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Lithium niobate and lithium tantalate crystals are technologically important metal oxides with exceptional
combinations of ferroelectric, piezoelectric, acoustic, optical, and electrical properties. The self-diffusion of
both, the ionic constituents and the underlying point defects, is especially important for the overall electrical
conductivity. To get insight into their dynamics, we investigate in this work Li self-diffusion in congruent
LiNbOj; and LiTaOs single crystals from different suppliers up to a temperature of 800 °C, using isotope-enriched
SLiNbO; and SLiTaOj tracer layers in combination with secondary ion mass spectrometry depth-profile analysis.
The diffusivities of the two isostructural materials are identical within error limits and can be described by
the Arrhenius law with an activation energy of 1.35 eV in the range from 150° to 800 °C. Furthermore, the
electrical conductivity is determined between 400 °C and 600 °C and can described by an activation energy of
about 1.34 eV. This is in excellent agreement with the energy barrier for the diffusion of a single Li vacancy
as determined by nudged elastic band calculations based on density-functional theory. The Li-ion conductivities
calculated from the diffusivities in LiNbO; and LiTaOj3 are identical within the error margins with the overall
conductivities obtained from impedance spectroscopy measurements. This indicates that the migration of Li* is

able to explain the overall electrical conductivity below 600 °C down to 180 °C.

DOI: 10.1103/PhysRevMaterials.7.033403

I. INTRODUCTION

Lithium niobate (LiNbQOj3) and its isostructural counter-
part lithium tantalate (LiTaO3) are technologically important
synthetic oxides, with an extraordinary combination of fer-
roelectric, piezoelectric, acoustic, optical, as well as ion,
conductivity properties [1-4]. The large ferroelectric, pyro-
electric, and piezoelectric coefficients are due to a vertical
displacement of the cations from the center of the oxygen
octahedra in the hexagonal crystal structure (space group R3c)
[5-8]. Both materials can be grown with variable Li content,
ranging within a wide solid solution region from 44 mol. % to
about 50.5 mol. % Li,0 [9,2]. Single crystals produced by the
Czochralski method commonly show the congruent composi-
tion of about 48.6 mol. % Li,O. The change of composition
from the lithium poor to the stoichiometric composition re-
sults in significant changes in the physical properties of the
system [10], including the Curie temperature, the ferroelectric
coercive field, photorefractive properties, and, most impor-
tant for the subsequent discussion, defect concentrations.
The formation of different, charge-neutral defect clusters
has been proposed to model the congruent composition [5,
11-14]. While the commonly accepted model for the real-
ization of the congruent composition in LiNbO3 consists of
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a niobium antisite, which is compensated by four lithium
vacancies (Nbjy + 4V/Li) [12,15,14], a more complex defect
structure is suggested for LiTaO3 [16].

For many applications of lithium niobate, self-diffusion
of the constituents is of high importance. In particular, dif-
fusivities are a measure for ionic transport properties and
consequently for the ion conductivity. At low and medium
temperatures up to 500°C, Li is expected to be the most
mobile species. Here, we investigate Li self-diffusion in Li, O-
deficient (congruent) LiNbO3 and LiTaOs single crystals from
different suppliers for temperatures up to 800 °C using sec-
ondary ion mass spectrometry. The results are compared to
conductivity measurements performed by impedance spec-
troscopy and theoretical calculations.

II. METHODOLOGY

A. Experiment details

The congruent LiNbO3; and LiTaO; single crystals under
investigation were supplied by Precision Micro-Optics Inc
(USA) and by CrysTec GmbH (Berlin, Germany). Polished
Z-cut wafers were cut into 6 x 5 x 0.5—mm? pieces. In ad-
dition, X-cut plano-plano LiTaOs disks of 0.5-mm thickness
and 16-mm diameter were supplied by the Leibniz-Institut fiir
Kristallziichtung (Berlin, Germany).

Tracer deposition was carried out by depositing a
0.1-1-gm thin layer of isotope-enriched ®LiNbO; or °LiTaOs3
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on the single crystal by ion-beam sputtering, using a commer-
cial setup (IBS 681, Gatan) equipped with two Penning ion
sources. Deposition was done at 5 kV and a current of about
180 1A in argon at an operating pressure of 5 x 10~ mbar.
The base vacuum was better than 5 x 1077 mbar.

The sputter targets were prepared by solid-state syntheses
as described in Ref. [17]. Due to the fact that the tracer
layer and single crystal have approximately the same chemical
composition, pure isotope interdiffusion is expected to be
measured during the diffusion experiments. For the latter, the
coated samples were annealed in synthetic air in a rapid ther-
mal annealing furnace, which allows fast heating and cooling
rates and consequently short isothermal annealing times down
to 1 min. Annealing was done at temperatures between 250 °C
and 800 °C. The samples were preannealed in synthetic air
prior to tracer deposition at the same temperature at which
the diffusion experiments were performed for a time period
significantly higher than the diffusion time.

The inward diffusion of the ®Li from the sputtered layer
into the single crystal was monitored by secondary ion mass
spectrometry (SIMS) using a Cameca ims-3f machine. An
O~ primary ion beam (15 keV, 40-180 nA) was used in
order to prevent electrical charging during the measurement.
The sputtered area was about 250 pum x 250 pm. For further
processing in a double-focused mass spectrometer, the signal
resulting from an area of about 60 um x 60 pm in the cen-
ter was used in order to exclude effects resulting from the
crater edge.

In the depth-profiling mode, the secondary ion intensities
of SLi* and "Li* ions were recorded as a function of sputter
time. Since the two Li isotopes are chemically identical (ne-
glecting the small isotope effect), for diffusion analysis the
intensity of the signals is converted into °Li atomic fractions
c(x, t)according to

I(°Li)

T e + 10

ey

Depth calibration was performed by measuring the crater
depth with a mechanical profilometer (Tencor, Alphastep).

The electrical impedance was determined using Z-cut sam-
ples from the Precision Micro-Optics wafer mentioned above.
Moreover, impedance spectra of X-cut samples of the same
crystal provider are presented. Square-shaped electrodes with
an area A =5 x 5Smm? and a thickness of about 3 um
were deposited by screen printing (print ink C-3620, Heraeus
GmbH & Co. KG, Hanau, Germany) on both sides of the
plates and annealed at a temperature of 850 °C for 1 h. Con-
cerning the samples from the Institut fiir Kristallziichtung, Pt
electrodes with a thickness of ~ 3 pum are deposited by screen
printing (print ink: Ferro Corporation, No. 6412 0410). After
screen printing, the specimens are annealed at 1000 °C for
about 30 min.

The actual impedance measurements were done in air
while lowering the temperature with 1 K/min from about
600 °C to 200 °C. The impedance of the samples was deter-
mined by AC impedance spectroscopy in the frequency range
from 1 Hz to 1 MHz using an impedance/gain-phase anal-
yser (Solartron 1260). An electrical equivalent-circuit model
consisting of a constant-phase element (CPE) connected in

parallel with a bulk resistance Rg was fitted to the measured
data. Subsequently, the bulk conductivity o was calculated
from the relation

o = t/(A x Rp), 2

with the sample thickness # = 0.5 mm and the electrode
area A given above. The lead resistance, arising from ca-
bles/mounting, was very low and, therefore, neglected in the
fitting procedure. More information about the measurement
and data evaluation approach can be found in Refs. [18,19].

B. Computational details

The Vienna Ab initio Simulation Package [20,21] was em-
ployed to evaluate the structural and electronic properties of
isolated Li vacancies in LiNbO3 and LiTaO; within density-
functional theory. Isolated, negatively charged vacancies were
simulated within 3 x 3 x 3 repetitions of the primitive unit
cell (i.e., 270 atoms), which models a vacancy concentration
of 1.85 mol. %. Projected augmented-wave potentials [22,23]
which explicitly consider the 2s' electron for Li, the 2s* 2p*
electrons for O, and the 4p°® 44* 5s' and 5p° 543 65 electrons
for Nb and Ta, respectively, were used to describe the ion-
electron interaction. The generalized gradient approximation
[24] in the Perdew-Burke-Ernzerhof formulation [25,26] was
used to describe the electronic many-body interactions. Plane
waves up to a cutoff of 440 eV were used as basis for the
expansion of electron wave functions. To perform the energy
integration in the Brillouin zone, 2 x 2 x 2 k-point meshes
generated with the Monkhorst-Pack algorithm [27] and cen-
tered at the I point were employed. The atomic positions
were relaxed until the self-consistently calculated residual
Hellmann-Feynman forces [28] are lower than 0.01 eV/A.
Convergence tests show that this approach leads to converged
results concerning total energies and forces. Minimum-energy
paths and energy barriers for the vacancy diffusion were cal-
culated by the nudged elastic band (NEB) method [28-32].
We make use of eight images that are initially equidistantly
distributed along the considered diffusion path. All considered
pathways for the Li vacancy diffusion are described in Sec. II1.

III. RESULTS

First, the results of the diffusion experiments are discussed.
The °Li atomic fraction as a function of sputter depth as
measured by SIMS is exemplarily illustrated in Fig. 1 for
an as-deposited sample and samples diffusion annealed for
(a) LiNbO3 at 800°C and (b) LiTaO3; at 700°C. During
annealing the ®Li tracer penetrates into the single crystal typ-
ically to depths in the micrometer range.

Experimentally determined depth profiles after annealing
can be described by the following solution of Fick’s second
law for self-diffusion across an interface [33]:

c(x,t) = cCoo + Gl _COO)|:erf<h—iR_x> —l—erf(h_x)],

2 R
3

where c,, A 0.08 is the natural abundance of °Li in the single
crystal and ¢y = 0.95 that in the tracer layer. The original
thickness of the as-deposited tracer layer is denoted as & and
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FIG. 1. Atomic fraction of ®Li as a function of depth after deposition and annealing for (a) LiNbO; at 800 °C for 108 s and (b) LiNbOj; at
700 °C for 127 s. A least-squares fit of Eq. (3) to the experiment data is also indicated in red.

is between 0.1-1 pum, depending on the sample under inves-
tigation. The quantity R, characteristic for the depth of the
tracer profile, is treated as a fit parameter. The self-diffusivity
D at time ¢ is determined from the difference in R of the
diffusion profile and of the starting profile according to D =
[R?(t) — R*(0)]/4t [33]. The diffusivities determined using
this method are plotted as a function of reciprocal temperature
in Fig. 2 for both materials and two suppliers (CrysTec and
Precision Micro-Optics). The recorded data are in excellent
agreement with measurements of our group on samples from
CrysTec available in the literature below 500 °C, which are
also included in Fig. 2 [17,34]. A comparison of the results
obtained on crystals of the two different suppliers (Precision
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FIG. 2. Tracer diffusivities of Li in congruent LiNbO; and
LiTaOs single crystals as a function of reciprocal temperature as
measured by our group. Shown are diffusivities measured on con-
gruent crystals of two different manufactures, namely CrysTec (CT)
and Precision Micro-Optics (PMO). The straight line corresponds to
a fit of all data to Eq. (4).

Micro-Optic and CrysTec) at 250 °C and 600 °C reveals that
the diffusivities are identical within error limits. The error
limits attributed to each diffusivity result in sum from the
uncertainty in crater-depth determination, from fitting, and
from measuring at different locations on the sample surface
with locally slightly differing diffusion behavior. At a tem-
perature of 600 °C we further compared crystals which were
preannealed as described in Sec. IT A to those which were
not preannealed, which were preannealed in argon or which
were preannealed in pure oxygen. No differences were found
at this temperature.

The diffusivities of each type of material follow the
Arrhenius law:

D = Dy exp(—AE /kT), “4)

in the broad temperature range between 150°C and
800 °C over several orders of magnitude. An activation en-
ergy (& activation enthalpy) of AE = (1.35+£0.02) eV and
a preexponential factor of Dy = 3.1 x 107" m?/s (error:
In Dy/m?/s = 40.34) is derived for LiNbOj3. Both quantities
are identical to those found for literature data on diffusivities
below 500 °C [17]. This demonstrates that no change of the
diffusion mechanism occurs up to 800°C. Note that using
the method of neutron reflectometry additional diffusivities
were determined in the temperature range between 106 °C and
250°C [35] in agreement with the present results. Including
these data into the fit with Eq. (3), the same activation energy
is obtained within error limits.

Similarly to LiNbOj3, the results on congruent LiTaOs3 crys-
tals, provided by two different manufacturers, are also shown
in Fig. 2, which are again identical to each other and to those
of LiNbOj3 within error limits. Fitting the diffusivities solely
for LiTaOs3, an activation energy of AE = (1.33 £0.04) eV
and a preexponential factor of Dy = 1.7 x 107" m?/s
(error: In Do/m?/s = £0.66) is derived. Note that for LiTaO3
(in contrast to LiNbO3) the Curie temperature is at about
600 °C-660 °C [36,37], within the range of our diffusivity
measurements. However, we do not see any anomaly in Li
diffusivities close to the transition between the paraelectric
and ferroelectric phase. Nevertheless, for a clear statement a
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10 Hz to 1 MHz (Z cut: 600 °C; X cut: 603 °C).

higher number of data points is necessary, which will be the
subject of subsequent studies.

The electrical conductivity is extracted from impedance
spectra as shown exemplarily in Fig. 3 for X-cut and Z-cut
samples. Thereby, the low-frequency intercept of the fitted
Rp-CPE semicircles in the complex impedance plane are in-
terpreted as bulk resistance Rz and subsequently converted
into the bulk conductivity o using Eq. (2). Below 10 Hz,
the impedance data scatter, so that the evaluation was carried
out above this frequency only. Further, below about 400 °C
the impedance exceeds the measurement range of the device
and therefore could not be determined. The semicircles show
slight depression which corresponds to exponents of the CPEs
of 0.99 and 0.95 for LiNbO3 and LiTaOs, respectively. It re-
sults from slightly nonideal capacitances and is, however, not
relevant for further discussion as the low-frequency intercept
of the semicircle is virtually not influenced.

The temperature-dependent electrical conductivity is
shown in Fig. 4 in form of the conductivity-temperature prod-
uct. The latter results for dominating ionic transport as we (see
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FIG. 4. Conductivity-temperature product for LiNbO; and
LiTaO; in the temperature range from 400 °C to 600 °C. IKZ refers to
the Leibniz-Institut fiir Kristallziichtung. Further, the literature data
of Krampf ez al. [37] are given.

FIG. 5. Slopes E,r (solid symbols) and activation energies E,
(lines) for LiNbO; and LiTaO; samples from PMO and IKZ in
comparison to slopes from Krampf et al. [37] (open symbols).

below) and others found [38—40] for LiNbO3 and LiTaOs3 in a
straight line in the Arrhenius representation. In case of LiTaO3
the measurements done below 600 °C reflect the behavior of
the ferroelectric phase. Data acquisition during cooling of the
samples revealed a constant slope of o7 in the Arrhenius
diagram and, therefore, no evidence of delayed transition from
the paraelectric to the ferroelectric phase.

First, it is obvious that the conductivities of LiNbO3z and
LiTaOs are also quite similar. Slight differences in the slope
are visible only, which can be explained by the measure-
ment uncertainty of up to 5%. Consequently, based on the
present uncertainty analysis there are no significant differ-
ences. Furthermore, there is virtually no difference between
the respective crystals of different manufacturers. Finally,
within the uncertainty of the measurement, anisotropy of elec-
trical conductivity as observed by Ref. [41] is not found, but
could not be excluded.

As the curves of the conductivity-temperature product ap-
pear to be linear in the Arrhenius representation according to

oT = og exp[—Ey/(kT)], &)

a single activation energy E, is suspected. Here, oy, &,
and T represent the preexponential constant, the Boltzmann
constant, and the absolute temperature, respectively. In order
to prove this suspicion, the slope

dIn(cT)
E;p = —k——— (6)

aIn(1/T)
is calculated in the temperature range from 400°C to
600 °C. Below about 450 °C the data points scatter, so that
the increase in Fig. 5 is shown above this temperature only.
Here, the slope is nearly constant. Consequently, the activation
energy can be calculated by averaging the slopes. For LiNbO3
and LiTaOj3 values of (1.31 £ 0.04) and (1.36 4= 0.04) eV fol-
low, respectively. Considering the measurement uncertainty,
the values agree with those of lithium diffusion very well

(AE =~ E,).
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For a comparison of the measured electrical conductivities
and the Li diffusivities, we used the diffusivities shown in
Fig. 2 to calculate corresponding ion conductivities of Li
using the Nernst-Einstein relation,

Dng?

kT
where n denotes the number density of the conducting Li*
species (1.89 x 10?> cm—3 for LiNbOs and 1.86 x 10??> ¢cm 3
for LiTaOs), ¢ = e the electrical charge, k the Boltzmann
constant, and 7 the temperature. Since oxygen [42] and
niobium [43] diffusivities in LiINbO3 are more than five orders
of magnitude lower than that of Li (below 800°C), Li" is
assumed to be the only ionic charge carrier in that temperature
range. The results are plotted in Fig. 6 for comparison. For
LiNbOs [Fig. 6(a)] it can be seen that the conductivities calcu-
lated from the Li diffusivities are identical within error limits
to the conductivities measured by impedance spectroscopy
between 180°C and 600 °C for different suppliers. This re-
sult indicates that the migration of LiT is able to explain
the overall electrical conductivity below 600°C. The error
limits attributed to the diffusivities still allow other species
to contribute at least partially to conductivities in the several
percent range. This is particularly important for impurity hy-
drogen ions: Although they occupy different lattice sites than
Li [44,45], they are characterized by preexponential factors
[46] and diffusion pathways [47] that are comparable to those
presented in this work for Li. Thus, H impurities may substan-
tially contribute to the diffusivity, confirming that the thermal
pretreatment is crucial to maintain their contribution low. The
same is true for LiTaO; as illustrated in Fig. 6(b).

In order to understand the Li diffusion in congruent
LiNbO;3; and LiTaO; single crystals, two energies have to be
considered, which might contribute to the activation energy of
diffusion, AE, at high and medium temperatures. These are
the energy of Li migration via a certain defect (e.g., vacancy),
AE,,, and the energy of formation of this defect, AE. Since
the experimental data can be fitted with a unique Arrhenius
straight line, only a single mechanism is dominant over the
whole temperature range investigated. Due to the Li,O de-
ficient composition of the congruent single crystal, intrinsic
defect structures have to be present in order to realize off
stoichiometry. The currently accepted model, which explains
the congruent composition of LiNbQOj3, consists of a niobium
antisite ion charge compensated by four lithium vacancies:
(Nbys + 4V/Li). This model is supported by experimental
x-ray- and neutron-diffraction studies [49], density-functional
theory calculations [12,50], and also by diffusion experiments
[51]. The result that the Li diffusivities of LiNbO3 and LiTaO3
are identical between 250°C and 800 °C within error lim-
its as well as the activation energies suggest that the defect
structure (Nby; + 4V ,) and mole fraction of vacancies (about
4 mole %) [52] due to off stoichiometry of congruent crystals
are expected to be very similar. However, it is also clear that
this is no direct proof because the defect structures and va-
cancy concentrations were not directly measured. A differing
defect structure for LiTaO3 as suggested in Ref. [16] involving
Ta interstitials and Li vacancies (Ta3, + 5V;;) cannot be ex-
cluded, because the Li vacancy concentration would be higher
by a factor of 5/4 only, which is still within error limits.
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FIG. 6. Electrical conductivities as calculated from Li tracer dif-
fusivities according to Eq. (7) together with conductivities measured
by impedance spectroscopy as a function of reciprocal temper-
ature for crystals from different manufactures for (a) LiNbO;
and (b) LiTaO;. CT refers to the manufacturer CrysTec. Further,
RR refers to the publications Rahn et al. and Ruprecht et al
[17,48] and Kr to Krampf et al. [37]. Dashed lines are a guide to
the eye.

For further insight, the diffusion of Li vacancies in LiNbO3
and LiTaOs; is investigated by atomistic first-principles calcu-
lations. As previous investigations have shown that the by far
dominant valence state of the Li vacancies is —1 [53-55,50]
we only consider negatively charged vacancies.

Figure 7 schematically shows a Li vacancy and its nearest-
neighbor lattice sites in a LiNbOj crystal (the situation in
LiTaOs3 is analogous). Six equivalent first-nearest neighbor
lattice sites are present (blue balls), at a distance of 3.77 A.
We label the diffusion of the vacancy to one of these sites by
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FIG. 7. Nearest-neighbor sites to a Vy; (represented in red) in
LiNbO; and LiTaO;. First-nearest neighbors are in blue, second-
nearest neighbors in light blue, and Nb/Ta atoms are white. Oxygen
atoms are not shown for the sake of clarity. Distances are given in A.

path A, as represented in Fig. 8. The diffusion of the vacancy
will probably not occur along the straight line joining the
vacancy and the first neighbor, but will rather run through
empty oxygen octahedra, as shown in the right-hand side of
the figure. The dashed line is only a guide to the eye; the
real diffusion pathway is determined by the NEB method. We
remark that the path A has two similar components parallel
and perpendicular to the ferroelectric axis. Thus, path A will
lead to a nearly isotropic Li diffusion, which is supported by
experimental results of Li diffusion on differently oriented
single crystals [56].

The considered Li vacancy has furthermore six equivalent
second-nearest neighbors (light-blue balls in Fig. 7) at a dis-
tance of 5.15 A. A jump of the Vy; to the second-nearest
neighbors is also possible, and qualitatively different from
path A. We label this diffusion mechanism as path B. Also,
in this case a diffusion through empty oxygen octahedra,
as shown in the right-hand side of Fig. 8, is expected to
be energetically favored. We remark that the six equivalent
second-nearest neighbors all lie on the basal plane, i.e., per-
pendicular to the ferroelectric axis. Thus, atomic movement
along path B leads to an anisotropic Li diffusion.

Further, other neighbors can only be reached through
longer diffusion paths that include at least either path A or

path B. Thus, diffusion to further lattice sites is characterized
by energy barriers which are at least as high as that of path A
or path B, which are therefore the only paths to be considered
to determine the migration energy threshold.

The energy barriers associated with the considered paths
A and B are shown in Fig. 9. They are of similar magni-
tude; however, path B is characterized by a somewhat higher
energy barrier (1.29 eV for the path A vs 1.70 eV for the
path B).

The corresponding diffusion paths are shown in Figs. 10
and 11.

As expected, in both cases the diffusion path deviates from
the direct line joining start and end configuration, so that the
diffusion path is longer than the distance between Li nearest
neighbors. The actual diffusion path runs through empty oxy-
gen octahedra. In this way Li ions can maximize the distance
between oxygen ions when they cross an oxygen layer. In-
deed, the latter is characterized by a high electronic charge
density. The minimum-energy path has its energy maxima
when the Li atom is between two neighboring Nb atoms, as
shown in Fig. 10(b). In the case of path B, a further Li atom is
present below the moving ion, which might explain the higher
energy barrier.

In a previous work, the Li diffusion in LiNbO3 was investi-
gated by a similar computational approach [50]. In that work
a diffusion path was found that roughly corresponds to our
path A, and is characterized by an energy barrier of 1.64 eV.
Interestingly, the Li diffusion in the basal plane (path B) was
associated with an energy barrier as high as 5.5 eV, which is
much higher than the value calculated on the present work
and which can hardly be explained considering the minimum-
energy path.

Repeating the calculations for the Li vacancy diffusion in
LiTaOs crystals yields nearly identical results. The minimum-
energy path is qualitatively the same as calculated for LiNbO3
and shown in Figs. 10 and 11, both in the case of path A
and path B. Merely the calculated energy barriers are slightly
lower by 0.06 eV in the case of path A and by 0.02 eV in the
case of path B, respectively.

IV. DISCUSSION

As a result, we found that for LiNbO; the experi-
mentally determined activation energy of diffusion AE =
(1.35 £ 0.02) eV and the activation energy of electrical con-
ductivity E4 = (1.31 £0.04) eV are in excellent agreement
with the migration energy of path A (1.29 eV). This leads
to the conclusion that path A is relevant for the diffusion
process together with the experimental result of Li diffusion
being identical for differently oriented single crystals [56]
(three-dimensional diffusion).

The formation energy of defects does not play a con-
siderable role in the present situation and we get AE =
AE,, ~ 1.3 eV. This is justified by the defect model given
above in a way that vacancy formation is realized by off
stoichiometry (structural vacancies) and not by temperature
enhancement (thermally activated vacancies). This means
that after crystal growth of congruent crystals as regarded
here, vacancies on the Li sublattice of about 4% are present
and thermal vacancies are negligible. Over the complete
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factor in Eq. (4) is given by
the experimentally determined activation energy of diffusion

AE = (1.33 +0.04) eV and the activation energy of electri-
cal conductivity Ex = (1.36 £ 0.04) eV are also very similar
to the migration energy calculated for path A (1.23 eV).

Dy = xa’vy exp(AS/kg),
where a~3.77 A [14] is the Li-Li jump distance,

FIG. 8. (a) Diffusion pathways for a V; (represented in red). Path A labels a jump to the first-nearest neighbor, while path B labels a jump
to the second-nearest neighbor. All other neighbors might be reached by a combination of path A and B. (b), (c) More probable diffusion paths
through empty oxygen octahedra are shown. Dashed lines are merely guides to the eye; the real minimum-energy path is determined by NEB

For further analysis we assume that the preexponential

®)

x =[V'Lil/[Li};] = 0.04 [52] is the mole fraction of Li
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FIG. 9. Energy barriers associated with the Vy; diffusion along path A (red) and along path B (blue) calculated for LiNbO; (left-hand side)
and LiTaOs; (right-hand side) with the NEB method and eight or six images, respectively. Dotted lines are polynomial fit of the calculated data.
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FIG. 10. (a) Calculated minimum-energy path for the lithium
vacancy diffusion along path A. (b) The highest energy image is
the one at which the Li atom is exactly between two neighboring
Nb atoms. Oxygen is red, Li blue, and Nb is white.
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vacancies, and vy &~ 2.5 x 103 s7! is a characteristic vibra-
tion frequency as calculated in Ref. [14]. If the entropy of
ionic motion is assumed to be AS =~ 0, the preexponential
factor can be calculated to Dy = 1.4 x 1077 m?/s. This is
in excellent agreement with the experimentally derived value
of 3.1 x 1077 m?/s within error limits, confirming the sug-
gested model. The product of the geometry factor, including
possible hopping sites for Li, and of the correlation factor is
approximated to 1 in Eq. (8). This might be different [57,58]
but, due to the error attributed to the experimentally derived
Dy value and due to the only estimated quantity AS, a more
detailed analysis is not appropriate here. Note that using the

(a)
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W

36\
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N/

FIG. 11. Calculated minimum energy path for the lithium va-
cancy diffusion along path B. (a) Side view, (b) top view. The highest
energy image is marked in gray. Oxygen is red, Li blue, Nb white.

simple relation vo_kT /h in Eq. (8) gives a similar result of
Dy =3.1 x 1077 m?/s at 500 °C. For LiTaO3 the same con-
clusion can be drawn.

We can also use Eq. (4) together with the experimen-
tally determined data of Dy = 3.1 x 107" m?/s and AE =
1.35eV to calculate the diffusivity at room temperature
(25°C) to D &~ 1072’ m?/s. The computed diffusivity can be
employed, in turn, to estimate the diffusion length L during
the time ¢t as L = ~/6Dt. The equation is derived from the
random-walk theory assuming isotropic diffusion. This equa-
tion shows that at room temperatures timescales of the order
of magnitude of years are needed for a lithium ion to diffuse
to the first-nearest neighbor site. On the contrary, at 500 °C
diffusion of Li ions to the first-nearest neighbor site occurs on
the timescale of several microseconds, suggesting a high Li
mobility.

V. CONCLUSION

We carried out investigations on Li tracer self-diffusion in
congruent LiNbO; and LiTaOj3 single crystals up to a temper-
ature of 800 °C using isotope-enriched °LiNbOj; and ®LiTaO;
tracer layers, in combination with secondary ion mass spec-
trometry depth-profile analysis. The results are compared to
conductivity measurements done by impedance spectroscopy
and to nudged elastic band calculations based on density-
functional theory . We found that

(i) The diffusivities of both isostructural materials are
identical within error limits and can be described by
the Arrhenius law with an activation energy of about
1.3 eV.

(i) This activation energy is in excellent agreement with
the energy barrier for the diffusion of a single Li va-
cancy (next-neighbor jumps) as determined by NEB
calculations. This in turn suggests the presence of
Li vacancies in high concentrations, thus support-
ing the (Nbj;y +4Vy;) defect model of congruent
composition.

(iii) The Li-ion conductivities calculated from the diffu-
sivities according to the Nernst-Einstein relation are
identical within the error margins with the overall
conductivities obtained from impedance spectroscopy
measurements. This indicates that Li is the dom-
inating species for the electric conductivity in the
temperature range investigated.

Concerning the calculations, it can be assumed that
the energy level of elastic bands is mainly influenced by
the positions of ions and electrons immediately adjacent to the
diffusion path—-and not by additional vacancies further away.
Therefore, the results can be generalized to the congruent
composition to some extent. These assumptions will be tested
in further computational studies.
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