JOURNAL OF MATERTALS SCIENCE 27 (1992) 2589-2594

Phenomenological analysis of tetragonal
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A simple Devonshire form has been derived for the phenomenological elastic Gibbs function to
describe the elasto-dielectric parameters of simple proper ferroelectrics in the tungsten bronze
structure family which has 4/mmm prototypic point symmetry. For the assumption that all
temperature dependence is carried by the Curie-Weiss behaviour implicit in the quadratic term
and that the expansion may be terminated at the first sixth-order term, reasonable agreement
between calculated and derived P, against T curves in the ferroelectric phase can be obtained for
a wide range of bronze compositions. From the fitting it is clear that second and sixth rank terms
are remarkably constant over a very wide range of bronze compositions. Variation in the negative
fourth rank term is larger, but this is to be expected since it contains large contributions from
electrostrictive and elastic terms which will depend on boundary conditions. These initial
studies suggest that the phenomenological method may be used to derive expectation values for
tensor parameters across the whole family of ferroelectric bronzes. The study also points up the
need for more careful detailed studies of lattice strain, birefringence and permittivity as a function

of temperature in model bronze compounds to provide more detailed checks of the method.

1. Introduction

The tungsten bronze family of simple proper ferro-
electrics incorporates now almost 100 different end
member compositions, most of which are mutually
compatible in solid solution, so that an immense range
of possible ferroelectrics is available. In attempting to
select compositions for device application in electro-
optics, pyroelectric acousto-optics, surface acoustic
wave (SAW), etc. it is important for each device to
maximize a different combination of the tensor prop-
erties of the crystal, so that some theoretical predictive
capability would be of major help in making rational
choices in this bewildering range of possible bronze
compositions. For complex structures like the fer-
roelectric bronzes, however, where different cations
can have different fractional occupancy on several
sites in the structure, a rigorous atomistic theory is at
present out of the question. It is the purpose of this
paper to explore the extent to which thermodynamic
phenomenological methods can be used to correlate
the tensor properties to point up the inadequacies of
present experimental data and to suggest a more sys-
tematic experimental approach.

A rather simple Landau—Ginsburgh-Devonshire
function for the elastic Gibbs free energy of simple
proper ferroelectric bronzes which can be derived for
the 4/mmm prototype symmetry has been discussed
earlier [1], and the function was used with good re-
sults to fit the dielectric, eleciric and piezoelectric
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properties of the Bag 40 Srg.60 Nb,Og (SBN) ferroelec-
tric composition [2]. A simple power series expansion
up to the first sixth-power terms in polarization but
including only fourth rank terms in elastic and elasto-
electric coupling terms proved adequate to explain
dielectric, piezoelectric and spontaneous shape change
data; however it was necessary to include sixth order
electrostriction to model the elastic constant behavi-
our. The relaxor dielectric character of SBN was taken
into account by using a narrow distribution of Curie
temperatures, Tc, and did not obtrude in the fitting
process except for properties very close to 1. where
fluctuations in the polarization take P} far from
zero [3].

2. Thermodynamic phenomenology
Recapitulating our earlier studies, it has been the
contention that an empirical thermodynamic elastic
Gibbs function can be developed which will describe
the polarization induced changes in the dielectric,
elastic, thermal, piezoelectric and electro-optic prop-
erties in all possible simple proper ferroelectric phases
of the tungsten bronze structure ferroelectrics.
Under the symmetry constraints of the 4/mmm
point symmetry of the prototypic form of the bronzes,
the permitted dielectric stiffnesses «;;, fourth order
stiffnesses «;;;, electrostriction constants Q;;, elastic
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compliances s;3; and sixth order dielectric stiffnesses
Oijiimn are listed in Tables I to IV.

Using the reduced notation 11 - 1,22 - 2,33 - 3,
23 0r32 - 4,13 0r 31 = 5and 12 or 21 — 6, the elastic
Gibbs function takes the form

AG, = o;(P{+ P3) + a3Pi + oy, (PT + P3)
+ o33P% + 013(PTP3 + P3P3)
+ 012 PI P + a333P5 + o11(P? + P3%)
— s (XT + X3) — s12 X1 X,
— 513(X1 + X2)X3 — $533X3
— 3544(XZ + X3) — %5665
— Qu(PTX, + PiX,)
— Q2(PIX, + P3X,)
— 013(P{X; + P3X5)
) —

— Q44(P,P3 X4 + P P3X5)
— Q66 P1 P2 X¢ M

The first partial derivatives with respect to the polar-
ization give the field components

%i? = E; = 204,P; + 404, P} + 2043P, P}

+ 20, Py P3 + 6041, P}

+ Qi3P1 X3 + QuaP3 X5

+ Qs P1Xs (2)
%ATCZ; = E, = 20yP, + 404, P3 + 20,3P,P3

+ 2@12P2P% + 6&111})3
+ 20Q13P, X5 + QuaP3 X,

2 2
— 03:(P3X; + P3X, Q33P3X, + Qs P1 X5 3)
TABLE I Equivalent second and fourth rank dielectric terms for 4/mmm symmetry
Nye’s matrix notation Full tensor notation Number of

equivalent terms

Term Symmetry equivalent terms Term Symmetry equivalent terms
e2] % Oy A2 2
o3 033 1
gy %22 91111 %2222 2
g2 %21, A6 X112 X12125 H12215 A2112: A21215 X2211
13 U31, A2z, A32, Agg, Ass 1133 A33115 X233, L1313, %1313, KA13315 A31135 12
(caq = 402323) A31315 %2323, X2332, X3223, A3232
A33 3333 1
TABLE II Equivalent electrostriction terms for 4/mmm symmetry
Nye’s matrix notation Full tensor notation Number of

equivalent terms

Term Symmetry equivalent terms Term Symmetry equivalent terms

Qll QZZ Qllll QZZZZ 2

QlZ QZl Ql 122 QZle 2

Q13 Q23 Q1133 Q2233 2

Q31 Q32 Q3313 Q3322 2

Q33 Q3333 1

Q44 Q45 Q2323 Q23327 Q32235 Q32327 Q1313a Q13315 8
Q81139 Q3151

Q66 Q1212 Q12217 Q21125 Q2121 4

TABLE III Equivalent elastic compliance terms for 4/mmm symmetry

Nye’s matrix notation Full tensor notation Number of

equivalent terms

Term Symmetry equivalent terms Term Symmetry equivalent terms

S11 S22 Sit11 52222 2
Si2 S21 S1122 $2211 2
S13 S115 $235 S32 S1133 $33115 522335 53322 4
S33 83333 1
S4a Sss S2323 523325 832235 532325 513135 51331, 8

S31135 S3131
Se6 ' S1212 S12215 21125 S2121 4
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TABLE IV Equivalent sixth rank tensor terms of the form «(P?%)
for 4/mmm symmeiry

Term Symmetry related terms Number of
equivalent terms
L oy, 222 2
Oy12 166, 121, 616, 661, 211, 221, 30
266, 212, 626, 662, 122
3 s 155, 131, 515, 551, 331, 223, 30
244, 232, 424, 442, 322
4. a5 144, 132, 525, 645, 546, 636, 90
663, 564, 654, 552, 321, 441,
231, 465, 366, 255, 456, 213,
414, 312
5. Oy33 535, 553, 331, 355, 313, 233, 30
434, 443, 332, 344, 323
6. 0333 1
0AG = E3 = 2Q3P3 + 4(133})3:?
0P,

+ 20,3(P{ + P3)P;

+ 6033 P3 + 205, P3(X; + X3)
+ 2033P3 X,

+ Qua(P2X4 + P X5) )

It is the solutions of these equations with E; = 0 which
determine the ferroelectric states for a free crystal
(X = 0). In general, there are seven possible ferroelec-
tric species which can occur from the prototypic
4/mmm symmetry of the para-electric phase of the
tungsten bronze, each of which corresponds to a dif-
ferent combination of non-zero (spontaneous) values
of the P; components. All possible solutions for the
three Equations 2-4 were derived and reported by
Cross and Pohanka [4]. Practically, however, just two
of these solutions encompass all presently known
simple ferroelectric bronzes. These are

@ P} # 0 P, =P, =0
b) P2 = P} # 0 Py = 0

The species (a) corresponds to the Shuvalov [5] spe-
cies 4/mmm (1) D4 F4mm where 4/mmm is the high
temperature prototype point group and F4mm means
that the crystal is ferroelectric of point group 4mm
below the transition temperature. D4 indicates that
the spontaneous polarization P, has definite orienta-
tion along the four-fold symmetry axes, and (1) de-
notes number of equivalent four-fold axes, which is
one. In other words, there are two domains of op-
posite orientation of P, (i.c., 180° domains) along the
four-fold prototypic axis. The second species (b) is one
of the subtypes of 4/mmm (2) D2 Fmm?2 with P, along
the two-fold axis which make angles of 45° with I and
2 prototype axis (P# = P%) and has four equivalent
ferroelectric domain states.

Substituting condition a into the general Equations
2-4 gives the following conditions for stability:

P1=P2=0 0=2a3+4a33P§

+ 60333 P3 (%)

The isothermal dielectric stiffnesses, y;;, are

iy = 204 + 204,P3
Y3 = 204 + 20,3P3
X33 = 203 + 12053P3 + 300333 P%
e = xls = xf = 0 (6)
The tetragonal spontaneous strains are given by
X, = 03P}
Xy = Q3 P}
x3 = Q33P3
X4 = X5 + x5 = 0 7

and the piezoelectric b coefficients by

by =0 byy = 0 by; = 2035, P

by = 0 by = 0 b3y = 203 P;

bis = 0 by = 0 byz = 2Q33P;

by =0 bas = QuaPs byy = 0

bis = QuaPs bys = 0 bys = 0

big = 0 by = 0 byg = 0 (8)

For the case of conditions b the corresponding equa-
tions take the form, for the stability conditions,

P} = P; 0 = 20y + (doy; + 2000,)P7F
+ 6041, P}
P; =0 9)
Isothermal stiffnesses are
204 + 1204, P? 4 20,,P? + 300,,,P?
2000 + 120, P? + 20, P} + 3004, P}

x =
X322
x3s = 203 + 4oy P}

4o, P? Xi3 = %23 = 0 (10)

It may be noted that the coefficients here are expressed
with respect to the original prototypic axes and thus
satisfy pseudomonoclinic symmetry. However,
a simple rotation of the matrix by 45° in the 1,2 plane
would reveal the true orthorhombic symmetry.
Spontaneous elastic strains take the form

T _
X34 =

X1 = (@i + Q12)P?

x2 = (Q11 + Q12)P?

X3 = 2Q:3P7

xe = QeeP? Xg = x5 = 0 (11

and the piezoelectric coefficients are

bll = 20, P, by = 2Q12P1 bs; = 0

by = 20,P, by; = 20,, P, by, = 0

bis = 2013P, byy = 20:3P; bys = 0

bia = 0 by, = 0 b34 = Q44P1

bys = 0 bys = 0 bys = QasP,

bss = Qss Py bs = Qéspl bsg = 0 (12)

3. Potential utility of the phenom-
enological theory

3.1. Introduction

It is evident from Tables I to IV that a substantial

number of constants are required to characterize the
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bronzes in this phenomenological manner. The only
formal benefit is that all the elasto-dielectric para-
meters of the lower symmetry ferroelectric forms can
be characterized in terms of the nonlinear parameters
of the higher symmetry prototype form.

In principle, it is possible that all the parameters can
be functions of both temperature and composition;
however, several pieces of evidence, both direct and
indirect, suggest that:

(a) The dominant temperature dependence is car-
ried in the terms o and o3 which have a Curie—Weiss

fi
orm o = ool — 8y)
a3 = A30(T — 83). (13)

(b) The higher order constants do not change
markedly with either temperature or composition
across a wide field of compounds and solid solutions
with bronze structure.

In earlier studies we have demonstrated the follow-
ing.

(i) In all known ferroelectric’ bronzes, only two of
the seven possible ferroelectric species which are avail-
able from the 4/mmm prototype occur in nature.

(ii) In the tetragonal ferroelectric form in
(Sro.61 Bag.30)Nb,Og which is the congruently melting
SBN composition, the data followed very closely to
the phenomenology except for temperature close to
the Curie point 7 and all parameters have been
evaluated.

(iii) For the (Pb,_,Ba,)Nb,O4 compositions in
the tetragonal phase field but close to the morpho-
tropic phase boundary at the (Pbg¢Bag,)Nb,Og
composition, the dielectric, piezoelectric and electro-
optic behaviour can be quite accurately modelled
using the phenomenological constants for SBN and
just adjusting 8; and Q5 to conform to the observed
Curie-Weiss behaviour in these compositions [6].

The success to date with the modelling suggest that
we attempt a more ambitious assessment of the range
of validity of our simple hypotheses (a) and (b) using
a much wider range of bronze compounds and making
use of literature values to evaluate directly, wherever
possible, the stiffness parameters. The results of this
effort will form the bulk of this paper.

A second feature which has become evident from
our modelling of the tungsten bronze ferroelectrics is
that, particularly in the elastic response, the relaxor
character of the bronzes is reflected in a breakdown of
the static phenomenological model at temperatures
close to T¢- due to the onset of fluctuations in P. Thus
for a range of temperatures above 7 it is evident that
though P = 0, it is rigorously true that P? # 0. The
onset of a substantial fluctuating component in P will
clearly affect all parameters which depend on even
powers of P such as the linear dimensions, since

Xy = QijSSP?Za (14)
the optical refractive index as
ABij = gij33P§ (15)

and the elastic compliance
Sijkt = q)ijk133P§ (16)
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Perhaps the easiest to analyse is the strain response,
and this will be the subject of a subsequent paper.

3.2. Evaluation of the thermodynamic
parameters

In spite of the fact that more than 100 different ferro-
electric compounds with the tungsten bronze structure
have been synthesized, and innumerable solid
solutions can be made between these end member
compositions, there is a genuine paucity of reliable
experimental data from which to evaluate the thermo-
dynamic constants. For many materials, only ceramic
samples have been made, and in these it is impossible
to separate the individual tensor components. Even in
many systems where good single crystals have been
grown, the headlong rush to print has left many of the
important parameters unmeasured.

For this study we have been able to find adequate
but incomplete data for several Ba,Sr; _ , Nb,Og solid
solutions. In several La,0;:KSr,NbsO;5 com-
pounds and solid solutions and for pure KSr; NbsO 5
there is also adequate though incomplete data.
NaBa,;NbsO; 5 may be analysed on this model if the
weak ferroelastic phase change near 370 °C is neglec-
ted, and there is some data for a titanium modified
NaBa, Nb;O, ;. Similarly in K;Li,NbsO;5 there is
adequate data for some of the constants though the
transverse dielectric response has apparently not been
measured.

In the orthorhombic ferroelectric form, we have
only been able to find data for PbNb,O¢ and for
Pb,KNbsQO,; . The fitting to obtain the thermodyn-
amic parameters is, however, more difficult in these
compositions and will be covered in a subsequent
paper.

For the tetragonal ferroelectric form, the evaluation
is relatively straightforward. The constant a5 has the
form a3 = a30(7T — 63) which leads to an equation for
the stiffness y33 above 1¢ of the form

Y3z = 2030(T — 03) (17)

Thus the extrapolation of the Curie-Weiss plot of
stiffness above 7¢ gives the temperature 6 and the
slope in the constant 2a5.

By equating the AG values in ferroelectric and para-
electric states at T¢, the equation for P (5) can be put
into the Devonshire form

-6 Py \? Ps )4

T 0 4<P30> + 3<P30 0 (18)
in which T — 0 and P;, are the only fitting para-
meters. ‘

Often, unfortunately, the published P, against
T data for ferroelectric crystals is unreliable parti-
cularly at temperatures remote from Iz where it is
often difficult to pole to a single domain state. Thus it
is wise to check the shape of the polarization function
by using a less direct method, e.g. the spontaneous
strains Ac/c, Aa/a induced in the ferroelectric form are
electrostrictive in nature and thus scale with P2. Sim-
ilarly the optical impermeability changes below
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Figure 1 Phenomenological fitting of P, against 7in NaBa,Nb;O, 5, show O, phenomenology; A, nonlinear optical results; + , pyroelectric
measurement; [, optical impermeability. T = 563°C, 65 = 560°C, P, = 0.145¢m™2.

Tc (AB,; and AB;;) are again quadratic and scale with
P?. Piezoelectric b;; constants on the other hand,
being morphic, scalé directly with P, as does the
linear electro-optic effect and the nonlinear Miller
& coeflicients.

A typical fitting of the different P, data for
Ba,NaNDb,Og is shown in Fig. 1. Clearly the Devon-
shire form is in excellent agreement with the “birefrin-
gence” data which are probably most reliable in this
crystal. From the values of T¢, 8, Py, and Y3, the
o constants are given by

A3 = %“30(72: - 03) (19)
T. _

Oas = “gﬁ(%_%_) (20)
dag(Te — O

oy = BT ell

For the constants o and a5 dielectric data for a sec-
tion parallel to the ¢ axis, g,, is required. Above T

X1 = 206(T — 0y) (22)

so that 20, is the Curie—Weiss slope and 0, the
extrapolated Curie temperature.

To derive 43 it is then a simple matter to make use
of Equation 10 to obtain by least squares method
a best fit to the experimental data below T¢, taking
now calculated values for P, against 7.

A typical plot comparing measured and calculated
values for NaBa, NbsO; 5 is given in Fig. 2.

Using these methods constants for the bronze com-
positions derived are listed in Table V.

3.3. Discussion
It may be noted at once that for o3, and ;35 there is
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Figure 2 Phenomenological fitting to the dielectric permittivity
in single crystal Ba,NaNbs;O,;, showing (e e e) theory and
(O O O) experiment.
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TABLE V Thermodynamic constants for tetragonal tungsten bronze ferroelectric crystals

Compound Lase 12033 300333 Loy o3

Bag 15 STy 5 Nb, Oy 24x10°6 ~23x107? 36x10°!

Bag s Sto s Nb,Og 24x 106 —62x1073 32x107

Bag 4 St 6 Nb,Og 16x 1076 ~11.0x 1073 36x 107!

Bag 33 St 67 Nb, O 27% 1076 —16x1073 3.1x10°

Bag, 34Srg.6; Nb,Og 2.52x107¢ —84x1073 3.6x1071 3.73x10°°¢ 2.1x1073
KSt, NbsO, s 3451076 —9.7x103 341071 24x107 11.3x 1073
3% (La) KSr;NbsO, 5 22x1076 —9.6x1073 2.85x107!

6% (La) KSr;NbsO, 5 20x 1076 —105% 1073 38x 1071

9% (La) KSr,NbsO, s 314% 1076 —122%1073 3.58 % 10"

NaB,Nb;O, s 3.44%x 1076 —1146x1073 25%x1071 5.15x 107 13.3x1073
Nay ¢sBas 35Nbg ¢5Tip.35030 3.56 x 1079 —~5.34x1073 1.63x1071

K4 Li,NbsO, s 287 x 1076 —14.16x 1073 113% 10" 2.82x10°6

excellent agreement over a very wide range of bronze
compositions. The constant o, is also within a nar-
row range, though here the stiffness is much larger and
the Curie—Weiss slope more difficult to read precisely.
The o35 values cover a wider range and this also is
perhaps not surprising. In the elastic Gibbs function,
the negative value of o33 comes about because of
a strong contribution from elastic and electrostrictive
constants in the free crystal. Thus the magnitude of
o33 is markedly dependent on the elastic boundary
conditions and probably therefore on the crystal per-
fection. The «, ; values also cover a rather wider range,
but here the error is probably in the evaluation.

In summary, it does appear from these preliminary
data that the original hypothesis of a constancy of the
higher order stiffnesses is a good approximation for
the tetragonal bronze ferroelectrics, and thus can form
a basis for the analysis of the properties of a very wide
range of bronze compositions.
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