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It is well known that different types of crystal defects influence the static and dynamic
behaviour of the dielectric polarization of Rochelle salt crystals. Particularly strong effects
appear near the paraelectric-ferroelectric phase transitions. In this paper it is shown that a slightly
modified relaxing defect cell model which has been developed [1] in order to explain the narrow
central peaks observed near structural phase transitions adequately describes the interaction
between the strongly temperature dependent relaxational motion of the order parameter and the
relaxational motions of the various defect modes. This theory is shown to be equivalent to a
phenomenological Landau Khalatnikov approach, which so far has only been used to characterize
the macroscopic dielectric behaviour of Rochelle salt crystals with defects near the phase transi-
tions, and which in a previous work [16], has been developed in order to give a general description
of central peak phenomena caused by defects. For instance the so called very fast after effect

and its influence on the phase transitions is discussed in more detail.

I. Introduction

It has been shown by experiments which have
been performed on a variety of materials that near
structural phase transitions very narrow central
peaks often appear in addition to the soft phonon
peaks. The widths and the intensities of the central
peaks depend strongly on the temperature near the
phase transition. In a recent work Halperin and
Varma (HV) [1] have pointed out that the behaviour
of the central peak may be understood by taking
into account the dynamics of certain defects. In
the relaxing defect cell model a defect in the unit
cell is considered which may hop back and forth
between two equilibrium positions and which
couples linearly to the order parameter. The
characteristic time scale of this motion determines
the width of the central peak. Until now, however,
there is only little direct experimental evidence for
the role of defects in central peak dynamics. In a
recent neutron scattering study of the structural
phase transition in SrTiOg it has been shown [2],
that the intensity of the central peak of hydrogen
reduced SrTiOg is systematically enhanced with
increasing defect concentration. The transition
temperature decreases linearly with increasing
defect concentration. These results clearly show
that defects are involved in the central peak
mechanism of SrTiOsz. They also demonstrate,
however, that the relaxing defect cell model cannot

Reprint requests to Prof. Dr. J. Petersson. Please order a
reprint rather than making your own copy.

0340-4811 /79 / 0500-0538 $ 01.00/0

account for the observed behaviour since it predicts
an increasing 7. with increasing defect concen-
tration. Rather the “frozen’ impurity model [1]
eventually may explain this central peak type.

Rochelle salt — a double tartrate of sodium and
potassium of composition NaKCyH406 - 4 HoO —
was the first crystal to be identified as a ferro-
electric. The crystal undergoes phase transitions of
the second order at about 24 and —19°C. In the
upper and lower phases the crystal is paraelectric
whereas between these temperatures the ferro-
electric phase appears. The sole ferroelectric axis is
parallel to the orthorhombic a-axis and the crystal
is of the piezoelectric type, i.e. even in the para-
electric phase there is a linear coupling between the
critical dielectric and the elastic behaviour. It has
been well established [3, 4, 5] that an order-
disorder mechanism drives the phase transition.
As a consequence a strong monodispersive relaxa-
tional dispersion of the dielectric constant can be
detected in the microwave regime. Both parameters
of this dispersion — the relaxation strength and the
relaxation time — depend strongly on the tem-
perature in similar manners. On the other hand, it
has been shown by many works [6—14] that
several types of defects characteristically influence
the frequency and temperature behaviour of the
macroscopic dielectric properties of Rochelle salt.
It is the main purpose of the present work to show
that the well known interaction between these
relaxing defect modes and the critical relaxing
dielectric mode follows exactly the formalism of the
HYV relaxing defect cell model.
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One important fact should be stressed. As has
been mentioned earlier, the critical dynamics of the
order parameter is of the relaxational type. This
behaviour, which has been detected in many
other order-disorder ferroelectrics, would result in
a strongly temperature dependent central peak,
which may be regarded as an intrinsic property cf
an undisturbed crystal without any defects.
Obviously this central peak plays a role at order-
disorder transitions which is similar to the roles of
the peaks of the soft phonons at displacive struc-
tural phase transitions. It is not only this central
peak which will be discussed in the following.
Rather we are mainly interested in its interaction
with the relaxing defect modes in the crystal.

So far the influence of the crystal defects on the
dynamical dielectric behaviour of Rochelle salt has
only been taken into account by applying the
formalism of the thermodynamics of irreversible
processes [14—16]. In these works it is assumed
that, besides the relaxational macroscopic order
parameter, there exists another relaxational thermo-
dynamic variable of state which may be attributed
to the defects and which couples linearly to the
order parameter. It will be shown below that this
way of describing the influence of the defects is
equivalent to that introduced in the HV model.
In particular it has been shown by the author of the
present work [16] that — within the frame of these
theories — a linear coupling of a relaxing defect
mode and an oscillatory soft mode gives rise to a
strongly temperature dependent central peak near
a displacive structural phase transition. Theories of
this type may be regarded as extended Landau
Khalatnikov [17] theories.

In the following section the HV formalism will
be rewritten to the special situation of Rochelle
salt. In section IIT a Landau Khalatnikov (LK)
approach is presented and its equivalence is
established with the HV formalism. Finally in
section IV the influence of defects on the dielectric
dynamics of Rochelle salt will be discussed in more
detail, with emphasis on some special cases and the
underlying physical mechanisms.

II. Halperin and Varma Formalism

In order to rewrite the HV formalism to the
special situation of Rochelle salt the following
assumptions are introduced.
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(i) The dynamical behaviour of the order para-
meter of a perfect crystal is of the relaxational type
[3, 4, 5]. This implies that for the wave vector g =0
the quantity (— w2m + twy + z,) of the HV model
is to be replaced by (¢w T, + 1) n, Where 7, is the
relaxation time of the ‘“normal” ferroelectric order
parameter in the non-interacting system.

(ii) A further relaxational variable is introduced
which describes the dynamical behaviour of the
defect modes. It is assumed that the perfect lattice
cells contain the ferroelectric dipoles whereas the
disturbed lattice cells contain both the ferroelectric
and the defect dipoles. Obviously this fact does not
hold for the original HV model in which it is
assumed that a lattice cell may be either a perfect
cell or a defect cell (the following results may be
easily rewritten to the HV model). As a consequence
the quantity (1 —c) of the HV model is to be
replaced by 1.

(iii) Since Rochelle salt is a piezoelectric ferro-
electric it is important to fix the elastic boundary
conditions in a definite manner. It will be assumed
that in the entire temperature and frequency range
the condition of a free crystal is realized. This
condition generally cannot be realized experimen-
tally. In the range of the characteristic frequency
of the order parameter the crystal is clamped. On
the other hand the condition of a free crystal can
be realized in the range of the characteristic
frequency of the defects. However, principally the
size of the sample may be assumed to be so small
that the piezoelectric resonances appear at such
high frequencies that the condition of a free crystal
is realized in the entire frequency range of interest.
It is important to note that one of the defect
relaxations in Rochelle salt is strongly influenced
by the elastic boundary conditions. This effect will
be discussed in Section IV.

It should be noted that in the piezoelectric
ferroelectrics the linear coupling between the
polarization fluctuations and acoustical phonons
gives rise to a central peak in the Brillouin scatter-
ing spectrum. Effects of this type have been
detected e.g. in Rochelle salt [5] and crystals of the
KDP group [18—20]. They are described by a
coupled mode approach [5, 18] which in some sense
corresponds to the LK theory to be presented in
the next section. Thus, from a formal point of view
the linear coupling between the critical ferro-
electric mode on the one hand and the accoustic
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phonons or the defect modes on the other hand may
be handled in similar manners. In the following we
will not be concerned explicitely with the piezo-
electric coupling between the ferroelectric mode and
the elastic degrees of freedom.

(iv) In order to simplify the discussion the non-
polar phases will be discussed only. The results may
be easily extended to the polar phase by taking
into account the arguments presented in Refs.
[1, 14, 15]. Furthermore we will restrict the
discussion to the wave vector g =0. This is because
in ferroelectric crystals the instability appears for
modes in the centre of the Brillouin zone and there
exist well developed experimental methods which
enable to measure the complex dynamical dielectric
susceptibility near g =0.

On these conditions the frequency dependent
susceptibility matrix ¥ (w) of the HV model is
given by (1)

oty +Va, —J —cJ
X Hw)= . .
—J (twtg+1)2g—cd
The symbols in this relation have the usual mean-

ing. The % (w) matrix may be written as

3\

Xnd(w))
xaa ()]

Ann (@)

Xdn (w) @)

x(w):<

In an investigation of the dielectric behaviour
generally the mean susceptibility 7 (w) is measured.
With respect to assumption (ii) the following relation
is assumed to hold

7(0)) = Xnn + Ynd + ¢(Xan + Xaa) - (3)

In dielectric measurements near ferroelectric phase
transitions this quantity plays a role similar to that
of the form factor in quasi elastic scattering experi-
ments at structural phase transitions. Writing the
determinant of the ¥ (w) matrix in the form

Aw)=Ads +ito(tpxn(xg —cJ)
+ taZa(wn — J)) (4)

— w2 Ty Ty Ta g
where

A(O):Aszxnxd_J(an+xd) (5)

denotes the static value of A (w) the mean suscep-
tibility may be written as

Z(0) = (@a+ cxn +iw(TaZa+ cTn2n)) 471 (). (6)
The static value ;s of 7(w) is given by
Z(w=0)=7s= (xqa+ cxp) 4s71. (7)
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The dynamical susceptibility of the undisturbed
crystal, i.e. ¢ =0, may be written as

2%(w) =7°(1 + 0 70)1, (8)
where

70 = 2a(4:0)71 = (xn — J)71, 9)
and

T = Tn 2y 730 (10)

are the static susceptibility and the relaxation time
of the order parameter, respectively. Assuming the
mean field approximation which for most of the
ferroelectrics constitutes a good approximation, we
may write

#ZO) 1= (T —TN)C, (11)

where C is the Curie constant and 70 is the limit
of stability of the non ordered phase. At 7'=T,°
the relation z, =J holds. In accordance with the
HYV model all critical temperature-dependences will
be deduced from Equation (11). Since 7,2, generally
depends in a non-critical manner on the tempera-
ture according to a thermally activated process
near 70 the relaxation time 7. behaves similarly
to 750 (critical slowing down). Equations (8)—(10)
represent the dynamical susceptibility for many
order-disorder ferroelectrics in particular for
Rochelle salt [3—5]. TGS [21] and AgNa(NOz)s
[22] constitute examples of special interest.
Turning now to a crystal with defects, i.e. ¢> 0,
according to Egs. (5), (7) and (9) the static suscep-
tibility is given by '

2%s~1 = (Fs%) 1 — cxpl(xa + cay)7l. (12)

Thus, in accordance with the HV model a Curie-
Weil} law

721 =(T — To)C (13)

is obtained with an unchanged Curie constant C and
a higher Curie temperature 7' which is given by
Te=TDO + Ccxp?(xq + can)L. (14)
Obviously in first approximation this shift is
proportional to the defect concentration ¢ (Figure 1).
At the phase transition temperature 7'c the relation
Tpl4cxgl=J"1 (15)

holds.

Discussing now the dynamical behaviour of a
crystal with defects Eq. (6) may be written for a
complex z instead of ¢ in the form

1) =7%s1(), (16)
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T=¢  T=T,
Fig. 1. Schematic representation of the temperature

dependences of the static susceptibilities ¥s0 of a perfect
crystal and ¥s of a crystal with defects.

where f(z) is given by
f&)=010+az)(1+pz+y22)1

and «, § and y are positive constants which can be
expressed by the quantities appearing in Eqs. (4)
and (6). It is important to note that both quantities
p and y are proportional to ¥s; whereas o exhibits
no critical behaviour. The zero’s of the denominator
of f(z) are

(17)

z10=— (1 F (1 —4y/p)12) B2y (18)
and thus
f(z) =22(1 + az1) (22 — 21)"1(1 — 2[z1)71
+21(1 + oz2) (21 — 22)"1(1 — 2/z2)"1. (19)

An elementary but lengthy calculation which will
not be presented here gives the following exact
results. The numerators 2zg(1 +«z;1) (22 —21)~! and
21 (1 + az2) (21 — 22)~1 which appear in Eq. (19) are
both real, not negative and smaller than or equal
to one. Both zero’s z; and 23 are real and negative.
Consequently for z=1iw the complex susceptibility
can be represented by

7(60) = sl (1 +iw Tel)_l + As2 (14 tw 752)_1 . (20)

Obviously 7(w) is a linear superposition of two
independent susceptibilities which can be attributed
to relaxational motions. The corresponding relaxa-
tion times and static susceptibilities 71 and %s2 are

defined by
Tal=—21>0, 15'=—2>0.

0=%s1=7s22(l +az1)(z2 —21)" L = ¥s,
0=7s2e=7s21(1 + az2)(21 — 22)" 1 < 75,

respectively. Note that 7; = 751 + Zs2-
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The temperature dependences of z; and =z
determine those of the relaxation times and of the
static susceptibilities. It will be shown that the
temperature behaviour of the dynamic susceptibility
in Eq. (20) corresponds to a central peak type
behaviour. Arranging the relaxation frequencies
according to

0= et < o3t (23)

and taking into account Egs. (10), (18), and (21)
at the phase transition 7'= T,
13l = (101 + (g — ¢J) (Tawa)L. (24)

—1
T2 = 0,

Thus, on approaching 7' the relaxation frequency
73! tends to zero whereas 7;;! approaches a value
which is larger than the relaxation frequency of the
order parameter of the undisturbed crystal at the
same temperature. According to Eq.(18) the
relation 7 72 =y holds which implies that 7¢ 7eo
follows a Curie-WeiBl law. In particular the product

Tel Te2 78_1 = Tn Tn TaXa(%a + c25)71 (25)

shows no critical temperature dependence. The
static susceptibilities and their behaviours for

T — T, can be represented by
As1/As = (¢ — Te1)/(Tez — Te1) >0, (26)
Xs2/%s = (Te2 — &)/(Te2 — Te1) > 1.

Thus, on approaching 7'c both the relaxation time
Te2 and the corresponding relaxation strength 7o
diverge. On the contrary, both the relaxation time

cJ/xd

0 4 i ]
0 cJ/fxy
T=10 T=Tc

Fig. 2. Temperature dependence of the relaxation fre-
quencies 77! and 73! as calculated from Equation (27).
The parameter p is assumed to be temperature independent.

(X2 oe(T-T0)
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Te1 and the corresponding relaxation strength s
have finite values at 7. (note that %; obeys the
Curie-Weill law of Equation (13)).

Taking into account Egs. (18), (21) and the mean-
ing of the constants f and y the approximate
formula

272_1,12/771_1 = ((xn %91 + p)

£ [(@n 701 + p)2 — 4p(Xn Zs) 12 (27)
can be deduced where the parameter
P = Talta (28)

is the ratio of the characteristic time scales of the
motions of the ferroelectric dipoles and the defects,
respectively. Thus, with the aid of Eqs. (11) and (12)
the temperature dependence of 7,3 and 7.2 can be
derived (Figure 2).

II1. Landau Khalatnikov Approach

The complex dielectric function &(w) may be
written as

e(w) = o + ¥ (), (29)

where &w is the real temperature independent
dielectric constant at such high frequencies that
% () vanishes. Then the following linear thermo-
dynamic relations can be established

D=€WE+P51+P52,(3O)
—lelpslz —A51=—E+751P51, (31)
—‘le2P52=—‘A52="E+78—éiP82- (32)

In these relations £ and D denote the macroscopic
electric field strength and the dielectric displace-
ment, 1espectively. These quantities may be
regarded as external thermodynamic variables of
state. The macroscopic internal variables of state
Pg and Pg have the meaning of independent
normal dielectric polarizations. Their conjugates
are the affinities A, and A, which vanish in
equilibrium, i.e. Pg = Pe2=0. The kinetic coeffi-
cients lg1 and I are related to the quantities of the
HYV model by

la = Tel 751 , o= Te2 73_21 . (33)

Their temperature dependences can be derived
from Egs. (21), (22) and (25). It turns out that
besides 751 and 7,2 also these quantities are affected
by the phase transition. An order of magnitude
calculation gives lg3 ~ 7,2, whereas les generally
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shows a more complicated behaviour. For a crystal
without defects Peo=0 and P = P, is the order
parameter of the phase transition. In this case
according to Eq. (10) le=1y2y.

The Eqgs. (30)—(32) may be regarded as the
fundamental relations of a thermodynamic theory
[15—17, 23, 24]. They can be derived from an
expansion of the corresponding thermodynamic
potential in the variables E, Pg and Pgs on the one
hand and by taking into account the entropy
production caused by the dynamical behaviour of
P and Pgs on the other hand. This formalism may
be extended also to other cases of interest. If the
soft mode does not appear in the centre of the
Brillouin zone then £ and D may be regarded as
an external force and its conjugated displacement
at the wave vector of the soft mode. If the modes
are of the oscillatory type then besides the relaxa-
tional variables of state also odd variables of state
must be taken into consideration [23, 24].

It is, however, well known [15, 24] that a trans-
formation to other independent external variables
of state may give a better insight in the physical
meaning of the constitutive relations. This proce-
dure corresponds to a Legendre transformation, i.e.
the corresponding potential is obtained as a func-
tion of D, Pg and Pgs. Thus, rewriting Egs. (30) to
(32) in these new variables and transforming to

normal polarization variables Ppgy, Pg2, i.e.

Pp1+ Pga=Pe1+ Pes but  Ppy == Pe1, P2 and
Pgo == Py, Peo the result can be written as

EzﬂooD—ﬂooPﬁl'—ﬂooPﬁ2y (34)

— g1 Ppr= — Ap1 = — B D+ Rp1 Pg1, (35)

—lgs Ppa = — Aps = — B D + Rp2 Ppa.  (36)

In these relations we denote by fe=e5! the high
frequency value of the dielectric modulus. The
frequency dependent complex dielectric modulus
B (w) = (¢(w))~1 can be written as

B(w) = foo — Ap1(1 +i @ TH1)71

— AB2(1 + 1w tp2) 71, (37)

where the relaxation strengths and relaxation
times are defined by A1 = fe? Rp, AB2= P Rp'
and 14 =Ip R5', Tp2=lp2 Rz'. According to
Egs. (20), (29), and (37) the relaxation times 7,2
and 7p1,2 are given by the poles of the dielectric
function ¢(z) and of the dielectric modulus f(z),
respectively.
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The temperature dependences of the material
quantities appearing in Egs. (34)—(37) may be
estimated from the HV model as follows. Since
— at least near T; — &w < ¥s holds, the static
dielectric modulus can be represented by

Bsz = oo — AP1 — APz = £33

= (€0 + Zs) 1 A %5t (38)

Taking into consideration Eq.(12) the quantity
Bs1= Po— AP1 can be related to the static suscep-
tibility 70 of the undisturbed crystal according to

Bs1 = oo — AP1 ~ (7:°)" (39)

(Note, that generally Bs1== (g0 %s1)"1.) On the
other hand the relaxation strength Af2 may be
attributed to an influence of the defects by the
relation

AB2 ~ (%91 — 757 L. (40)

With the aid of Eq. (12) it follows that 482 should
not depend critically on the temperature (Fig. 1),
but it should be proportional to the concentration ¢
of the defects.

We now turn to a discussion of the temperature
dependence of the dynamical behaviour as given
by Equations (34)—(37). The generalization of the
well known LST relation [15, 24—26] to relax-
ational processes can be written as

Tp1 Tp2 foo = Te1 Te2 fs2 - (41)

Thus, with the aid of Egs. (25) and (38) it follows
that the product 71 7g2 does not show any critical
temperature dependence. It should be noted that
among others [15, 24 —26] Barker [28] emphasized
the significance of the LST relation for a discussion
of central peak type phenomena. Furthermore if
the relaxation frequencies v;', and 75!, are
arranged according to their magnitude the follow-
ing relation holds [15, 27]

0 < 73! < min(r5!, Tt) < 73t

< max (1,3"11, 15_21) : (42)

The relations (41) and (42) are exact, i.e. they can
be derived from Egs. (34)—(36) without introduc-
ing any further restricting assumption.

In order to simplify the discussion it will be
assumed now that Afs < pfw. This condition is
fullfilled at least near 7' since in this region Af; is
of the order of magnitude of Bo — Af1 which in
turn is small if compared to B.. This condition
means that the influence of the defects may be
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regarded to be small in a certain sense. On this
condition starting from Egs. (34)—(36) the relax-
ation frequencies 7;;! and 73" can be calculated
as the eigen values of a suitably defined 2 x 2
matrix. The result may be compared directly to
Eq. (27) and consequently it can be stated that

ToL = TaZaPus Toa=7Tq. (43)

Thus, the relaxation times 75 and 72 have a
simple physical meaning. The relaxation time 7z
of the polarization Pg; of a crystal with defects is
equal to the relaxation time 75=17,0(7%,°) 18" of
the polarization P (order parameter of the phase
transition) of the ferroelectric dipoles of a perfect
crystal. The relaxation time 7 is the relaxation
time 74 of the contribution Pgs of the defects to the
polarization. In particular both quantities do not
show a critical temperature dependence near 7.
Thus, one may indentify the variables Pg; and Ppgs
with polarizations which can be attributed to the
ferroelectric dipoles (order parameter of a perfect
crystal) and the defects. It should be noted that
similar statements do not hold for the variables
P¢ and P because these quantities are suitably
defined linear combinations of the variables Pg;
and Pgy. Throughout our discussion no restrictions
have been introduced concerning the characteristic
time scales of the motions of the ferroelectric
dipoles and of the defects. In particular it may be
admitted that the defects move faster than the
ferroelectric dipoles, i.e. the parameter p of
Eq. (28) may be a large quantity. In all cases,
according to relation (42) the minimum value which
can be achieved by the relaxation frequency 7' is
given by the smallest value of the relaxation
frequencies rﬂ"ll and 'rﬁ_zl.

In the foregoing considerations it has been shown
that starting from the HV model linear relations
(34)—(36) can be established between the macro-
scopic variables of state. None of the material
quantities appearing in these relations shows a
critical temperature dependence. Rather on ap-
proaching 7. the static moduli fBs1, fBs2 and the
relaxation frequencies 7;;! and 75! behave in an
anomaleous manner. On the other hand in an LK
approach [16] exactly this behaviour can bz
derived from a basic assumption. From an expan-
sion of the appropriate thermodynamic potential
the linear relations (34)—(36) can be derived. In
this approach one may assume that none of the
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coefficients of these constitutive relations shows a
critical temperature dependence. Taking into con-
sideration the conditions of thermodynamic sta-
bility [15, 16], however, the following facts can be
stated. For a perfect crystal on approaching 7'c0
the determinant o Rg1— foo? — 0. This implies
that Bs1 and 7,0 are proportional to 7'— T'9, i.e.
they follow Curie-Weil laws (Egs. (39), (10)). For
a crystal with defects on approaching 7', the deter-
minant ﬂoo Rﬁl Rgz — ﬂwz Rﬂl — ﬂooz Rﬂz — 0. This
implies that fs2 oc T'— T'; follows a shifted Curie-
WeiB3 law (Equation (38)). The difference

Bs1 — Bsz = APz = Poc? Ry

does not depend on the temperature (Equation (40)).
Thus, for §s1 and fse Fig. 1 holds in the same way.
Similarly 7, 72 may be regarded as some phe-
nomenological time constants which define the time
scales of the variables Pg; and Pgy and which both
do not show any critical temperature dependence.
The relaxation frequencies 7,;' and 75! can be
calculated as the eigen values of a suitably defined
2 X 2 matrix, which becomes positive semidefinite
at T'c. Also in this representation the LST relation
(41) shows that the product 7.1 7.2 follows the same
temperature dependence as B;;!. The temperature
dependences of these quantities can be represented
in a form similar to Fig. 2 (see Fig. 1 of Ref. [16])
by rewriting the quantities of the HV model to the
corresponding macroscopic quantities of the LK
model according to

(280)_1 _>ﬂsl Zn ﬂa_ol s
Tn—>Tp1 = TnZn B’
p—>p =pxnfs' =ta1/T82,
cdxg—>cd zaxn Bt = AP Bt .

IV. Dielectric After Effects in Rochelle Salt

Several after effects which interact with the
Curie-Weil law of the dielectric constant have been
detected in Rochelle salt single crystals [6—14].
Generally these after effects give rise to a fre-
quency dependence of the dielectric constant and
to special effects in the ferroelectric phase, e.g. a
frequency dependence of the coercive electric field
intensity. In most cases the after effects in Rochelle
salt crystals can be characterized by monodisper-
sive relaxations. So far three after effects have
been detected which follow the LK theory or the
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equivalent HV model. At room temperature the
time constants (in the above notation 74s) of these
most extensively studied dielectric relaxations
caused by crystal defects in Rochelle salt are of the
order of magnitude 100 s, 0.5 ms, and 0.2 ps (very
fast after effect). The corresponding activation
energies are 1.4, 0.8, and 0.5eV per particle,
respectively. For the present purpose it suffices to
discuss one of the observed after effects more in
detail. We therefore restrict ourselves to a discussion
of the so called very fast after effect [7, 8, 28] paying
special attention to a verification of the HV model.
In addition some special properties of this after
effect will be discussed.

The results of Fig. 3 demonstrate that in the
lower paraelectric phase near the ferroelectric
transition the dielectric function &(w) and the

dielectric modulus f(w) — the latter one was
calculated from the measured dielectric function
according to f(w)=(e(w))"1 — behave in the

expected manners. The relaxation strength Afs =
Ps1 — Bs2 of B(w) is nearly temperature indepen-
dent (see Eq. (40)) whereas the relaxation strength
Aes=¢s9—es1=7s2 of &(w) strongly increases
near 7, (see Equation (26)). Figure 4 shows that
this behaviour holds at least up to temperatures of
about 15 K below the transition temperature, thus
confirming the results of Figure 1.

The relaxation frequency 7' depends in a more
complicated manner on the temperature. On
approaching 7'; from the lower paraelectric phase
this quantity increases reaching a maximum value
at about — 22 °C and then decreases. This behaviour
should be compared to that given in Figure 2. In
contrast to the assumptions introduced in Fig. 2
the parameter p generally depends exponentially
on the temperature according to a thermally
activated process. In the case of Rochelle salt
74> T, holds and thus the activation energy of p
is nearly equal to that describing the motions of the
defects. Consequently it is expected that far away
from 7T, the temperature dependence of 73! is
given by that of p, which according to Eq. (28)
increases with increasing temperature, whereas
close to 7', the influence of the phase transition on
the dynamical behaviour becomes prominent. It
should be noted that because of the same reason
the critical relaxation frequency 7,! of an un-
disturbed order-disorder ferroelectric shows a
similar behaviour near 7T, [22]. According to
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Fig.3. Temperature and frequency depen-
e1.10-2 dences of the complex dielectric constant
754 10 e(w) = &'(w) — 1€”"(w) and the dielectric
? Frequencies in kHz modulus f(w) = f'(w) + 7 f”’(w) in the
wtg =1 lower paraelectric phase near the ferro-
5 - electric transition as observed by Klein
T=-19.49 °C [29].
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Eq. (43) 752 = 14 should follow a thermally activated
process which fits well to the results presented in
Figure 5. It is a special feature of the very fast
after effect that it cannot be detected in the
ferroelectric phase because its interaction with the
domains. The results obtained in the upper para-
electric phase fit well to the line extrapolated from
the lower paraelectric phase (Fig. 5; it should be
noted that it is difficult to realize the condition of a
free crystal in this temperature range because g2 is
considerably smaller than in the lower paraelectric
phase; therefore there exist only few measurements
in the upper paraelectric phase).

According to Fig. 5 and the data known for the
critical dielectric dynamics [3—5] the parameter
P’ = 181/7p2 is of the order of magnitude 10-5—10-8
in the investigated temperature range. Because of
Fig. 2 and Eq. (28) this result implies that the
influence of the defect relaxation on the high
frequency critical dynamics is so small that it
cannot be resolved experimentally. On the other
hand, although the influence of the critical dielectric
dynamics on the dynamics of the defects is small
it can be detected close to 7T'; (Figure 4). Of course,
a similar statement does not hold for the static
material quantities, i.e. near 7. the relaxation
strength 4By is of the order of magnitude of the
static modulus fBs1. According to Fig. 4 the crystal
does not reach the phase transition temperature 7.
This effect can be attributed to an influence of the
other after effects. The phase transition actually

appears at a temperature for which the static
dielectric modulus vanishes, where static means
that all internal transformations are in equilibrium
which couple linearly to the order parameter of the
perfect crystal. In this sense it may be stated that
in Rochelle salt certain defects exist with a charac-
teristic time scale of about 100 s which contribute
linearly to the polarization and which very close to
T, drive the phase transition. Obviously this
behaviour corresponds to an extreme narrow
central peak in the fluctuation spectrum of the
polarization.

The following special properties could be proved
for the very fast after effect in Rochelle salt (similar

i
I
Lower Paraelectric Phase \Farroelectric
\ Phase
100 10
e (57
50- 10 LE( )T_S
—> T (°C)
0 . , ,ﬁi‘] 0
-35 -30 -25 -20 1710 -15
cc

Fig. 4. Schematic representation of the temperature
dependences of By, B and 73! in the lower paraelectric
phase as extracted from plots according to Figure 3.
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J Fig. 5. Arrhenius plot of the relaxation
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the line corresponds to an activation
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statements generally do not hold for the other after
effects). Extensive experimental studies [7] showed
that the relaxation strength Apf; of this after effect
is strongly influenced by the water content of the
Rochelle salt crystal, which can be reversibly
regulated by storing the crystal for a sufficiently
long time in air of a definite humidity. The authors
of this work also succeeded in relating quantitatively
the observed behaviour of Af2 and the equivalent
shifts of the transition temperatures to a change of
concentration of water vacancies in the lattice.
Thus, one of the basic assumptions of the HV model,
i.e. the dependence of the central peak behaviour
on the concentration of the defects, has been
extensively investigated and verified for the very
fast after effect in Rochelle salt. Furthermore it has
been shown [7, 8] that this after effect cannot be
detected in clamped crystals. From thermo-
dynamics it then can be concluded that an elastic
relaxation which via the piezoelectric effect couples
linearly to the polarization must be regarded as the
cause for the observed very fast dielectric relax-
ation. From the dielectric data the strength of the
elastic relaxation could be estimated to be of the order
of magnitude of some per cent. A dynamical
exchange between crystal water molecules on
certain lattice sites and on interstitial sites is
assumed to be the most likely molecular mechanism
[7]. The observed activation energy of 0.5eV is
ascribed to the process of forming a water vacancy
on a lattice site and an interstitial water molecule.

V. Conelusions

It has been shown that the HV model and the
LK theory are equivalent methods for describing
the interaction of the strongly temperature depen-
dent relaxational polarization mode with relax-
ational defect modes near the ferroelectric tran-
sitions of Rochelle salt crystals. As is well known
[15, 16, 23, 24] the LK approach can be extended
also to the case that oscillatory modes must be
taken into account. This situation obviously corre-
sponds to the original HV model. Then on the left
hand side of Eqs. (34)—(36) besides the relaxational
terms also oscillatory terms must be taken into
consideration. Also in this case it may be assumed
that none of the coefficients in this representation
depends in an anomaleous manner on the tem-
perature. Rather the behaviour of the determinants
which have been discussed above give rise to the
anomaleous static and dynamic behaviour of the
material quantities. A difficulty arises now from
the fact that it is generally not possible to introduce
normalized macroscopic polarization variables, i.e.
generally there are mixed linear terms between
these internal variables of state. In particular
generally it cannot be stated that the macroscopic
behaviour of the relaxing defect cell model is given
by a linear superposition of a motion of the damped
harmonic oscillatory type and a relaxational
motion. However, since the variables of state
appearing in Eqs. (34)—(36) nearly coincide with
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the variables describing the motions as a function
of the local forces it may be reasonably assumed
that Ppg, is given by a damped harmonic oscillatory
motion, that Pgs is given by a relaxational motion
and that both variables or decoupled. One now may
transform to relations of the form of Egs. (30)—(32)
— which necessarily contain mixed terms between
the variables P, and P,z — and then discuss the
central peak behaviour [16]. Obviously this
approach is quite analogous to the original HV
model which starts from a description of the motions
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