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Universal relaxor polarization in Pb(Mg,,3Nb,3) O3 and related materials
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The dielectric permittivitys at frequencies from (10—10 %) Hz to 1¢ Hz is studied in perovskite (1
—X)Pb(Mgy5Nb,/3) Os-XPbTiO; relaxor ferroelectric ceramics of different compositiorss0.35, 0.25, and 0,
which exhibit, below the temperature of the diffus€l) maximumT,,, a tetragonal ferroelectric, a rhombo-
hedral ferroelectric, and a nonergodic relaxor phase, respectively. The universal relaxor dispersion previously
observed at temperatures near and abdyein the ceramics ofk=0.25 is also found to exist in other
compositions. This dispersion is described by the fractional power dependence of the real and imaginary parts
of susceptibility on frequencyg(,(f )= x{,(f )= "~ 1. The real part of the universal relaxor susceptibijty is
only a comparatively small fraction of the total permittivity, but x{, is the dominant contribution to the
losses in a wide frequency-temperature range afigyeln the high-temperature phase a divergent temperature
behavior is observedy(,(T)<(T—Tg) ¥ and x{,(T)=(T—Ty) 7, with To<T,, and y=2, for all the three
compositions studied. The universal relaxor susceptibility is attributed to the polarization of polar nanoregions,
which are inherent in the relaxor ferroelectrics. A microscopic model of this polarization is proposed, according
to which the dipole moments of some “free” unit cells inside the polar nanoregion can freely choose several
different directions, while the direction of the total moment of the nanoregion remains the same. The ensemble
of interacting polar nanoregions is described in terms of a standard spherical model, which predicts the
quadratic divergence of susceptibility above the critical temperature, in agreement with the experimental
results.
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[. INTRODUCTION The second remarkable feature of PMNT75/25 is the
Curie-Weiss law for the total permittivity observed in the
The structure and properties of relaxor ferroelectrics aréow-temperature phage:
nowadays a fascinating puzzle that has attracted a great deal
of theoretical and experimental wotkThe appropriate de- g'=C(Tc—T) ! at T<Tc. 2
scription of the temperature dependences of the dielectric
permittivity with broad peak and extremely high value, typi- The Curie-Weiss temperatui®. is approximately equal to
cally observed in these materials, is a necessary and impofhe critical temperatur@, and is several degrees below the
tant step toward the understanding of the problem. In th@emperature of the diffuses’ (T) maximum (T,,).
studies of the dielectric response of 0.75Pb¢Mdb,/s) Os- The validity of the Curie-Weiss lau2) below the Curie
0.25PbTiQ@ (PMNT75/25 relaxor ferroelectric with the pointimplies that the spontaneous transition from the relaxor
perovskite-type structure, we recently found that in the temto a normal(long-range-orderedferroelectric (FE) phase,
perature range above the ferroelectric phase transition, thghich is known to exist in 0.75PMN-0.25PT &g, must be
most significant contributions to the dielectric permittivity a second-ordefor a first-order close to the tricritical point
(e=¢'—ig") come from two distinct mechanisms, called phase transitiofl.
the “conventional relaxor polarization” and the “universal  Several issues still remain to be solved with regards to the
relaxor polarization,” respectivefy® The first contribution  key features of the universal relaxor susceptibility, in particu-
gives rise to the diffused maximum in the temperature detar, (i) whether or not the critical behavi¢t) is related to the
pendence of the real part of the permittivily and amounts  spontaneous transition from the relaxor to a normal ferro-
to about 80%—-90% of the total value. The real part of the electric phase or if it can be observed in relaxors without
universal relaxor susceptibility, which results from the sec-such a transition(ii) whether or not the critical behaviot)
ond contribution and provides the remaining 10%—-20% ofis connected with the fact that the spontaneous transition to
the totale’, was found to follow the critical relation the ferroelectric phase manifests itself as a second-doder
nearly phase transition, andiii) what the polarization
mechanism responsible for the universal relaxor susceptibil-
xu=C(T—To)" 7 at T>T,, (1) ity is and what the nature of the critical behavid) is.
The aim of the present work is to elucidate these issues.
We have observed the “universal relaxor” dielectric behav-
wherec; andT, are the parameters slightly dependent onior both in 0.65Pb(MgsNb,3) O3-0.35PbTiQ (PMNT65/
frequency and the critical exponegtequals 2. When tem- 35) ceramics, which undergoes a phase transition from the
perature approach€g, from above, this critical relation is relaxor to the normal ferroelectric phase without obeying the
violated and they(,(T) dependence becomes rounded. As aCurie-Weiss law afT<T. and in pure Pb(MgsNb,3) O
consequence, the sum of the two contributions, conventiondPMN) ceramics where a normal ferroelectric phase does not
plus universal, remains noncritical. exist at all and the material remains in the nonergodic relaxor
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state. It is found that the universal relaxor susceptibility 0.91

shows the critical quadratic behavior in both cases. In order I . . .
to explain the unusual critical behavior described by @&g. 0.90 1 o c

we propose a microscopic model for the polarization of the [ R

reorientable polar nanoregiofBNR’s), which inherently ex- 0ss 1 *

ist in relaxors and were suggested to be the origin of the

universal relaxor susceptibilityThis model allows us to de- = 0887 ¢
scribe the relaxor system in terms of the standard spherical 087 1 *
model. It leads to a diverging temperature dependence for the T
susceptibility above the Curie temperature with a critical ex- 0.6 1
ponent of 2, in agreement with the experimental results. K
0.85 — e
Il. EXPERIMENT 390 410 430 450 470

T (K
Polycrystalline (= x)Pb(MgsNby3) O3-xPbTiO; 0

samples withx=0, 0.25, and 0.35 were prepared by the FIG. 1. Temperature dependence of the expomeot the uni-
“columbite method,” which consisted of the synthesis of a versal relaxation in the PMNT75/25 ceramics.
columbite MgNBOg phase at 1100 °C for 5 h, followed by a
final reaction with (Pb@ TiO,) to form the perovskite single contribution to the losses, and then the values of
phase. The mixture of (MgNIDg+ TiO,+ PbO) was calci- x((T,f) were calculated using E¢4) (see Refs. 2 and 3 for
nated at 940°C for 4 h, thoroughly regrounded, and therthe detail$. But in the cases of PMNT65/35 and PMN, these
sintered at 1230-1250 °C for 4—8 h. X-ray diffraction con-frequency intervals are too narrow andand thereforey())
firmed the formation of a pure perovskite phase. The surfacegalues cannot be determined with a good precisgee be-
of the pellets were finely polished, ultrasonically cleanedJow). Consequently, the validity of Eql) cannot be experi-
and then painted with silver electrodes. mentally verified. In this section we will show that this dif-
The complex dielectric permittivity was measured using aficulty can be overcome. It turns out that the critical behavior
computer-controlled impedance analyz8plartron 126Din  can be detected not only for the real part of the universal
conjunction with a dielectric interfac€Solartron 1296as a  relaxor susceptibility, but also for the imaginary part.
function of frequency at different temperatures under isother- The real component follows the critical temperature de-
mal conditions. A weak(0.05—-0.2 V/mm ac field was ap- pendencdl) and, according to Eq4), varies in proportion
plied. The data were taken upon cooling the sample startingp the imaginary one with the proportionality factor depend-
from 720 K. ing onn. Thus, ifn were constanti.e., independent of tem-
peraturg, x{,(T) would also follow the critical dependence

Ill. EXPERIMENTAL RESULTS AND DISCUSSION " Y B
XU:C)((T_TO) Y at T>T0, (5)
A. Critical behavior of the imaginary susceptibility
in PMNT75/25 with the same parameter§, and v, but different C;
Determining the universal susceptibility, in relaxors :C),( cothm/2). However,n is not really a constant. The
9 P Y femperature dependencergfdetermined in PMNT75/25 ce-

does not appear to be a simple task because of the presen o . ,
of other polarization mechanisms besides the universal pg@mics by fitting the experimenta;(f) data to Eq(3) (see

larization. In PMNT75/25, aT >T,, the measured real part Refs. Zhaznd 3 fortthe dzta}lsi?hshom;n in If:]ig. L Olnly lat h??hh
of permittivity ¢’ is the sum ofy|, and the conventional enough temperatures does he valud@ ohange slowly wi

relaxor permittivity gg). In addition, at extremely low fre- temperature and thug,(T) should approximately satisfy

guencies and comparatively high temperatures, the susceplf:'rf'FSfA)NTI_O?V/eznfy that, t.he experl;pen(;tadu('llé) dependencels
bility related to the polarization of the slowly mobile charge 0 . 5 5. ceramics were fitted to @ at Severa
carriers also becomes significant. To extracty),, one can frequencies using the least-squares technique. To avoid any

- : . _significant influence of the inconstancy mfthe temperature
use the characteristic dependen_ces of thg real and magma?a?ervals ofT>400- 410 K were chosen for fitting. The best-
components on frequency ), which are given by the frac- fit v values were found to be equal to 1.97-2.15 with the
tional power-law relatiorfs* Y ' )

tendency to grow with decreasing frequency or temperatures
X (F )1 &) at WhiCh the fitting was performe_zd._ This tendency can be
v ' explained by the temperature variationrofThe parameters
, " Ty, andC” are also dependent on frequency with the best-fit
xu(f)=taninm/2)xy(f), “ values vgrying fromT =367 K andC=9x 10° K* at 0.1
wheren is the temperature-dependent parameter that is closdz to To=383 K andC,=7x 10" K* at 10 kHz. Figure 2
to, but smaller than, unity. In PMNT75/25 the valuesncdt illustrates the results of fitting for selected frequencies. One
some particular temperatures were determined from the frezan see that in a wide temperature range(= ;) follows
guency dependences of the imaginary part of the permittivityvell Eq. (5) with y=2, giving rise to the straight lines in the
using Eq.(3) in those frequency intervals whegg, was the  considered log-log presentation. The experimental relation-
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FIG. 2. Fitting of the imaginary component of the permittivity
(e"=x{,) of the PMNT75/25 ceramics to E@5) at selected fre-
quencies. Experimental values ef (pointy are plotted against
log(T—T,y) with the best-fit critical temperaturéby=382.5, 375,
374, and 367 K for frequencies of 4010?, 10, and 0.1 Hz, respec-
tively.
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FIG. 3. Reciprocal of the real part of the permittivity of the
PMNT65/35 ceramics as a function of temperature upon cooling for
selected frequencies.

crystal structure is rombohedral a&x., but tetragonal at
X>X.. One can expect that the dielectric behavior would be
different in these two cases.

The temperature dependences of the reciprocal dielectric
permittivity of PMNT65/35 ceramicsi.e., atx>X.) in the
temperature range below and slightly abdygare shown in
Fig. 3. Unlike the samples witlx=0.25 (x<Xx.), where
e(T) in the low-temperature FErthombohedral phase can
be described by the Curie-Weiss Ia®),* this law is not
valid in the case of PMNT65/35. The temperature variation

ship deviates from linear at high and low temperatures, firsof 1/’ suggests a first-ordefalthough slightly diffused
of all, as a result of the contribution from the aforementionedferroelectric phase transition at approximately 450 K. This
additional relaxation processes that exist besides the univepbservation is in consistence with the x-ray data showing the

sal relaxor relaxation, leading td'# x{; . At high tempera-

abrupt change of unit-cell parameters at the Curie pbint.

tures, the contribution that increases with increasing tem- The frequency dependences of the imaginary part of the
perature, but decreases with increasing frequency, resulermittivity at temperatures around and abdygare shown

from the low-frequency dispersiqibFD), which is probably
related to the motion of slowly mobile charge carriéfsShe
low-temperature deviation, whesi’ noticeably exceeds the
xu(T) trend predicted by Eq(5), is the result of conven-
tional relaxor dispersiofCRD). At temperatures close to
Tg, a round-off of the data is observed and the values”of
become smaller than those predicted by ES), which
means a violation of the critical behavior fgf,, consistent
with the analogous violation of Eql) previously observed
in Ref. 4.

Therefore, in this section we have demonstrated, using the

experimental data of PMNT75/25, that if the real pai{(T)
diverges afl; according to Eq(1), the corresponding imagi-
nary party,(T) will also diverge at the sam&, with the
same value of the critical exponemt provided the value of
n is temperature independent.

B. Universal relaxor dispersion and critical behavior
in PMNT65/35

In the (1-x)PMN-xPT solid solutions, the morphotropic
phase boundary is known to occun@t=0.3%’ which means

in Fig. 4. Solid lines represent the fit to E@) performed in

the frequency intervals where the losses are determined by
the universal relaxor dispersioftyRD) only (and thusyy,
equals the measured value of). Qualitatively, the same

1000

[2® 3
I abon

a x
2ea

.R'x
LYY asasabd
X.‘....

!
:E;:'TT*»¢A4*___‘*1*
w100 ¢ iRM
L TK "y

a
A‘AA
anssd
e®%00s .

4443 453 'u-.,.,H“T;
©459 4463 xXxxxxxxxxxx
©469 w478

1000 10000 100000 10°
f (Hz)

100

FIG. 4. Frequency dependences of the imaginary part of the
dielectric permittivity of the PMNT65/35 ceramics at selected tem-
peratures. Solid lines are the fits to E§) in the frequency inter-

that below the temperature of the FE phase transition, theals, wheres”=y}, .
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FIG. 5. Fitting of the imaginary component of the permittivity G- 6. Freguency dependence of the imaginary part of the di-
("=}, of the PMNT65/35 ceramics to EqS) at selected fre- electric p_ermlttlwty of the PMN ceramics dt=295 K. Solid and
quencies. Experimental values ef (point9 are plotted against dai'}?d _Imes represent the fractional powe_r-law dependesices
temperature with the best-fit critical temperatufs=439, 436, f with n equal to 0.74 and 0.52, respectively.
and 428 K for the frequencies of 3010%, and 16 Hz, respec-
tively. determined by the URD only in the very narrow temperature

¢ y Rl y y perat
intervals and the validity of Eq5) cannot be checked reli-

peculiarities as previously observed in PMNT75/25ably'

ceramicé™* are found: namely, the validity of relatiof3) Itis ghown n this section that the URD and th_e _c_rmcal
. . w o . quadratic behavior of the universal relaxor susceptibility as a
at certain frequency intervalsvheree”= x{)) and the viola-

. . . function of temperature are observed in (1
t!on of Eq. (3) at low frequencies due to the LFD contribu- — x)Pb(MgysNb,/5) Os-XPbTiO; ceramics withx (=0.35)
tion, as well as at the temperatures closdjp=450K due  —, '\ here a first-order phase transition to the tetragonal

to the CRD. The CRD appears on the high-frequency side Ofgrgelectric phase takes place and the Curie-Weiss law is not
the spectrum and moves to lower frequencies with decreagsygeryved ar<T,,.

ing temperature. The distinction between PMNT65/35 and

PMNT75/25 is that the former has a much less pronounced

CRD. The best-fit values af are found to vary between 0.98 C. Universal relaxor dispersion and critical behavior in PMN

and 0.94 with decreasing temperature. These values are C|039Contrary to the solid solutions studied above, there is no

to those found for PMNT75/28see Fig. 1 Similar to  transition at all to a “normal” ferroelectric phase in pure
PMNT75/25, not only the imaginary, but also the real part ofppN. A macroscopically isotropic relaxor state exists below
the permittivity in PMNTG65/35 follows the fractional power the diffused phase transition temperatbrédt T>T,,
law in the temperature-frequency region where URD is a=270 K the measured complex dielectric spectra suggest the
single relaxation procegsiot shown. In this region the val-  presence of several overlapping relaxation processes. The ex-
ues of y(; can be extractedas described in the previous ample for room temperature is shown in Fig. 6. At extremely
sectior). However, because this region is comparatively nar{ow frequencies, the relatios!’(f o< 1/f is observed, indicat-
row, the precision in the values af(and thusy,) so deter- ing the contribution of dc conductivity. The relaxation pro-
mined turns out to be quite low and the validity of relation cess with a characteristipeak frequencyf, of about 0.1
(1) cannot be reliably verified. Nevertheless, as demonstratedz is also detected. The dispersion in the same temperature-
in the previous section, ifi(T) changes slowly and Eq1l)  frequency range was previously reported for PMN crytal.
holds, Eq.(5) should also hold. The fractional power-law frequency relaticst'(f )ocf?~1
Figure 5 shows the temperature dependences of the imagisith n=0.52 is found af ,< <100 Hz(see the dashed line
nary part of permittivity in PMNT65/35 ceramics obtained in Fig. 6). Satisfaction to this law is a usual behavior for the
by fitting the experimental data to E¢p) in the same man- |osses in dielectrics above the peak frequehay.frequen-
ner as it was done in Sec. Il A. It can be seen that(Bglis  cies higher than about 100 Hz, tls&(f) pattern changes:
satisfied in a wide temperature range with the same featurafe fractional power law still remains valid, but with a dif-
as in PMNT75/25, namelyj) the best-fit values ofy are  ferent exponent parameter=0.74 (represented by the solid
close to 2(between 2.0 and 2.11(ii) C|, decreases from 2 Jine). This suggests the existence of another relaxation pro-
X 10° K2 at 100 Hz to 6<10* K? at 100 kHz, andiii) T,  cess. For the reasons discussed below we believe that it is the
increases from 428 to 439 K in this frequency interval. Thesame URD as observed in the{£X)PMN-xPT samples.
high-temperature deviation from E¢b) related to LFD is Unlike in PMNT75/25 and PMNT65/35 where the range
also evidenced. At low frequencie$<{100 Hz), LFD be- of the CRD shifts to lower frequencies with decreasing
gins at temperatures close Tg. As a result, the losses are temperaturé,in PMN ceramics, it consists of twéa low-
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points. FIG. 8. Fitting of the imaginary component of permittivity"(

) . ~x.) of PMN ceramics to Eq(5) at f=10 kHz. Experimental
frequency and a high-frequencyranches, and the high- \aiyes ofe” (points are plotted against temperature with the best-
frequency one is practically temperature independ®i. fit critical temperaturel,= 271 K.

Fig. 6, we observe the tail of the low-frequency branchi at
>10* Hz, which has hidden the URD at those frequencies.
All three relaxation processes mentioned above can be ) ) o )
clearly identified in the complex plane representation of —The main experimental finding of the present work is that
e"(e'). Figure 7 shows only the high-frequency part of thethe diffusede(T) maximum in PMN, as well as PMNT,
plot in order to make the URD visible on an enlarged scale'®/@xors contains at least two contributions, one of which,
In accordance with Eq4), thee"(s') relation for the URD caIIe_d the universal _relaxor susc_eptlblhty, obeys the critical
is linear (solid line in Fig. 7. relations(1) and(5) with y=2 at high enough temperatures.

Thus, at room temperature, the URD provides the mairn this section, we intend to establish a microscopic model to
contribution to the totak” (i.e., x/;~¢") only in the fre- explain such a behavior. Let us recall that the same value of

quency interval of about £6-10* Hz. With increasing tem- the critical exponenty, describing the temperature depen-

perature, the lower-frequency limit of this interval increasesience of the susceptibility above the Curie point, has been

due to an overlap of the accompanying dispersion. Conséi€duced from an approximation to the Ising model, known
quently, even ify(, follows Eq. (5), the analogous critical ﬁs thefsphggcal.m?dé]l:h Thelll-l|(am|lton|§m of th'ﬁ mn?gel
behavior for the measured’ can be expected only in a nar- as a form identical to the well-known Ising Hamiltonian
row frequency range close to 161z.

Figure 8 shows the lgge” vs logo(T—T,) plot for the H=-J> SS, (6)
frequency 16 Hz, which is obtained by fitting the experi- i
mental data of PMN to Eq5) with x{,=&". The solid line

illustrates the quality of the fit. The best-fit parameterS,,  pseudospins, . But unlike in the Ising model, wher8 can
and C}, are found to equal 2.06, 271 K, and 820" K,  pe equal to+1 or —1 only, the magnitude d&in the spheri-
respectively. Thus the experimental data within a wide temcal model is no longer a constant of the motion. It can take
perature range from 280 to 420 K follow the critical relation different values, Subject 0n|y to the constraint
(5) with y=2, i.e., show the behavior typical of the universal
relaxor permittivity previously found in PMNT. This fact
confirms that the losses &t 10* can really be attributed to
the URD mechanism. At lower or higher frequencies the
guadratic critical temperature dependencesbfis violated whereN is the total number of pseudospins in the system.
because not only the universal relaxor polarization, but also The above-mentioned similarity in the critical behavior
the polarizations of the other types, contributesto suggests that the universal relaxor polarization may be de-
In summary, we have shown in this section that, in purescribed by the standard spherical model. We now attempt to
PMN relaxor also, the universal relaxor polarization existsprove this based on the crystal chemistry feature and micro-
and follows the critical quadratic temperature behavior. Thuscopic dipole interactions of the relaxors. Note that the so-
the phase transition to a normal ferroelectric phase is not ealled spherical random-bond—random-fi¢RBRF model
necessary condition for the URD to occur and to exhibit thewas recently proposed to explain the NMR data and the non-
critical behavior in relaxor ferroelectrics. linearity of the total dielectric susceptibility in relaxofs!

IV. MICROSCOPIC MODELING

where the parameted describes the interaction between

Ei‘, S?=N, 7)
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The linear susceptibility measured in the present work, iflar region of a relaxor beloW ) is determined by the bal-
analyzed by the RBRF model, however, does not obey Eqance of short-range and long-ran¢dipole-dipole forces
(1) and(5) (this will be discussed in more detail belpw acting on that ion. These forces, in turn, are determined by
It was establisheld” that in relaxor materials, polar re- the composition of unit cells surrounding the ion in consid-
gions of nanometer siz€’NR’s) begin to appear and grow eration (primarily the nearest-neighboring cellsFor ex-
when temperature decreases below a certain Burns tempetample, when thé\(B'B”)O3; complex perovskite is compo-
ture Tg. These regions are embedded into nonpolar sursitionally ordered(with B’ and B” alternating along cubic
roundings and randomly oriented. The experiments show thatl00) directiong, any cell(which is referred to the primitive
in PMN, Tg exists at about 600-630 K, i.e., at temperaturegperovskite cell containing B’ cations has as its nearest
much higher tharl,,. The published data on the values of neighbors only the cells witB” cations and vice versa. Such
Tg in (1-X)PMN-xPT are scarce, but it seems thg is  an jonic configuration favors the occurrence of an AFE di-
practically independent of, at least up tox=0.4. It was  pole order, as discussed above. In the compositionally disor-
determined from the temperature dependences of the lattiGgred state, th® cations of different types are located in
parameters, which deviate from a straight line at temperagertain neighboring unit cells, causing the appearance of an
tures below about 600 RWe have suggested befdrthat ¢ ordering. But even in the case of a full disorder, cells

the universal relaxor susceptibility originates from theWith one certain type of ion&say, B’) having as its nearest

change of PNR polarization. The mechanisms underlying, ;s only the cells with the other type of io still
such a picture are analyzed comprehensively in this section.

Although the existence of PNR’s in relaxors is well docu- exi_st (although in a rather small concentratjof:_s?qme other
mented, their structure and origin are still the subject of contMit ceIIs.may border one or more ceII.s containing the same
troversial speculations. In the early works, it was suggested/P® of B ions(the formulas for ca!culatlng the concentration
that due to the compositional disorder in the arrangement off Such cells are reported, e.g., in Ref).18ne can expect
different ions(e.g., Md* and NE* in PMN) on equivalent that at those points |p$|_de a PNR, which cont{;un the unit cglls
crystallographic sites, the ferroelectric Curie temperature irfurrounded by a majority of the cells of the different type, in
the relaxors is subject to strong frozen spatial fluctuationghe course of dipole ordering, the cations shift in a direction
and the PNR's are just regions of higher Curie temperafure. oOpposite to that of the majority surrounding cations, i.e., as
Upon cooling, the local ferroelectric phase transitions occuin the case of the AFE structur@r it is possible that the
in these regions first, whereas the other parts of the crystalipole moments in the neighboring unit cells are noncol-
remain in the paraelectric phase. This approach implies thainean. On the contrary, the cells inside the PNR, which are
the PNR'’s in relaxors have a structure analogous to the stru@nclosed by a large number of the cells with the sdne
ture of a FE phase: i.e., all the unit cells inside the polarcations, favor an FE order. Due to these FE or AFE interac-
region are spontaneously polarized in one and the same diions, the dipole moments of the above-mentioned cells are
rection. Accordingly, the magnitude of PNR dipole momentlocally fixed relative to the directions of the dipole moments
scales with the PNR sizg@.e., the number of polar unit cells in the neighboring cells and an external field can switch them
therein. Similar structure of PNR's, i.e., a ferroelectric-type simultaneously only. These cells are called “fixed” cells. On
ordering of the unit-cell dipole moments, was postulated inthe other hand, the cells with an intermediate number of
other models developed for the description of the relaxoidentical bordering cells may show twr more different
state. directions of dipole moment with the sanfer almost the

The key distinction of our approach from the previoussame energy. The moments of these free cells can flip from
ones is that we assume the possibility for the dipole momentne potential well to another, while the moments of neigh-
of a unit cellinsidea PNR to take different directions with boring cells remain unchanged. The planar presentation of
respect to the dipole moment of the PNR itself. The follow-the above-described compositional and dipole configurations
ing arguments can be adduced in support of the assumptiois shown in Fig. 9.

It is known that the degree of compositional disorder can There is of course no definite boundary between the
influence greatly the type of dipole ordering. Complex per-“fixed” and “free” cells; the cells with intermediate proper-
ovskites in which different cations are arranged in order orties can actually exist, but for the sake of simplicity, we
equivalent crystallographic sites, thus creating a superstru@ssume that all the cells of a PNR can be divided into these
ture, usually exhibit an antiferroelectri@FE) phase below two groups. For the same reason, we will consider below the
the Curie temperature. In the compositionally disorderedne-dimensional variant of the dipole ordering.

complex perovskites, the AFE phase has never been found. The above-drawn picture implies that a glassy state with
Instead, FE or relaxor FE properties have been observedionzero spontaneous polarization exists inside the polar re-
Furthermore, for those crystals, the degree of compositionajion. But an important feature of this state is that it exists
disorder of which can be changed by appropriate highinside the very small volumes of PNR'’s, surrounded by an
temperature treatments, the same sample can possess an Ad&dfacent paraelectric phase.

or an FE dipole ordering in the compositionally ordered or The idea of the short-range AFE ordering in the structure
disordered state, respectivély. of relaxors has found its experimental basis in recent studies

The direction of the spontaneous displacement of a certainf PMN by selected-area electron diffraction and high-
ion from a high-symmetry position in ferroelectrics or anti- resolution electron microscopyand in x-ray diffuse scatter-
ferroelectrics below the Curie temperatice inside the po- ing studies of the another relaxor Pb{gidb,,,)05,%° in
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p. It was arguetf that the role of Mg-containing cells is
negligible because of the ferroelectrically inactive nature of
Mg?*. Therefore, the numbers, m;, |;, andk; refer to the
Nb-containing cells only.

Due to the easy flipping of the free cells, the magnitude of
P; can fluctuate around the equilibrium value |6f,| = (n;
—m;)|p|, with the upper and lower limited values defined by
the relations |P;|<(nj—m;+1))|p] and |P;|=(n;—m,
—1))|p| [or |P;|=0, if I;=(n;—m,)], respectively.

The moment of the PNR in a small electric fididwhich
may be an external field applied to the crystal or an internal
field arising from the interactions with the other PNR&&n
be alternatively written as

Pi=(ni—m)p+alE, €)
where « is the average polarizability of the free cells, and

from Egs.(8) and(9) we have
FIG. 9. Schematic illustration of the proposed model of the in-
teracting PNR’s in the compositionally disorder&(B’B")O; per- 2ki—li=liaE/p. (10
ovskite structureA an_d O ions are not shqwn. Smgll arrows repre- - Ag discussed above, the values Bf| can vary in a wide
sent spontaneous dipole moments of *fixed” unit celtme-end 546 peginning from zero. To show that the dipole moments
aFrOWS) or f.ree unit sells (dou.ble.'?nd arrows Large arrows in- ¢ p\R's can be considered as an order parameter field of the
dicate the dipole momen® of individual PNRs. It is assumed in spherical model, one needs to find the variable that can

this example that the cell is ferroelectrically ordefed., the direc- - . . .
) ; . Y o change while remaining proportional ®, and satisfy Eq.
tion of its moment is the same as the directiorPf if it has three . .

{7). Such a variable can be written as

or four B cations of the same type in the neighboring cells and tha
the direction of the moment of a cell is oppositeRpif it has no B S=sP/p, (11
cations of the same type in the neighboring cells. Free cells have .

one or two B cations of the same type in the neighboring cells. With s given by

s=[((nj—m;+2k—1)%]7"
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which the existence of antiphase shifts of ions of neighboring
unit cells have been evidenced. 5 12

Based on the structural model proposed, we can now pro- N Z (ni—m;+2ki— 1) '
vide a description of the diffuse phase transition in relaxors. ) o
Upon cooling belowT, nanometer-sized polar regions be- where(- - -) denotes the averaging over all PNR’s. Taking into
gin to appear in the paraelectric matrix. The total dipole mo-2ccount Eq(10), we can find for the crystal under a small
ment of each PNRR;) results from the moments of both the uniform field that

fixed and free unit cells. The fixed cells form a “rigid” —2_ 2

s “={(nj—m) ") +{(2(n;—m;)l,aE/p). 12
framework (cluste) so that their moments can change the {(ni=m)%)+(2(ny =my)l«B/p) (12
directions only simultaneously together with (as in the Above the temperature of the spherical model phase tran-

case of normal FE domainsEach free moment inside the sition, the directions oP; are randomly distributed with re-

polar region can fluctuate between the different equilibriumspect toE and thus the second average term in EP)

positions with the saméor almost the sameenergy, while  equals to zero, because the positive or negative valugs of

the direction ofP; remains unchanged. should be taken when averaging, depending on the direction
Consider a crystal containinly polar nanoregions with of the corresponding polar region moment. Thss a con-

the dipole moment®;, i=1,2,...N. Assuming that the mag- stant and5; is proportional toP; . The validity of Eq.(7) can

nitudes of the dipole momerip) of both the free and fixed also be easily verified.

cells are the same, the moment of tiile polar region at a One might think at first glance that the spherical model is
certain time can be represented as not physically plausible, because the constréfptallows the
magnitude of one pseudospin to be very lafgp to N*?)
Pi=(nj—m;+2k;—1;)p, (8)  and that of other pseudospins to be very small and even zero.

But by analyzing Hamiltoniari6), one can show that states
wheren; and m; are the numbers of fixed cells in thénh  of this kind have comparatively high energy and thus do not
PNR with the dipole moments parallel and antiparalléPto  contribute significantly into the partition function. Therefore,
respectively,l; is the total number of free cells in theh  the system tends to stay in those states with close values of
PNR, andk; is the fraction of these free sells, which are S;, which mimic a real system of PNR’s.
oriented parallel td?; (so withk;<lI;). Thus we have demonstrated that the PNR'’s in relaxor fer-

Note that in the Pb(MgsNb,,3) Oz-type complex perov- roelectrics can indeed be considered as the pseudospin of the
skite relaxors, different unit cells contain differently chargedstandard spherical model. In contrast to the usual Ising
cations(Nb>* and Mg *) and hence have different values of model which cannot be exactly solved for the case of a three-
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dimensional lattice, the partition function of the sphericalrecently discovered in PMNT75/25 ceramics near and above
model has been calculated, the exact equation of states h@g, also exists in the PMN-PT solid solutions of other com-
been derived, and the following relation for the susceptibilitypositions and in pure PMN. We have first demonstrated that,
in the high-temperature phas&*T,) has been obtained:  if the real part of the universal relaxor susceptibiligy(T)
Y=(23w) "t 13 diverges afl ; according to Eq(1), the corresponding imagi-

' nary partx{,(T) will diverge also at the sam&, with the
wherew is a function of temperature which vanishes whensame value of critical exponent provided the value ofi is
T—To aswe(T—Tg)2 The present experimental findings temperature independent. This conclusion has been drawn
show that the temperature dependence of the universal sufsem the experimental verification of E¢) in PMNT75/25
ceptibility y, exhibits the same behavior. This, in turn, con- at the temperature range where the conditiom abnstancy
firms that the interacting PNR’s are the origin of the univer-is approximately met(i.e., well above T;). In the
sal relaxor susceptibility observed in the high-temperaturMNT65/35 and PMN ceramics, the universal relaxation
(T>T,,) phase of the relaxors. process with losses described _by E).has been found. Due

When temperature decreases, the number and the size f the overlap of the URD with other types of relaxation
PNR’s are known to groand consequently changes &f Processes in PMN and PMNT65/35, the values of the real
ands can be expected. The temperature dependence of tirt of the universal susceptibility, (which is a relatively
susceptibility (13), the proportionality betwee®; and S, small part of the total permittivilycannot be accurately de-
and other conditions of the spherical model become distermined in a temperature range wide enough to verify the
turbed in this case. This can explain why E@b. and (5)  Validity of Eq. (1). Nevertheless, the imaginary pay; in
describing the universal susceptibility become violated wherihese compounds was found to follow E§) with y=2, at
the temperature decreases approaching the phase transitieast for frequency ranges whexg, is the single contribu-
(see Figs. 2, 5, and)&nd why the phase with a long-range tion to the losses. This implies that E4) with y=2 should
ferroelectric order predicted by the spherical model is notlso hold for PMN65/35 and PMN.
actually developed in relaxors, such as pure PMN. These results indicate that the critical behavior of the uni-

In the proposed model, the dipole moments of the freeversal relaxor susceptibility, as described by EGsand(5),
cells(which occupy the most part of the PNR&an fluctuate can be observed in different relaxor ferroelectrics, ranging
between the different states separated by comparativelifom the prototypical relaxor PMN to materials in which the
small potential barriers or even tunnel between them. Theelaxor state spontaneously transforms to a normal ferroelec-
height of the barriers may vary in a wide range from one celltric state via a second-orddPMNT75/25 or first-order
to another as well as in the course of time. This implies thdPMNT65/35 phase transition. It is expected to be one of the
existence of a wide relaxation spectrum, which results in theommon properties of the relaxor ferroelectrics.
universal relaxor dispersion. To describe this dispersion, a Finaly, to describe the microscopic origin of the universal
dynamic theory should be developed in the future. relaxor polarization, we have suggested a model relating this

As mentioned above, the RBRF model of relaxors hagolarization to the microscopic dipole moments of the mutu-
recently been proposéd!*The RBRF is an extension of the ally interacting PNR’s, which exist in relaxors in a wide
standard spherical model, where the randomness of the intelemperature range starting from temperatures far aligye
action strengthd between different pseudospins is taken intoThe model assumes that each PNR consists of differently
account and one more term in the Hamiltonian is addedpolarized unit cells, includingi) cells with spontaneous di-
which describes the random fields caused by disorder in thpole moment along the same direction as the total moment
ionic structure. This model was applied to the PNR dipolesP; of the PNR,(ii) cells with the moments fixed in the op-
that reorient as a whole and verified by comparing with theposite direction, andiii) cells that are free to choose differ-
total (but not the universalsusceptibility. It is shown in ent directions with respect tB;. Because of such a local
Refs. 2 and 4 and in this work that the conventional relaxostructure of PNR, the magnitude & can vary within a
susceptibility is the dominant part of the total one. In thewide range of values. This feature has allowed us to describe
present study, we consider another polarization mechanisithe system of interacting PNR'’s using the standard spherical
giving rise to the universal relaxation. This mechanism hasnodel, which predicts a quadratic divergence of susceptibil-
nothing to do with the large potential barriers ®y flipping ity above the Curie temperature, in agreement with the ex-
considered by the RFRB model. It rather deals with an experimentally observed temperature behavior of the universal
tremely soft subsystem of free cells with a wide spectrum ofrelaxor susceptibility. This result has revealed that the uni-
low-energy potential barriers. This justifies using the stanwversal relaxor polarization is directly related to the micro-
dard spherical model to describe the temperature evolutioscopic chemical and polar structures inherent in relaxors, and
of the universal susceptibility. Thus our new approach andence is one of the main features of the relaxor ferroelectrics.
the RFRB model do not contradict each other. Instead, they
merely describe the different parts of the dielectric response ACKNOWLEDGMENTS
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