -, O,-Li-, and O,-LiTi-
terminated (001) surfaces. From the ternary phase diagram
as well as our DFT-simulated STM images, we find that
a Lij3-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 sur-
face terminations and consequently rough the surface. In
addition, we find that the energetically most favorable
structure in Lij/>-terminated surfaces from our DFT cal-
culations is not consistent with the previous result from
an empirical-potential model [19]. Finally, from our DFT
results, we predict that, crossing the steps of the Li; TiO3
(001) surface, the alternative domains with and without
the hexagonal-like pattern can appear under an appropri-
ate experimental condition, e.g., annealing at 1400 K, and
future further experimental confirmation on this is needed.

This work provides an atomistic level understanding for
Li,TiO3; (001) surfaces from DFT calculations, and the
obtained surface energy phase diagrams can be helpful for
further Li, TiO5; (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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