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LiNbO 3-type crystals having 180◦ inclined domain walls
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Abstract. The paper is devoted to the determination of effective electromechanical constants
d
p

ij , epij , εσ,pkl andsE,pfg of polydomain LiNbO3 and LiNb0.1Ta0.9O3 crystals at room temperature.
180◦ domain structures considered here contain inclined plane walls providing a significant
anisotropy of piezoelectric constantsepij . The effect of such domain structures is established for
the first time and discussed.

1. Introduction

Although there are a vast number of experimental data on a structure and properties, lithium
niobate (LN, LiNbO3) crystals and LN-based solid solutions are still objects important for
crystallographic and physical investigations [1–5]. A considerable interest is generated by a
variety of domain-structure types which are characteristic of LN as a ferroelectric material
(e.g., 180◦ laminated and cylindrical domains in theR3c phase) and as a polysynthetic twin
grown under certain conditions (e.g., non-180◦ domains separated by plane{100} walls in
the same phase) [1]. A new type of 180◦ domain structure containing inclined plane walls
is mentioned briefly in [3] and described in detail by authors [4] investigating LN platelike
crystals (figure 1).

Figure 1. Scheme of the 180◦ domain structure observed in theR3c phase of LiNbO3 crystals
[4]. The domains with the spontaneous polarization vectorsPs1 (volume concentrationm0) and
Ps2 (volume concentration 1−m0) are separated by the plane domain walls with Miller indices
(0h̄l) with respect to the OXi axes of a cubic unit cell. For the room temperature, the ratio
h/l ≈ 3/2 is assumed.

Our previous works allowed us to give a quantitative description of the role of the
noncollinear domains in forming the large anisotropy of piezoelectric modulid

p

ij in two
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cases, i.e. for the crystals having the non-180◦ domains mentioned above (LN and LiTaO3

[5]) or having the S-type domain structure (KNbO3 [6]) in low-symmetry phases†. The
present paper is devoted to a propagation of methods [5, 6] to the LN-type crystals which
may have the new type of 180◦ domain structure shown in figure 1. A problem of averaging
the physical constants of ferroelectric and related crystalline materials with the 180◦ domain
structure [7–9] should be solved for the case of the mentioned new domain structure by
taking into consideration the system of the inclined domain walls described by (0h̄l) indices
in a rectangular (X1X2X3) coordinate system.

2. Results and discussion

The LN and LiNb0.1Ta0.9O3 (LNT) crystals are chosen for our calculations and comparative
analysis. In our opinion, due to a symmetry analogy between them, the LNT crystal can also
contain such a type of inclined 180◦ walls. Our calculations are based on initial physical
constants measured on single-domain LN [2, 10] and LNT [11] crystals at room temperature.
It should be noted that the angle of domain-wall orientationψ (figure 1) evaluated by using
formulae of twinning [12] isψ ≈ 33◦ for LN and practically coincides with the angleψ for
LNT, in spite of a difference between the corresponding electromechanical single-domain
constants of these two crystals. This concerns, for example, the piezoelectric modulidij
and the piezoelectric constantseij (including the difference ine31 signs), their anisotropy
(primarily |d33/d31| or |e33/e31| ratios) as well as the anisotropy of dielectric permittivities
εσii of the stress-free single-domain LN and LNT crystals.

Matrices of the effective piezoelectric modulidpij , piezoelectric constantsepij , dielectric
permittivitiesεσ,pij , and elastic compliancessE,pfg of the polydomain crystals may be written
in the (X1X2X3) coordinate system as

‖dpij‖ =
( 0 0 0 0 d

p

15 d
p

16
d
p

21 d
p

22 d
p

23 d
p

24 0 0
d
p

31 d
p

32 d
p

33 d
p

34 0 0

)

‖epij‖ =
( 0 0 0 0 e

p

15 e
p

16
e
p

21 e
p

22 e
p

23 e
p

24 0 0
e
p

31 e
p

32 e
p

33 e
p

34 0 0

)

‖εσ,pij ‖ =
(
ε
σ,p

11 0 0
0 ε

σ,p

22 ε
σ,p

23
0 ε

σ,p

23 ε
σ,p

33

)
and‖sE,pfg ‖ =


sE,p11 sE,p12 sE,p13 sE,p14 0 0
sE,p12 sE,p22 sE,p23 sE,p24 0 0
sE,p13 sE,p23 sE,p33 sE,p34 0 0
sE,p14 sE,p24 sE,p34 sE,p44 0 0

0 0 0 0 sE,p55 sE,p56
0 0 0 0 sE,p56 sE,p66

 .

All the matrix forms correspond to the point groupm, and in the polydomain crystal the
mirror planem ⊥ OX1. All the non-zero elements of the‖dpij‖ and‖epij‖ matrices become
zero at the domain volume concentrationm0 = 0.5 that is interpreted by a lack of the
piezoelectric activity in the crystal having the equal volume concentrations of the domains
with the spontaneous polarization vectorsPs1 andPs2 = −Ps1 (see figure 1). All the non-
zero elements of the four matrices written above coincide with the corresponding elements
dij , eij , εσkl and sEfg of the single-domain crystals [10] form0 = 1. A comparative analysis
of the ‖sE,pfg ‖ matrix forms on the basis of conceptions [13] leads to a determination of
the point group 2/m for the equal domain volume concentrations (m0 = 0.5) only and of

† Hereafter we use an upper indexp to mark any constants of the polydomain crystal.
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the point group 3m [1, 2, 10] in the case of the single-domain crystal (m0 = 1). It should
be noted that the mutual orientation of the coordinate axes OXi and vectorsPsi (figure 1)
provides the‖sE,pfg ‖ matrix forms if we assume 2‖OX1. However such an arrangement
differs from the usual one [13] for the crystallographic axes in accordance with the point
group 2/m.

Results of our calculations are shown in tables 1 and 2. Thed
p

ij (m0) dependences
for the fixedij indices are analogous and characterized by relations|dp21/d

p

23| ≈ |dp22/d
p

23|,
|dp33/d

p

31| ≈ |dp33/d
p

32| for both the crystals. Within the concentration range of 0.86 m0 6 0.9
an unusual relation|dp22/d

p

23| � |dp33/d
p

31| is reached. A feature of these crystals and,
undoubtedly, their single-domain constants consists in a slight change in the anisotropy
|dp33/d

p

31| at the transition from the single-domain (m0 = 1) to the polydomain (m0 ≈ 0.5)
crystal: e.g., there are

|d33/d31| = 6.0 |dp33/d
p

31‖m0→0.5 ≈ 4.5 and|dp33/d
p

32‖m0→0.5 ≈ 8.9

in LN as well as

|d33/d31| = 3.5 |dp33/d
p

31‖m0→0.5 ≈ 3.3 and|dp33/d
p

32‖m0→0.5 ≈ 3.7

in LNT.
The concentration behaviour of the piezoelectric constantse

p

ij (m0) is more diverse. One
can single out a few important trends. A nonmonotonic function with alternating signs

e
p

23(m0) = dp21c
E,p
13 + dp22c

E,p
23 + dp23c

E,p
33 + dp24c

E,p
34

pertaining to the polydomain LN crystal (see table 1), is caused by a realization of conditions

|dp21|cE,p13 ≈ dp22c
E,p
23 |dp23| < d

p

24 cE,p33 > cE,p34

for m0 = constant wherecE,pfg are elastic moduli of the polydomain crystal. Slight deviations
of the ep23 values from the zero value are accounted for by competition and different signs
of the itemsdpij c

E,p
fg determining theep23 (m0) function. Its behaviour differs from that of the

e
p

23 (m0) function determined for the LNT crystal (see table 2) where, for example, a single-
domain constante31 < 0 [11] and ratios between some single-domain elastic compliances
sEfg differ from e31 > 0 and the corresponding compliance ratios characteristic of the LN
crystal [2, 10], respectively.

The character of theep31 (m0) andep32 (m0) functions for both the crystals (compare data
given in tables 1 and 2) is associated with two following factors. The first factor is the
sgne31 difference mentioned above. The second factor stems from a balance of the items
d
p

ij c
E,p
fg given in expressions

e
p

31(m0) = dp31c
E,p
11 + dp32c

E,p
12 + dp33c

E,p
13 + dp34c

E,p
14

e
p

32(m0) = dp31c
E,p
12 + dp32c

E,p
22 + dp33c

E,p
23 + dp34c

E,p
24

and from conditions

d
p

31c
E,p
11 + dp32c

E,p
12 < d

p

33c
E,p
13 + dp34c

E,p
14

d
p

31c
E,p
12 + dp32c

E,p
22 < d

p

33c
E,p
23 + dp34c

E,p
24

realized for LNT at 0.5 < m0 < 1. The relatively smallep23, ep31 andep32 values favour the
large anisotropy ofepij that is realized appreciably particularly in the LN crystal. According
to our evaluations, for 0.5< m0 < 1

|ep21| ≈ ep22� |ep23| (1)
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(compare data from table 1) that is considerably associated with itemsd
p

21c
E,p
11 and

d
p

22c
E,p
22 ≈ |dp21|cE,p11 giving marked contributions to theep21 andep22 values of the polydomain

LN crystal.
Equation (1) may be well compared with a known condition

d∗33� |d∗31| = |d∗32| (2)

for the piezoelectric modulid∗ij of highly anisotropic ferroelectric PbTiO3-based ceramics
[14] polarized along the OX3 axis. In spite of symmetry differences between the polydomain
crystal [1–4, 12] and the polarized ceramics [14], large piezoelectric anisotropy is reached in
the polydomain LN and LNT crystals (seedpij from tables 1 and 2) and in the PbTiO3-based
ceramics (even up to|d∗33/d

∗
31| → ∞ [15]). The ratio|d33/d31| of the single-domain crystal

constants is equal to 6.0 and 5.5 in LN [10] and PbTiO3 [14], respectively. Nevertheless the
ways for reaching the piezoelectric anisotropy in accordance with equations (1) and (2) are
different and associated with a difference in structural elements responsible for this effect,
e.g., domains or grains (single domain or polydomain depending on circumstances), their
shape, orientations, etc.

As for sets of other electromechanical constants from tables 1 and 2, the two following
examples of the considerable anisotropy should be singled out. The anisotropy of the
dielectric permittivitiesεσ,p11 /ε

σ,p

33 of the LN and LNT polydomain crystals show their
contrasting behaviour: it decreases from 2.8 to 1.5 when decreasingm0 from 1 to 0.5 in
LN, but it increases from 1.1 to 2.2 in the same case in LNT. The anisotropyε

σ,p

22 /ε
σ,p

33 has
similar features; however it is varied within narrower ranges in both the crystals. Perhaps the
ε
σ,p

11 /ε
σ,p

33 values calculated here influence reaching significant anisotropy of the piezoelectric
moduli dpij , but not very distinctly in comparison with PbTiO3-based ferroelectrics [14]
where the 90◦ domain structure of grains [15] plays an important role too. A more detailed
consideration of the concentration behaviour of the whole sets of thesE,pfg (m0) and εσ,pij
(m0) functions in the LN-based polydomain crystals should be a subject of an independent
research work.

3. Conclusions

In this paper we have studied the features of the electromechanical properties and found
the significant piezoelectric anisotropy of the LN and LNT crystals with the unusual 180◦

domain structure. These features belong to the evaluatede
p

ij constants first of all and to
the evaluateddpij constants to a lesser degree: their anisotropy can reach values being
more or even significantly more than the same anisotropy in the corresponding single-
domain crystals. The analysis carried out in the present work may be a good stimulus
for an experimental investigation of similar effects in single- and polycrystalline LN-type
compounds with the purpose of applying them in technical devices.
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