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Polarons in dielectric crystals play a crucial role for applications in integrated electronics and optoelectronics.
In this work, we use density-functional theory and Green’s function methods to explore the microscopic structure
and spectroscopic signatures of electron polarons in lithium niobate (LiNbOj;). Total-energy calculations and
the comparison of calculated electron paramagnetic resonance data with available measurements reveal the
formation of bound polarons at Nby; antisite defects with a quasi-Jahn-Teller distorted, tilted configuration.
The defect-formation energies further indicate that (bi)polarons may form not only at Nby; antisites but also
at structures where the antisite Nb atom moves into a neighboring empty oxygen octahedron. Based on these
structure models, and on the calculated charge-transition levels and potential-energy barriers, we propose
two mechanisms for the optical and thermal splitting of bipolarons, which provide a natural explanation for
the reported two-path recombination of bipolarons. Optical-response calculations based on the Bethe-Salpeter
equation, in combination with available experimental data and new measurements of the optical absorption
spectrum, further corroborate the geometries proposed here for free and defect-bound (bi)polarons.
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I. INTRODUCTION

Lithium niobate (LiNbOj3, LN) is a dielectric material with
many technical applications that exploit its large acousto-
optical, piezoelectric, electro-optical, and nonlinear optical
coefficients. In particular, it is widely used in optical sensors
[1], advanced gas sensors [2], waveguides [3], optical modu-
lators [4], and integrated electronics and optoelectronics [5].

The composition of typical LN crystals for commercial
purposes, grown with the Czochralski method, is not stoichio-
metric but congruent with a Li:Nb ratio of around 48.5:51.5
[6]. The defects resulting from the Li deficiency strongly
influence the optical properties of the material [7-9]. Amongst
others, they increase the phase-matching angle and the ex-
traordinary refractive index, while the birefringence decreases
[10]. Point defects can also act as seeds for electron polarons,
which impact many applications: On the one hand, they may
reduce the conversion efficiency and the lifetime for frequency
conversion [11]. On the other hand, polarons enable exciting
new applications, including three-dimensional real-time holo-
graphic displays. Since different types of polarons coexist,
holograms with multiple colors may be recorded in this way
[11,12]. This study aims at a microscopic understanding of
electron polarons and their spectroscopic properties.
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The basic stacking sequence of ferroelectric LN crystals
in the absence of native defects is illustrated in Fig. 1(a).
The prevalent model discussed in the literature [13,14] states
that the free polaron is an excess electron weakly bound
to a Nb atom at a regular lattice site, labeled Nbyy. The
self-trapped electron gives rise to an optical absorption band
around 0.9 eV [14]. In contrast, excess electrons trapped at
point defects may induce further lattice relaxation and form
bound polarons or bipolarons. The bound polaron is believed
to be an excess electron at a Nby; antisite defect, shown in
Fig. 1(b), which leads to an optical absorption band around
1.7 eV [14]. The bipolaron, finally, is formed by a pair of
bound excess electrons, one at a Nby; antisite defect and the
other at the neighboring regular Nby, atom, giving rise to an
optical absorption band around 2.5 eV [14].

Although point defects are indispensable to properly de-
scribe congruent, i.e., Li-deficient, LiNbOs, it is still not
conclusively established which kinds of defects occur in
which concentrations. While oxygen vacancies are practi-
cally excluded [15-18], different cation-substitution models
are possible [19]. Seemingly, the simplest way to achieve the
observed Li:Nb ratio, originally proposed by Lerner et al.
[17], is given by Nby; antisite defects, where a Li atom is
substituted by a Nb atom as shown in Fig. 1(b). However,
a Li deficiency can also be caused by Li vacancies or Nb
interstitials. A combination of the latter was proposed by
Zotov et al. [19]: In Fig. 1(c), we display such a Nby-Vy;
pair consisting of a Nb interstitial and a Li vacancy located
in adjacent octahedra. As will be shown later, this defect can
also be interpreted as a metastable form of a Nby; antisite,
where the antisite atom is shifted into the neighboring empty
octahedron.

Published by the American Physical Society
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FIG. 1. (Left) Rhombohedral unit cell of ideal stoichiometric
LiNbO; containing ten atoms (two formula units). Large blue, large
green, and small red balls represent Li, Nb, and O atoms, re-
spectively. The dotted lines indicate an oxygen octahedron. (Right)
Schematic representation of the stacking sequence of (a) defect-free
LN, (b) LN with a Nby; antisite, and (c) LN with a Nby-Vy; defect
pair. Each square represents an oxygen octahedron that can be either
empty or filled with an Nb or Li atom. Gray squares highlight
deviations from the ideal bulk crystal, while red frames mark the
formation regions of polarons (thick lines) and bipolarons (thick plus
thin lines). The arrow indicates the transition from the regular antisite
(b) to the defect pair (c), where the antisite Nb atom shifts into a
neighboring empty octahedron.

The bipolaron can be split into a free and a bound po-
laron, either thermally [14] or by illumination [11]. The single
polarons, especially the free polarons, are bound to a lesser ex-
tent; they can easily move through the crystal and recombine
at a different atomic site. In the case of light-induced splitting,
this recombination typically occurs in dark regions where the
illumination is blocked, for example, by a mask [20]. In a
pump-probe experiment, Herth ez al. [21] found that the light-
induced absorption of LiNbO3, which should involve both free
and bound polarons, features only one band centered around
1.6 eV, however. This suggests that free polarons, which are
not detected, are either not created during the breakup of the
bipolarons or fall into a deeper defect level before detection.
In a similar study, on the other hand, Merschjann et al. [22]
reported a two-component decay, which they attributed to the
presence of two recombination paths. While they related the
fast decay to a direct recombination via mobile free polarons,
the slow process was tentatively attributed to a two-step pro-
cess, where free polarons are temporarily trapped by ionized
polarons before recombining with optically active polarons.

Free as well as bound polarons are candidates for be-
ing observable in electron-paramagnetic-resonance (EPR)
experiments, as both contain unpaired electrons. Early EPR
experiments for LN by Schirmer and von der Linde [23] in-
dicated the presence of an Nb-related defect center with axial
symmetry, which they attributed to an electron self-trapped
at a Nb lattice site, i.e., to a Nby, free polaron. Later, the
same EPR signal was reattributed to a bound polaron at a
Nby; antisite defect [24], possibly adjacent to a Li vacancy
[25]. The observation that the EPR signal disappears for high

doping concentrations of Mg [24] supports this interpretation,
because the Mg atoms are assumed to occupy Li sites and
thus to prevent the formation of Nby; antisites [26], which are
supposed to give rise to bound rather than free polarons [14].
However, the most striking argument for this scenario is the
fact that the optical absorption at 1.7 eV and the EPR signal
anneal simultaneously in the temperature range of 100-200 K,
suggesting bound polarons as a common origin [27].

While it now seems clear that Nb antisite atoms in
the Li sublattice are involved in the creation of polarons
and bipolarons, there is uncertainty at which point defects
they form precisely, with several models under discussion
[17-19,28,29]. Friedrich et al. [30] examined the optical prop-
erties of, amongst others, the Nby; antisite and the Nby-Vy;
defect pair for polarons and bipolarons within time-dependent
density-functional theory (TDDFT). For the polaron, they
found both defect types to reproduce the absorption at 1.7 eV
equally well, whereas the Nby; antisite fails to account for
the absorption band at 2.5 eV ascribed to the bipolaron.
Unfortunately, the predictive power of these TDDFT calcula-
tions is limited, because they accurately redistribute oscillator
strength between optical transitions but do not shift the
excitation energies themselves [31]. Therefore, empirical cor-
rections must be applied to describe materials like lithium
niobate with large electron-hole binding energies.

In this work we go beyond previous studies by (i)
presenting calculated EPR data for different defect types,
(ii) discussing the energetics of relevant point defects as
well as their transformation based on the Slater-Janak ap-
proach, and (iii) eliminating the need for empirical parameters
in the optical-response calculations by solving the Bethe-
Salpeter equation (BSE) in combination with a quasiparticle
band structure corrected by the GoW, approximation for the
electronic self-energy. In addition, we measure the optical
absorption spectrum of congruent LN in the energy region
relevant for (bi)polarons.

This paper is organized as follows. After an outline of the
computational methods and the experimental setup in Sec. II,
different structural models for the polarons are examined. In
Sec. IIT A, we determine the defect formation energies for
the various defect types and the stability of charge states
associated with polarons and bipolarons. Our calculations of
the EPR parameters in Sec. III B confirm a quasi-Jahn-Teller
distorted, i.e., tilted ground-state, structure for the bound po-
laron. In Sec. III C, the calculated optical-response functions
are compared with the experimental data as well as earlier
measurements. Finally, Sec. IV summarizes our conclusions.

II. METHODS
A. Computational approach

The defect structures are optimized with the QUANTUM
ESPRESSO [32] package, a plane-wave pseudopotential imple-
mentation of density-functional theory (DFT). The defects are
embedded in periodically repeated supercells. We use norm-
conserving pseudopotentials and a cutoff of 85 Ry for the
kinetic energy in the plane-wave basis set. The description of
electronic exchange-correlation effects is based on the PBEsol
functional [33], which yields very precise lattice parameters
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for LN [34] as well as related materials [35,36]. Following
Nahm and Park [37], we also add Hubbard U parameters
within a DFT + U scheme [38] for an accurate modeling of
the strongly localized Nb 4d orbitals. The U values used
here are not treated as empirical parameters but calculated
self-consistently for every Nb atom. We obtain a value of
5.2 eV for the Nby; antisite atom and the Nby interstitial
atom in this way, while the U values for the other Nb atoms,
including Nby,, atoms with free polarons, are about 4.7 eV. In
the latter case (free polarons), the Hubbard U is even essential
to describe the self-trapping of electrons, because semilocal
exchange-correlation functionals like PBEsol fail to relax into
the strongly distorted configurations required for the localiza-
tion of the excess electron. All structures used in the following
to evaluate the spectroscopic fingerprints of (bi)polarons are
hence optimized with the PBEsol + U approach.

The rhombohedral unit cell of ideal stoichiometric LN
contains ten atoms and is displayed in Fig. 1. The oxygen
atoms form octahedra that may be occupied by Li and Nb
cations. Along the [111] direction, this leads to the periodic
stacking order of cations and empty octahedra previously
shown in Fig. 1(a). The cations, Li more than Nb, are in fact
not localized in the center of the octahedra but shifted along
the crystal z axis (see Fig. 1). As a consequence, they approach
the faces of their own octahedra, moving closer to the adjacent
empty octahedra, and thus cause the ferroelectricity of the
material [24].

To model point defects in LN, we use the experimental
lattice parameters [39], which are nearly perfectly reproduced
by the PBEsol functional [34], but perform a full internal
optimization of the atomic positions inside the unit cell. From
the 10-atom rhombohedral unit cell, we construct supercells
with 80 atoms (for standard optical-response calculations)
and up to 270 atoms (for benchmarking) that accommodate
individual point defects together with their crystal environ-
ment. The structures are relaxed using a shifted 2 x 2 x 2
Monkhorst-Pack k-point mesh. We use convergence thresh-
olds of 10~* Ry and 103 Ry/Bohr for energies and forces,
respectively.

While bipolarons in LN (charge state +2) are diamagnetic,
free (—1) and bound (+3) polarons constitute paramagnetic
states with a single unpaired electron and spin S = 1/2.
Therefore, the latter two are candidates to explain the ob-
served Nb-related EPR signal. In order to identify the actual
underlying defect structures, we calculate the full set of EPR
parameters, i.e., the hyperfine tensors [40] as well as the
elements of the electronic g tensor [41,42], for a set of possible
defect models. For this purpose, we use the gauge-including
projector-augmented-wave (GIPAW) part of the QUANTUM
ESPRESSO package [32,43]. Here and for all other calculations,
scalar-relativistic, norm-conserving GIPAW pseudopotentials
are employed to evaluate the linear response of the polarons to
an external magnetic field [41,44]. Spin-orbit coupling, which
causes the deviation of the g tensor from the free-electron
value 2.002 319, is taken into account assuming perfect spin-
alignment along the applied magnetic field. We find that the
hyperfine interaction obtained for the supercells containing
80 and 270 atoms coincides within 2%. This confirms that
the charge-density distribution of the optically active unpaired
electron is already sufficiently well described in the 80-atom

cell, giving us confidence that this supercell is also well suited
for the computationally demanding GoW;, + BSE calculation
of the optical absorption spectra in Sec. III C. This applies
also to the case of bipolarons, where the structural relaxations
are larger but still restricted to the immediate neighborhood
of the defect atoms. In fact, a recent investigation [30] of this
class of defects showed only minor differences for supercells
containing either 80 or 270 atoms.

In order to take the charge compensation by other de-
fects into account, we analyze the formation energies of
the polaronic defects in their various charge states n as a
function of the chemical potential, i.e., the Fermi level. The
charge-transition levels, defined as the values of the chem-
ical potential where the charge states of minimum energy
change, are obtained from the Slater-Janak (SJ) transition
states, defined by (n/n + 1) = egomo(n + %) (highest occu-
pied molecular orbital, HOMO) [45,46]. For this purpose, the
defects under investigation are half-integer charged from +0.5
to +3.5 and then fully relaxed to account for the influence
of symmetry-lowering Jahn-Teller distortions. As recently
demonstrated for LN [47], the concept of SJ transition states
entails relatively small error bars, while charge corrections,
necessary when comparing total energies of systems with dif-
ferent numbers of electrons, are avoided. To allow for a direct
comparison with experimental data, we follow Ref. [9] and
apply the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional
[48] when evaluating the SJ transition states, which results
in an electronic band gap of 5.39 eV that is in excellent
agreement with the quasiparticle gap of 5.4 eV obtained us-
ing significantly more expensive Green’s function techniques
[49].

The optical-response function is calculated by solving
the Bethe-Salpeter equation based on quasiparticle band
structures, which include self-energy corrections within the
GoWy approximation [50], and PBEsol 4+ U wave functions.
A similar approach was previously shown to excellently
reproduce the optical absorption spectrum of defect-free
stoichiometric LiNbOj;, which is characterized by strong
quasiparticle effects and large electron-hole binding energies
[49,51], and has also been successfully applied to other
alkali-metal niobates [52]. Technically, we employ the
YAMBO package [53] within the plasmon-pole approximation
[54] for the GoW, calculation. In this step, 800 electronic
energy bands are included along with a block size of 7 Ry for
the response function and a damping parameter of 0.15 eV.
For computational reasons, the number of bands included in
the solution of the BSE is reduced to 96 (36) regular valence
bands, the defect bands, and 84 (44) conduction bands for the
screening (the BSE kernel). We confirmed that this reduction
does not impair the spectrum up to the onset of the LN bulk
optical transitions; i.e., it does not affect the accuracy of the
defect-state signatures inside the band gap that are relevant
here. For all optical calculations in the 2 x 2 x 2 supercell
(with 80 atoms), a shifted 2 x 2 x 2 k-point mesh is used,
corresponding to a 4 x 4 x 4 mesh in the single 10-atom unit
cell. In the inset of Fig. 2, we show that this choice ensures
convergence of the optical spectra with respect to the k-point
sampling. The underlying PBEsol + U band structure is
calculated using QUANTUM ESPRESSO both with and without
spin polarization. The symmetric spin splitting A€, of the
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FIG. 2. Optical absorption spectra of stoichiometric LiNbO;
(red line) and LiNbO; with a bipolaron at a Nby; antisite
defect (blue line), both in the 80-atom supercell. The inset
shows the convergence with respect to the k-point sampling for
the 10-atom unit cell of the defect-free material. Note that a 4 x 4 x
4 k-point set for the 10-atom unit cell is equivalentto a2 x 2 x 2 set
for the larger 80-atom supercell.

defect-related gap levels is subsequently used to shift the
defect peaks in the optical spectra, which are initially derived
with no spin polarization, by Aegpin/2. This approximation is
justified because the conduction bands are almost unaffected
by the spin polarization. This is shown in Fig. 2, where
we compare the defect-free crystal (red line) with a defect-
containing cell (blue line): While the introduction of the
defect gives rise to a peak around 2.5 eV, the main absorption
features above 4 eV are essentially identical. As a conse-
quence, the spin splitting effectively translates into a shift
of the initial state (occupied defect level) with respect to the
final state (empty conduction bands) in the optical transition.

B. Experimental setup

The present theoretical work is accompanied by a brief
experimental analysis of the optical response of LiNbOs.
For this analysis, we use a z-cut sample grown by Crystal
Technology [55]. The wafer composition is congruent within
0.02 mol% Li,O with a typical compositional uniformity bet-
ter than £+0.005 mol% Li,O. The +z side and the —z side are
optically polished and cleaned in a process containing ace-
tone, ethanol, water, and ammonium to remove any residual
materials from the surface. We measure the transmission spec-
trum between 350 and 800 nm using a standard spectrometer
(Agilent Carry 5000). The wavelength step is set to an interval
of 0.1 nm and a signal-to-noise ratio of 2000. To eliminate
interference fringes induced by the birefringence, we perform
the measurements along the z direction, using light polarized
in the xy plane that is only affected by the ordinary refractive
index n,. This allows for an increased signal-to-noise ratio,
because n, and n, are precisely aligned to the crystallographic
axes, and no linear polarizer is required in this case. The mea-
surements are performed at room temperature using a 5-mm
iris in the spectrometer. To further increase the signal-to-noise
ratio, we measure the bright and the dark spectrum of the spec-
trometer separately beforehand. Subsequently, we correct the

TABLE 1. Calculated charge-transition levels in eV for the Nby;
antisite and the Nby-Vy; defect pair calculated via fully relaxed
Slater-Janak transition states using either PBEsol + U or the HSE
hybrid functional. The values in brackets indicate the creation of free
polarons far away from the defect center.

PBEsol + U HSE
Fundamental gap: 342 5.39
Charge transition Nby; Nby-Vy; Nby; Nby-Vy;
(+4/+3) 3.09 3.15 4.36 4.48
(+3/42) 3.25 2.69 4.56 4.09
(+2/+1) (3.13) (3.28) 4.52) 4.74)
(+1/0) (3.04) 3.11) (4.63) (4.50)

transmission spectra for Fresnel reflections at both end facets.
The raw data are measured in wavelength vs transmission;
from these data, we calculate the absorption in dependence of
the energy, resulting in an absorption spectrum covering the
highly relevant range between 1.5 and 3.5 eV.

III. RESULTS AND DISCUSSION

A. Formation energies and charge-transition levels

We start by investigating the defect energetics, or more pre-
cisely the total-energy differences required for the formation
of polarons in their various charge states. While formation
energies for the Nby; antisite defect in LN were already
reported [47,56], the Nby-V; defect pair was discussed in
Ref. [19,30], but its thermodynamic properties, such as the
charge-transition levels, have not been explored in detail.
Therefore, here we calculate the defect formation energies for
both defect types using identical procedures and discuss their
structural similarity and relative stability in dependence of the
Fermi level. Table I shows our results for the charge-transition
levels, calculated directly by means of the Slater-Janak transi-
tion states. We note that their relative positions turn out to be
robust with respect to the choice of the exchange-correlation
functional. Compared to PBEsol + U, the values obtained
with the HSE hybrid functional are higher by about 1.35 eV,
reflecting the larger fundamental band gap, which is underes-
timated by PBEsol + U. The PBEsol + U value of 3.42 eV
is still in line with a recent local-density-approximation study
yielding a band gap of 3.54 eV [57], while the HSE band gap
of 5.39 eV is very close to a GoW, study yielding 5.40 eV
[51]. In the following, we hence base our discussion on the
HSE values, which are expected to be directly comparable
with experiments. The dependence of the defect formation
energies on the Fermi level can be inferred from the calculated
charge-transition levels and is illustrated in Fig. 3.

Our results show that the defect formation energies of the
various charge states intersect in a rather small energy range,
especially in the case of the isolated Nby; antisite. This makes
their evaluation challenging and requires a high numerical
accuracy, as small deviations may interchange the relative
stability of different charge states. In this respect, the concept
of fully relaxed Slater-Janak transition states plays out its
strength. For the Nby; antisite, our values are similar to those
reported in Ref. [9], coinciding within 0.3 eV. Nonetheless,
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FIG. 3. Defect formation energies for the Nby; antisite (top) and
the Nby-Vy; defect pair (bottom) in various charge states obtained
with the HSE hybrid functional. The line crossings define the charge-
transition levels. For a given Fermi level, the state with the lowest
formation energy (solid line) is the thermodynamically stable one.
The +1 and the 0 charge state involve the creation of one and two
separate free polarons, respectively, and are not actual defect-related
states. For better comparison, the stable charge states (+4, +3, +2)
of the Nby; antisite (top) are repeated in the lower figure, illustrating
that the 4-2 (bipolaron) charge states for the two defects are almost
degenerate.

our results provide some additional insight that applies to both
defect types, the antisite as well as the Nby-Vy; defect pair.

(1) In the +3 charge state, which corresponds to bound
polarons, both defect types undergo a symmetry-lowering
quasi-Jahn-Teller distortion, where the Nb atom moves away
from the threefold symmetry axis along two of the rhom-
bohedral axes, effectively tilting the charge density of the
polaron. The total energy is thus lowered by 43 and 38 meV
for Nbp; and Nby-Vy;, respectively. We estimate the energy
barrier between the three equivalent tilted configurations to
be even lower, so that a dynamic Jahn-Teller effect becomes
possible at room temperature, resulting in thermally averaged,
essentially axially symmetric spectroscopic fingerprints. In
contrast, for the +2 charge state associated with the bipo-
larons, only the axial geometry is possible, because the two
excess electrons act as a covalent bond between the two neigh-
boring niobium atoms that stabilizes the axial symmetry.

(i) For Nby;, the bound polaron is not subject to a
negative-U effect but predicted to be thermodynamically sta-
ble for Fermi levels in a small window around 4.45 eV.
For Nby-Vy;, on the other hand, the polaron experiences a

negative-U effect, which results in a direct (+4/ 4 2) transi-
tion at 4.29 eV and prevents its observation in the dark. This
reflects the strong structural relaxation due to the trapped po-
laronic charges and implies that optical excitation is necessary
for experimental detection.

(iii) In the case of the +1 and O charge states, a wave-
function analysis reveals that the extra electrons are in fact not
bound to the defect but instead produce separate free polarons
far away from the defect center. Therefore, the calculated
charge-transition levels actually belong to the (0/—) transi-
tions of free polarons and do not refer to defect-related bound
polarons. For this reason, we apply the notation +1 = +2*
and 0 = +2** and leave these states out of the following
discussion. In Fig. 3, they are hence not considered as stable
charge states of the defects.

Figure 4 illustrates all models considered here together
with the relevant optically active charge densities. For the
structures involving a Nby-Vy; defect pair, the Li atom in the
uppermost oxygen octahedron displayed in the figure moves
into the empty octahedron immediately below, which renders
the local electronic configurations around the regular Nby; an-
tisite defect and the defect pair nearly equivalent. This is most
obvious in the case of bipolarons illustrated in Figs. 4(g) and
4(h), where the partial charge densities are almost identical. It
underlines the close relationship between the two defect types,
which can thus be interpreted as variations of each other or
even as a single bistable defect type. They differ insofar as
the nearest Li neighbor, the uppermost (lowermost) displayed
Li atom for the antisite (defect pair), is located at a different
distance from the bipolaron, however, and relaxes back to
this stable position even if displaced into the adjacent empty
octahedron. Several studies have already found evidence for
similar transformations involving regular Li atoms even at
room temperature [58], but more frequently at higher tem-
peratures [39,59]. As Li and Nb have similar ionic radii [60]
and mean thermal displacements [61], it is very likely that
an antisite Nb atom can also jump into a neighboring empty
oxygen octahedron.

Figure 5 shows the microscopic neighborhood of the
relaxed defects considered in this work. Apparently, the relax-
ation of the oxygen atoms is mostly restricted to a movement
within the respective O layer. This supports the simple picture
that the crystal structure is built up by oxygen octahedra,
which are filled by Li and Nb cations flexible in position
and relative distances (see Fig. 1). In the case of bound
(bi)polarons, the Nb antisite atoms and their closest Nb neigh-
bors are strongly shifted along the z axis by up to 0.6 A. The
resulting shift of the Nb sublattice relative to the oxygen cages
suggests relevant implications for the macroscopic polariza-
tion of the material [62]. In the case of free polarons, this shift
of the Nb sublattice is absent, and the most prominent feature
of the relaxation is an outward relaxation of the six oxygen
neighbors. Although these shifts are smaller than 0.1 A, they
are essential for the trapping of the excess electron. Oxygen
neighbors are also crucial for the tilted ground-state config-
urations of the free and bound polarons, where a distortion
of the central O cage takes place. While the influence of
this distortion onto the position of the central Nb atoms is
rather small, the spatial distribution of the polaron charge is
strongly affected, changing from an axially oriented dumbbell
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FIG. 4. Partial charge densities (highest occupied orbital) of the defect state for the free polaron (a, b), the bound polaron at a Nby;
antisite defect (c, d) and a Nby-Vy; defect pair (e, f), and the bipolaron at Nby; (g) and Nby-Vy; (h). Figures (b), (d), and (f) refer to tilted
configurations, while the other structures exhibit axial symmetry. As in Fig. 1, large blue, large green, and small red balls represent Li, Nb,
and O atoms, respectively. The charge density of the electron (bi)polarons is always predominantly localized at Nb atoms. For the bipolarons,

it also encompasses the nearest regular Nb atom of the crystal lattice.

to a tilted clover-leave shape that reflects the nature of the
respective highest occupied Nb 4d orbital.

Experimentally, it is well established that polarons and
bipolarons can be transformed into each other [14]. In par-
ticular, the splitting of bipolarons has been demonstrated both
optically by short intense laser pulses with a wavelength of
532 nm [22] and thermally with a bipolaron dissociation en-
ergy of 0.27 eV [63]. In the following, we show that a scenario
of bipolarons or polarons related to a structural transformation
is in full agreement with these observations. As illustrated in
Fig. 6, this structural transformation is driven by the antisite
Nb atom, which causes a transition between the Nby-Vy; (top
left) and the Nby; antisite (top right) configuration by passing
through the oxygen layer (top center).

(a) (b) (c) (d)
0.08 0.09 0.02 0.03

0.06, 0.05 0.05,

FIG. 5. Atomic shifts from the ideal lattice positions (arrows
indicate direction and size) for the free polaron (a, b), the bound
polaron at a Nby; antisite defect (c, d) and a Nby-Vy; defect pair
(e, 1), and the bipolaron at Nby; (g) and Nby-Vy; (h). Panels (b), (d),
and (f) refer to tilted configurations, while the other structures exhibit
axial symmetry. For the central Nb (large green balls) and Li atoms
(large blue balls), the shift is also given explicitly in A; small red
balls represent O atoms. The charge density of the HOMO is also
displayed again.

2.01eV
2.06 eV

B@Nby-V,; B@Nby;

P@Nb,-V,; ()

P@Nb,-V,, (1

T
,,,,,,,,,,,,,,,,,,,,,, +/’/

P@Nby, (a)

0.59 eV
1.05 eV

0.94 eV
1.29 eV

Nb; (+4)

FIG. 6. Energy barriers obtained with the PBEsol + U functional
for the transition between the Nby-Vy; defect pair (left) and the
Nby; antisite (right) as the Nb atom passes through the oxygen layer
(center). The curves show the +2 bipolaron (B) charge state (green
line), the +3 polaron (P) state in the axial (a) and tilted (t) symmetry
(blue line), and the fully ionized 44 charge state (purple line). The
dashed green line indicates the position of the bipolaron relative
to the polaron for a Fermi level of 4.45 eV, corresponding to the
center of the energy window where both the bipolaron at the defect
pair and the polaron at Nby; are predicted to be thermodynamically
stable.
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For the bipolarons (charge state +2), we find an energy
barrier of approximately 2.0 eV in both directions. This value
is much too large for a direct thermal dissociation, but an exci-
tation into the conduction bands, either thermally or optically
(see Sec. III C), remains a possible scenario. Judging from
the energetic position of the charge-transition levels around
1.4 eV below the conduction bands, thermal ionization via the
conduction bands seems less probable even if we apply a sim-
ple two-electron picture and allow for a factor-of-2 reduction.

A purely thermal dissociation of bipolarons appears to
require a more complicated multistep mechanism. In this
context, we note that, for polarons (charge state +3), there
is a much lower barrier of 1.05 eV for the axial symmetry,
which is further reduced to 0.59 eV for the tilted ground-state
configuration, as seen in Fig. 6. Therefore, we propose the
following mechanism for the thermal splitting of bipolarons
at the Nby-Vy; defect pair. First, the bipolaron undergoes a
charge transition to the 43 charge state. Assuming a Fermi
level of 4.45 eV, which corresponds to the center of the energy
window where regular Nby; polarons are predicted to be sta-
ble, this amounts to a thermally activated excitation of 0.37 eV
according to Fig. 3. Second, the polaron in the axial symme-
try relaxes into the tilted configuration with a minor barrier
clearly below 30 meV. Third, the Nb atom only has to over-
come a barrier with an upper bound of 0.59 eV for the tran-
sition to the bound-polaron state at the regular Nby; antisite.
This is in reasonable agreement with the experimentally ob-
served value of 0.27 eV [63], keeping in mind that we neglect
barrier-lowering effects of phonons and entropy in this esti-
mate. A recent study [64] showed that these effects are small
but not negligible in the case of Au nanowires on a Si step.

The bistability of the Nb antisite defect also provides a
natural explanation for the experimentally observed two-path
recombination of the bipolarons. Whereas the fast process
is most probably due to a direct recombination with free
polarons, we speculate that the slow process involves a more
time-consuming structural transformation between Nby; and
Nby-Vi;.

B. Electron paramagnetic resonance

We now discuss the experimentally observed electron para-
magnetic resonance spectra in the light of the total-energy
calculations. For this purpose, we calculate the EPR parame-
ters for the free polaron (FP) localized at a regular Nby, lattice
site as well as for the bound polaron at the antisite defect
(P@Nby;) and at the defect pair (P@Nby-Vy;), all within the
axial and the tilted configuration. Although the potentially
EPR-active polaron charge state of the Nby-Vy; defect pair
experiences a negative-U effect, it cannot be ignored, because
experimental EPR spectra may be observed upon illumination
exclusively.

The calculated g tensors for the paramagnetic bound po-
larons (charge state +3) and free polarons (charge state —1)
are summarized in Table II. As the calculated and measured
tensors reflect the symmetry of the defect configurations, the
models for the axial and tilted structures can be naturally
attributed to the experimental data sets from Refs. [23] and
[25], respectively. While both studies were performed at rather
low temperatures around 20 K, the spectrum in Ref. [23]

TABLE II. Principal values of g tensors and axial anisotropy
Ag =g, — (8w + 8&y)/2 for free polarons (FP) at NbY, and
for bound polarons at antisites (P@Nby;) and at defect pairs
(P@Nby-Vy;), with axial and tilted symmetry. The values are calcu-
lated (PBEsol) for the PBEsol + U relaxed structures and compared
to experimental data from Refs. [23,25].

Model 8xx 8yy 2z Ag
FP (axial) 1.923 1.923 1.986 0.063
P@Nby-Vy; (axial) 1.820 1.820 1.986 0.166
P@Nby; (axial) 1.806 1.806 1.983 0.177
Expt. [23] 1.72 1.72 1.90 0.18
FP (tilted) 1.932 1.927 1.959 0.029
P@Nby-Vy; (tilted) 1.816 1.844 1.959 0.129
P@Nby; (tilted) 1.773 1.871 1.954 0.132
Expt. [25] 1.709 1.795 1.883 0.131

has a lower resolution, so that the actual nonaxial (tilted)
symmetry was only discovered much later in Ref. [25]. As
a consequence, the earlier spectrum was instead interpreted
assuming an axial symmetry [23].

At first view, all defect models for the bound polaron agree
fairly well with the experimental data. Those for free polarons,
however, yield much too small g tensor anisotropies Ag (e.g.,
0.06 instead of 0.18). The driving force behind the g tensor
is spin-orbit coupling [44,65]; without spin-orbit coupling,
the resulting g values will always reproduce the free-electron
value of about 2.002 319. The significant deviation for free po-
larons, in particular with respect to the anisotropy Ag, means
that the spin density (the density of the unpaired electron, i.e.,
the polaron) does not reflect the correct spatial distribution.
At first view, having in mind the strong similarity of the
polaron density for the free and bound polarons (see Fig. 4)
this result might appear surprising. However, a closer look at
the densities in Fig. 5 shows that the spin-density distribution
at the neighboring oxygen atoms is qualitatively different:
While the spin density for the bound polarons is nearly equally
distributed over all six O neighbors, for the free polaron we
find a substantial spin density only at the three O neighbors
with larger distances to the adjacent Li atom. As the p-like
electrons of the oxygen atoms strongly contribute to the spin-
orbit coupling, this difference is relevant for the calculated
g-tensor anisotropies. As a consequence, free polarons in the
axial as well as the tilted geometry have to be ruled out: They
are not involved in the experimentally observed EPR spectra.

Table IIT shows results for the anisotropic part of the
hyperfine tensor for all considered models in their paramag-
netic states. For these quantities, the differences between the
various models are much larger than those for the g tensor.
The high-resolution experiments by Miiller and Schirmer [25]
exhibit a large deviation between T, and Ty, which is best
matched by the polaron at the Nby; antisite defect in the tilted
configuration. In contrast, the earlier experimental values by
Schirmer and von der Linde [23] assume a defect with axial
symmetry. Consequently, they are best reproduced by the an-
tisite polaron in the axially symmetric configuration.

From both the g tensor and the anisotropic dipole part of
the hyperfine tensor, we conclude that bound polarons at Nby;
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TABLE III. Principal values in MHz of the anisotropic part of
the **Nb-related hyperfine tensor for free polarons (FP) at Nby,
and for bound polarons at antisites (P@Nby;) and at defect pairs
(P@Nby-Vy;), with axial and tilted symmetry. For the experimental
values from Refs. [23,25] only relative signs are available.

Model T T, T,

FP (axial) —-102.3 —-102.3 +204.6
P@Nby-V; (axial) —-96.7 —-96.7 +193.3
P@Nby; (axial) —109.6 —109.6 +219.2
Expt. [23] +120 +120 240

FP (tilted) +108.1 +108.5 -216.6
P@Nby-Vy; (tilted) +107.1 +121.5 —228.6
P@Nby; (tilted) +94.9 +135.9 —230.8
Expt. [25] +77.7 +170.7 F248.3

antisite defects are responsible for the EPR signature related to
the optical absorption band around 1.7 eV. This is in line with
Schirmer et al. [24], who proposed the bound polaron located
at the antisite as the source of the EPR signal, but our results
yield additional information about the defect structures: It is
the energetically more favorable tilted configuration that is
able to reproduce the experimentally measured, well-resolved
EPR parameters determined in Ref. [25].

C. Optical absorption spectra

In this section, we combine theoretical calculations and
experimental measurements in order to elucidate the polaron
contribution to the optical absorption spectrum of congruent
LN. To illustrate our computational approach, Fig. 7 displays
the absorption spectrum for the bipolarons at Nby-Vy; defect
pairs calculated at different levels of theory. In order to allow
a direct comparison with the experimental data, the incident

14 T T T T T
—— B@Nby-Vy; (IPA)
12 | —— B@Nby-Vy; (IQA) ]
—— B@Nby-V|; (BSE)
10 f bulk (BSE)
8 -
C
o
R
S
L 4f
<
2 .
0 1 1 1 1 1 =
0 1 2 3 4 5 6 7 8

Energy (eV)

FIG. 7. Absorption spectrum of LiNbO; with a bipolaron at the
Nby-Vy; defect pair (B@Nby-Vy;), calculated for the 80-atom super-
cell at different levels of theory. For comparison, the BSE spectrum
for the ideal defect-free bulk material (10 atom cell) is also shown.
For the BSE calculation in the defect-containing cell, a calculation of
the standard number of empty states (539) is prohibitively expensive
and has to be reduced to 84 (44) for the screening (BSE kernel).
As a consequence, high-energy transitions above 6 eV are no longer
included, resulting in a too fast decrease of the spectrum (dashed
line).

14 : : 14
bulk (BSE)
122F 1 B@Nby; (BSE) —1 12
0.8 B@Nby-V|; (BSE) —
10| Expt. (this work) —+ 10
0.6 xpt. (Ref. [14]) —
c 8FfF 1s
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5 6foz2 16
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f() 2 0 L L L L 1a
2 22 24 26 28 3
2 F 12
0 ‘ ‘ ‘ ‘ ‘ 0
0 1 2 3 4 5 6 7 8

Energy (eV)

FIG. 8. Absorption spectrum of LiNbO; with a bipolaron at a
Nby; antisite (green line) and a Nby-Vy; defect pair (red line). The
bulk spectrum (orange line) is added for comparison. All spectra are
calculated taking into account transitions into 84 (44) empty states
for the screening (BSE kernel). The vertical lines correspond to the
center of the experimentally observed absorption bands from this
work (black line) and Ref. [14] (gray line).

light is assumed to be linearly polarized in the xy plane.
While the spectra obtained for light polarized in the x and y
directions are identical in the case of axial symmetry, we use
the average of the two spectra for the tilted configurations.
Within the independent-particle approximation (IPA), the op-
tical response is directly derived from the PBEsol + U wave
functions and transition energies. The absorption energy of
the bipolarons, obtained as 1.87 eV, is much too low in this
case, reflecting the severe underestimation of the fundamental
band gap. At the next level, the independent-quasiparticle ap-
proximation (IQA) includes electronic self-energy corrections
within the GoW, approximation that increase the band gap,
resulting in a distinct blueshift of the spectrum. The bipolaron
energy is now predicted to be 3.10 eV. Finally, the electron-
hole attraction and local-field effects, known to be strong in
LN [51,66], are taken into account by solving the Bethe-
Salpeter equation. This redshifts the spectrum and places the
bipolaron peak at 2.57 eV. By comparison with the IQA result,
we thus deduce an electron-hole binding energy of 0.5 eV.
Slightly smaller values are obtained for the other defect states
considered in this work, as the electron-hole binding energy
tends to decrease for shallow defect levels located closer to
the conduction-band edge.

For comparison, the absorption spectrum of defect-free
stoichiometric bulk LiNbOj is also displayed in Fig. 7. The
smaller size of the simulation cell, which only contains
10 atoms instead of 80 atoms, allows us to include a much
larger number of high-energy transitions, so that transitions
up to 10 eV can be taken into account, resulting in a slower
decrease of the respective absorption curve. Although the
spectrum for the supercell with the embedded defect exhibits
slightly smaller oscillator strengths, the peak positions as well
as their general shape, including the two shoulders at around
6 eV, are already well described with the reduced number
of bands. Therefore, we use this approach to determine the
optical absorption spectra of the other defects. As an example,
Fig. 8 displays our results for the bipolaron at the Nby; antisite
in comparison to the Nby-Vy; defect pair.
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TABLE IV. Absorption energies in eV for free polarons
(FP), bound polarons at antisites (P@Nby;) and at defect pairs
(P@Nby-Vy;) with axial symmetry and tilted symmetry, as well as
bipolarons at antisites (B@Nby;) and at defect pairs (B@Nby-Vy;),
calculated at different levels of theory and compared to experimental
values from this work and Ref. [14].

Model IPA IQA BSE Expt. Expt. [14]
FP (axial) 082 135 122 0.94
FP (tilted) 088 158 131 0.94
P@Nby; (axial) 183 223 186 195 1.69
P@Nby; (tilted) 201 238 197 195 1.69
P@Nby-Vy; (axial) 157 250  2.07

P@Nby-Vy; (tilted) 1.60 240 2.07

B@Nby; 173 290 240 270 2.50
B@Nby-Vy; 1.87 3.0 257 270 2.50

Our quantitative results for the optical absorption spectra
allow us to estimate the absorption cross sections for the elec-
tron polarons studied in this work and to compare them with
available experimental data: We obtain maximum cross sec-
tions of 6.36 x 1072!,2.69 x 10~2!, and 3.35 x 102! m? for
the free polarons, the bound polarons, and the bipolarons, re-
spectively, averaged over all models of the respective polaron
type. These values are slightly larger but of the same order
of magnitude as derived from time-resolved pump-multiprobe
spectroscopy [67].

To further analyze the nature of the defect-related ab-
sorption peak, we relate the IPA spectra to the underlying
PBEsol + U band structure. This simpler approach, unlike the
more complex BSE formalism, allows a direct comparison
between one-particle levels (bands) and absorption energies.
In this way, we find that the relatively broad defect peak is a
superposition of transitions from the single defect level (initial
state) into the lowest few conduction bands, namely, Nb 4d
states [68,69] centered around 0.2 eV above the conduction-
band edge. This means that the bipolaron, once excited, is
destroyed, and one of the excess electrons is no longer local-
ized at the two involved central Nb atoms but delocalized over
several Nb atoms. Within the BSE, the maximum peak energy
of about 2.5 eV then implies an energy threshold of 2.3 eV, in
perfect agreement with the photon energy reported for optical
dissociation [22].

In Table IV, we summarize the absorption energies (max-
imum peak positions) calculated within IPA, IQA, and BSE
for all polaron models studied here. For the models with
unpaired electrons (i.e., single polarons), the values are spin
corrected as described in Sec. II A. Comparing our results
to the experimental data by Schirmer et al. [14], we note
that the absorption energy for free polarons is overestimated
by both the axial and the tilted configuration, for which we
obtain 1.22 and 1.31 eV, respectively. The deviation from the
experimental value of 0.94 eV may in part be due to the known
difficulty of accurately modeling localized but weakly bound
excess electrons in supercell calculations [70].

The deviations between experiment and theory are smaller
for bound polarons and bipolarons. Here, we make use of
our additional experimental measurements, carried out as de-
scribed in Sec. II B. The resulting absorption spectrum covers
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FIG. 9. Experimental absorption spectrum of congruent LiNbO3
above 1.5 eV measured along the z direction using the ordinary
refractive index of the material. The calculated optical absorption
energies of bound polarons and bipolarons are indicated by vertical
lines. For the polarons, the energies for the tilted (t) ground state and
for the axial (a) configuration are included. The free-polaron signal
is below the detected energy range.

the energy range between 1.5 and 3.5 eV as shown in Fig. 9.
Two broad absorption maxima are visible around 1.95 and
2.7 eV, which can be attributed to polarons and bipolarons,
respectively. Compared to Ref. [14], these values are slightly
blueshifted. The calculated absorption energies for polarons
localized at Nby; antisites are in fact bracketed by the two sets
of experimental data (see Table IV), while the corresponding
values for Nby-Vy; defect pairs are slightly higher than mea-
sured. A similar agreement is found for bipolarons, albeit with
a tendency to slightly too low calculated values. However,
the deviations are not large enough to definitely rule out any
of the models studied in this work. In fact, it appears likely
that different defect configurations contribute to the experi-
mental spectra, as suggested by the broad features in Fig. 9.
A superposition of the four defect peaks originating from
the regular antisite and the defect pair in the axial and tilted
configurations would actually explain not only the energetic
position of the polaron absorption band around 1.95 eV but
also its shape.

IV. CONCLUSIONS

In summary, we investigated the atomic and electronic
structures as well as the spectroscopic fingerprints of polarons
and bipolarons in LiNbO3; by comparing theoretical simula-
tions with measured data. We examined the following models:
free polarons at regular Nby,, atoms and bound (bi)polarons
at two Nb-related point defects, the isolated Nby; antisite,
and the Nby-Vy; defect pair. For the polaron (+3) and the
fully ionized (+4) charge state, the defect pair is identified
as a metastable configuration of the regular Nby; antisite.
The transition is driven by the Nb antisite atom, which can
thermally overcome an energy barrier and move into a neigh-
boring empty oxygen octahedron. For the bipolaron (charge
state +2), the two configurations are even energetically equiv-
alent, a fact that has strong implications for the charge-carrier
dynamics in the material.
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For both free and bound polarons, we uncover the existence
of a quasi-Jahn-Teller distortion leading to tilted ground-state
configurations, which transform into axial symmetry at higher
temperature. Our calculated EPR parameters confirm that po-
larons at Nb-related defects in the tilted configuration nicely
explain the experimentally observed EPR signal. Although
the regular antisite fits best to the experimental data, the
metastable defect pair exhibits only a minor variance and
cannot be excluded with certainty. Here, future EPR mea-
surements in the optical channel (optical detected magnetic
resonance) would be beneficial for an unambiguous assign-
ment of the EPR spectra to a specific optical transition. A
similar picture emerges from the calculated optical absorption
spectra: The regular antisite fits best to the polaron absorption
band around 1.7 eV, but an admixture of peaks from the
Nby-Vy; defect pair improves the description of the energetic
position as well as the spectral shape of the absorption band
as measured in this work.

For the bipolarons, on the other hand, the influence of
the defect pair is clearly apparent, especially with respect to
the mechanisms of bipolaron splitting and recombination. Its

existence, arising from the bistability of the Nb antisite defect,
provides a natural explanation not only for the experimen-
tally observed thermal dissociation at 800 K [63] but also
for the previously reported two-path recombination. While
the fast process is most probably due to a direct recombi-
nation with free polarons, our results suggest that the slow
process is accompanied by a structural transformation. As
this transformation involves directed atomic displacements
in the Nby; sublattice, it might have a strong influence on
the macroscopic polarization and should be considered for
an explanation of known dielectric anomalies in the material
[62].
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