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Empirical scaling of the dielectric permittivity peak in relaxor ferroelectrics
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Dielectric permittivitye as a function of temperature is measured in Phip, 05 and a number of other
relaxor ferroelectrics with the perovskite structure. It is found that the data taken from the high-temperature
slopes of the diffused permittivity peaks of all the materials studied can be collapsed onto a single scaling line
derived from the formula /e =1+ 0.5(T—T,)?%/ 6%, wheree,, T5, andé are the parameters depending on
the composition. This formula describes the static conventional relaxor susceptibility, which provides the
dominant contribution to the permittivity peak at temperatures above the temperature of the maximum. In the
close vicinity of the peak temperature and below, the scaling is disturbed due to the conventional relaxor
dispersion.
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The broad peak in the temperature dependence of dielec- There were several attempts to describe the relaxor per-
tric permittivity ¢ is one of the main features of relaxor fer- mittivity peak empirically(see Ref. 6 for a brief reviewThe
roelectrics. In classical relaxors, strong frequency dispersiomost popular formula®
is observed at the low-temperature slope of this peak, while
the high-temperature slope is almost independent of fre- Em
qguency, so that the position of the permittivity maximum, —=1+B(T—-T,)” (1)

Tm, shifts to higher temperatures with increasing frequency, &

satisfying the characteristic Vogel-Fulcher behavide-  coniaing frequency-dependent quantitids, and &, (the

cause of the smearing of the anomaly_of the permittitatyd value of the maximum permittivily As a result themparam-

some other propertigsrelaxors look like, and are usually ters defining the shape of the functigrandB e;lso depend

classified as, ferroelectrics with diffused phase transition. Af;n frequency and thereby are not fully app’)ropriate for de-

:s;zsc:?r;uri?\fowg lk%ilé);ggdaicnglr:aes?; %ﬁé:;aexae[ﬁt‘fsgwmnay scribing the frequency-independent high-temperature slope
of the permittivity peak. Furthermore, these parameters ap-

example is PbMgsNb,,503) or to a normal ferroelectric ; i !
phase, e.g., in PbMgNb,-04-PbTiO; solid solutions or pear to be different not only in different materials, but some-
N 218 -3 times also in different temperature intervals of the same

PbSg,,Nb;,,05. At temperatures significantly aboveg, the 25

behavior resembles that of the paraelectric phase in norm&haterial: .
ferroelectrics with the temperature variation of the permittiv- It was recentl?_ found that  in
ity following the Curie-Weiss law. It was recently discovered 0-75PbMg,sNb,405-0.25PbTiQ relaxor ceramics a single
that the dielectric Curie-Weiss law in relaxors is related toshape parameteg, is good enough to describe the permit-
the displacive-type ferroelectric soft moti&t T<T, (T4is  fivity in a wide temperature range aboWg, using the ex-
typically hundreds of degrees higher thap) the soft mode Pression

becomes overdamped and the Curie-Weiss law is violated.

The nature of the dielectric peak and other properties of EA_4. (T=Ta)?
relaxors are under extensive discussion now. It was proposed e 262
that the peak originates from the relaxation reorientation of
the polar regions of a few dozens nanometers size existing iwhereT (<T.,) ande, (>&,) are the parameters defining
the corresponding temperature range, or from the relaxatiothe temperature position of the peak and the extrapolated
of the boundaries of these polar regidnExperimental evi- value of e at T=T,, respectively, andy is a diffuseness
dences were later found to support both hypothésémt do  exponent which was found to be exactly equal to 2. It was
not allow us to unambiguously adopt any particular one. also shown that Eq(2) with y=2 may be approximated

In the normal ferroelectrics, the Curie-Weiss lawe 1/ Wwithin certain temperature intervals by Ed) with the pa-
=(T—Tc)/C is known to describe the high-temperature rametersB and y which had been reported in the literature
slope of the sharp permittivity peak with a single shape pafor some other relaxors. Thus, one can expect that the new
rameterC. This law can be derived from general theories ofquadratic formula2) is the universal expression for many
ferroelectric phase transitions. For relaxor ferroelectrics théelaxor ferroelectrics. In this paper we show that it is indeed
existing theories do not propose such a universal formula t60. The data for a large number of materials with different
describe the dielectric behavior; therefore it is rewarding tdroadness of(T) maximum can be collapsed perfectly onto
find it out experimentally to provide the basis for further a single scaling line derived from E) with the diffuse-
theoretical investigations. ness exponeny=2.

@
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50000 600 broad peak in 0.42PSN-0.58BSN to comparatively sharp one
[ 0.69PMN-0.31PT 2 ] in (1—x)PMN-xPT, which looks almost like in normal fer-
[ \ 500 roelectrics(see Fig. 1. We measured the real part of permit-
40000 | tivity at different frequencies and temperatures around and
L 0.42PSN-0.58BSN aboveT,, for more than 30 samples of 26 different compo-
[ 400 sitions[in addition to the compositions presented in Table |,
30000 g (1—x)PMN-xPT, (1—x)PZN-xPT, (1—x)PSNxPT, and
@ -~ 300 @ (1—-x)PSNxBSN solid solutions with different were also
. studied. The data from the high-temperature slopes¢T)
20000 F maximum(starting from temperatures several degrees higher
J 200 thanT,,) were fitted to Eq.(2) by means of least-squares
10000 | PIN procedure with adjusting parametéfrg, €5, 6, andy (the
] P 100 criteria for choosing the appropriate measurement frequen-
-~ ,/\ cies for fitting will be discussed belgwNo correlation be-
0 e " T o tween y and composition has been noticed. The average

value of y was found to be equal to 2.6.03, indicating
that the dependence ofelén T— T, is indeed quadratic. The
TK) same data were then fitted to E®) with fixed y=2. The
FIG. 1. Dielectric permittivity vs temperature for some of the resultant parameters and th? frequencies at WhiCh the fittin'g
crystals studied. The solid and dashed lines represent the data féf€"e performed are summarized in Table I. Using the best-fit
high and low frequencies, respectivel¥00 kHz and 10 Hz for Values ofT,, 4, and g, we plotted in Fig. 2 the data for

0.69PMN-0.31PT, 1 MHz and 100 Hz for PIN, and 1 kHz for different compounds aglogio(ea/e—1)+210g,06] Vs
0.42PSN-0.58BSN 100:(T—Ta). In such a presentation, all data points satisfy-

ing Eq. (2) should lie on a single straight lifé As one can

We have studied different perovskite relaxors: lead-see, for all compounds studied the scaling is valid in a wide
containing ternary single crystals and ceramics of 1:1 typgemperature interval T (the values oA T are presented in
[PbSgG/,Nb; ;03 (PSN, Pbin,Nb;;0; (PIN), (1  Table ). At higher temperatures the Curie-Weiss law is
—X)PSNxBSN (BSN stands for BaSgNb,;,0;), known to hold(the high-temperature data points which fall
PbFeg,,Ta ;03] and 1:2 type [PbMgsNb,s0; (PMN),  apart from the scaling line are not shown in Fig. 2or some
(1-x)PMN-xPT (PT stands for PbTig), PbZn,Nb,s0;  materials the scaling works up to the highest temperatures
(PZN),  (1—x)PZN-xPT, (1-x)PMN-xPSN], as measured.
well as lead-free relaxor ceramics of  Attemperatures beloW=T,+AT,, the scaling also be-
0.85NaNbQ@-0.15SrCy,sNb,s0;.  Sample preparation, comes violated. The interval T, varies from 2 6 9 K in
measurement procedures, and properties of the materiatiifferent materials. This violation is due to the characteristic
were described in Refs. 10 and 11. dielectric dispersion, which exists around and belbythe

The materials selected for the investigation show very dif-so-called conventional relaxor dispersi@n(CRD)]. Upon
ferent degrees of dielectric peak diffusion ranging from veryheating atT=T,,+AT,, this dispersion disappears and the

TABLE |. Characteristic scaling parameters of selected relaxor ferroelectric materials.

f T AT,
No. Compound (kHz) (K) 10 2%g, Ta (K) 8 (K) 10 %g, (K)
1 PbMg;,sNb,,z05% 100 276 190 262 41 206 200
2 PbMgj ;sNb,,:05° 100 280 102 264 46 105 190
3 PbZn sNb,052 100 424 358 416 28 419 >190
4 PbSg,Nb; 052 1 380 377 348 36 567 130
5 Pbin,,;Nb, ;052 1000 370 73.1 338 109 771 >150
6 PbFeg,Ta; ;052 100 251 288 248 20 294 60
7 0.69 PbMgsNb,/z05-0.31 PbTiQ? 100 427 444 425 22 458 150
8 0.65 PbMg,sNb,,305-0.35 PbTiQP 100 451 360 426 20 549 120
9 0.77 PbMgjsND,/505-0.23 PbSg,ND; ;05 10 278 151 243 57 189 >80
10 0.955 PbZpsNb,,:05-0.04 PbTiQ? 100 439 311 425 31 360 >130
11 0.92 PbSg,Nb; ;,05-0.08 BaSg,Nb, ,05% 1 321 108 294 81 115 >100
12 0.42 PbSg,Nb; ;,05-0.58 BaSg,Nb,,05% 1 92 3.73 39 332 3.79 >300
13 0.85 NaNb@-0.15 SrCysNby,/s05° 1 133 8.34 132 200 8.34 180

aSingle crystals.
bCeramics.
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5 - be seen in Fig. 1 for 0.69PMN-0.31PT crystal around and
g" above the maximum. Upon heating, the universal contribu-
45 o i tion rapidly diminishes according to the relatigiy=C, (T
-To) 2, whereC, andT, (<T,) are frequency-dependent
. parameters. According to the analysis of the data measured
on 0.75PMN-0.25PTRef. 6 and our estimations for some
other compounds, the universal contribution can perceptibly
w ° influenceT, ande, parameters determined from the experi-
& . . mental ¢(T) at low frequencies, but its influence ahis
] 3 ., minute. An additional parasitic contribution to the permittiv-
2 . .?- :; ity of 0.69PMN-0.31PT(and some other materials studied
i; 25 s R 03 appears at high temperatures and low frequencies. This con-
o) s .}f a4 tribution gives rise to the so-called low-frequency
g’ ‘¥ 5 dispersion* (compare the curves for different frequencies at
2 o 4 -6 T>550 K in Fig. 1) and can fully destroy the low-frequency
® e .% o7 scaling.
15 L1 48 To avoid any undesirable effects on the scaling of the
ol o P’ ‘?0 above-discussedand probable otherdielectric contribu-
i fx’ | it tions, one should perform measurements at high enough fre-
x I 1 %12 quencies, where these contributions are negligible. Another
%13 possible way is to determine and extract the parasitic dielec-
05 o . 1 - , 2‘5 tric susceptibilitiegas was done in Refs. 10 and)18or all

the compounds studied in the present work, at the frequen-
logol{T - T a) (K)] cies used for scaling, we have not obseryaidtemperatures
FIG. 2. Scaling plot for the data related to different composi-around or higher thaf,,) any dispersions pointing to sig-
tions. The curves are numbered in accordance with the numberingificant additional susceptibilities other than the CRD, which
of the compositions in Table 1. is the only strong dispersion in that frequency range. It gives
rise to the Vogel-Fulcher frequency shift ®f, and disturbs
conventional relaxor permittivity reaches its low-frequencythe scaling at low temperatures.
limit, ero. At higher temperatures (= ¢g,) follows Egs.(2) It is worth mentioning that alongside with the polar nan-
with y=2. Such a conclusion has been drawn on the basis afregions, the nanoregions of the other type are often ob-
our investigation of 0.75PMN-0.25PT cerami¢sWe have served in relaxors. Although the structure of these materials
shown that it is just the static conventional relaxor permittiv-is mainly compositionally disordere(le., there is no long-
ity, ero, that follows Eq.(2) at T>T,,+AT,. We can also range order in the arrangement of different cations, e.g.,
hypothesize that at lower temperatuegg continues holding Mg?* and NB* in PMN, on the equivalent lattice siteshe
Eqg. (2) and thusT 5, ande 5, have the meaning of the tempera- compositionally ordered regions having the size of several
ture and the magnitude of thegy(T) maximum, respec- dozens nanometers were revealed by means of transmission
tively. But it is not easy to check this hypothesis experimen-electron microscopyTEM).'® In some of the materials stud-
tally, because CRD is observed in relaxors down to thded in our work the compositionally ordered regions have
lowest practically available measurement frequencies so thdteen reportede.g., in PMN and PZIN while in some others
the static permittivity cannot be measuredTat using con-  no such regions have been observed by TEYT, PMN-PT,
ventional dielectric techniques. and PZN-PT with high concentration of PBut in all cases
It should be underlined that as long as the high-the scaling appears to be applicable. This means that the
temperature slope of the permittivity peak is independent otompositionally ordered regions are not directly involved in
frequency, the parameters of E®), obtained by fitting to  the possible mechanisms responsible for the dielectric prop-
this slope, will also be necessarily frequency-independenterties of the relaxors.
But in relaxor ferroelectricgas well as in any dielectrigs In conclusion, we have shown that in a large number of
there often exist more than one polarization mechanism correlaxor ferroelectrics the static conventional relaxor permit-
tributing to the dielectric permittivity. Clearly, these addi- tivity, egg, at the high-temperature side of the permittivity
tional contributions to the permittivity do not follow E@Q) peak follows exactly Eq(2) with y=2. At high enough fre-
and they could disturb scaling. For instance, in PMN andquencies, where the other contributions to the permittivity
PMN-PT comparatively small but appreciable universal re-are negligible and thus the measukedqualseg,, € can be
laxor susceptibility,yy, has been found in addition to the scaled as shown in Fig. 2. The parameiebeing practically
conventional relaxor contribution, so that the total permittiv-independent of frequency, can be considered as a convenient
ity at T>T,,(f)+AT, can be written ag(T,f)=erg(T) measure for the degree of diffuseness of the permittivity
+ xu(T,f).221%In the whole frequency range accessible forpeaks in relaxors. It is expected that the scaling behavior
measurementg,, decreases with frequency gg>=f""1 (n  discovered in this work is representative for the whole class
is close to but smaller than unjtyThis dispersion can clearly of relaxor ferroelectrics. When studying the other materials,
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it is necessary to keep in mind that any additional nonrelaxor The work was supported by the Natural Science and Re-
polarization process giving rise to a significant contributionsearch Council of Canad&SERQ, the U.S. Office of Na-
to e can disturb the scaling. Further investigations are undeval ResearchHGrant No. N00014-99-1-0738&nd the Rus-
way to understand the fundamental physical mechanisms usian Foundation for Basic Resear@rant Nos. 01-03-33119

derlying the scaling behavior.
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