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Abstract

First-principles plane-wave ultrasoft pseudopotential method within local density approach (LDA) has been used to study three
possible vacancy-defect models for non-stoichiometric lithium niobate (LiNbO3;): (1) the oxygen-vacancy model V%;r + 2V, (2) the
niobium-vacancy model SNbjT + 4V, and (3) the lithium-vacancy model 4V, + Nb{T. The corresponding formation energies are
obtained via energy minimization of a supercell. In Nb-rich environment, the calculated defect formation energies, both under oxidation
and reduction conditions, show little effect on the intrinsic defect structures. We find that the lithium vacancy model 4V; + Nb;‘jr has the

most stable configuration in the non-stoichiometric lithium niobate crystals. Our calculations also show that the formation of any type of

neutral defects and Frenkel pairs in a Nb-rich environment is difficult.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Lithium niobate (LiNbOs3) is an important optical
material, widely used in communication and holographic
devices owing to its good electro-optic, photorefractive,
and nonlinear optical properties [1-4]. Under ordinary
growing conditions, lithium niobate crystals are typically
non-stoichiometric, containing intrinsic defects. Its com-
position Li/(Li+ Nb) varies between 0.47 and 0.5 [5], and
the crystal is usually in a niobium-rich or lithium-lacking
state. It is well-known that its defect content affects its
material properties. Determination of the intrinsic defect
structures of lithium niobate becomes an important issue in
recent years.

Three possible defect models in non-stoichiometric
lithium niobate crystals have been proposed: the oxygen-
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vacancy model, the niobium-vacancy model and the
lithium-vacancy model. In analogy with the perovskite
compounds, the oxygen-vacancy model [6,7] assumes a
configuration including one oxygen vacancy plus two
lithium vacancies with complementary charges, denoted
as V5" +2V,. This model predicts a decreasing crystal
density with increasing Li,O deficiency, in contrary to
experimental findings. Donnerberg et al. concluded in 1991
that the oxygen-vacancy model was not applicable based
on defect formation energies calculated using the shell
model [§]. Thus the oxygen-vacancy model is rarely used.

Based on wideline *>Nb nuclear magnetic resonance
(NMR) [8], Peterson and Carnevale found some indica-
tions that the niobium atoms may occupy lithium
positions. The lithium-vacancy model and the niobium-
vacancy model were then constructed on the basis of
different charge compensations. The main idea of the
niobium-vacancy model [9,10] is that oxygen vacancy do
not appear in non-stoichiometric crystal, and local charge
neutrality can be obtained by the combination of five
niobium vacancies V3, with four antisite niobiums Nb;T,
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that is, SNb{T 4 4V3;. On the other hand, in the lithium-
vacancy model [11] it is believed that local neutral charges
can be obtained by lithium vacancies Vi; and antisite
niobium Nb{T, and chemical formula can be written as
4VL, + NbjT. Most of theoretical [5,12] and experimental
studies [13,14] in recent years prefer the lithium-vacancy
model. The niobium- and oxygen-vacancy models face
many challenges. However, Donnerberg et al. believed that
“the ultimate proof is still lacking” [15]. Moreover,
empirical calculations have their limitation [12], and more
reliable analysis is needed.

In this paper, first-principles plane-wave ultrasoft
pseudopotential calculations within local density approach
(LDA) are performed to obtain the formation energies of
the possible defect models. Their relative stabilities in the
electronic environments during and after crystal growth are
also considered.

2. Calculation method
2.1. Calculation for basic crystal structure

First-principles calculations within LDA are performed
using the Vienna ab initio simulation package (VASP)
[16,17]. The Vanderbilt ultrasoft pseudopotentials [18] are
used for the exchange and correlation potentials. A plane
wave basis set with a 400 eV cutoff energy is employed. The
5s and 4d electrons of Nb, the 2s electrons of Li and the 2s
and 2p electrons of O are considered as valence electrons in
the pseudopotentials. The rest of the electrons are treated
together with the nucleus as a frozen atomic core. Atomic
configurations are relaxed by energy minimization to
within a tolerance of 10E~*eV. A Gamma centered grid
of 2 x 2 x 2 k-points is used for the 80-atom supercell.
Only the Gamma point is used for supercells of other sizes.

A 10 x 10 x 10 k-point mesh over the Brillouin zone
generated by the Monkhost—Pack scheme is used for the
perfect crystal, and the results are shown in Table 1. The
bulk modulus calculated for prefect LiNbO; crystal using
the Murnaghan equation of state is 116.4 GPa, which
agrees very well with 117 GPa obtained from theoretical
calculation [19] and experimental compression curve [20].
Our result is also close to the 131 GPa measured by shock
compression [21].

Table 1
Calculated lattice constant and atomic position of perfect lithium niobate

a c z u v w
Exp [22] 5.151 13.876  0.0329  0.00947  0.0383  0.0192
LDA [4] 5.067  13.721  0.0337  0.01250  0.0302  0.0183
LDA [23] 5.086  13.723  0.0350  0.01497  0.0247  0.0186
This work  5.064 13.667 0.0314  0.01234  0.0266  0.0184

Note: In hexagonal coordinate, z,u,v and w were defined (0, 0, 0) for Nbl,
(0,0,4+z) for Lil, and (—1—u,—1/3 +v,7/12 — w) for OL.

2.2. Defect formation energies

The formation energies of vacancies in LiNbO;3; can be
calculated from total energies of the supercells, following
[24,25]:

Q(onq) = B(q) = Y mip + 4, + Ey), Q)

where E(a, q) is the free energy of the supercell containing
vacancies. y; represents the atomic chemical potentials of
Nb, Li and O. n; is the number of corresponding species. E,
is the top of the valence band, u, is the Fermi level relative
to E,, and ¢ is the charge of the vacancy.

Although E(a,q) can be obtained by optimizing the
energy of the defected supercell, the atomic chemical
potentials u; cannot be directly calculated. The key step in
the present calculation is the determination of the chemical
potentials, which can be done following the method for
SrTiO; [24]. The phase equilibrium conditions are given by
the following conditions:

HLi + Hnp + 300 = HLiNbOs (bulk)> @

pLis<O,  unp <0, <0, 3)

2p + Bo S L0, 2HNb T+ SHO S INb,0;- 4)

Given that these limits are satisfied, the atomic chemical
potentials can be obtained and applied in Eq. (1), from
which the defect formation energies can be calculated.
Fig. 1 shows the schematic phase diagram of the ternary
system Li-Nb-O. We note that the Li-Nb binary
compounds in the phase diagram are only assumptions,
rather than an experimental fact. The unrelaxed defect
formation energies in different crystal structures can be
obtained using the corresponding atomic chemical poten-
tials. We consider the electronic environments correspond-
ing to six points (A—F) in the phase diagram. At points A,
B and C, the chemical potentials for Nb are similar to those
in ordinary niobium oxide, i.e., in a Nb-rich state. The
chemical potential for oxygen is equivalent to the chemical
potential per atom of O, gas, i.e., in a strongly oxidizing
environment like those encountered during, or after the
growth of the LiNbOj crystal. On the contrary, at point C,

\

NbO,  Nb,Os

b £

Fig. 1. Schematic phase diagram of the ternary system Li—-Nb-O.
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the system is in a strongly reductive environment. Point B
marks a relatively neutral state of the system, which is close
to the actual growing conditions of LiNbOj crystal using
the Czochralski growth method. Points D to F correspond
to a lithium-rich environment.

The atomic chemical potentials for Li, Nb and O at the
points of A—F in Fig. 1 can be calculated as follows:
A point : 2unp + Spo = ENb,0s(bulk)»
B point : 2y, + Stio = LNb,y0s(bulk)s
C point : Ny, + 210 = UNbOs(bulk)»
D point : py; = HLi(butk)>  MNb = HNb(bulk)>
E point : 2u1; + to = Hii,opuik)»
F point : 21 + o = pii,ouik)»

Ho = ,uO(bulk)’
UNb + 2/10 = :uNboz(b“lk)’

HUNb = HNb(bulk)s

Ui = Hiipulk)»
Ho = Ho(bulk)-

The Fermi level, u, is bounded between the top of the
valance-band and the bottom of the conduction-band, i.e.,
0<p, <E,. (5)

The band gap, E, [26,27] includes two parts, and is given
by

E = Epe)_‘fect _ Eperfett
g =

CBM VBM
= {Er(perfect : —1) — Ep(perfect : 0)}
— {Er(perfect : 0) — Ep(perfect : +1)}. (6)

The first term on the right-hand side of (6) is the
ionization energy of the neutral atom, and the second is the
energy level of the removed electron. The band gap E,
presently calculated is 3.52eV, which is approximate to
experimental value 3.78eV and theoretically calculated
band gap value 3.56¢eV [28].

To determine the atomic chemical potentials for different
equilibrium states, the total energies of the bulk systems of
Li, Nb, Li,O, NbO, and Nb,Os are calculated. The
chemical potential of oxygen in the bulk iy, is obtained
from the total energy of the O, molecule using a cubic
10 x 10 x 10 k-point mesh generated by the Monkhost—
Pack scheme over the Brillouin zone. In the case of Li, Nb,
O, and Li,0, spin-polarized calculations for the reference
data are performed.

3. Results and discussions

The stability and effects of the Fermi-level p, of a
number of neutral and charged interstitial and vacancy
defects of Li, Nb and O, antisite defects Nby; are studied.
In the following, the unrelaxed formation energies are first
calculated.

3.1. Stability of defect structures in Nb-rich environment

The unrelaxed formation energies of various defects in
Fig. 2 are obtained from the chemical potentials at points
A-F (see Fig. 1). The calculated formation energies of
various defects in Nb-rich environment (A—C) can be seen

Formation Energies (eV)

10 v NbT+ 4V,
A B C D E F

Chemical potentials for Li, Nb and O at the points A-F

Fig. 2. Formation energies for intrinsic defects in LiNbO3, as a function
of the atomic chemical potentials at 270 atoms supercell.

Table 2
Formation energy of every isolated defect for different supercell sizes (80,
120, 180 or 270 atoms) for the atomic chemical potentials given by the
point B

Defects Supercell size and the formation energies (eV)

80 120 180 270
4 —5.88 —3.97 —4.18 —4.71
Vi 11.21 11.20 10.99 10.39
vy 8.62 8.41 8.22 7.66
Nbff +4viT ~8.18 —~7.94 —8.14 —8.98
SNbyf + 4V, 5.40 11.50 12.93 12.93
Vi povy 6.63 6.59 5.98 4.30
Ligp 3.56 3.55 3.13 2.02
Nbgp 12.86 17.64 18.93 19.18
Ogp 9.46 9.15 8.68 7.48

to be lower than those in a Li-rich environment (D-F).
Apparently, our results are consistent with observations
that LiNbOj crystals are experimentally considered to be
Nb-rich and Li-deficient.

To compare the stabilities of the defects, we list in
Table 2 their formation energies in atomic chemical
potentials corresponding to point B for different supercell
sizes (80, 120, 180 or 270 atoms). It can be seen that the
formation energy of each defect remains stable for all
supercell sizes, despite small variations arising from the
difference in supercell sizes. Fig. 2 shows that the
formation energies for any of the three defects models do
not vary much, along the directions A—B—C as defined in
Fig. 1. Moreover, the lithium-vacancy model 4V, + Nb{T
always keeps the lowest formation energy. It adequately
shows that the oxidation—reduction process does not affect
the defect structures significantly in non-stoichiometric
LiNbO; crystals, in which 4V, + NbjT is the most
probable defect structure.
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3.2. Effect of Fermi-level on defect states

Fig. 3 shows the defect formation energies as a function
of the electronic chemical potential u, at point B. The
cation interstitials and anion vacancies prefer negatively
charged states in the entire range of band gap for LiNbO3.
For values of p, sufficiently far from the top of the valence
band, the cation vacancies and anion interstitials are more
stable in configurations that are positively charged state.
The formation energies of the niobium vacancy varies
distinctly with p,, unlike the lithium vacancy and the
oxygen interstitial, which only vary slightly 0.73 and
0.09 eV, respectively. Furthermore, they still tend to have
non-neutral defect structures.

Among the three Frenkel pairs, the Li-Frenkel pair has
the lowest formation energies, which is still higher than the
formation energies of the defects. Table 3 lists the defect
reaction energies for the Frenkel pairs. It can be seen that
the Li- and Nb-Frenkel pairs are closer to the charged
configuration than to the neutral one, and the O-Frenkel
pairs are the most stable in the neutral state. The formation
energies of Frenkel pairs in Table 2 correspond to those of

15 T T T T T T T T T T T T T 15

Formation Energy (eV)

0.0 0.5 1.0 1.5 2.0 25 3.0 35
e in the band gap (eV)

Fig. 3. Formation energies, as a function of the electronic chemical
potential u,. The atomic chemical potentials corresponds to the values of
the point B defined in Fig. 1.

Table 3
Energies for defect reactions, obtained from the formation energies of
isolated defects

Defect reaction Energy (eV)

Vo +0! — Vi + 07 —0.3393
Vo +0? - V3 + 02 —2.1332
VO +0; - Vi 4 0% —1.7939
VR + Nb) — V3 + Nbj* 7.5498
V&, + Nb? — Vi 4+ Nb# 8.4957
V&, + Nb? — Vi + Nb*+ 9.4549
VO + Li) — Vi + Liy 0.9529

Vifb, VlLi’, and V2, respectively. In principle, Frenkel pairs
cannot appear in non-stoichiometric lithium niobate due to
their higher formation energies, which agrees well with this
calculated results.

3.3. Estimating the calculated results of full-relaxed
structures and unrelaxed structures

Fully-relaxed defect formation energies have been
calculated on the basis of the foregoing results of the
unrelaxed configurations. The calculated formation ener-
gies of both unrelaxed and the fully-relaxed defect
structures are summarized in Table 4.

From Table 4, we can analyze the formation energies of
fully-relaxed structures. It is clear that most of defect
formation energies can be obtained from fully-relaxed
calculations of defects such as Nby;, Vi; and Li;. This is
because: (1) a fully-relaxed calculation yields more or less
the same formation energies for different supercells, and (2)
the formation energies of both the fully-relaxed and
unrelaxed structures for different supercells are basically
the same.

Fully-relaxed formation energies cannot be calculated
exactly for defects such as Vnp, Nb;, Vg and O; from Table
4. This is mostly due to the divergence of formation
energies from different supercells. This problem can be

Table 4
The calculated formation energies both of unrelaxed structures and of
full-relaxed structures

Defect Formation energy of Formation energy of
unrelaxed structures (eV) full-relaxed structures (eV)
80 atoms 180 atoms 80atoms 180 atoms
supercell supercell supercell supercell
vi! —3.11 —3.39 —5.69 —6.30
Vo, —5.88 —4.18 —6.66 —8.38
Vi 16.62 20.71 —114.46 13.49
Vb 15.82 14.93 —65.43 11.53
Vi 14.15 13.52 10.98 9.73
Vo, 11.21 10.99 9.40 5.26
V3 3.56 3.48 —51.02 598.34
vg! 5.54 5.27 —59.34 —
vy 8.62 8.22 —22.17 —0.52
NbF —9.55 —8.31 —18.08 —20.27
Nb;+ -7.50 —6.85 —13.60 —11.35
Nb}, 2.08 1.66 —0.13 -3.61
Lif 6.67 6.52 3.57 1.73
Li¢ 10.39 10.06 7.94 437
Nb* -3.77 —1.78 —22.24 —13.63
Nb/* -2.01 —0.95 —18.73 —11.52
Nbi+ 0.62 1.25 —15.85 -9.85
Nb! 11.10 12.57 —1.63 -3.17
o 8.03 7.48 —82.42 50.35
0}~ 4.26 3.85 21.80 —
o} 0.84 0.46 75.73 21.94
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traced to the limitation of the calculation method [29]. This
means that configurational stability cannot be fully
estimated for all defects. In such cases, we can approxi-
mately determine the defect stability from the unrelaxed
results. It can be seen that these results are consistent with
other theoretical and experimental results [5,12—-14].

Thus, we may qualitatively conjecture that the lithium-
vacancy model is the most probable defect structures of
lithium niobate.

4. Conclusions

We have undertaken a first-principles study of the
formation energies in non-stoichiometric LiNbO; crystal.
In Nb-rich environment, the most probable intrinsic
defects in LiNbOsj crystal are defects containing the Li
ion. Among the three possible intrinsic defects, the lithium
vacancy is the most stable. The various isolated defects all
tend to exist in the charged state. Moreover, even the
lowest formation energies for the Frenkel pairs are still
higher than those of defect models considered. The study
on chemical potentials in oxidation-reduction condition
shows that oxidation-reduction process does not have
much effect on the intrinsic defect structures in LiNbOj;
crystals. To summarize, the present calculations indicate
that the lithium-vacancy model may be the most probable
defect model of non-stoichiometric lithium niobate.
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