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An analysis of experimental data has been done for various ferroelectrics within the framework of the
dipolar theory, along the same lines of the recent work on triglycine sulfate (TGS) and triglycine
fluoberillate (TGFB). A simple method is applied which, using solely dielectric data near 7., leads to
the determination of the main parameters of the theory. The resulting numbers N of elementary
dipoles per unit volume appear to be close to the numbers of unit cells per unit volume as determined
from crystallographic data. The elementary dipole moments p are reasonably consistent with obervations
of low-temperature spontaneous polarization. The mean-field coefficients 8 appear to be consistent with
an independent evaluation of the “reaction” field in cases for which quasi-point-dipoles in the lattice
can be assumed. The relative contribution of the dipolar polarization to the total (dipolar plus atomic)

polarization appears to be larger in the more ionic ferroelectrics. The transition entropy due to the
order-disorder process can account for the observed values in most (but not all) cases. No adjustable

parameters have been used.

A recently proposed mean-field equation of
state, 2 describing the relationship of polarization
P, external field E, and temperature T, has been
shown to give a satisfactory account of the ferro-
electric behavior near T for triglycine sulfate
(TGS) and tryglycine fluoberillate (TGFB). In this
paper, a similar analysis is made of data pertain-
ing to other ferroelectric transitions.

Since the discovery of ferroelectricity in the
early twenties, several attempts were made to ap-
ply the mean-field concept to the physical descrip-
tion of this phenomenon. Among them, the model
of Mason® (in its revised version) takes into account
the distinction between dipolar and ionic as well as
electronic polarization. The application of this
model to perovskites was subsequently subject to
strong criticism.* Cochran’s® new model for ferro-
electricity, based upon anomalous lattice dynamical
behavior (soft modes), confirmed afterwards by ex-
periment, contributed to shift the theoretical in-
terest away from the mean-field concept. How-
ever, recent experimental observations2 which

TABLE I.

Dielectric data for various representative ferroelectrics.

support the validity of this concept to explain the
critical behavior of some ferroelectrics of the TGS
family, suggest that other ferroelectric families
should be examined.

The mean-field (dipolar-theory) equation of state
is given® by

KP _ E+BP&) _BNu*/k
N -tanh(x Np T ) Tc= 5 ,

where N is the number of unit dipoles per unit
volume, p is the dipole moment of a unit dipole, B
is the mean-field coefficient [F=E +BP =E + B(P,
+P,)], and k=(1 - By) is a coefficient which estab-
lishes a linear velationship (P,=kP) between the
total polarization P and the dipolar polarization P,.
The linear relationship is valid as long as the mean
field is small in comparison with the spontaneous
field at saturation (T'=0°K or very large E), and
the linearity should break down for large values of
F. Note that the approximation® made in the right-
hand side of Eq. (7), Ref. 2 to obtain the above
equation of state, i.e., P,=kP —yE=~«kP, becomes

(1)

Tc is the Curie temperature; C is the Curie

constant; €= €4 —C/(T = T¢); Pg is the spontaneous polarization.

Order of
Crystal transition  T¢ (K) Ref. C (°K) Ref. € Ref. (T./3) (PY/AT) (e.s.u.) Ref.
TGS 2nd 322.5 1 3.56%10° 4 65 2 410x10° 5
colemanite 2nd 266.0 6 0.5x10° 6 2 6 23x 108 6
KDP 1st 123.0 7 3.3x10° 7 26 7 432 %108 8
NaNO, 1st 437.0 9 6.6x10° 9 25 10 3.87x10° 9
SbSI 1st 290.0 11 2.33x10° 11 266 11 20.62x10° 12
BaTiO; st (399.0)? 13 1.5%10° 13 145 14 16.66x10° 13
LiTaO; 2nd 890. 15 1.6x10° 15 246 15 21.67x10° 15
2Extrapolated from double hysteresis loops.
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TABLE II. Mean-field parameters. B is the mean-field coefficient; k= (1—py),
7Y is the atomic polarizability; N is the number of dipoles per unit volume; ¢ is
the dipole moment of elementary dipole.

Crystal B(T>Ty) B (T<Ty) K Nx10"2 (dip./em®)  ux 10 (esu)
TGS 1.14 0.98 0.169 0.152 2.26
colemanite 6.68 vee 0.499 0.209 1.14
KDP 0.460 0.365  0.579 0.540 2,23
NaNoO, 0.832 oo 0.386 2.061 1.16
SbSI 0.0156 ceo 0.752 0.604 17.8
BaTiO, 0.0335 ces 0.728 1.436 8.93
LiTaO, 0.069 oo 0.423 0.522 11.9

rigorously valid near T for small fields. This is
the case with small field dielectric constant mea-
surements and spontaneous polarization measure-
ments from hysteresis loops at E=0, since for
those cases P> E, k, and Yy being usually compara-
ble in magnitude. No approximation is needed in
the right-hand side of the same equation, since it
is already an explicit function of P.

By means only of dielectric data [Curie tempera-
ture T, Curie constant C, €,=€ (T>T(), and
PZ2/AT] all the fundamental constants entering Eq.
(1) can be determined? as follows:

B=41T,/C (for T2T¢),

B=(P2E/P?AT)T. (for TST(), @
k=1-[41/B(s - 1) +1]?, (3)
N=k(AP,/3kAT), (4)
= KkN"YP2/3(T/T ). (5)

Some considerations should be made regarding
the evaluation of the dielectric data. The Curie
constant should be determined from the slope of
€' vs AT immediately above T.. €, can be deter-
mined either from the low-frequency dielectric
constant data somewhat far above T (where do-
main-wall-motion effects are absent) as €,= €,

TABLE III.

Primitive unit cells and low-temperature spontaneous polarizations.

-C*/T -T,), or from high-frequency (above-re-
laxation) data, also at T>7T.. The ratio P2/AT
should be determined from hysteresis loops (or
pyroelectric) measurements immediately below T,
and using sweeping external fields large enough to
ensure full reversal of the spontaneous polarization
P,
A representative sample of ferroelectrics, of
molecular as well as of ionic type, for which all
the necessary experimental information is available
is listed in Table I. All the first-order-transition
ferroelectrics listed, except perhaps BaTiO;, are
very nearly second order, in the sense that they
are almost completely disordered when the high-
temperature phase setsin. References1and 2 and
6-15 for the sources of experimental information
are identified in the table. The application of Eqs.
(2)-(5) permits a direct evaluation of the relevant
mean-field parameters (Table II). If one assumes
point dipoles located at the center of the primitive
unit cell, one can compute B from the “reaction”
field of successive dipole lattice “shells ” on a given
dipole. For instance, for BaTiO,, '® one obtains
B=-0.051+0.002+0.006 —0.006 - 0. 049,
which appears to be compatible with the value in
Table II.

A meaningful comparison can be made between N

o~

Z is

the number of molecules per unit cell; » is the number of primitive unit cells per full unit
cell; v, is the unit cell volume; P, is the low-temperature spontaneous polarization.

Space group Ve X 10% Py,
Crystal (T<Te) (T>Te) VA n (em™) Ref. (uC/cm?  Ref.
TGS Py, Py /m 2 1 6.77 18 4.3 19
colemanite Py, e 2 1 5.64 20 0.7 6
KDP Fdd, I42d 4 2 3 (3.83) 21 5.0 22
NaNO, Im2m Immm 2 2 1 (1.06) 23 12,0 9
SbSI Pna2, Pnam 4 2 1 (3.54)* 24 27.0 12
(Py,) (Py/m) (2 () 25
BaTiO; Pamm Pm3m 1 1 0.641 16 29.0 26
LiTaO; R3c (R3c) 2 1 1.06 27 48.0 15

2The simplified unit cell has been used, with Z=2,

—-le/m (see Ref. 25).

corresponding to a transition Py,
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TABLE IV. Comparison of calculated physical parameters and related experimental data. N is the
number of unit dipoles per unit volume; p is the dipole moment of unit dipole; and AS is the transition

entropy.
Nx10% vzlx10% px 10 Powx10®  AS (cal.) o.d. AS (obs.)

Crystal (u. dip./ecm?) (esu) (cal./mol°C) Ref.
TGS 0.152 0.155 2.26 8.7 0.688 1.1 28
colemanite 0.209 0.177 1.14 1.2 0.688 v e
KDP 0.540 0.522 2,23 2.9 0.688 0.69 29
NaNO, 2,061 1.878 1.16 1.9 1.377 1.26 30
ShSI 0.604 0.564 17.8 14.3 0.688 0.2 31
BaTiO; 1.436 1.558 8.9 5.6 1.377 0.12 32
LiTaO; 0.522 0.943 11.9 15.3 0.688 >0.51 15

the number of elementary dipoles per unit volume,
as determined from dielectric data only, and N,
=27}, the number of primitive unit cells per unit
volume. A similar comparison for the elementary
dipole moments p is more difficult, since it would
require a complete knowledge of the spatial charge
distribution, but we can take instead as a reference
the saturation spontaneous moment per primitive
cell. Finally, a comparison can be made between
the calculated (order-disorder) contributions to the
transition entropy and the experimental observa-
tions.!” The number of independent dipoles per mole
is N,,=N(Z/n), where Z/n is the number of mole-
cules per primitive unit cell, Z being the number of
molecules in the full unit cell (see Table III), and
N, is Avogadro’s number. Then, one has

AS=N,_k1n2 (6)

for the order-disorder transition entropy. Of
course, associated changes in the lattice dynamics
of the crystal in going through the transition can
make independent contributions.

Table IV gives a comparison of calculated (dipo-
lar theory) and pertinent experimental data. The
first conclusion which can be drawn is that the cal-
culated (dipolar theory) number of elementary di-
poles per unit cell is close (within 10% except for
colemanite and LiTaQO,) to the number of primitive
unit cells per unit volume. Second, the calculated
dipole moments are reasonably consistent with the
total saturation moments as deduced from the low-
temperature spontaneous polarization (Pg v, = pn/K).
It should be noted, however, that k(7 ~0 °K) is in
general different from «(T~T.), and one may ex-

pect deviations from linearity for large fields (i.e.,
anharmonicity), as it is the case for the spontaneous
field at low temperatures, leading to an increase in
k=1 - By towards k, as ¥ decreases. The effective
ratio k/k, ranges from 0.46 (BaTiO,) to 0.74 [po-
tassium dihydrogen phosphate (KDP)] and is consis-
tent with the observed low-temperature flattening
of the spontaneous polarization with respect to the
pure mean-field behavior. Finally, the calculated
order-disorder transition entropy can account fair-
ly well in most cases for the observed values. The
difference is substantial, however, for SbSI and
especially for BaTiO;. The observed values for
these two cases correspond to power data (inherent-
ly less accurate) but probably large contributions
due to phonon frequency shifts must be invoked.

Considering that no adjustable parameters have
been used, the overall consistency can be said to
be better than anticipated for such a varied sample
of ferroelectrics as those examined (note that the
agreement can be extended to other crystals be-
longing to these ferroelectric families, such as
TGFB, isomorphous with TGS). A closer analysis
of the temperature dependence of the parameter «
is under way. Preliminary calculations show that
it can be linked with anomalous anharmonicity and
can correlate, at least semiquantitatively, such
phenomena as anomalous thermal expansion, soft
modes and pressure dependence of the ferroelectric
behavior.
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