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First-principles study of microscopic properties of the Nb antisite in LiNbOj:
Comparison to phenomenological polaron theory
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Through the first-principles local-density-approximation+Hubbard-U (LDA+U) electronic-structure calcu-
lation method, the microscopic properties of the Nb antisite (Nby;) and the electron-lattice interaction are
investigated. The atomic structure is found to depend on the capture of electrons at the defect level, and
especially when the defect level is occupied by two electrons, the Nb;; undergoes a large-lattice-relaxation
(LLR), accompanied with the formation of the deep level. The main driving force toward the LLR is suggested
to be the orbital hybridization of the defect level state and the conduction-band state. As a result, the Nby;
defect exhibits a negative-U property. Based on the computational results, several well-known light-induced
phenomena in LiNbO; and the polaron model are discussed.
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It is well-known that the optical properties of LiNbO;
(LNO) such as refractivity and absorption spectrum are
changed by the light illumination."> The photoinduced re-
fractivity (PR) has been extensively investigated!~7 since it
can be employed in fabricating the nonvolatile holographic
memory. The PR has been observed also in several perov-
skite structured oxides such as KNbO; (Ref. 8) and BaTiO;,”
and other oxides such as KTiOP, (Ref. 10) and LiB;Os."!
Special attention has been paid to the PR of LiNbO; since
the large homogenous crystal is available and the PR effect is
strong and robust at room temperature.’>*12 A remarkable
observation is that the two-color illumination using both
green-blue and infrared (IR) lights can cause strong and ro-
bust PR even in the undoped LiNbO;.>* Other important
light-induced phenomena in LiNbOj; are the enhancement of
the IR absorption of LiNbO; after the green light
illumination®>® and the enhancement of the visible and IR
absorptions after ultraviolet (UV) illumination.” It is sug-
gested that these photoinduced effects may have a similar
origin.

The as-grown LiNbO; is usually Li deficient
(congruent).!3!> Many experimental measurements' and the-
oretical calculations'®!7 indicated that Nb antisite (Nby;) as
well as Li vacancy (V;;) is dominant in the congruent
LiNbO;, and they compensate each other.!” The Nby; is in-
dicated to be responsible for the PR by experimental data
such as optical-absorption spectrum and the growth condi-
tion dependence.*f

A polaron model,'®!” based on antisite Nb;; and on-site
Nbyy, is suggested to explain the microscopic mechanisms of
these photoinduced phenomena including the PR in LiNbO;
and the two-color method. The polaron indicates a quasipar-
ticle state of charge carriers which are trapped by the lattice
displacements of the neighbors. In LiNbO3, the several po-
laron states have been observed. The role of the polarons
bound at the antisite defect Nb;; (bound small polaron and
bipolaron) and the free small polaron bound at Nby, is sug-
gested to be important for the understanding of the PR pro-
cess. The bipolaron state and metastable bound small-
polaron state were indicated by the broad peak in absorption
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spectrum at around 2.5 eV (Refs. 4 and 20) and the photo-
excited peak at around 1.6 eV,!*?! respectively. On the other
hand, a free small polaron at on-site Nby, atoms was indi-
cated by a peak at 1.0 eV.!>?? The stable bipolaron states are
reported to be easily formed in thermal reduction process at
high T above 850 K.?° The small-polaron state is measured
through the light illumination, and therefore indicated to be a
metastable state. The photoinduced metastable phenomena of
LiNbO; are successfully explained based on these polarons;
however the microscopic structures of these polaron states
around the antisite defect Nby; are not clearly resolved yet.
Therefore, in this work, we investigate the microscopic prop-
erties of Nby; in LiNbOj; and the electron-lattice interaction
through the first-principles electronic-structure calculations.
We show that a large-lattice relaxation (LLR) at the Nby;
defect can be induced by the capture of electrons at the de-
fect level, and the driving mechanism is the interaction be-
tween the electrons at the defect level and the empty
conduction-band states.

Our calculations were performed with the projector-
augmented-wave (PAW) pseudopotentials®® by using Vienna
Ab initio Simulation Package (VASP) code®* on the basis of
both local-density-approximation (LDA) and LDA+U
methods.”> The wave functions were expanded in a plane-
wave basis set with an energy cutoff of 400 eV. We used
standard PAW potentials in the VASP distribution. The 4p and
4d orbitals for Nb atom and the 1s orbital for Li atom are
explicitly included in the calculations. In order to simulate
the defect, we use a (2 X2 X2) rhombohedral supercell in-
cluding 80 atoms. All atomic positions were fully relaxed
until the Hellmann-Feynman force on each atom was re-
duced within 0.01 eV/A. The k-space integration was per-
formed by (4 X4 X 4) mesh points. The optimized structural
parameters and the bulk modulus of the pure rhombohedral
LiNbOj; calculated by LDA and LDA + U methods are shown
in Table I. The calculated lattice constants and the angle
between lattice vectors of the thombohedral structure in Fig.
1(a) are in good agreement with the experimental values.®
The band gap (E,) is calculated to be 3.35 eV at a zone
center (I') of Brillouin zone by LDA,?” which is underesti-
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TABLE 1. The structural parameters of a ferroelectric rhombohedral ten atoms supercell LiNbO; calcu-

lated by LDA and LDA + U methods (the values of U’ =

U-J in the unit of electron volts are indicated below)

are shown. Here, B is a bulk modulus (unit: Mbar). dyp-nb» dnp-0> and dy .o are the nearest (second-nearest)
distances between the atoms indicated by subscripts (unit: angstroms).

a 0 B dnb-Nb dnp-o diio
LDA 5.461 55.61 1.118 3.734 1.900(2.104) 2.004(2.219)
U'=3 5.475 55.68 1.166 3.746 1.939(2.071) 1.989(2.275)
U'=4 5.483 55.70 1.194 3.753 1.952(2.063) 1.979(2.293)
U'=5 5.493 55.71 1.224 3.759 1.964(2.056) 1.972(2.316)
Exp* 5.494 55.52 1.154 3.765 1.889(2.112) 2.068(2.238)

“Experimental data of Ref. 26.

mated compared to the experimental value of 3.78 eV (Ref.
28) due to the well-known LDA shortcoming.?

At first, the electron-lattice interaction in the NbLl is in-
vestigated. In the NbL , a monovalent Li* atom is replaced
by a Nb>* atom with five valence electrons, as shown by Fig.
1(b), and thus Nby; is expected to be stable in the
(4+)-charge state as a quadruple donor [Nb{*) in Kroger
Vink notation but here denoted by Nb5+(4d0) to emphasize
that the defect 4d-driven state is empty]. It is found that the
Nb;? makes three empty (nearly-degenerate) shallow defect
levels near the conduction-band minimum (CBM): two de-
generate levels and one slightly upper level, which are lo-
cated, respectively, at 0.06 eV below CBM and nearly at
CBM by LDA calculation. When one electron is captured by
a defect level, i.e., in the (3+)-charge state [denoted by
Nb;?(4d")], the atomic structures are slightly changed, and
the atomic distance between an Nby; and a nearest Nbyy,
atom (which is located along the direction of ferroelectric
polarization from the Nby;, i.e., the [0001] direction in the
hexagonal structure or the [111] direction in the rhombohe-
dral structure), dNb N becomes smaller slightly from 3.08 (at

bif) to 3.04 A (at Nb 7). An important finding is that when
the antisite level is occupled by two electrons, i.e., in the
(2+)-charge state [denoted by Nb;¥(4d?)], the electron-lattice
interaction around the Nby; becomes much more significant
and the Nby; undergoes a LLR. Here both a Nb;; and a
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FIG. 1. (Color online) The atomic structures of (a) the pure
ferroelectric LiNbO3, (b) the Nb?¥(44°), and (c) the LLR-Nb? T (4d?)
in hexagonal and rhombohedral structures are described. The dis-
tance of Nby; and Nby, (dl\}b1 le) is much smaller in the NbL than in
the NbL:', along a [111]([0001]) direction of ferroelectric polariza-
tion. The (green online) lines describe [111] oxygen planes.

nearby on-site Nby, are seriously attracted toward each
other, as described by Fig. 1(c). The atomic distance between
two Nb atoms, dNb Nb» 1s greatly reduced by 0.36 A, com-
pared to NbLl, in which the displacement of the Nby;
(0.24 A) is about twice larger than that of the Nby,
(0.12 A). We would note that the Nb (4d?) is more accu-
rately described by Nb?;(4d1) b(4c171) since two electrons
are captured by a covalent-bonding-like orbital formed be-
tween two Nb atoms, which will be discussed below as
shown by Fig. 3(c). This seems to be consistent with bipo-
laron, which can be described as a strong-coupling state of a
bound small polaron and a free small polaron.

The electronic structure is significantly changed, accom-
panied with the lattice relaxation. The electronic structures of
the Nby; calculated by LDA+ U are shown in Fig. 2 and the
defect level estimated by both LDA and LDA+U methods
are shown in Table II. In Table III, the atomic displacements
of several Nb atoms around the Nby; are described. In the
Nb4+(4d1) the electronic structure is also slightly changed
from Nb;T(4d"), and a defect level is slightly lowered (by
0.05 eV by LDA); however, in the Nb;T(4d%), the defect
level becomes significantly deeper through the LLR. These
indicate the strong electron-lattice interaction in Nby ;.

The changes of the wave function of the defect level of
Nby; according to the electron capture are described in Fig.
3. The defect levels of Nby; are characterized mainly by the
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FIG. 2. (Color onhne) The electronic structures of (a) pure, (b)

Nbﬁ’(ﬁldo) (c) Nb *(4d"), and (d) Nb *(4d*) are shown by using

the LDA+U calculatlons (U'=4.0 eV) Here, L=(0,%,0), T

L1 1 kS
=(0,0,0), and Z=(3,3.3

184108-2



FIRST-PRINCIPLES STUDY OF MICROSCOPIC...

PHYSICAL REVIEW B 78, 184108 (2008)

TABLE II. The band gap E,, the Nby;-Nbyy, distance d%}g,ll\],b around Nby;, the defect level €, of the
g-charged Nby; for ¢g=(5+), (4+), and (3+) (relative to CBM) are shown. The level of Nbﬁ is sensitively
changed by U’. The reaction energy AE of Eq. (1) calculated by LDA and LDA + U methods are also shown.
The positive value of AE describe the negative-U character of Nby; (see text).

d%};_gb (A) ep (eV)

E AE

V) Nb; Nbj Nb;* Nb;* Nby? Nb;? (eV)
LDA 3.35 3.081 3.049 2.707 -0.06 -0.11 -0.61 0.14
U'=3 3.36 3.040 2910 2.646 -0.08 -0.21 -0.83 0.47
U'=4 3.46 3.032 2.890 2.639 -0.09 -0.34 ~1.11 0.57
U'=5 3.59 3.026 2.878 2.638 -0.09 —0.49 -1.42 0.68
Cal® 3.80 -1.40 -1.66
Exp® 3.78¢ 0.274

40ther calculation: Ref. 16.
PExperimental data.
‘Reference 28.

dReference 18.

Nby ;-4d orbital and localized around the Nby; atom in NbIS:ir
state. By the LLR in Nb;t(4d?), the defect orbital is extended
to a nearest Nby, atom and a covalent-bonding-like orbital
localized between a Nby; and a Nbyy is formed. The defect
level of Nbii+ is deeply located within the band gap, as shown
in Fig. 2(d). The on-site Coulomb interaction at the localized
Nb-4d orbitals is expected to be strong. It is suggested that
the LDA+ U method helps the more accurate description of
the localized level. A self-electron-interaction (SI) energy is
an artifact in the LDA calculations, and it is known to be
serious for the localized 4d orbital. In the LDA+ U method,
the error by the SI is forced to be reduced by the value of a
parameter Nb?¥(4d?). A problem of current LDA + U method,

TABLE III. The atomic positions (a,b,c):alsa+b13b+clsc of
Nb atoms around the original Li atom in pure LiNbO; or Nb; ; atom
are given in the lattice-vector coordinates of a 80 atoms rhombohe-
dral supercell [IsazA(a,a,B), Isth(a,,B,a), and I$C=A(,8,a,a)
where A=3.8579 A, a=2.0, and B=0.1331]. Furthermore, the
changes of the atomic positions (da,db,dc) in Nbﬁ(4d Y and
Nbf;(4d2) states are also given, relatively to the corresponding po-
sitions of Nbi;'. Here, Nby, is nearest Nb located along [111] direc-
tion, and Nb; and Nb, are three equivalent Nb and other three
equivalent Nb, respectively (see Fig. 1).

Pure LiNbO; (a,b,c) ~ Nbj} (8a,db,dc) X 100

Li (Nb)  (0.00000, 0.00000, 0.00000)  (0.32, 0.32, 0.32)
Nbup (0.10722, 0.10722, 0.10722) ~ (~0.19,-0.19,-0.19)
Nb, (0.10722, 0.60722, 0.10722)  (0.10, 0.31,-0.24)
Nb, (0.85722, 0.35722, 0.85722)  (=0.05,-0.13, 0.07)
Nbi? (a,b,c) Nbi* (8a,8b, 6c) X 100

Nby; (0.00000, 0.00000, 0.00000)  ( 0.87, 0.87, 0.87)
Nbyp (0.10977, 0.10977, 0.10977)  (=0.55, =0.55, =0.55)
Nb, (0.10164, 0.58862, 0.11401) ( 0.15, 0.76, —0.51)
Nb, (0.84643, 0.37553, 0.84120) (0.17, —0.05, —0.05)

the U value, which can effectively compensate the SI energy,
cannot be accurately determined. Therefore, we give the
computational results by several assumed values of U'=U
—J of Nb-4d orbitals. The location of defect level and the
band gap estimated by various U’ values are compared in
Table II. It is noted that the localized defect level of
Nb;¥(4d?) state capturing two electrons is sensitively
changed by the U’ value of LDA+ U method, indicating that
the orbital of this level is seriously localized between two Nb
atoms. The main results of the atomic structures by LDA
+ U calculations are similar to those by LDA. The atomic
distance, d{l!1),. in the LLR-Nb*(44d?) becomes slightly re-
duced from 2.707 A by LDA to 2.639 A by LDA+U (U’
=4 eV).

The LLR through electron capture can be understood to
be driven by the hybridization of an electron-occupied
Nby ;-defect level and an unoccupied orbital of on-site Nbyy,
atom whose energy is located above CBM. As the Nby; atom
is displaced toward a Nby, atom located along the [111]-
polarized direction (see Fig. 1), the 4d orbitals of two Nb

(b)

FIG. 3. (Color online) The wave functions of the lowest defect
level are displayed on a [211] plane for (a) Nblsj{(4d0), (b)
Nbf{(4d 1, and (c) Nbﬁ'(4d2). The interval between contour lines is
0.1e per 80 atoms rhombohedral supercell.
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FIG. 4. (Color online) The PDOS of the 4d orbitals of an anti-
site Nby; atom and a Nby, atom near the Nby; in (a) Nb;7(4d°) and
(b) Nbi;'(4d2) are shown. (c) The differences between two PDOSs
of (a) and (b) are displayed. The zero energy denotes the valance
band maximum. (d) The stabilized mechanism of the LLR is sche-
matically displayed. Here, arrow is an electron with a spin
direction.

atoms interact with each other, which makes the lowest de-
fect level of 4d orbitals mainly by the Nby; lowered and the
energy levels of the on-site Nby,, raised. In order to under-
stand the interaction between two Nb atoms, we compared
the partial density of states (PDOS) of the Nb-4d from the
antisite Nby; atom and the nearest Nby, between Nb;*(4d°)
and LLR-Nb??(44?) states, as shown in Fig. 4. It is clearly
shown that the energies of the on-site Nby,-4d orbitals are
raised while the defect level from the antisite Nby; atom is
significantly lowered by the atomic displacements in
Nb;T(4d%). Tt indicates that there is a strong interaction be-
tween two Nb-4d orbitals, by which the lower level is de-
creased. When the lower defect level has electrons in Nby;
[one in Nb;7(4d") and two in Nb;j*(4d?)], the electronic en-
ergy of defect can be decreased by the displacement, which
derives the lattice relaxation. On the other hand, the elastic
energy is increased by the atomic displacement, which bal-
ances the electronic energy reduction. As more electrons are
occupied at the defect level, the reduction in the electronic
energy becomes larger, and thus the larger lattice relaxation
is induced. Furthermore the defect level becomes deeper, as
in the case of the Nb?¥(4d?). The formation of the molecular
covalent-bonding orbital between the Nby; and Nby,, has
been predicted earlier.'®!® This is now nicely proved by the
present results.

The contribution to the change of total energy by the lat-
tice distortion can be described mainly by two factors: (i) the
quantum-mechanical electronic component and (ii) the elas-
tic component. The former comes from the orbital hybridiza-
tion. It can be explained by exponential function as shown
below. We estimated the contributions of the elastic energy
and the electronic energy to the change of the total energy by
the lattice relaxation, as follows: (i) Firstly, we calculated the
total energies of the several lattice structures generated by
interpolating two atomic structures of Nb;7(4d°) as an on
structure (Q=0) and Nb?_;'(4d2) as a LLR off structure (Q
=1). The interpolation parameter Q describes the lattice re-
laxation. (ii) The elastic energy variation is estimated by the
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FIG. 5. (Color online) (a) The variation in the total energies of
Nb, T(4d") and Nb??(4d?) according to the atomic displacements, Q,
is divided to the variations of the elastic component JE,,, and the
electronic energy component OE,... In the inset, the variation in the
defect levels €p versus Q is shown. (b) The variations of the total
energies of Nb?j(4d1) and Nbi}’(4d2) versus Q, aligned by using the
reaction energy of Eq. (1), are shown. The vertical dotted line de-
scribes the Q of the stable geometry of Nbﬁ’(4d 1) relative to the
displacement of Nb?j(4d2). (Colored) dot lines denote the fitting
curve.

total-energy variation, SE(Q)=E(Q)-E(0), calculated for
the Nb;T(4d"). Since the defect level has no electron, the
electronic contributions can be neglected. The result is
shown by &8FE,, in Fig. 5(a). The variation in the elastic
energy component follows %KQ2 with K=11.4. (iii) Now, the
electronic part, i.e., the contributions of the captured elec-
trons to the lattice relaxation energies in Nbji(4d') and
Nb;¥(4d?), can be estimated by the difference in the total-
energy variations of these states and Nb':SE(Q;Nb,
-O0E(Q ;Nbf{). This electronic component is found to be well
described by an exponential function of A[1-exp(BQ)]: for
Nb}¥(4d%), A=1.7062 and B=1.0985 and for Nb;7(4d"), A
=0.43395 and B=1.87069 (see Fig. 5). When Q is small, the
variation in electronic energy can be described by VQ, where
Vis A*B, and it is similar to the electron-phonon interaction
formula in the phenomenological polaron theory.® The ex-
ponential behavior indicates the effect of the orbital hybrid-
ization between the Nb;; and Nby, atoms induced by the
atomic displacement. In the inset of Fig. 5(a), the variation in
the defect level depending on Q is described, which is also
exponentially changed, similarly to the change of the elec-
tronic component. These results indicate that the driving
force of the LLR is the hybridization between the electron-
occupied defect level at the Nby; and the empty orbitals of a
nearby Nby, atom. The variation in the electronic energies of
the Nbﬁ(4d1), having one electron at the defect level, is
slightly larger than the half of Nb;7(44%), having two elec-
trons at the defect level, since the electronic energy reduction
by the lattice relaxation is compensated by the increased
electron-electron repulsive interaction by the LLR because
the lattice displacement makes the defect orbital more
strongly localized.

Through the LLR, the Nby; defect becomes a negative-U
center. We examined the next reaction:
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2Nb{}(4d") — Nbj (4d%) + NI (4d") + AE. (1)

The reaction is calculated to be exothermic. The right side is
more stable by 0.14 eV (AE) by LDA calculations. These
indicate that the NbjT(4d") is a metastable state, and thus the
Nby ; should be diamagnetic and inactive to the electron-spin-
resonance (ESR) measurement (can be activated by light),
which agrees with the experimental results.>3! The
negative-U property of the Nby; originates from the compen-
sation for the repulsive Coulombic interaction energy at the
defect level by the electronic energy reduction through the
LLR. The negative-U reaction energy of Eq. (1) is calculated
to be larger (linearly to the value of U'=U-J) by the
LDA+U calculations, as shown by Table II, because the
LDA+U method makes the artificial Coulombic repulsive
self-interaction energy at the defect orbital, especially at the
localized orbital of Nb;(4d?), smaller. The thermal dissocia-
tion energy of the bipolaron state into the small-polaron state
was measured to be 0.27 eV.'820 This is consistent with the
AE estimated by the LDA+U method with U’'=1.2 eV
which is inferred by a linear interpolation of data in Table II.
The negative-U property indicates that two states of
Nb;7(4d%) and Nb>F(4d°) coexist.

In respect that Nb;T(4d?) and Nbji(4d"), respectively,
capture two and one electrons at the defect level, they are
consistent with the bipolaron and the bound small polaron.
The metastable Nbﬁ'(4d 1Y is consistent with the bound small
polaron in respect that the bound small polarons are metasta-
bly generated by the light illumination. The light-induced
bound small polaron indicated by the absorption peak at
around 1.6 eV has a finite lifetime which is suggested to be
of the order of ~milliseconds at room temperature!® and can
be much longer at low temperature. Recently, Merschjann et
al.'® carefully analyzed the relaxation process of the photo-
excited small polarons and they found that there are two
kinds of process: slow and fast relaxations with the activation
energies of 0.57 and 0.20 eV which were explained by the
excitation of electron from the bound small polaron to free
small polaron, and the energy barrier for free small-polaron
hopping, respectively. Based on the present computational
results, the metastable bound small polaron can be relaxed
by the transition to the more stable Nb¥(4d?) or Nb¥(4d°).
These can occur either by Nbj¥(4d") —Nb;H(4d’)+e or by
Nb;7(4d")+e—Nb}¥(4d%). In Ref. 19, the latter transition
was explained by the capture of an electron of free small-
polaron state at the bound small polaron, for which the small
energy barrier for the hopping of free small polarons is sug-
gested to lead a fast relaxation. The former transition re-
quires a larger energy for the excitation of the electron at the
deep level of Nbji(4d') to the free small-polaron state,
which is consistent with the slow relaxation with a large
activation energy. The energy level of the Nbﬁ(4dl) is cal-
culated to be located at 0.49 eV below CBM (assuming the
U’'=5 eV in Table II, if a large U is used, the level is esti-
mated to be lower) which is comparable to the large activa-
tion energy of 0.57 eV. It is also consistent with the experi-
mental measurement of the binding energy of the bound
small polaron of 0.62 eV from the conductivity
measurement.'® For more detailed understanding of the re-

PHYSICAL REVIEW B 78, 184108 (2008)

laxation, the free small polaron should be understood since
the electron at bound small polaron can be excited more
easily to the lower energy state, which can be a free small-
polaron state rather than the CBM state. If the concentration
of Nby; is rich, the electron of Nb;! can be excited to the
empty defect level of Nb;}.

Berben et al.* found that the depopulation of small po-
larons shows a stretched exponential behavior and suggested
that the lifetime of an individual small polaron depends on
the distance to the next deep trap. The lifetime was reported
to depend on the Li deficiency and it changes from <40 ms
in the congruent LiNbO; to ~400 ms in near-stoichiometric
LiNbO3, which may be understood from the view that the
reactions between the photoexcited Nbﬁr defects, which gen-
erates the more stable Nb;+ and Nbj}, should be the more
active as the concentration of the Nby; is higher and the
average distance between Nb;! defects is closer.

We compare furthermore the computational results for the
defect levels with the experimental data suggested for the
bipolaron and small bound polaron at Nby ;. The deep defect
level of the former LLR state and the intermediate level of
Nb4LJ{(4d 1) are comparable with the energy levels of the deep
bipolaron and the intermediate small-polaron level, indicated
by the absorption spectra centered at 2.5 and 1.6 eV,? re-
spectively. The average levels of the polaron states relative to
CBM are not yet clearly measured. Instead, we would note
that the difference between defect levels of Nb;f(4d%) and
Nb;¥(4d") is about 0.77-0.93 eV by LDA+U calculations
with U'=4-5 eV, which is indirectly comparable to the dif-
ference of about 0.9 eV in the positions of the absorption
peaks both from the bound small polaron and from the bipo-
laron. For the full understanding of the optical absorptions of
small polarons and bipolaron, the excited final levels must be
known and Franck-Condon (F-C) shift should be considered.
Moreover, the F-C shift, which is determined by the electron-
lattice interaction, should be quite strong for the bound po-
laron states, and also should be quite different for bound
small polaron and bipolarons. Therefore the difference in ab-
sorption peaks and that in the electronic levels are, here, only
indirectly compared. A previous theoretical study has indi-
cated the existence of the bipolaron and bound small-polaron
states at 1.66 and 1.40 eV below CBM, respectively.'®

The well-known polaron model for the mechanisms of the
light-induced effects in LiNbO; (Refs. 16 and 33) can be
revisited with the computational results for the microscopic
structure of the Nby; since the polaron model is based on the
bipolaron and the metastable small polaron, which are corre-
lated to the Nb;{(4d%) and Nb; (4d"), respectively. We, now,
discuss the polaron model of the PR enhanced by the two-
color illumination. The negative-U property indicates that
two states of Nb’7(4d%) and Nb;i(4d°) can coexist since
Nb;F(4d") is metastable. The ratio of their concentrations
should depend on the presence of other defects such as Li
vacancy. According to the polaron model, the carriers are
localized at the bipolaron states, and then the light illumina-
tion excites the carriers and the bipolarons are transformed
into the bound small polarons,'® i.e., the bipolaron states
are removed by light excitations.>*!%!° The small polaron is
metastable and can return to the original more stable bipo-
laron state, as discussed above. The two-color illumination
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method has an advantage since both bipolaron and the ex-
cited small polaron are efficiently eliminated by two colors:
an electron of the deep bipolaron state can be excited by the
high-energy blue-green photon, and the resulting small-
polaron state can be efficiently eliminated by the low-energy
IR. The latter process can be also induced by the high-energy
photon but the use of low-energy photon is more efficient
since the low-energy IR is absorbed only by Nb;(4d"). The
resulting free electrons can move from the illuminated area
to the dark area, where they can be captured by the
Nb>*(4d), which can then be transformed into the bipolaron
state. As a result, the carriers are distributed by charge trans-
fer from the illuminated region into the dark region and the
PR, i.e., the Nb;7 state is rich in illuminated region and Nb;}
state is rich in dark region. Since these light-induced imbal-
ance is metastable, the state should be thermal equilibrated,
for which electrons at Nbff{ are excited to free small-polaron
state or CBM state.

There are other photoinduced optical properties of
LiNbO; which were explained by the polaron model:®7-1 (i)
the green-induced IR absorption accompanied with the
bleaching of green-absorption® and (ii) the UV-induced IR
(or visible) absorption.” The LLR—Nb?j(4d2) capturing two
electrons at the defect level can be excited into Nb;F(4d")
having one electron by the illumination of green light. It
results in the elimination of the deep levels of the LLR struc-
ture, that is, the elimination of bipolaron, and the temporary
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increase in the concentration of the metastable Nbj?(4d")
(small polaron). The former and the latter are responsible for
the bleaching of green absorption and the increased IR
absorption, respectively. Next, the illumination of UV light
generates electrons at conduction bands. The electrons
can be captured by the Nb;7(44°) [and then by Nb;F(4d")].
These can induce the processes: NbT(4d%)— Nb;t(4d")
[Nb{{(4d") —Nb;¥(4d?)], which is responsible for the tem-
poral increase in the IR (or visible) absorption. The photoin-
duced state should be finally thermally equilibrated through
the reaction of Eq. (1).

In summary, we investigate the microscopic structure and
the electronic structure of the Nby; in LiNbO; depending on
the charge state. It is found that as the defect level is occu-
pied by electrons, the Nby; defect undergoes a large-lattice
relaxations. The main driving mechanism is suggested to be
the quantum-mechanical hybridization between the electron-
occupied defect level characterized by the 4d orbitals of an-
tisite Nby; atom and the electron-empty conduction-band
states by the 4d orbitals of the on-site Nby, atoms. It is
shown that the well-known several photoinduced changes in
the optical property of LiNbO; can be explained in respect of
the large light-induced change in the lattice structure and the
electronic structure.
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