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The basic features of vanadium (V)-doped LiNbOs;, such as V doping sites, local lattice distortions, and
electronic structures are investigated via hybrid density functional theory. The interaction between V and the
intrinsic point defects is also studied in this work. V is found to prefer to substitute Li (Vy;) at its highest charge
state of +4 in most LiNbO; samples, and begins to substitute Nb to form a neutral Vy;, defect as the Fermi level
is increased. Furthermore, Vi; exhibits different polaronic behaviors in stoichiometric and congruent LiNbOs.
The most stable Vﬁr tend to form a Vﬁ’ small bound polaron by simultaneously capturing two electrons in
stoichiometric LiNbO3;, and form a bound bipolaron along the nonpolarization axis in the congruent samples.
Moreover, both bound bipolarons along the polarization and nonpolarization axes are found in congruent LiNbO;

by capturing two more electrons.
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I. INTRODUCTION

Lithium Niobate (LiNbQOj3) is a multifunctional material
[1], with prominent ferroelectric, electro-optical, piezoelec-
tric, photorefractive characteristics [2], and has broad appli-
cations in piezoelectric sensors, second harmonic generators,
holographic storage, surface acoustic wave devices, etc. [3-5].
It has been well demonstrated that LiNbO3 can be modified
to suit a specific application by controlling the extrinsic
and intrinsic defect structures in crystal through doping and
composition modification [6—11]. For instance, dopants such
as Fe, Cu, Mn, and Ce can improve the photorefractive ability
of LiNbOj; [12,13], since they possess the ability to provide or
capture d or f electrons to generate defect levels in the band
gap. We notice that most of these dopants own valence states
that are lower than Nb (i.e., the intrinsic photorefractive center
Nby;). In principle, dopants with higher valence states have
lower formation energies and stronger electron capture ability
than the dopants with lower valence states, thereby affording
them interesting photorefractive properties.

Kong’s group has recently successfully grown vanadium
(V)-doped LiNbO;3, which has much faster photorefractive
response speed and higher sensitivity than the commonly
used Fe-doped LiNbO; [6,7]. However, there are some fun-
damental problems with V-doped LiNbOs, such as the fact
that the preferable substitution site, stable charge state, and
defect state property have yet to be elucidated. The study
of the structure, stability, and electronic structure is essential
to further understand the doping-induced optical properties
of LiNbOs. It is well known that the antisite Nb;{ can
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introduce small bound polarons and bipolarons in LiNbO; by
capturing one and two electrons, respectively [14—16]. Since
V3+ has the same valence state as Nb>T, it is of particular
interest to learn the electron self-trapping and polaronic be-
havior of V-doped LiNbOj3. In addition, LiNbO3; grown via
the Czochralski technique [17-20] are normally Li-deficient
and prone to various intrinsic defects, such as the antisite
Nby; and Li vacancy Vacg;, which are widely referred to as
congruent LiNbOj3 [5,21-25]. The interaction between V and
these intrinsic defects is another important characteristic that
should be understood. The existence of the intrinsic defects
could lead to large lattice relaxation and charge distribution
around the dopant, and thus the variable V-doping behavior in
stoichiometric and congruent LiNbO3. However, related ex-
perimental and theoretical research has not yet been reported.

In this work, the defect formation energies, lattice dis-
tortions, and electronic structures of V-doped LiNbO3; were
investigated by using the density functional theory (DFT)
[26,27]. The typically used (semi)local functional consistently
underestimates the band gaps of semiconductors [28], which
consequently significantly affects the predictive power of ap-
proximation when applied to defect levels [29,30], especially
with respect to the highly localized d states of Nb and V,
where strong correlation occurs [31,32]. Therefore, in this
study, the spin-polarized hybrid functional [33,34] was used
to investigate the lattice distortion, energetics, and electronic
structure of V-doped LiNbOj;. Additionally, the interaction
of V dopant with the intrinsic defect Nb;; was investigated
and the configurations and energetics of charge-compensated
defect clusters were investigated by using (semi)local func-
tionals in order to minimize computational cost.

II. COMPUTATIONAL DETAILS

In this study, the Vienna ab initio Simulation Pack-
age (VASP) [35,36] implementation of DFT is employed in
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conjunction with the projector-augmented-wave (PAW) for-
malism [37] to perform calculations. Thereby the Li2s',
Nb4p®4d*ss!, 02s22p*, and V 3d34s? states are treated as
valence electrons. The electron wave function is extended
by an energy cutoff of 400 eV. Isolated V-substituting Li
(VL) and V substituting-Nb (Vyp) are modeled with cells of
different sizes. Hexagonal supercells containing 240 atoms
are implemented in the energetic calculations within the DFT-
GGA (DFT-generalized gradient approximation). Therefore,
the Perdew, Burke, and Ernzerhof (PBE) [38] functional
is used to model the electron exchange-correlation energy
within the GGA. All lattice constants and atomic positions
are optimized for all supercells, and the force convergence
criterion for the structural relaxation is set as 0.01 eV/A.
Smaller hexagonal supercells containing 120 atoms are also
implemented in the electronic structure calculations by uti-
lizing the Hyde-Scuseria-Ernzerhof (HSE06) screened hybrid
functional [33,34]. In this approach, the long-range exchange
potential and correlation potential are calculated by using
the DFT-PBE functional, and the short-range exchange po-
tential is calculated by mixing a fraction of the nonlocal
Hartree-Fock exchange with DFT-PBE. We tested the band
gap of pristine LiNbO3 by changing the fraction of the
exact exchange from 0.15 to 0.35 in 0.05 intervals. It is
found that when the fraction of exact exchange equals 0.25
(the standard value), the calculated band gap is closest to
the value of 5.37 eV which was previously obtained via
the more accurate GoyWy@GGA method [8]. Considering
this, the screening length and mixing parameter are fixed at
10 A and 0.25, respectively. The spin polarization of the V 3d
shell is considered in the structural optimization, energetic,
and electronic structure calculations for the isolated Vi; and
Vb defects. Therefore, the formation energies of single V-
doped LiNbOj are calculated within spin-polarized DFT. The
electronic structures of single V-doped LiNbO; are performed
based on the supercells optimized by spin-polarized HSE06
functional in order to accurately describe the local lattice
distortions, energetics, and the electronic structures of V high-
spin states. Most of the defect pairs and defect clusters are
modeled in 360- and 540-atom supercells within DFT-PBE in
order to minimize the computational cost with the exception
of the electronic structure calculations for defect pairs, which
are calculated by using hybrid functional. 4 x 4 x 4,4 x 4 x
4, and 2 x 2 x 2 Monkhorst-Pack k-point meshes [39] are
implemented in the DFT-PBE calculations of 120-, 240-, and
360-atom supercells respectively; I' point is implemented in
the DFT-PBE calculations of 540-atom supercells and HSE06
calculations of 120-atom supercells.

The defect formation energies of the dopant with g charge
state that is dependent on the Fermi level position are calcu-
lated as follows [40,41]:

Ep(X) = E®(X4) — E®(bulk) — Y mipi+q(Er + Ey)

L

_qAVO/b + Ecors @))

where E''(X7) and E'* (bulk) are the total energies obtained
from a supercell with and without the doping ion X with a
charge state g. n; represents the number of atoms of species i
that have been added or removed during doping, and u; are the

corresponding chemical potentials. Er is the Fermi level with
respect to the bulk valence band maximum (VBM) E,, and
AVy,p is a term to align the potential of the bulk and the defec-
tive supercells. This term could be obtained by comparing the
electrostatic potentials between the bulk-like region far from
the neutral defect and the bulk: A Vg, = Vojfar — Vo [42]. Ecorr
is an electrostatic correction that was developed by Freysoldt,
Neugebauer, and Van de Walle [43,44] to account for the
finite-size supercell error. It is suitable for the case of charged
defects within a dielectric medium. Following Ref. [45], the
correction is expressed as

E™NY = Ew — qAV,y. (2)

corr

In the case of the point-charge model that was implemented
in this study, the lattice energy E)y corresponds to the first
item of the Makov-Payne expression for the electrostatic
correction [43,46], as follows:

EMP q 205M 2mqQ
corr 2¢e,L 3L3¢

where ¢ is the total charge, Q is the quadrupole moment of
the defect-induced charge, o), is the Madelung constant, &
is the static bulk permittivity, and L is the linear size of the
supercell. Because the LiNbOj is a typical polar crystal, its ex-
perimental static dielectric tensor component values tend to be
highly anisotropic (¢!! = 84 and &* = 29) [47]. Therefore,
the weighted average of experimental ¢!' and e} are used
in order to avoid the larger calculation error associated with
using only one component. Thus, a weighted average based
on the ratio of the a and c lattices would be preferable to the
normal averaging strategy because the polarization factor is
introduced to the value of the static dielectric constant. The
calculated Freysoldt correction differences by two averaging
strategies (weighted and normal) are 0.14 eV to the maximum,
and this could not influence the relative stability of the defects.
The second item AV, /o corresponds to the potential alignment
by taking the neutral defect model as a reference.

The chemical potentials u; are dependent on the prepa-
ration conditions. The thermodynamic considerations restrict
the accessible range of u;, if there is LiNbOj stability, which
is the stability of the ternary compound LiNbO; against
decomposition into its single component constraints and its
binary oxides Li,O and Nb,Os [48,49]. We define A as the
discrepancy with the bulk values of the chemical potential of
the corresponding component. The stoichiometric sum of the
Apu; should be equal to the formation enthalpy of LiNbOs3,

+ 0 (L™), 3)

Ap(Li) + Ap(Nb) + 3Au(0) =— AH™N>. (@)

The thermodynamically stable region is limited to the two
extremes of LiNbO3, which is in equilibrium with Li,O and
Nb,Os, respectively [48,50]. They can be described as

2Ap(LI) + Ap(0) =— AH'"C, ®)
2A1(Nb) + 5Ap(0) =— AHY*. (6)
These requirements obtained within DFT-PBE and HSE06

functionals are shown in Fig. 1. The triangle ADG yields the
formation enthalpy of LiNbOs; in Eq. (4). The triangle BDF
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FIG. 1. Stability range of the chemical potentials (in eV) of the
LiNbOj; constituents within DFT-PBE (a) and HSEOQ6 (b) functionals
respectively. The colored region is the intersection between them
and represents the thermodynamically allowed range of the chemical
potentials. The arrows point to the black dots that indicate the
chemical potentials we used in this work.

and the region enclosed between points A, C, E, and G are
defined by Egs. (5) and (6). Therefore, the shaded region
enclosed by BCEF indicates the LiNbOj5 stability range, and
the values outside of this region lead to the precipitation of the
second phases. Furthermore, choosing a different reference
state will modify the relative stability of the investigated
defects. The calculated chemical potentials of the components
by DFT-PBE and HSEQO6 under Li-rich (line BF) and Li-
deficient (line CE) conditions are listed in Table 1. Here, we
model the defects by using the Nb,Os reference state (line
CE) because even nearly stoichiometric LiNbOj3 are still Li
deficient. The used chemical potentials of each component are
also labeled in Fig. 1. In order to ensure that the experimental
conditions [6,7] do not change, the chemical potential of V
should satisfy the requirement of forming its oxide V,Os. This

TABLE 1. Calculated chemical potentials (in eV) of Li, Nb,
O, and V by DFT-PBE and HSEQO6 under Li-rich and Li-deficient
conditions.

Condition Component DFT-PBE HSE06
Li-rich Li —258 —195
Nb —21.57 —2251
o —-506 —9.21
A% —1632 —16.56
Li-deficient (congruent LiNbO3) Li —4.37 —3.45
Nb —20.19 —21.68
(0] —492 —-8.99
A% —16.66 —17.11

relation is given as
20(V) + 5Ap(0) =— AH PO, @)

Strictly speaking, in the above equations, the Gibbs free
energy should be used to determine the chemical potentials
instead of the enthalpy. However, it is customary to replace
G(p, T) with the enthalpy, as the entropic terms are expected
to be of the same order of magnitude for all of the investigated
systems, as explained in detail in Ref. [48] (and references
therein). Neglecting the entropy term may thus not qualita-
tively influence our main conclusion.

The binding energy of the X X, defect pair is defined as
the energy required to separate it into individual defects X
and X,; the calculation formula is shown below:

EL(X1X2)'] = Ef[(X,1X2)'] — Ef(X}') — Ef(X3),
®)
where ¢ = g1 + ¢2, and the negative binding energy corre-
sponds to stable defect pairs.

III. RESULTS AND DISCUSSION

A. Defect formation energies

As mentioned above, the point defects simulated by em-
ploying the supercell method within the DFT framework are
affected by the limited size problem and the unfavorable elec-
tronic structure predicted by the local exchange-correlation
potential. In this study we separately addressed the effects of
these two problems as was discussed in Ref. [15]. First, we
performed the Freysoldt correction on the defect formation
energies of the 240-atom supercells calculated by the spin-
polarized DFT-PBE. Then, we added the exchange-related
error to the defect formation energies to obtain accurate defect
formation energy results.

First, we estimate the exchange-related error of the de-
fect formation energy calculations. We found that the hybrid
functional could significantly improve the description of the
LiNbOj electronic structure [15]. We also compare the calcu-
lated formation energies of Vi; and Vyp for various possible
charge states (i.e., according to electron capture) by using
DFT-PBE and HSEOQ6 functionals in 240-atom supercells and
the results are presented in Table II. It can be seen that
the calculated defect formation energies obtained via the
hybrid DFT exhibit energy changes that are several electron
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TABLE II. Comparison of the defect formation energies (in eV)
of V; and Vy, obtained within HSEO6 and DFT-PBE. Li-deficient
conditions suitable for congruent LiNbO; are chosen.

Defects  Ey (HSE06)  Ey (DFT-PBE) AE; (HSE06-PBE)
Vi —8.08 +4E;  —3.54 4 4E; —4.54
viF — 488 +3Er —1.30+3E —3.57
Vit —2.02+42Ep 1.38 + 2E¢ —3.40
Vi, 259+ Ep 435+ Ey -1.76
4 6.88 7.44 —-0.56
A% —1.67 —1.14 —-0.53
Vi 220 — Er 1.61 — Ep 0.59
Vi, 587 — 2Ep 4.65 — 2Ep 1.22

volts higher than those calculated by DFT-PBE. Generally,
HSEO06 gets lower defect formation energies than DFT-PBE
(~0.5 eV) for neutral V; and Vyp; however, the local func-
tional overestimates the defect formation energies of charged
Vi defects, and underestimates the defect formation energies
of charged Vyy, defects. The absolute values of the deviation
between the defect formation energies calculated by HSE06
and DFT-PBE are found to increase as the absolute charge
of the defects increases. This phenomenon indicates that the
electronic self-interaction plays a major role, and that the
strongly localized V d states are poorly described by the local
functional. Assuming that the error generated by using the
local functional is mainly related to the orbital characteristics
of the defect states and its energy position rather than the
supercell size, the nonlocal exchange correction should be de-
fined as the difference between the defect formation energies
calculated by HSE06 and DFT-PBE.

The finite-size error is corrected by adding the Freysoldt
correction to the defect formation energies calculated by
spin-polarized DFT-PBE. Assuming that the defect formation
energies with the Freysoldt correction do not take into account
the influence of the nonlocal exchange-correlation functional,
the approximate defect formation energies, including both
previously mentioned effects, can be calculated by incorporat-
ing the previously defined exchange correction and Freysoldt
correction into the spin-polarized DFT-PBE results by using
240-atom supercells. The final results are shown in Fig. 2. It
can be seen that V prefers to substitute a Li site at the +4
charge state when the Fermi energy is near the VBM. As
the Fermi energy increases, Vﬁ’ transfers to the +2 charge
state by simultaneously capturing two electrons when Ep =
2.90eV, indicating that Vi is metastable. The thermody-
namic transition level ¢(3+/2+) is found to be located at
2.48 eV, which is lower than that of ¢(4+/3+) (3.33 eV). This
switching order of the charge transition levels is indicative
of a negative U effect [48,49], which is usually associated
with large lattice relaxation during electron capture. It is
noted that the inclusion of spin polarization in the structural
optimizations and energetic calculations could significantly
lower the total energies of the systems with nonzero total
spin S, such as Vyi; defects with +3(S = 1/2) and +2(S = 1)
charge states, and they are thus more stabilized with respect to
the diamagnetic state Vii+ (S = 0). However, the total energy
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FIG. 2. Defect formation energies of Vi; and Vyy, as well as the
intrinsic defects Nby; and Vacy; as a function of the Fermi energy.
The Fermi energy range corresponds to the calculated fundamental
band gap of LiNbOj;, which is 5.21 eV. Li-deficient conditions
suitable for congruent LiNbO; are chosen.

of VI is lowered by 0.89 eV, which is a little bit more than
that of V;7 (0.62 eV). Therefore, spin polarization does not
cause the switching of order of (44 /3+) and e(4+/2+), and
the formation energies of Vy; defects still exhibit a negative
U effect. By capturing two additional electrons, Vlzj directly
transfers to VY. near the conduction band minimum (CBM).
Since the Fermi level lies in the lower half of the band
gap in realistic LiNbOj3 crystals [15], only the +4 and +2
charged V defects are stable at the Li site. The experiments
[6,7] also confirmed the presence of V{{ and Vi{ defects.
By comparing the results of Vi; and Nby;, we found that
their switching orders of the charge transition levels are the
same, but the value of €(44/2+) for Vy; is smaller than that
for Nby;, indicating that the Vy; defect has stronger electron
capture ability than the antisite Nby;. In the case of Vyp, it
only exists in the neutral state and electron capture behavior
cannot occur. On the other hand, the formation energy of VY,
is found to equal to that of Vﬁ“ when Er = 1.75eV, at which
point the Nb sites begin to be increasingly occupied by V
dopant as the V doping concentration increases. Overall, the
defect formation energies of stable Vi; and Vy are all found
to be lower than those of the stable intrinsic Nbﬁr and Vac;
defects. These results demonstrate that both Vi; and Vy;, can
coexist in LiNbO3 with dominant point defects. This could be
treated as the criterion for constructing charge-compensated
defect cluster models.

B. Doping-induced lattice distortion

In order to better understand the negative U effect of
Vi, we investigated the localized structural relaxations of
Vﬁ”, V?j, and Vlzj and compared the results to those of
Nby;. From Fig. 3(b) it can be seen that the introduction
of V leads to significant shrinkage of the oxygen octahe-
dron, and that the V-O bond length decreases from 2.25 to
2.04 A, and from 2.03 to 1.75 A, because of the substantially
stronger covalent bond of V-O as compared to Li-O. The
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FIG. 3. Comparison between the local lattice distortions of Vy;
(b)—(d) and Nby; (b')—(d’) and the bulk LiNbO5 (a), (a’) calculated
by spin-polarized HSE06. The distances between the defect and its
neighboring O and Nb ions are shown (in units of A).

distance between V and its neighboring Nb atom along the
z direction (labeled as Nby ) is also found to slightly increase.
As compared to the case of Nbﬁ“, the shrinkage of the oxygen
octahedron near V{; is more significant; this is because the
covalence bond of V-O is stronger than that of Nb-O as a
result of the relatively closer electronegativity between V
and O. Capturing one electron leads to the movement of
ij along the z direction and the oxygen octahedron only
slightly expands because of the Coulomb repulsion between
the trapped electrons and the electrons surrounding the O
atoms [Fig. 3(c)]. The degree of the Vif movement is compar-
ative to that of Nb; . When capturing one additional electron,
the oxygen octahedron is observed to expand because of the
stronger Coulomb repulsion between the trapped electrons
and O 2p electronic states. Because the trapped electrons
mainly distribute around V and the three O atoms along the
negative z direction, the Vlzj defect center is further pushed
toward the Nby direction. The energy gain due to such lattice
distortion influences the switching order of Vi and V&',
which is regarded as the negative U effect. However, this
is not the case for Nby;. Capturing two electrons leads to a
pronounced relative movement of Nb{ and Nb,, and their
distance is largely shortened by 11.18% relative to that of
Nb; T — Nb,. The corresponding shortening for Vi — Nby
is only 1.67%. Therefore, the pronounced lattice distortion
referring to the Nb, contributes to the negative U effect of
Nby;, which is not observed in the case of Vi;.

C. Electronic structure

The spin-polarized partial density of states (PDOS) of
V-doped LiNbO; are shown in Fig. 4. The charge density
differences between supercells with and without defects are
also plotted in Fig. 4 to illustrate the doping-induced charge
redistribution. The formation of most stable V| (total spin
S = 0) introduces unoccupied 3d states at approximately
1.0 eV below the CBM. The isolated impurity state is mainly
attributed to the V 3d and O 2p states, and this can be
confirmed via analysis of the PDOS and charge density
difference maps shown in Fig. 4(b). By simultaneously
trapping two electrons to form a Vﬁ“ defect, two spin-parallel
empty impurity states are filled as the 3d? electronic

(a) bulkk S=0
O 2p

Nb 4d Tspin_up

lspin-down

Density of States (a.u.)

(Vg S=1

1 L 1 ! 1 I

-6-;1-20246810121416
Energy (eV)

FIG. 4. Spin-polarized PDOSs and charge density differences of
the bulk LiNbO; (a) and the materials with Vi; (b)-(d) and Vyy
(e)-(f) dopants within HSE06. The shadowed and blank regions
represent the occupied and unoccupied states of the electron re-
spectively. The total spins S are indicated for all the charge states.
The yellow and blue regions in the charge density difference maps
represent the electron accumulation and depletion, respectively.

configuration, and locate at 1.45 eV above the VBM.
Therefore, the Vii defect is stable at the high-spin state
with total spin S = 1. The charge density difference map
shows that the two captured electrons are distributed around
the neighboring O atoms of Vi{. In order to elucidate the
electronic contribution of its neighboring Nb atoms, we plot
the PDOS of the Vy; defects and the neighboring Nba and Nby
atoms in Fig. 5. Nby corresponds to the neighboring Nb atoms
in the nonpolarization direction. Combined analysis of Figs. 4
and 5 reveals that the formation of V7 only induces lattice
relaxation for the first-next-neighbor O atoms, and that there
is no electronic interaction between Vﬁr and any neighboring
Nb atoms. These characteristics are typical of small bound
polaron. These results are in contrast to those for Nby ;, which
demonstrate that the two captured electrons are distributed
around the Nb?T defect and its neighboring Nby ion, and that
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FIG. 5. Spin-polarized density of the d electronic states of Vp;
and their neighboring Nb atoms in stoichiometric LiNbO; calculated
by HSEQ6. The shaded and blank regions represent the occupied and
unoccupied states of the electron, respectively.

NbZT is treated as a 4d' — 4d" bipolaron. However, although
V and Nb all belong to the fifth subgroup in the periodic table
of chemical elements, the photon energies associated with
electron excitation from the O 2p states to V 3d states or
Nb 4d states are distinguishable because the impurity states
of Vi, in the band gap are all deeper than those of Nby;.
The small bound polaron introduced via V doping is able to
act as the Vﬁ/ ** photorefractive center, which serves as a
contributer to the photorefractive effect of LiNbO;3. Similar
small bound polaron behavior is observed when Vi captures
two additional electrons to form a neutral Vy; defect (S = 2),
as is shown in Fig. 4(d). No electronic interaction between VY.
and any neighboring Nb atoms can be found from the charge
density difference map in Fig. 4, and this phenomenon can
further be confirmed by observing Fig. 5. However, the for-
mation of VY. is complicated by the extremely high formation
energy, and thus only formed in the n-type LiNbO; samples.
The formation of VY, defect (S = 0) also introduces empty
impurity states that are below the CBM by approximately
0.7 eV, as is shown in Fig. 4(e). By simultaneously trap-

ping two electrons, two spin-parallel empty impurity states
are filled as the 3d? electronic configuration, and locate at
1.92 eV above the VBM. The V3, defect is also stable at the
high-spin state with the total spin S = 1. However, according
to our calculation results for formation energies, the transfer
from VY, to VIZ\I_b only occurs in the n-type LiNbO; crystals,
indicating that the neutral Vy;, is unable to act as a polaron in
the realistic samples.

D. Defect pairs and defect clusters

From the above analysis, we confirm that Vi; and Nby;
are able to coexist in the LiNbOj crystal, and that they
are all able to capture electrons to form polarons. So, how
would the electrons distribute if Vi; and Nby; coexist in
the LiNbOs lattice? To answer this question, we construct a
model with both defects in the same supercell, and investigate
the properties of the electronic structure. In general, stable
V{ and Nb/| prefer to be separated because of the huge
Coulombic repulsion of the same highly positive charges that
they carry. This is confirmed through analysis of the calculated
binding energies of the defect pairs, as is shown in Fig. 6. The
binding energies of V{; — Nbj/{ are found to be positive, and
to decrease with increased distance. Therefore, we separate
these two defects in the supercell to prevent interaction.

The local structures and charge density differences be-
tween the supercells with and without defect pairs are plotted
in Fig. 7 in order to study the electron distributions when
the V{1 — Nb/T pair captures electrons. It can be seen that
the two stable single defects in the defect pair exhibit a local
lattice distortion that is similar to that of the isolated defects.
For instance, the shrinkage of the oxygen octahedron related
to ViT is more significant than that related to Nbj . After
two electrons are captured, the trapped electrons are found to
accumulate around Vi, and this results in a larger local lattice
distortion for Vi; than Nby;. In order to further understand the
distribution of the captured electrons, we plot the PDOS of
the defects and their adjacent Nb atoms in congruent LiNbOs3,
which includes the antisite Nby;, as is shown in Fig. 8. It
can be seen that, as a result of capturing two electrons,
the defect state of Vy; is redshifted by approximately 1 eV
because of the electron occupation; moreover, the 4d state of
Nby; remains unchanged [Fig. 8(a)], indicating that the two
captured electrons all positioned themselves around the Vi
defect. Further investigating the electron distribution around
the Vi; defect reveals the clear contribution of the Nbg 4d
state to the isolated defect state in the band gap [g = +2,
Fig. 8(a)], which is absent before the electrons are captured
[g = +4, Fig. 8(a)]. These results demonstrate that Vi, cor-
responds to the lattice relaxation and electron distribution
around the Vi; — Nby defect pair, and thus can be treated as a
bipolaron. Interestingly, Vﬁr is found to exhibit varying pola-
ronic behavior, i.e., a small bound polaron in stoichiometric
LiNbO3; and a bound bipolaron in congruent LiNbOj3. The
calculated results show that V; has stronger electron capture
ability than Nby;, and that the polaronic behavior of Nby;
corresponding to the Nby; — Nba [Fig. 8(b)] could thus be
moderately suppressed. When capturing two additional elec-
trons, the captured electrons are distributed around both Nby
and Nby ions, forming Vi; — Nbg and Vi; — Nby bipolarons
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FIG. 6. Calculated binding energies of defect pairs within DFT-PBE as a function of the distance. The Fermi energy is assumed to be the
VBM. The range of 1NN to 5NN corresponds to the first- to fifth-next-neighboring sites of the highly charged defect.

in the nonpolarization and polarization directions. Obviously,
Vgi exhibits quite different polaronic behaviors in congruent
and stoichiometric LiNbOj3. This phenomenon can be directly
observed and confirmed through analysis of the charge density
differences [Fig. 7(c)] and PDOS [Fig. 8(a)].

In realistic congruent LiNbOj; crystals, there are numerous
intrinsic Nby; and Vacy; defects. These defects can charge
compensate with the V dopant to form neutral defect clus-
ters, and thus influence the electronic structures of V-doped
congruent LiNbO;. According to the experimental results,
the doping ions prefer to first occupy the Nby; site at the
lower doping concentration. In this case, all of the V" and
Nbﬁr defects can be compensated by the Li vacancies, i.e.,
the Vi 4+ Nb/F + 8Vacy, defect cluster. With the increase of
V-doping concentration, the Nby; disappear and the dopant
prefers to occupy the normal Li site. In this case, the defect
cluster should be Vﬁ' + 4Vac(;. Further increase of the V-
doping concentration will lead to occupation of the Nb site.
In this case, the V{7 + 4Vacy, + V9, defect cluster model is
more suitable. Considering that there are too many possible
configurations for these three defect cluster models for all of
them to be calculated, we construct the defect cluster models

(a) Vi + Nb}

~(b) V{ + Nbs

(c) Vi + Nbiy

FIG. 7. Local structures and charge density difference maps
of V{T +Nbj(a), Vi + Nb/T(b) and VY, + Nb; ] (c) defect pairs
within HSE06. The yellow and blue reglons represent the electron
accumulation and depletion, respectively. The distances labeled in
the figures are in units of A.

step by step according to the binding ability between defect
pairs (Fig. 6). Taking the smallest cluster Vﬁ“ + 4Vac(; as an
example, since the binding energies of the Vﬁf — Vac; pair
at first- and second-next-neighboring (INN and 2NN) sites
are the highest (i.e., most negative), we position four Vac;
at all possible INN and 2NN sites of V{;. It is found that
three Vacy, prefer to be positioned at the 1NN site of V{7, and
that the remaining Vac; prefers to be positioned at the 2NN
site, as is shown in Fig. 9(b). In our previous work [22], we
obtained the most stable configuration of the NbjT + 4Vac
defect cluster. As the binding ability of V| — Vac; and
Nbﬁr — Vacp; is quite similar, we are able to treat the Vﬁ“ +
NbjT + 8Vac;; defect cluster as [V{; 4 4Vac;] + [Nb/T +
4Vac(;]. Therefore, this defect cluster model is constructed
after a search for the most stable combination of the stable
Vﬁ“ + 4Vac(; and Nbﬁr + 4Vac; clusters that entailed posi-
tioning the V{7 at the INN and 2NN sites of the Vacy; in the
NbjT + 4Vac;; cluster. The most stable configuration of the

(@) Nb,@V:CLN (b)J—nb,@CLN
——Nb@V:CLN ——Nb @CLN
—V,_@V:CLN
—— Nb,@V:CLN

S -G =+4 q'*“

o

— e A1 ki

3 _

|

0

ks

>

g Q.QH i | \}'A

o) tj

[m)] q:O W

P, M
2 g ) 2
Energy (eV)

FIG. 8. Density of the d electronic states of charged Vi; and
Nby; defects and their neighboring Nb (Nba and Nby) atoms in (a)
V-doped congruent LiNbO; (V:CLN) and (b) undoped congruent
LiNbO; (CLN) within HSE06. The shaded region represents the
occupied states of the electron.
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(a) Vi + Nbt + 8Vac,

POO ; 00060000 005 03®O 0000
Yode 000 | @o

FIG. 9. Side view of the configurations of the three most stable
charge-compensated defect clusters: (a) Vi + Nb'T + 8Vac;, (b)
VT + 4Vacy,, and (c) VT + 4Vac[, + VY, The white dotted circles
represent lithium vacancies.

Vﬁ’ + Nbﬁr + 8Vac; defect cluster is shown in Fig. 9(a). We
can see that V{T and Nb]T prefer to be positioned along the
same xy plane. Then, we construct the V{7 + 4Vacy; + V¥,
defect cluster model by positioning one VONb at the 3NN site
of Vac[; and the INN site of V{1 (Vi in V{4 4Vac)
according to the binding energies of V{1 + V¥, and Vacy; +
V- By comparison, we found that the cluster configuration
is most stable when VY, is located at the INN site of V{7 The
maximum size of these considered defect clusters is found to
be approximately 2 nm.

Here, we focus on to the electronic structures of these
defect clusters. As these defect clusters are all constructed
in 540-atom supercells, it would be too computationally
expensive to perform the PDOS calculations by using the
hybrid DFT. Thus, all of the PDOS results related to the
charge-compensated defect clusters are obtained by utilizing
DFT-PBE. In order to evaluate the error caused by the local
functional, we first compare the PDOS of V{} calculated by
HSEQ06 and DFT-PBE. As is shown in Fig. 10, the HSE06
and DFT-PBE functionals demonstrate similar electronic con-
tributions of the atoms within the range of the valence band
to the conduction band. Although the band gaps estimated by
HSEO06 and DFT-PBE are different, the respective positions of
the empty defect state related to the CBM are nearly the same.
Therefore, the results calculated by DFT-PBE could reflect the
main characters of the defect electronic structures. By summa-
rizing the PDOSs of the three defect clusters (Fig. 10), we get
that the Vac[; defects only slightly blueshift the Vi; defect
state in the band gap via lattice relaxation, and that Nb;;
decreases the band gap by introducing empty Nb 4d states
just below the CBM. The neutral Vyp defect also introduces
the defect state below the CBM. However, this defect state
is pushed toward the CBM as a result of the repulsion from
the 3d states of Vp;. Therefore, although the formation of
defect clusters yields little effect on the electronic properties

(a) VT (HSEO06) Vv, 3d

0O2p

T y I T T 1 T
L L L '
(c) VT + Nb;' + 8Vac;, t>

Nb,, 4d
| ! I ! | ! | ! | ! |

(d) V{ +4Vac,

Density of States (a.u.)

(b)' v::* (F;BE) | |

7T T 1T T & T Inrr
(e) V[ +4Vac, + Vy,

|

| | I 1
| I
| | [ |
1 |\ |
|1 \

-6 -4 -2 0 2 4 6 8 10
Energy (eV)

FIG. 10. PDOSs of Vi calculated by HSEO6 (a) and DFT-PBE
(b), respectively, and the Vii+ + Nbﬁr + 8Vacy; (c), Vﬁr + 4Vacy;
(d), VIT + 4Vacy; + VY, (e) defect clusters calculated by DFT-PBE.

of V1, defect states in the band gap, it significantly influences
the electronic character of the CBM, especially with respect
to the clusters containing Nbj¥ and V. From this per-
spective, the differences in the electron trapping and excita-
tion behaviors, in addition to optical properties such as the
photorefractivity of V-doped stoichiometric and congruent
LiNbO3; can be primarily attributed to the change of the CBM
and the additional VY, impurity state that is introduced as a
result of increasing the V doping concentration.

IV. CONCLUSION

In summary, the microscopic properties of V-doped
LiNbO3, including the doping configurations, relative stabil-
ity, electronic structures, and its interaction with the intrinsic
point defects, are investigated by using the spin-polarized
(semi)local and hybrid density functional theories. The cal-
culated defect formation energies show that V prefers to
substitute Li at its highest +4 charge state, and that it could
substitute Nb to form a neutral Vy, defect as a result of
the Fermi level being increased. The most stable Vi}" is
able to simultaneously capture two electrons to form a Vi
small bound polaron in stoichiometric LiNbOj3, while a V; —
Nb; bound bipolaron in the congruent samples. In congruent
LiNbOs3, Vi}L demonstrates a stronger ability to trap electrons
than the intrinsic defect NbjT. We are also able to observe
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both Vi; — Nbs and Vi; — Nby bound bipolarons if under
the condition that additional electrons are captured to form a
neutral Vi; defect. In addition, the formation of the charge-
compensated defect clusters is also found to significantly
influence the electronic characters of the CBM, which thus
causes the doping-induced electronic and optical properties in
stoichiometric and congruent LiNbOj to vary.
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