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A F Ioffe Physiko-Technical Institute, 194021, St Petenburg. Polytekhnicheskaya 26, 
Russia 

Received 16 October 1991 

Abstract. An investigation was carried out on both ?he linear and non-linear parts 01 the 
complex dielectricsusceptibility in the frequency and temperature ranges 10-’-1O3 Hz and 
100-450 K, respectively. The analysis of the imaginary pan of the dielectric susceptibility 
has revealed the existence of a broad spectrum of relaxation times in the above temperature 
range. The temperature dependence of the most probable frequency of the spectrum was 
obtained. For temperatures T S  230 K this frequency tends to some temperature-inde- 
pendent constant value. Comparison of these results with the neutron scattering data has 
shown that in the same temperature region (T-=OK) spatial scale stabilization of the 
ferroelectric fluctuations takes place. The third harmonic of the non-linear permittivity 
components undergoes critical divergency at T- 230 K. 

1. Introduction 

In recent years there has been a considerable amount of interest in the investigation of 
so-called ferroelectrics with diffuse phase transitions (DPT) (relaxor ferroelectrics). 
Lead magnoniobate PbMg,,,Nb@O3 (PMN) can be considered as a model crystal for 
investigations of such systems. However, in spite of the fact that a number of papers 
concerned with the studies of PMN have been published (see Smolensky et a1 1981, 
Krainik er al1989, Dorogovtsev and Yushin 1990, Cross 1987 and the references therein) 
the nature of DPT i s  not yet clear. It has been suggested that some of the peculiar low 
temperature properties of PMN could be explained by the transition to the dipole glass 
state (Dorogovtsev and Yushin 1990, Vakhrushev et al 1989, 1990). To clarify this 
problem it seems to be important to study the dielectric properties of PMN in the low- 
and ultra-low-frequency regions in order to obtain information about the probability 
distribution of the relaxation times and to obtain the dynamic scaling function. It is also 
important to investigate the non-linear susceptibility and, in particular. to look for 
its critical divergency. Several papers devoted to the investigation of the dielectric 
properties Of PMN (Krainik er al1989, Nadolinskayaetnl1987) were not detailed enough 
and no results concerned with the scaling law were obtained. As far as the authors are 
aware, up to now there are no data concerned with the non-linear susceptibility of PMN. 
Consequently, we have performed a systematic study of the dielectric properties of PMN 
in the frequency range 10-3-103 Hz over a broad temperature region. 
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Figure 1. The temperature dependencies of real (a) and imaginary (b) pans of the dielectric 
permittivity of PMN measured at different frequencies, The inset represents the frequencv 
dependencies of E' and E" maxima. 

2. Experimental details 

We used plate-like samples having sizes of about 5 X 5 X 1 mm' cut from the PMN 
single crystal, perpendicular to the [loo] direction, with AI electrodes sputtered on the 
preliminary polished surface. All measurements were carried out with a computer- 
controlled measuringsystem (Vakhrushev er al1991), operatingin the frequency domain 
mode. Both linear and non-linear susceptibilities were measured in the frequency region 
10-3-103 Hz with a measuring field of 30 V cm-'. As will be shown later, for PMN 
this field can be considered 'weak'. All measurements were performed on samples 
preliminarily annealed at 500 K. 

3. Results and discussion 

Figure 1 shows the temperature dependencies of the real and imaginary components of 
the dielectric permittivity measuredat different frequencies. Onecan see that both e ' (T)  
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and C(T)  maxima areshifted toward thelower temperaturesasthemeasuringfrequency 
is decreased, and that a strong dispersion of E‘ and &“exists in the low temperature part 
of both dependencies. Such behaviour is well known for frequencies down to 0.1 Hz. 
(Nsdolinskaya el a1 1987). By analogy with spin glasses, such behaviour of the dynamic 
susceptibility in disordered ferroelectrics was supposed to be concerned with the exist- 
ence of the broad spectrum of relaxation times (Ginzburg 1989). As for spin glasses in 
the investigated frequency range, the positions of both E‘ and E” maxima (figure l(a)) 
could be described by the Arrhenius law 

o = wo exp( -Ea/kT).  (1) 
However, also like spin glasses (Ginzburg 1989), the values of both Ig(oo) = 104 and 
E,/k = 26 000 K obtained from the experimental data have no physical sense. 

Now, let us consider the relaxation between a measured dielectric susceptibility and 
the dielectric relaxation spectrum. The dielectric susceptibility could be represented as 
a superposition of Debye relaxators with different characteristic times z 

where g(l/w, T )  is the temperature dependent distribution of the relaxation times. 
Consequently, the imaginary part of E* could be written as 

and in the case of a broad spectrum. when 

t , i ”  s l / w  s t 

X ’ Y W  T )  = (../2)xo(T)g(l/o, T ) .  

(4) 

(5 )  

E” could be approximately represented as (Courtens 1986) 

Thus, the spectrum of dielectric loss gives direct information about g ( l / w ,  7). In the 
limitofthebroadspectrum(4),onecanalsoobtainanimportant simple relation between 
real and imaginary parts of the susceptibility (Ginzburg 1989, Lindgren eta1 1981) 

x”= (n/2) a,y’(o)/a(h 0). (6) 
We used our experimental data to verify satisfactorily (6) and, consequently, the 

validity of assumption (4), about the large width of spectrum. The results obtained are 
shown in figure 2. One can easily see that at all temperatures a good agreement between 
the directly measured values of E” and those calculated from the dispersion of E ’ ,  using 
(6), exists. This led us to conclude that the spectrum g(l/w, T )  is extremely broad not 
only at low temperatures but up to the highest measured temperatures. 

Now, returning to (5). Apparently, if one neglects the frequency independent term 
(n/2)xo(T), then ~ “ ( w ,  T )  directly corresponds to the spectral function g( l /o ,  T ) .  In 
order to compare the shape of the spectrum at different temperatures we represented 
the experimental dispersion curves f ( w ,  T )  in coordinates of 52 Ig(w/w,) and 
xnarm ~ “ ( w ,  T ) / f ( w o ,  T ) ,  where coo is a position of the x(o) maximum, that is, the 
most probable relaxation frequency. 

The superposition of the normalized dispersion curves, corresponding to the tem- 
perature region, where wo is inside the experimental frequency range (10-)-103 Hz), 
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Figure 2. Comparison of the measured imaginary part of the dielectric permittivity of PMN 
(open circles) with that calculated from ( 6 )  (full circles) for different temperatures. 

has revealed that the shape of the spectrum does not change with temperature in this 
region. Next, we fitted the dispersion curves corresponding to the temperatures above 
and below this region to the part of the 'master curve' already obtained, using 0" and 
f'(wo, r)  as fitting parameters. Each new addedcurve coincided with a previously made 
part of the 'master curve' at a minimum of 80% of the points. As a result of the above 
procedure we obtainedadielectricloss'mastercurve'which, aswasnoted above,exactly 
corresponds to the distribution function of the relaxation times. The results are shown 
in figure 3. 

From more than 40 dispersion curves, corresponding to the temperature region 
185 K < T < 260 K a smooth enough 'master curve' was obtained to lead us to conclude 
that the shape of the spectral function is slightly temperature dependent. The cusp, 
existing on the 'master curve' near B = 4, could probably be explained by some change 
in the shape of the spectrum at T <  230 K because this part of the 'master curve' was 
obtainedfrom thelowtemperatureexperimentaldata. Asaresultofthefittingprocedure 
the temperature dependenciesof woand~"(wo) wereobtained. The temperature depen- 
dence wo(T)isshowninfigure4(a). Ashasbeenalreadymentioned, inthe temperature 

' region 235 K < T < 255 K this dependence can be well described by the Arrhenius law 
(1). At high temperatures the experimental dependence deviates from (l), but this 
deviation could be described by the Vogel-Fulcher law, or the modified Arrhenius 
law (Courtens 1986). However, in the low-temperature region, the experimental data 
displays anomalous behaviour. 
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Figure 4. The temperature dependencies of the square inverse correlation radius of ieerro- 
electric fluctuations (stars) and most probable relaxation frequency (full squares) OS PMN. 
The inset shows the deviation from the Arrhenius law. 
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Figure 5. The temperature dependence of the third harmonic of the dielectric permittivity 
of PMN (open circles) and its approximation by critical dependence (7) (full curve). 

Starting at 230 K, wo becomes temperature independent, being of the order of 
5 X lO-’Hz. It is interesting to compare the obtained w,(T) dependence with the 
temperature dependence ofthe inverse correlation radiusofthe ferroelectricfluctuation 
obtained from the neutron scattering data (Vakhrushev et al1990). Results are shown 
in figurz 4. One can see that at T < 230 K both the time and space scales, wo and Ro. 
correspondingly become temperature independent. As far as we know such phenomena 
have never been observed before. 

In addition to the linear permittivity the non-linear one has also been studied. As 
one could expect, only odd harmonics of the dynamic response were observed. In figure 
5 the temperature dependence of the amplitude of the third harmonic, measured at the 
main frequency of 1 Hz, is shown. The high-temperature side of this dependence could 
be described by the critical dependence: 

Ej(T) = & y ( T -  2 3 3 y  (7) 
with critical temperature equal to 233 K, coinciding with the value of the temperature 
where both the mean frequency and the correlation radius become temperature inde- 
pendent. The critical exponent value is close to that obtained for the temperature 
dependence of the third harmonic of susceptibility in spin glasses (Omari et a1 1983). 
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