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Abstract

This paper reports a new interatomic potential for lithium niobate, which has
been fitted to the structure and properties of the stoichiometric ferroelectric
phase of the material. The potential is based on a fully ionic description
of the material, with the shell model being used for the oxygen ions and a
three-body potential representing the interactions of the niobium ions with the
neighbouring oxygen ions. The potential set has been tested on the paraelectric
phase, whose structure it reproduced to within a few per cent. The calculation
of lattice properties including elastic constants and dielectric constants, as well
as powder x-ray diffraction patterns of both phases, are reported.

1. Introduction

Lithium niobate, LiNbOs, is a ferroelectric material with many important technological
applications due to its diverse physical properties which lead to its use in elastic, elasto-
optic, opto-electronic, non-linear optic and photorefractive devices [1-4]. In order to be
able to understand and optimize these applications, a detailed understanding of the material
properties at the atomic level is essential, and computer modelling can play an important
role here. For the past 15 years or so, the principal interatomic potential available for use in
atomistic simulations of the material has been the one due to Donnerberg, Tomlinson, Catlow
and co-workers [5-7], hereafter referred to as the Donnerberg potential. However, since this
potential was published, much new data have become available on LiNbO3, as well as software
for modelling temperature and pressure effects, and this has provided the motivation for the
development of a new interatomic potential capable of reproducing and interpreting these data.
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Table 1. Parameters of the new LiNbO3 potential.

Interaction A (eV) p(A)  CVAY
Nbcore—Oshell 1425.0 0.3650 0.0
Licore—Oghell 950.0 0.2610 0.0
Osheli—Oshell 22764.0 0.1490 27.88
Shell parameters Shell charge, Y (le|)  Spring constant, k; (eV )
0> -2.9 70.0

Force constant, kg Equilibrium angle, 6y
Three-body parameters  (eV rad—2) (deg)
Oshell_Nbcore_Oshell 0.5776 90.0

2. Developing the new potential

The new potential was obtained by simultaneously fitting to the structures of LiNbOj3 [8],
Li;O [9] and Nb,Os [10], using the free energy option in the GULP code [14] at 293 K.
In fitting the potential, the O>~—O?~ potential due to Catlow [11] was retained, to make the
overall potential compatible with many other oxide potentials. The reason for including Li,O
and Nb,Os in the fit was to provide an additional test of the potential, and also to ensure
that these materials could be used consistently in defect calculations later. The potential
model employed is of the standard form adopted for inorganic materials, and has the following
features: (i) Buckingham potentials between Nb—-O, Li—O and O-0, (ii) fully ionic charges on
Nb, Li and O with a shell model description of O, and (iii) a three-body potential describing
the bonding between each Nb and its nearest O neighbours. It includes most of the same
interactions as the Donnerberg potential except that in the new potential, Nb>* is treated as a
rigid ion, since it is hard to justify the use of the shell model on physical grounds, and there
was found to be no need to include an extra quartic term in the shell model description of O*~.
The potential form is given below, and the parameters are listed in table 1.

(i), (i1) Buckingham potential plus electrostatic potential (Nb—O, Li—O and O-0):

V =qiqa/r + Aexp(—r/p) — Cr°

where ¢; and ¢, are the interacting ion charges, and A, p and C are adjustable parameters (see
table 1)
(iii) three-body potential (O-Nb-O):

Vi-body = 1/2k(0 — 60)°

where 6 is the equilibrium bond angle and ky is the bond-bending force constant (see table 1).

3. Testing the potential

3.1. Ferroelectric and paraelectric structures

The potential was used to calculate the structure of both the ferroelectric [8] and
paraelectric [12] phases at two temperatures, 0 K and room temperature (293 or 295 K
depending on the structure determination), which was compared with the structure calculated
using the Donnerberg potential. The results are given in table 2, where it is seen that the
agreement obtained using the new potential is good in all cases (around 1% for the room
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Table 2. Comparison of calculated and experimental structures.

Ferroelectric phase (R3c)

New potential Donnerberg potential

Structural Exp.

parameters  [8] 0K 295 K 0K 295 K
a=hb(A) 5.1474 5.1559 5.1868 5.2271 5.2631
c(A) 13.8561  13.6834  13.7103  14.2730 14.2167
z (Li) 0.2787 0.3520 0.2884 0.3618 0.3037

x (0) 0.0476 0.0525 0.0563 0.0605 0.0601

y (0) 0.3433 0.3643 0.3627 0.3498 0.3478
z(0) 0.0634 0.1328 0.0700 0.1162 0.0618

Paraelectric phase (R3¢)

New potential Donnerberg potential
Structural Exp.
parameters  [12] 0K 293 K 0K 293 K
a=bAA) 52924 5.1530 5.0919 2.3030 2.3042
c(A) 13.8462  13.8418 13.2111  5.6412 5.6402
z (Li) 1/4 1/4 1/4 1/4 1/4
x (0) 0.0598 0.0342 0.0529 0.1667 0.1667
v (0) 1/3 1/3 1/3 1/3 1/3
z(0) 1/12 1/12 1/12 1/12 1/12

Table 3. Variation of lattice parameter with temperature.

T(K) dep (A dcc () Aa (%) cop (D) carc (A)  Ac (%)  Exp. reference

0 — 5.15593 — 13.68343

10 — 5.1745 — 13.703 46
295 5.14739 5.18678 0.77 13.856 14 13.71025 —1.06 [8]
297 5.1483  5.18642 0.74 13.863 1 13.71012  —1.10 [13]
523 5.17 521325 0.84 13.87 13.71997 —1.08 [13]

temperature structure), and it is also noted that the Donnerberg potential is unable to reproduce
the paraelectric structure, while the new potential successfully reproduces the structure to
around 4%, which is reasonable in view of the fact that it was not fitted to this structure. It
is also interesting to consider the calculated lattice free energies of the two phases: using
the new potential these are —175 and —173 eV respectively at room temperature, giving
the correct relative stability of the two phases at this temperature. Considering the atomic
positions, on average the new potential also gives better agreement with the experimental values
(see table 2).

The new potential was also tested by calculating the lattice parameters as a function
of temperature, and then comparing these with available experimental data. In table 3, the
comparison is shown, and agreement between calculated and experimental structures is around
1% in all cases. It was also noted that the Donnerberg potential was not capable of reproducing
the structure at 523 K. The new potential is therefore shown to be capable of modelling the
structures at a range of temperatures above 0 K, important for understanding some device
applications.
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3.2. Elastic, dielectric and piezoelectric constants

Table 4 gives a comparison of calculated and experimental elastic, dielectric and piezoelectric
constants. The calculations have been performed at two temperatures, 0 and 295 K. The
Donnerberg values were recalculated using the free energy option in the GULP code [14],
rather than just quoting the values directly from their papers. This was done because these
values were originally calculated using a different code, which did not permit the use of free
energy, and therefore did not include a full treatment of temperature effects. ~ First, concerning
the elastic constants, it is noted that the new potential generally gives a better agreement overall
than the previous potential, and reproduces the trends in their relative values correctly. For
example, cy3 is now positive. In the case of ¢4, itis noted that the experimental value is positive,
but small in magnitude compared to the other elastic constants. Both potentials obtained a
small negative value for this constant, which can be explained in terms of the relative weighting
of this property in the fitting process.

For the static dielectric constants, ¢;;(0), in most cases two sets of experimental values
have been given in the table. These correspond to different measuring methods, in which
either the crystal is unclamped, giving constant stress values, or clamped, giving constant
strain values. The constant £1;(0) is most affected by the measurement method, while the
£33(0) values are less affected, as seen in the table. This had led to some confusion, because it
is sometimes unclear which experimental values are being quoted in the literature. In addition,
it is not possible to mimic exactly either experimental approach using the available modelling
methods. For this reason, comparing experimental and calculated values is not meaningful,
and the best that can be expected is that the trends be reproduced, which was achieved by
both the new potential and the Donnerberg potential. It is noted that in this particular case the
Donnerberg potential gives better agreement.

For the high frequency dielectric constants, &;;(00), neither of the potentials gives good
agreement with the experimental values, but the new potential gets the trend in values right,
although the difference in the calculated values is small.

The piezoelectric constants d;; are also given in table 4. It is noted that the calculated
values are true predictions, in the sense that they were not used in fitting the new potential. The
new potential reproduces d;s very well, and gives the correct sign for d»;. However, neither
potential is capable of giving overall good agreement.

3.3. X-ray diffraction patterns

As a further test of the new potential, the powder x-ray diffraction pattern was calculated for
the relaxed ferroelectric structure at 0 and 295 K, using the PowderCell code [22], with Cu K«
radiation in Bragg—Brentano geometry. This was compared with a pattern generated using
the refined structure obtained by Abrahams and Marsh [8] (see figure 1). In figure 2, the
relaxed structure obtained using the Donnerberg potential is similarly compared. It is clear
from the two figures that the structures generated using the new potential are much closer to
the experimental structure.

4. Conclusions

In conclusion, a new potential has been derived for LiNbO3, which gives a good description of
the structure and properties of both the ferroelectric and paraelectric phases, and which works
over a range of temperatures. The main motivation for this work is to be able to model the
full range of intrinsic and extrinsic defects that control most of the important properties of
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Table 4. Comparison of experimental and calculated lattice properties. In the static dielectric
constants, (u) means ‘unclamped’, and (c) means ‘clamped’ (see text for explanation).

Present work Donnerberg
Parameters 0K 295 K 0K 295K  Exp. Reference
c11 (10" Nm~2) 2.8 2.6 0.94 0.87 2.03 [15, 16]
2.0 [17]
2.06 [18]
1.9883 1]
c1p (10" Nm~2) 0.63 049 0.60 0.37 0.573 [15]
0.53 [16]
0.54 [17]
0.5464 1]
c13 (10" Nm™2) 1.0 0.89 -023  —-0.32 0.752 [15]
0.75 [16]
0.6 [17]
0.6823 1]
cis 101" Nm=2) —0.31 —0.31 —0.11 —0.39 0.089 [15]
0.09 [16]
0.08 [17]
0.0783 1
¢33 (10" Nm~2) 32 3.1 1.5 1.4 2.424 [15]
2.45 [16]
243 [17]
2.36 [18]
2.3571 1]
cas (101" Nm~2) 1.4 1.3 023 —0.67 0.595 [15]
0.6 [16, 17]
0.5986 1]
£11(0) 12 13.4 16.2 42.8 85.2(u), 44.3(c) [16]
84(u), 44(c) [19]
84.6(u) [15]
43.9(c) [20]
84.1(u), 46.5(c) [21]
45.5(c) 1]
£33(0) 13 13.2 15.7 18.4 28.7(u), 27.9(c) [16]
30(u), 29(c) [19]
28.6(u) [15]
23.7(c) [20]
28.1(u), 27.3(c) [21]
26.2(c) 1
£11(00) 242 240 1.87 2.04 4.905 4]
£33(00) 241 239 1.72 2.09 4582 ]
dis (1071 CN-D) 58 7.8 1483 —79.4 6.92 [15]
6.8 [16]
7.4 [20]
dy (10°1CN-H 032 0.13 —28.2 40.1 2.08 [15]
2.1 [16, 20]
dy (1071 CN"h) 23 3.4 12.5 223 —0.085 [15]
—0.81 [16]
—0.087 [20]
dyz (107" CN"H) —277 23 15.1 25.3 0.6 [15, 16]

1.6 [20]
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Figure 1. Calculated x-ray powder diffraction pattern generated using the new potential compared
with the refined experimental structure.
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Figure 2. Calculated powder diffraction pattern generated using the Donnerberg potential compared
with the refined experimental structure.

this material. Calculations of these properties are in progress and will be reported in future
publications.
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