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Abstract-We report the observation of a condensation of polar clusters in the mixed ferroelectric system, 
KTai_,Nb,Os (KTN) approximately 20K above the transition for Nb concentrations between 1.2% and 
30%. This condensation is marked by a ‘reduced softening’ of the bulk susceptibility, a downward shift of the 
transition temperature, the appearance of a coercive field and of odd harmonics in the polarization. In KTN 
this condensation can be described by a modified Landau-Ginzburg model. Such a condensation should be a 
feature common to many mixed ferroelectrics and has also been observed in mixed ferroelastics. 

Keywork D. ferroelectricity, D. dielectric properties, D. anharmonicity, D. lattice dynamics, D. phase 
transitions. 

1. INTRODUCTION 

Ferroelectric materials with substitutional impurities, 

known as mixed ferroelectrics, have been the focus of 

fundamental research by several groups [ 1,2]. In many 
of these, the impurity occupies an off-center position 
in the unit cell [3] while its counterpart in the host unit 

cell stays centered. As a result, a local field is induced, 

one of the interesting consequences of which is the 
formation of polar clusters surrounding the impuri- 
ties. One of the earliest evidence of this local field- 
induced effect was provided by Mtiller et al. [4] 

who used EPR to study the mixed system, 
KH2CR,Asl_,04 and reported spectra of lower sym- 
metry in the high temperature paraelectric phase. 
Dalal et al. [5] and Ribeiro et al. [6] have reported 
similar measurements on doped KDP. Results 
obtained with other microscopic techniques such as 
nqr and nmr were reviewed by Blinc [7]. Borsa and co- 
workers [8] reported the observation of a cusp in 

the susceptibility of the ferroelectric K,_,Li,Ta03 
(KLT), which they interpreted as ordering of random- 
site electric dipole in non-polar lattice. In all the above 
systems the condensation discussed was a ‘condensa- 
tion/freezing’ process taking place in the vicinity of 
individual impurities and leading to the formation of 
polar clusters. For instance, in KLT, it is strictly due to 
the large local deformation that accompanies the sub- 
stitution of individual Li for K; it occurs far above the 
transition and is not a cooperative effect. This was 

clearly demonstrated in a previous Raman study [9] of 
the hard optic mode in KLT. In this study, the TO2 polar 
optic mode was shown to appear at approximately 
200 K for all Li concentrations. Closer to T,, a detailed 

analysis of the TO2 lineshape indicated the presence of 
polar nanoregions with linear dimensions of about 35 A 
[lo, 111. In KTal_,Nb,03 (KTN), polar clusters, similar 
to those in KLT, should be found at higher temperatures 
also leading, through their mutual interactions, to the 
formation of polar nanoregions at lower temperatures. 
Such polar clusters and nanoregions in KTN have 

indeed also been evidenced through the observation of 
the TOz polar optic mode [ 12, 131. Their presence has 

also been confirmed through dielectric, polarization and 
NMR measurements. However, in the present commu- 
nication, we show that the mechanism by which these 

polar regions form is very different in KTN and in KLT. 
Our previous Raman study of KTN [9] revealed a sharp 
increase in the integral intensity of the TO2 line starting 

approximately at T, + 20 K for all Nb concentrations 
where T, is strongly dependent on the Nb concentration. 
These relationships between the condensation and ferro- 
electric temperature suggest a cooperative character for 

the condensation. Here we report dielectric and polar- 
ization results which suggest that the condensation of 

polar clusters is itself a transition driven by the interac- 
tion of the soft polar mode with several neighboring 

clusters leading to the formation of polar nanoregions 
and changes in the system dynamics including a depar- 
ture from the Curie-Weiss behavior of the dielectric 
susceptibility. 

2. THEORY 

Several authors [ 14-201 have addressed the theore- 
tical aspects of a local condensation around substitu- 
tional impurities. In particular, Schmidt and Schwab 
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[15, 161, using a Landau-Ginzburg model, have 
shown that the condensation can be. described as a 
local ordering. According to them the free energy 
functional can be expanded in the local order para- 

meter 4(x) as 

F(4) = (2v)-’ / d3x{ a42((x) + ;~I(x) 

+ c(v&2 + u(x)$2(x) 
> 

. (1) 

Here v is the volume considered, u(T), b, and c are the 
usual Landau expansion coefficients of the pure 

system and V(x) describes the influence of the impu- 

rities and must be negative (i.e. attractive) in order to 

induce a condensation. In the present case, the impu- 
rities of the model correspond to the clusters in the 
specific KTN case, and the origin of this last term is 
most likely electrostriction. Using Euler variational 
principle subject to the constraint of a constant total 
intensity of fluctuation, and ignoring the non-linear 

term, the total free energy F(4) can be minimized to 
yield an expression [15] for the average bulk suscep- 

tibility X: 

a(T)+(x) - (cV2 + IVx)lM(x) = x-Q(x). (2) 

The second term on the LHS represents the 

average cluster contribution, X;‘(T) such that 

X 
-1 

= a(T) - xi’. This last expression indicates that 

a local transition or polar condensation can take place 
when a( T’) - xi’(T*). Assuming the usual Curie- 
Weiss dependence, u(T) = (l/C)(T - To), the con- 
densation temperature can be obtained: 

T* = To + Cx;’ > To. (3) 

It is important to note that, in the original model of 
Schmidt and Schwab1 which described a purely local 

condensation, C represented the Curie-Weiss con- 
stant of the pure system. In the present application 
of the model, however, we shall see that the results 

justify taking C as the Curie-Weiss constant of the 
doped system thus supporting the notion of coopera- 
tive condensation. We also note that, in the model, 
due to finite range of the attractive interaction poten- 
tial, U(x), Xc1 only contributes to the bulk suscep- 
tibility in the vicinity of each cluster. As a result X is 
not expected to diverge but, at most, to pass through a 
maximum at T’, where the correlation length of the 

order parameter is -m. We shall return to these 
two points in the discussion. For T < T’, the local 
condensate or polar nanoregion reduces the suscep- 
tibility of the local order parameter thereby contribut- 
ing to a downward shift in the bulk transition 
temperature. Also below T’, the non-zero local order 

parameter, &, should contribute to the non-linearities 
of the system and, in particular, to the third harmonic 
in the field induced polarization through the b44 term 

in eqn (1). 
In the experimental evidence presented below, the 

condensation of polarization is manifested in: 

1. a departure of the Curie-Weiss like response of the 
bulk susceptibility and reduced softening; and 

2. the appearance of a remnant polarization, a coer- 
cive field and harmonics in the polarization 

response of the system. 

3. DIELECTRIC RESULTS AND DISCUSSION 

The dielectric measurements on KTN samples 

with Nb concentration ranging from 1.2 to 30% 
were made with a HP-4194A Impedance/Gain-Phase 

Analyzer. 
Since the dielectric responses are largely similar at 

all concentrations of Nb, we tirst discuss the results of 
the 15.7% sample in detail and later summarize the 
results for the other samples. In Fig. l(a) we present 

1 

200 

=a 150 

100 

50 

0 

30 

m- 
0 
c 20 

-w 

10 

0 I 
140 150 160 170 190 190 200 210 220 

Temperature (K) 

Fig. I. Real and imaginary dielectric constants of KTN- 
15.7% sample as a function of temperature at 1 kHz. (a) 
Reduced dielectric softening and deviation from Curie-Weiss 
response, (I - -) before application of any bias field (see text), 
(0 -) after the application of bias field (see text). (b) data and 
fit on expanded temperature scale. (c) temperature derivative 
of e’ showing the region of reduced softening sting with the 
condensation at 161 K. (d) imaginary part, 8, showing a 

peak in the same temperature region. 
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the results of two sets of measurements of the dielec- 

tric constant, E’(v, T), taken at 1 KHz in the tempera- 

ture range 140-220 K. In this figure, the set with solid 

markers corresponds to data taken earlier, before 
application of d.c. bias fields. In the following how- 
ever, we primarily focus on the data taken later (open 

markers) leaving the comparison to the end. At high 
temperatures, the susceptibility is accurately described 
by a Curie-Weiss law [21, 221: 

E’(T) = & + EO, 
0 

(4) 

where C is the Curie constant, To the Curie-Weiss 
temperature, and e. is a temperature independent or 

background dielectric constant. The frequency depen- 

dence of e’ is illustrated in Fig. l(b) where we compare 
the results of measurements at three different frequen- 

cies on an expanded temperature scale. As shown in 
Fig. l(b) for the 15.7% crystal and several frequencies, 
the dielectric constant departs from the Curie-Weiss 
law in a narrow range of temperature near 164 K. This 

departure we qualify as ‘reduced softening’. As a 
result of this departure, T, is found 9K below the 
Curie-Weiss temperature, To, for this crystal. The 

derivative dr’/dT, shown in Fig. l(c), is helpful in 
identifying the important temperatures in the process 

and in particular the two inflection points at N 16 1 and 
-157SK and the change in curvature at 164 and 
153 K. This figure also confirms the absence of a 

frequency dependence in the frequency range of the 
dielectric measurements. 

In Fig. I(d) we present the imaginary part of the 
dielectric constant, which closely parallels the beha- 
vior of E’, with a first inflection point near 161 K, a 
peak at 158 K, a minimum at 153 K and only a small 
frequency dependence of these temperatures (Q 1 K) 
between 500 and 1 MHz. 

Dielectric constant measurements were also made 

on samples of other concentrations, and the real part 
was fitted with eqn (4). For all concentrations, it was 
found to display a Curie-Weiss-like behavior in the 
high temperature region, but to depart from it at T* 

while approaching the condensation. In Table 1 
below, we present a summary of the parameters 

obtained from fitting the dielectric data at 1 KHz for 

different concentrations. 
It is fundamental to emphasize that x,l’ has 

been calculated from eqn (3) using the Curie-Weiss 
constant, C obtained from the fit [eqn (4)] at high 
temperature and clearly influenced by the presence of 
Nb impurities as seen in Table 1. As pointed out earlier 
this procedure is at odds with the original application 
of Schmidt and Schwabl’s model [15] in which C 
was taken to be the Curie-Weiss constant of pure 

KTa03. Nevertheless the constancy of x,l’ (T*) for all 
the concentrations studied would appear to justify this 

new application of the model and support the coop- 

erative nature of the condensation. It is further inter- 
esting to note that the value of xc1 (~5000) is close to 
the experimental value of the dielectric constant 

obtained just above the condensation [see Fig. l(a)]. 
According to the model, this figure can be interpreted 
as the average value of the cluster susceptibility that is 
necessary in order to trigger the condensation of a 
fraction of the clusters into nanoregions. The con- 
stancy of xc1 is a rather remarkable result that is 

particularly well illustrated by the two series of mea- 
surements made on the 15.7% crystal before and after 

application of large d.c. bias fields. T, was found to be 
the same for these two series and, even though C and 
To had changed, xc1 is nevertheless found to remain 

constant. We hypothesize that, as a result of the large 
fields, the distributions of cluster sizes has been modi- 
fied with no change, however, in the volume fraction 
of the crystal occupied by clusters. Besides the con- 
stancy of xi’, the two most significant points to be 

noted in Table 1 are that: (1) the dielectric constant, E’, 
departs from a Curie-Weiss law approximately 20 K 
above the transition for all concentrations (the varia- 

tions observed do not present any meaningful trend 

and are due to error bars in the fitting to the C-W 
law); and (2) the actual transition temperature, T,, is 

shifted down from the Curie-Weiss To by 6- 10 K. 
Because a Curie-Weiss law is due to dynamic 

Table 1. Summary of the various parameters obtained from fitting eqn (4) to the data 

Cont. C(K) To T, 

KTaO, * 50,000 13 - 
1.2% (a) 59,915.6 20.2 12.21 
1.2% (b) 60,473 19.6 12.15 
3% 63,848 66.4 59.5 
15% 100,202 133.5 129 
15.7% (1) 116,520 143 139 
15.7% (2) 84,447 148.4 139 
30% 119,670 230.4 224 

T' 

33.8 
32 
80 

152 
164 
164 
258.6 

Xii' 

- 
2.3e-4 
2.05e-4 
2.13e-4 
1.84e-4 
1.8e-4 
1.8e-4 
2.39e-4 

*See Ref. [21]. 
(a) and (b) refer to two different samples, and (l), and (2) refer to measurements 

before and after application of large d.c. bias fields. 



1476 J. TOULOUSE and R. K. PATTNAIK 

fluctuations of the polarization, it is natural to inter- 
pret the departure noted in point (1) above as a 
suppression of these fluctuations due to the condensa- 
tion of polar clusters into polar nanoregions which are 
known to exist near but above T, [9]. This departure, 
and the downward shift of the transition temperature 
that accompanies it, are in fact predictions of the 

theoretical model outlined earlier. 
Also according to Schmidt and Schwabl’s model [ 15[, 

the polar nanoregions should possess a net polarization 
that is dependent on non-linear (order parameter) 

interactions. Measurements of polarization hysteresis 
shall then show the passage from linear to non-linear 

(hysteresis) loops accompanying the condensation of 
polar clusters into nanoregions. In the following section 
we present polarization measurements on the KTN- 

15.7% sample and discuss the results. 

4. POLARIZATION HYSTERESIS RESULTS AND 
DISCUSSION 

Polarization measurements as a function of both 
temperature and excitation frequency were made 
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Fig. 2. (a) Hysteresis loops of KTN-15.7% at different 
temperatures. Above 160K the loops are oval while below 
have an “S’ (non-linear) shape. (b) Step increase in the 
coercive field at 160 K showing onset of strongly interacting 
polar nanoregions. (c) Third harmonic of the excitation 
derived from a Fourier analysis of the polarization signal. 
It is evident that the cubic (non-linear) term begins to increase 
with the condensation of the polar nanoregions at T, + 20 K. 

using a Sawer-Tower circuit with a peak a.c. field of 
1000 V/cm and the experiment was done upon cool- 
ing. In Fig. 2(a) we present the polarization hysteresis 
loops obtained with the KTN-15.7% sample at differ- 

ent temperatures across the condensation range. Two 
significicant features in the loops are worth noting. 
First, the loops at the higher temperatures are simple 

ovals (or linear) while at lower temperatures they 
become non-linear, particularly on the down field 

part of each half cycle. The oval loops are simply the 

result of a phase lag between the excitation field and 
the polarization of the dynamic clusters. The non- 

linear loops, by contrast, reveal strong interactions 
between clusters having coalesced into polar regions. 

These strong interactions also explain the rising coer- 
cive field shown in Fig. 2(b). Here again the condensa- 
tion process is seen to begin between 165 and 163 K. 

In order to characterize more precisely the poiar- 

ization non-linearities, i.e. find the frequency compo- 
nents, we have Fourier analyzed the measured 

polarization signal (that consisted of 500 data points 
per trace). The amplitude of the third harmonic is 

shown in Fig. 2(c) as a function of temperature for two 
different frequencies. It rises near 164K and is 

approximately constant between 157.5 and 153 K 
before increasing again at lower temperatures. The 
low amplitude tail extending above 164 K is a field 
induced effect and the effect of the condensation is 
reduced at higher frequencies or higher fields. 

5. SUMMARY AND FINAL REMARKS 

In summary, we have observed in the 
KTai_,Nb,O, (KTN) system the condensation of 

polar custers into polar regions approximately 20K 
above the ferroelectric transition temperature for all 
the Nb concentrations. This condensation is evi- 
denced by a reduced softening of the bulk suscep- 
tibility, departing from the conventional Curie-Weiss 
response, and a concurrent peak in the imaginary 
dielectric constant. It is also evidenced by the appear- 
ance of non-linearities and a rising coercive field in the 
polarization response. This condensation marks the 
beginning of strongly correlated fluctuations between 
niobium ions within the polar nanoregions. 

Several general remarks can now be made about the 
above results and the condensation process that they 
reveal. As was mentioned, earlier NMR measure- 

ments 112, 131 on KTN, and even measurements on 
one of the present samples, have shown that the off- 
centering of a fraction of Ta ions takes place at 
temperatures much above the present condensation 
temperature. At these same temperatures Raman 
spectra begin to show broad single phonon lines 
normally forbidden in the cubic phase and indicative 
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of the appearance of dynamical clusters. The present 

dielectric and polarization results suggest that, due to 
the soft phonon mode, or equivalently the high polar- 

izability of the lattice, near neighbor clusters begin to 
interact strongly near T’ to form polar nanoregions. 
The very small frequency dependence of the experi- 
mental features observed would itself suggest 
the cooperative nature of the condensation process. 

However, none of the experimental observations 

reflect the divergence of the correlation length or the 
susceptibility. In the original application of Schmidt 

and Schwabl’s model, this is simply due to the finite 
range of the impurity potential, U(x). In the present 
case we can offer a more specific explanation. In 
disordered ferroelectrics such as KTN, it has been 
shown that the random dipoles interact directly via 
the normal dipole-dipole interaction but also indi- 
rectly via the lattice through the Lorentz field, with 

only the latter leading to ferroelectric ordering [23]. 

This provides a simple explanation for the absence of 
a divergence while still allowing for the cooperative 

character of the condensation. At intermediate dis- 
tances, of the order of the size of the polar nanoregions, 

ferroelectric interactions dominate while, at large 
distances, it is the direct dipole-dipole interaction 
that dominate, preventing an indefinite growth of the 
correlation length of the polarization. 

work was supported by OfTice of Naval Research Grant 
No. NOOO14-90-J-4098. 
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