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The structure of lithium tantalate powders has been investigated using neutron diffraction between
room temperature and 445K, which includes the zero-birefringence point. As the temperature
increases, the displacement of the Ta atom from the centre of the O octahedra and the tilt of the
octahedra both decrease linearly in the range investigated. The measured structures form the basis
of a range of density functional theory calculations utilizing the WIEN2 k code, with a focus on cal-
culating the optical properties. These calculations are sensitive to the small structural changes mea-
sured in this temperature range; the calculated birefringence changes are consistent with the
changes measured experimentally. Further, by investigating the effect of each atom in isolation, it
can be shown that the birefringence of lithium tantalate mainly depends on the Ta displacement
and the octahedral tilt, with the linear change in these as a function of temperature producing the
change in birefringence with temperature, which results in it becoming zero-birefringent. This
work demonstrates the unique material insights that can be obtained by combining density func-

tional calculations with precise structural studies. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4973685]

I. INTRODUCTION

Lithium tantalate (LT) is an important material for
electro-optic devices, and with lithium niobate (LN) it forms a
solid solution LiNb;_,Ta, O3 (LNT), which has been of inter-
est for its room temperature zero-birefringence.'™ Despite its
widespread use in devices, the relationship between the struc-
ture and some physical properties such as the birefringence,
ferroelectricity, and paraelectric phase transition is not fully
understood.®” It is well known that LT can be made with a
range of Li concentrations, with compositions ranging from
46 mol. % Li,O to 50 mol. % Li,0.5'° The birefringence has
been investigated as a function of temperature between 48
and 50mol. % Li,O using vapor transport equilibrium (VTE)
treated crystals, giving the temperature of the zero-
birefringence point of stoichiometric LT as 373 K.> The bire-
fringence of LNT crystals has also been investigated and for
Li-deficient LNT crystals, a composition of 93-96 mol. % Ta
is zero birefringent at room temperature.'"!!

LN and LT are isostructural and ferroelectric with space
group R3c at room temperature and both undergo a high-
temperature phase transition to the paraelectric space group
R3c. A set of parameters for rhombohedral perovskite struc-
tures such as LN and LT was introduced by Megaw to
parameterize the structure using the cation positions, octahe-
dral distortion, and octahedral tilt.'? In this system, the O
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atom is held fixed at the first O plane (z = 1/12) allowing the
position of the Ta atom to be determined by its displacement
(#) along the c-axis from the origin, which is also the centre
of the oxygen octahedra. The Li position is then given by its
displacement (s) along the c-axis from the 12-coordinated
site at z=1/4 and the O x and y position by the octahedral
distortion (d) and a displacement (e), which is related to the
octahedral tilt » by

tan @ = 4/3e. (D

The change in these parameters with increasing temper-
ature was calculated for LN by Megaw using the powder X-
ray diffraction (XRD) measurements of Abrahams et al.;'"?
the octahedral tilt decreases with increasing temperature,
resulting in an increase in the a lattice parameter.'* The
curve in the ¢ lattice parameter as a function of temperature
is explained by the decrease in the Nb displacement with
increasing temperature. Above the Curie point, in the para-
electric phase, the Nb/Ta displacement and the octahedral
distortion disappear, but the octahedral tilt remains.

A number of single-particle density functional theory
(DFT) calculations on LT have been performed with a focus
on calculating the band gap; Cabuk et al calculated a band
gap of 3.86 eV using the local-density approximation (LDA),
and Riefer et al. calculated a band gap of 3.71 eV using the
generalized gradient approximation (GGA).'">'® Recently,
there has been a focus on the calculated band gap of LN and
what the experimental value is,17 and following this, it has

Published by AIP Publishing.
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been suggested that DFT calculations should be performed
focusing on the well-known physical properties, such as the
refractive index.'® Riefer er al. made a series of calculations
on LNT focusing on the birefringence, and the calculated
values agreed closely with the measured values of Wood
et al.’> These calculations included self-energy effects and
electron-hole interactions, which increased the calculated
band gap of LT to 5.65eV.

The present study aims at a better understanding of the
structure and optical properties by using experimentally
determined structures as the basis for single-particle DFT
calculations. These measurements have been made between
room temperature and 445K with the expected zero-
birefringence point of LT at 373 K. The use of powder neu-
tron diffraction provides precise values for the lattice param-
eters as well as the Li, O, and Ta positions; this high
precision then allows the small structural changes as a func-
tion of temperature to be investigated.

Il. METHODOLOGY
A. Experimental

The LT powder sample was prepared by a solid-state
reaction between Li,COs; (99.99%) and Ta,Os (99.85%),
with the Li in Li,CO5 enriched to 99.9% 'Li, following the
method of Bartasyte er al.'” The starting materials were
weighed out with a stoichiometric ratio and ball-milled in
isopropanol, sealed in a platinum crucible and sintered for
140h at 1160 °C.

High-temperature XRD measurements were performed
using a PANalytical MPD diffractometer equipped with an
Anton Paar HTKI1200 sample furnace and a curved-
Johansson monochromator providing Cu Koy radiation. A
PIXcel detector was utilized and diffraction patterns were
measured between 20° and 110° in 20, giving a range in Q of
1.4 t0 6.7 A~". Scans were measured for 3 h every 20K from
room temperature to 1090 K.

Powder neutron diffraction data were collected every
15K between room temperature and 445K on the high-
resolution D2B diffractometer at the Institut Laue-Langevin,
Grenoble, France. The wavelength of the neutron beam was
1.594 A and the detector for the D2B diffractometer con-
sisted of 128 *He counting tubes, spaced 1.25° apart. A full
diffraction pattern between 5° and 165° in 26 was recorded
after moving the detector through 25 0.05° steps, giving a
range between 1 and 7.6 A lin Q. A large sealed vanadium
can containing 15g of LT powder was used for the experi-
ments and each scan was repeated 10 times to improve the
counting statistics.

Rietveld refinements of the neutron and XRD data were
performed using Topas Academic.?’ During these refinements,
the occupancies of the atoms were fixed at their stoichiometric
values and not refined. The wavelength and zero-offset for the
room-temperature neutron measurements were refined using
the lattice parameters from the room-temperature XRD meas-
urements, giving a wavelength of 1.59333(1) A. These were
then fixed for all subsequent measurements and the lattice
parameters refined as normal.

J. Appl. Phys. 121, 024102 (2017)

B. Computational

DFT calculations using the full-potential linear aug-
mented plane-wave method (FP-LAPW) were carried out
using the WIEN2 k code with the GGA introduced by Perdew
et al.*"** For rthombohedral structures in the hexagonal cell
WIEN2 k requires the atomic positions of the primitive rhom-
bohedral 10-atom unit cell along with the hexagonal lattice
parameters as the structural input. Muffin-tin radii of 1.69,
1.89, and 1.63 a, were used for the Li, Ta, and O atoms,
respectively. A mixed basis consisting of the LAPW basis
functions and localised orbitals was used inside the muffin-tin
spheres and the Li 1s*2s', Ta 5s?5p®4f'*5d’6s?, and O 2s*2p*
were treated as valence states for the calculations.

The RytKpax controls the size of the basis set used in
the calculation and is determined by the muffin-tin radius of
the smallest atom (Ry;t) multiplied by the maximum recipro-
cal lattice vector allowed (Kysax). The effect of the number
of k-points and the RyrKyax on the convergence of the cal-
culation and obtained n, was investigated and 1000 k-points
with an RyrKwmax of 7 was subsequently used throughout,
ensuring complete convergence with a reasonable time
required for each calculation. This results in a basis size of
roughly 1040 functions including local orbitals.

The OPTIC module in WIEN2k was used for calculat-
ing the refractive indices. This code was produced by
Ambrosch-Draxl and Sofo and allows the calculation of the
imaginary parts of the dielectric tensor within the random-
phase approximation.”® The corresponding real parts of the
dielectric tensor are obtained by Kramers-Kronig relations,
which then allows the calculation of the refractive indices. A
full description of the method and its integration into the FP-
LAPW WIEN2k code is given by Ambrosch-Draxl and
Sofo.”* For calculating the optical properties, an increased
number of k-points was used (99999) and all the bands from
the density of states were used in the calculation.

lll. RESULTS

The lattice parameters as a function of temperature from
Rietveld refinements of the XRD measurements are plotted
in Figure 1 along with the residual of a linear fit to the a lat-
tice parameter. There is a discontinuity in the lattice parame-
ters at the phase transition to the paraelectric structure; this
point is clear in the ¢ lattice parameters and the plot of the
residual of a linear fit to the a lattice parameter. These curves
have been fitted with second- and fourth-order polynomials
above and below the Curie point, respectively. The crossing
point gives a Curie point for the LT powder of 927(3) K,
which according to a study of the Curie point as a function
of the Li concentration in LT'® gives a composition of
49.7(1) mol. % Li,O.

The change in the atomic positions, represented by the
Megaw parameters, was calculated using Rietveld refinements
of the neutron diffraction data measured between room tem-
perature and 445 K. The Rietveld refinement of the diffraction
data recorded at 300K is shown in Figure 2. The calculated
Megaw parameters from this refinement are given in Table I,
along with the previously determined values by Megaw using
single-crystal XRD measurements made by Abrahams and
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FIG. 1. The (a) ¢ lattice parameter, (b) « lattice parameter, and (c) residual
of a linear fit to the « lattice parameter as a function of temperature using
XRD measurements. The ¢ lattice parameter and residual of the linear fit to
the a lattice parameter have been fitted with second- and fourth-order poly-
nomials above and below the Curie point, respectively.

Bernstein on a stoichiometric LT crystal at 297 K.'*** The
refined lattice parameters for the neutron measurements are
included in Table II along with the background-corrected ver-
sions of the goodness of fit (GOF or y?), the weighted profile
R-factor (R,,p), and R-factor (R,) of the refinements.”>

The calculated Megaw parameters are plotted as a func-
tion of temperature in Figure 3. The Ta displacement and tilt
angle both decrease with increasing temperature, similar to
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FIG. 2. Rietveld refinement of neutron diffraction measurement at 300 K.
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TABLE 1. Comparison between the determined Megaw parameters from
this study and previous measurements.

Displacement (A)

Octahedral
Source Ta Li distortion Octahedral tilt (°)
Abrahams et al.*  0.20(1) 0.60(2)  —0.0026(2) 22.9(1)
This work 0.195(2) 0.601(4) —0.0025(1) 22.98(2)

“Values determined by Megaw and Darlington using the single-crystal XRD
measurements made by Abrahams and Bernstein at 297 K.'>2*

LN. The Li displacement also decreases with increasing tem-
perature. A linear fit to the octahedral distortion has been
applied showing a small increase with increasing tempera-
ture. However, this trend is weak, with the errors in the cal-
culated values being of the same order as the change in value
across the temperature range investigated. The linear fits to
the Ta displacement, Li displacement, and octahedral tilt are
used to provide linear changes for use in the DFT calcula-
tions. The linear fits are valid in this temperature range; how-
ever, a nonlinear response may be evident if a greater
temperature range was investigated.

DFT calculations were performed on the structures
given by the linear fits to the Ta displacement, Li displace-
ment, octahedral distortion, and octahedral tilt, which were
calculated from the Rietveld refinements of the neutron dif-
fraction measurements. A series of calculations were also
performed only allowing the Li displacement, Ta displace-
ment, octahedral tilt, or lattice parameters to vary. The octa-
hedral distortion was kept fixed at the room-temperature
value for these calculations. The calculated band gap varied
from 3.91eV at 300K to 3.86eV at 445 K.

The refractive indices at 550 nm were determined using
the method developed by Ambrosch-Draxl and Sofo.?* The
resulting birefringence when all the properties were allowed
to vary and when each was varied separately is plotted in
Figure 4. The errors in the calculated values were estimated
by comparing the results using the refined structures and
those given by the linear fits in Figure 3. The calculated
room-temperature birefringence is —0.030(2), which does
not agree with the expected value of —0.005(1).° The calcu-
lated value is dependent on the band gap and is affected by
its underestimation when using the GGA.

TABLE II. Lattice parameters and fit criteria of the Rietveld refinements on
neutron diffraction measurements.

Temperature (K) a=b (A) c (A) Ryp R, GOF
300 5.1538(2) 13.776(1) 0.057 0.045 1.32
315 5.1550(2) 13.777(1) 0.058 0.045 1.35
330 5.1563(2) 13.776(1) 0.057 0.044 1.32
345 5.1575(2) 13.777(1) 0.057 0.045 1.32
360 5.1588(2) 13.777(1) 0.056 0.044 1.30
375 5.1601(2) 13.777(1) 0.057 0.045 1.32
390 5.1615(2) 13.778(1) 0.057 0.045 1.34
405 5.1629(2) 13.777(1) 0.055 0.044 1.30
425 5.1647(2) 13.778(1) 0.057 0.045 1.34
445 5.1665(2) 13.778(1) 0.058 0.046 1.36
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The birefringence increases with increasing temperature
when all the atomic positions are varied, and the zero-
birefringence point can be estimated by correcting the calcu-
lated room-temperature birefringence to the previously mea-
sured value of —0.005(1).>> This gives a zero-birefringence
temperature of 363(13) K, which agrees with the experimen-
tally measured value of 373 K. The rescaled birefringence
data are included in Figure S1 in the supplementary material.
The change in the experimental birefringence measured
between 300 and 373 K agrees with the calculated birefrin-
gence changes using the measured structural changes in this
temperature range. This confirms that DFT calculations are
sensitive to the small structural variations required to study
the birefringence.

The calculated birefringence when only the Ta displace-
ment, Li displacement, octahedral tilt, and lattice parameters
are varied as a function of temperature, has also been plotted
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Only O position varying
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FIG. 4. Calculated birefringence values at 550 nm as a function of tempera-
ture when all parameters vary are given by the triangles. The values when
only the Ta displacement, Li displacement, octahedral tilt, or lattice parame-
ters are allowed to vary, are given by the diamonds, triangles, circles, and
crosses, respectively. Linear fits to the data are given by the lines.

300 330 360 390 420 450
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with linear fits. It is likely that the response in these calcula-
tions is non-linear; however, the linear fits are reasonable in
the temperature range investigated. The change in the bire-
fringence when only the Ta atoms are allowed to move is
very similar to the response when all the atomic positions are
varied, suggesting that the dominant effect on the optical
properties of LT is the position of the Ta atom within the O
octahedra. The changes in the octahedral tilt and Li displace-
ment both result in a small increase in the birefringence with
temperature, which is equal to the decrease given by the
change in the lattice parameters. A trough at 368 K is visible
in the calculated data when the Li displacement is changed,
which is not seen in the other calculated values and is pre-
sumably an artifact caused by allowing only one atom to
move.

IV. CONCLUSIONS

The structural changes as a function of temperature have
been confirmed to be the same as for those of LN; the Ta dis-
placement and the octahedral tilt both decrease with increas-
ing temperature. The use of neutron diffraction in this study
has also shown a decrease in the Li displacement with
increasing temperature. The results of the DFT calculations
show that the displacement of the Ta from the centre of the
O octahedra has the largest effect on the optical properties of
LT. Changes in the Li displacement, octahedral tilt, and lat-
tice parameters all have a small effect on the calculated
birefringence.

The structure remains polar through the zero-
birefringence point, with the small changes in the Ta dis-
placement and octahedral tilt determining the change in the
birefringence. This relationship may also help to explain
the birefringence changes in mixed systems, for example,
LN has a larger Nb displacement (0.28(1) A) and as the LN
content in LNT increases, the birefringence decreases
resulting in a higher zero-birefringence temperature.®?’-**
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There are a few examples of other materials that remain
polar while going through an optically isotropic point, such
as sodium bismuth titanate (NagsBipsTiO;, NBT) and
some compositions of the mixed system between NBT and
barium titanate (BaTiOs, BT). This effect occurs as a result
of a temperature or composition change; however, in these
cases, the isotropy is related to rhombohedral to tetragonal
phase transitions, and there is still debate about the nature
of these transitions.>*~"

The change in birefringence calculated from 300 to
445K agrees well with the experimentally measured
response of LT. This agreement shows that DFT calculations
are sensitive to the small structural changes that occur as a
function of temperature in these materials. However, precise
structural measurements are required to investigate the struc-
tural origins of the physical properties. For example, in this
study, the change in Li displacement, Ta displacement, octa-
hedral distortion, and octahedral tilt between 300 and 445 K
is of the same order as the uncertainties on the original
room-temperature structure determined by Abrahams et al.

SUPPLEMENTARY MATERIAL

See supplementary material for Figure S1 showing the
calculated birefringence rescaled to the room-temperature
experimental value.
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