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Coexistence of the critical slowing down and glassy freezing in relaxor ferroelectrics
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We have developed a dynamical model for the dielectric response in relaxor ferroelectrics that explicitly
takes into account the coexistence of the critical slowing down and glassy freezing. The application of the
model to the experiment in PbMgNb,:0; (PMN) allowed for the reconstruction of the nonequilibrium
spin-glass state order parameter and its comparison with the results of recent NMR expfgRinidinic et al.,

Phys. Rev. Lett83, 424 (1999]. It is shown that the degree of the local freezing is rather small even at
temperatures where the field-cooled permittivity exceeds the frequency-dependent permittivity by an order of
magnitude. This observation indicates the significant role of the critical slowing @eeompanying the glass
freezing in the system dynamics. Also, the theory predicts an important interrelationship between the
frequency-dependent permittivity and the zero-field-cooled permittivity, which proved to be consistent with the
experiment in PMNA. Levstik et al, Phys. Rev. B57, 11 204(1998)].

I. INTRODUCTION Il. MODEL

It has been proposed receriflyhat relaxor behavior is a
Relaxor ferroelectrics, which are disordered perovskitecommon characteristic of the collective dynamics of local-
ferroelectrics like PoMgsNb,,50; (PMN) or PbSg,Ta;05,  ized giant dipole moments distributed in highly polarizable
represent a new class of materials that have been a subjectlattices. This assumption is consistent with the observation in
numerous investigationsee, for example, Refs. 1-1Re-  relaxors of the quasisoft optical modé@emaining finite at
laxor ferroelectrics manifest themselves in the extraordinarg@!l temperatures frequency of whichw, is of the same order
low-frequency dispersion of their dielectric permittivity Of magnitude (o~50 cmi*) as those in highly polarizable
compared with regular ferroelectrics. The position and thedielectrics such as KTa{and SrTiQ. The necessary condi-
height of the permittivity maximum plotted as a function of tion of relaxor behavior is the simultaneous existence of the
temperature depends on the frequency of the probe field arfjoad distribution of the local field and the broad distribution

. . . . ’4
shifts to lower temperatures when the frequency decrease<O! diPole relaxation frequencies. Also, experimehis fa-

The latter behavior is accompanied by the observed Split\_/or the hypothesis that the physical origin of localized dipole

tng_between the field-cooledFC) and zero-field-cooled 1 IFEER 12 M8 SL SO ST 2 e B e localized

(ZFC) permittivity and the existence of long-lived remanent . P L ’ g . )
L . dipole momentd* induced by an off-center ion are associ-

polarization. However, as has been emphasized recently, “}i

. . . . fted with the polarization clouttluste) formed by the si-
bulk of the relaxation spectra in relaxors remains active even. ltaneous displacements of the other atoms adjacent to a
far below the temperaturg; where the FC and ZFC permit-

o ; ) o . given off-center ion. The value af* determines the energy
tivity split, and the nonlinear susceptibility does not divergey, -~ of the isolated cluster in the applied electric field
atT;. All _these flnd|_n_gs |nd|c§1te nonequilibrium phenomenaEex;Vd: —d*E,,. The basic physical principles governing
and quasinonergodicity'freezing™), rather than a true ther-  he formation of localizedgiant dipole moments in highly
modynamic dipole spin-glass transition. polarizable crystalg§such as doped KTaQor SrTiO;) have

On the other hand, the existence of the very high dielecheen reviewed in Ref. 14. It has been proven, also, that the
tric constant indicates that these systems are close to ferr@anomalous collective behavior of such crystals is caused by
electric instability, and, therefore, one could expect the manithe modification of the dipole-dipole interactions due to the
festation of the critical slowing down of dynamics and aeffect of the spatial dispersion of lattice permittivity.
competition between the critical slowing down and the di- In relaxor ferroelectrics, the notion of polar clusters is
pole spin-glass freezing. Such a dichotomy makes it a nonmore complicated than described above due to strong inter-
trivial task to extract from the experiment quantitative char-actions of closely separated off-center ions. An attempt was
acteristics of the freezing. madé® to develop a microscopic theory of cluster formation

One of the important characteristics of spin-glass freezingn highly polarizable materials with the account of pair inter-
is a value of the spin-glass order parameajewhich in re-  actions between off-center iortdilute limit). This approach
laxors is a time-dependent quantity. We will show that thishas been applied successfully tq KLi,TaO; (x<0.04)’
qguantity can be extracted from the experimental results o®©n the other hand, in disordered perovskite relaxors, the con-
the frequency-dependent permittivity, with the use of thecentration of off-center ions is not small and the interactions
model discussed below. Also the theory predicts an imporbetween them are unknown. In this situation, it seems prac-
tant interrelationship between the frequency-dependent petical to develop a phenomenological approach of dielectric
mittivity and the zero-field-cooled permittivity, which response that would take into account two main factors dis-
proved to be consistent with the experiment. tinguishing these systems from conventional ferroelectrics,
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namely, the existence of a broad distribution of local fieldsization P. A self-consistent approach for evaluatifg, P)
and a broad distribution of relaxation times characterizingn disordered ferroelectrics is discussed in Ref. 14.
cluster reorientations. The phenomenological parameter introduced above
A convenient approach to describe dynamical behavior otharacterizes the strength of cluster-cluster interactions. Note
relaxor ferroelectrics is to start from the Bloch-type equa-that in impurity-induced relaxors such as; KLi, TaO;,
tions widely explored in the theory of regular ferroelectricswhere the interaction between localized dipole moments is
possessing Debye relaxatibhWe write the Bloch equation mediated by soft optical phonong=4m/¢ (Ref. 14 (e is
in the form the background permittivity describing the dielectric re-
sponse of the highly polarizable lattjcdt is apparent that in
a(d* (1)) disordered complex perovskites, such as PMN, PST, etc., the
ot physical picture of cluster-cluster interaction is much more
complicated. Therefore, below we will considgras a phe-
nomenological fitting parameter. Note also, to avoid confu-
sion, thaty is not a parameter of the Lorentz local-field
corrections, sincé& is a field that experiences an effective
dipole moment* rather than true microscopic dipole mo-

1
= = [ (D) —(d*) ey, )

where(d* (t)) is the nonequilibrium thermal average value
of the effective dipole moment of a polar cluster character
ized by the reorientation frequency ! and the effective
local field E(t).

Equation(1) describes the relaxation of the dipole mo-

mentd.
ment of each cluster to its quasiequilibrium vale )z, It is known that the existence of the broad distribution of
which depends on the value of the local fiélt) induced rejaxation times leads to non-exponential behavior in the po-
by other clusters at any moment of tiffie larization relaxation. In order to reproduce this effect within
. —d*E the proposed formalism, we first rewrite E@) in the inte-

(d)g*= 2

Tre TE/KT L
If, e.g., each dipole moment can be oriented only along two ~ (d*(t))=(d*(0))e™ "7+ ;f dt’e"/(d*)gh 1y, (6)
opposite directions, thefd* )g%= d* tanh@* E/KT). In Eq.(1) °

the local fieldE is a time-dependent random field. It includes and then take the average with respecttandE. Thus, we
the contribution from other clusters, the contribution from obtain[note that (1) e~ Y"=—(d/dt)e V7]

the applied fieldE.,, and the contribution from the static

random field caused by material imperfections. Note that Eq. t dq(t’)

(1) is quite general and, although the explicit form(df )& P(t)=P(0)q(t)— f dt' ———P*9(t—t"), (7)
and the precise definition of the polar clusters are model 0 dt

dependent, it affects only the coefficients of the theory disyyhere

cussed below.

The observable quantity in the dielectric measurements is
the average cluster polarization PeY(t) = nf dE(d*)ef(E,P(1)) . (8)

ol AdF )~ m * At E.,=0, Eqg. (8) determines the values of spontaneous
P(t)=n¢d* (1)) nf dEf(E)fTO drg(n{d*®). (3 polarizationP® (Ref. 14

wheren is the concentration of localized dipole moments and
the overbar denotes the configurational average, which in- Psznf dE(d*)cf(E,P®). 9
cludes the average ovét and 7. In Eq. (3), f(E) is the
distribution function of the local fields, arg(7) is the dis-  The variableq(t) in Eq. (7) is equal to
tribution function of relaxation times. As a first step in un-
derstanding the complex behavior of relaxor materials, we
neglected in Eq(3) the possible correlation effects between Q(t)=f
E and r.
We assume that the distribution function of the local ﬁeldwhere the right-hand side expression of Etp) is valid for

can be written in the form smooth functiong(7). The variableg(t) describes the frac-
tion of clusters effectively frozen at tinteand therefore has

Tdrg(r)e T~ f TArg(n), (10)
t

70

F(E)=f(E,P)=T(E-yP—Eey. @ the meaning of the spin-glass order parameter on a finite
The proposed form of(E, P) is consistent with that given by time scale. Note that, as we assumed abaye)—0 att
the mean-field approximations(is the Diracé function) =% . )
Equations(7) and (8) can be applied for the analysis of
fMF(E,P)= 8(E— yP—Eqy), (5)  different experimental situations related to linear and nonlin-

ear polarization responses on the applied field. In this paper,
meaning that the local field is equal B=yP+E.,. The  we will concentrate on the analysis of linear dielectric per-
effect of the local-field fluctuations corresponds to the remittivities, assuming that the values Bf,, are sufficiently
placement of thes function by the functionf (4) of finite  small such that the linear response theory is valid. This as-
width, which depends parametrically on the average polarsumption is consistent with the body of experiments on lin-
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ear dielectric permittivity in relaxors. We will consider the Y

temperaturesT>T., where T, is the temperature of the e(w)— € 1+ E(EFC_GI)

ferroelectric phase transition. Q(w)= 0 _ (18
Expanding the right-hand side of E¢7) in the power €Fc™ €0 1+l[e(w)_e]

series with respect t&., and P and considering the first 4 !

nonvanishing terms we obtain

Note that in a number of recent publications on
relaxor$®1913the analysis of the relaxation spectr@fw)

t !
P(t):P(O)q(t)—k(T)j dt’dQ(t )[yp(t_t') was based on a different relation betwe®fw) and the
0 dt’ permittivity, namely,
+Eel(t—1)], (1D (w)—¢
_ o Qlw)=—", (19
where the functiork(T) is given by €FCcT €

where we substituted; for e,. Equation(19) was intro-
(12) duced earlier in spin glasses, assuming that the relaxation
0 time 7 in Eq. (16) is a characteristic of independent cluster
relaxators. However, this equation has a different meaning
when applied to relaxor ferroelectrics. Indeed, ELP) can
be obtained from EqJl) if we first perform the average over
We assume that @t=0 the system is in thermal equilib- the distribution of the local random fields at a constant value
rium, meaning that af>T,,P(0)=P,=0. The steady-state 0f 7 and then perform the average overWith such a two-
frequency-dependent permittivity can be easily obtainedstep averaging, we arrive at Eqd.9) and (16) with r re-

Jf(E,P
k(T)z—nde<d*>gq (aE )

P

Ill. FREQUENCY-DEPENDENT PERMITTIVITY

from Eq. (11) usingEqy(t)= Eglx)ei ot and the definition placed byr* = ¢l €, . Note thatr* is a relaxation time of the
long-wavelength collective polar mode undergoing the criti-
oP(w) cal slowing down of dynamics, rather than the relaxation
E(w’T):47TT+ € - (13)  time of the individual dipoles or clusters. Thus, the applica-
IEex bility of Egs. (19) and (16) to a system with long-range or
] ) ) mesoscopic polar order implies that the crystal can be di-
Using the Laplace transform in E¢L1) we obtain vided into macroregions within which the relaxation time of
all dipole moments has the same magnitude, and the average
e(w,T)= 47k(T)Q(w,T) € (14) over 7 means the average of the dielectric response for dif-
’ 1-9k(MQ(w,T) ferent macroregions. On the other hand, Ef) is consis-
tent with the formation of the short-range clusters in the ab-
where sence of correlations between the relaxation times of
. q different clusters.
Q(w,T)zf dte =) (15)
0 dt IV. ZERO-FIELD-COOLED SUSCEPTIBILITY

. AND REMANENT POLARIZATION
For the smooth functiog(7), the real part oQ(w,T) can be

simplified as’ The values ok,(t) can be obtained by solving E€L1)
with P(0)=0 andE.,=const. We consider here a particular
, m a(7) Ve case when one can approximately neglect the memory effects
Q'(w,T)= . d71+w272% : d7g(7) in Eqg. (2) by replacingP(t—t’)~P(t) (which implies a fast
0 0 decay ofdg/dt). Thus, we obtain
=1-q(w 5T). (16) Ank[1-q(t)]
. . , . €zec(t)= T K 1—a] € (20)
The relation(16) between the functiong(t) andQ’ (w) will 1—-vyk[1-q(1)]

be employed below to obtained information on the degree of,a can see that,e(t) is identical toe(w) given by Eq.
local freezing in relaxors from the frequency-dependent di-(14) if one substituteso by 11 in Eq. (16).

electric Eonstant using the fact that usuaQly=Q’. Equation(11) can be used also for the analysis of the
At =0, Eq.(14) defines the static or field-cooled per- hq|arization decay aT>T, [assuming that the initial non-
mittivity equilibrium polarizationP(0) is small enough, such that the

linear equatior(11) is valid]. In order to obtain the remanent

EFC:ﬂJF €. (17) polarizationP,(t), we solve Eq(11) in the same manner as
1—yk(T) above, but withE.,=0 andP(0)#0. We obtain
On the other hand, ab,>1 the functionQ(w,T)—0 and P(t) q(t) €rc— €zFc
thereforee(w)— €. Thus, in our modek, can be regarded P(0) =1= A1—q()] = e (21)
FC

as a high-frequency permittivity,, (with respect to the di-
electric measurements at frequencies< wy). Combining  The denominator in Eq(21) reproduces the effect of the
Egs.(14) and(17) we obtain critical slowing down of dynamics, which is imposed on the
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effect of glass freezing characterized by the slow decaying 03 T . . T
functionq(t). For example, whepk—1 (i.e., the system is
in the vicinity of the second-order phase-transition tempera- 025 1
ture), it follows from Eq. (21) that P,(t)=const, indepen-
dently of the value ofy(t). o2

V. COMPARISON WITH THE EXPERIMENT IN PMN q o5
A. Nonequilibrium spin-glass order parameter o1k
The nonequilibrium spin-glass order paramejét, T) is
a very important quantity determining the dielectric response o.0s5 -
of relaxors. The dielectric permittivity can be formulated in
terms of the parametey(t,T) in a way consistent with the 0
description of magnetic susceptibility in magnetic alloys 20 20 240 260 20 300
where spin-glass and ferromagnetic order coexist. It is con- Temperature (K)

venient to rewrite Eq(14) in the identical form with the use o _
of Eq. (16), FIG. 1. Reconstructed values of the nonequilibrium spin-glass

order parameter in PMN as a function of temperature corresponding
47k(1—q) to the following frequencies of the applied field: 100 kHz, 1 kHz
m+ € . (22)  (2), and 20 Hz(3). Squares reproduce the data obtained in Ref. 19.

e(w,T)=

The first term in Eq(22) is very similar to the well-known NMR lines of Nb ions. The appearance of inhomogeneous
solution for the susceptibility given by the infinite range broadening signals the slowing down of the dynamics on the

Sherrington-Kirkpatrick modelmean-field theory scale of inhomogeneous linewidtaqual to 10-50 kHz A
reasonable correspondence between curve 1 and th& data
_ C(1-q) 23) (with the account of comparable time scales in both experi-
=72 0(1-q)’ mentg allows us to suggest the following scenario for the

Equation(23) has been widely used for the description of themgzr?;f)z?seg}ngurzé (;r;asmisrlelart]ti'zgﬁ rl\(lallﬁxsa![(igz\,\é?'lﬁ %nér?\lrg
experiments on ZFC susceptibility, as well as frequency—ions in lilTa Li Nb thz appearance of polarization on

dependent susceptibilty in magnetic allyand relaxors; the mesoscoqp)}c ’Ienéth scaltfl?n highly polgrizable crystals
by treating the parameteGsand¢ as purely phenomenologi- results in a significant modulation of the electric-field gradi-

cal fitting parameters. In fact, our approach justifies and gen- . X
eralizes Eq(23) in the case of a nonequilibrium spin-glass ent, which leads to the modulation of nuclear-resonance fre-

state. The deviation of the parametgiT) from &/T indi- guency. Since in disordered PMN crystals, all atoms lack a
cates. the deviation from the mean-field picture center of symmetry, one can assume that the nuclear fre-

Equations(14) and (16) allow for reconstructing the val- quency Shift for each Nb atom Wi”. be proportional to the
ues of the functionsq(t,T) from experiments on the corresponding value of the local fiel. As a result, the

frequency-dependent permittivity. We applied them to theW|dth 6 of the inhomogeneous line will be proportional to

recent data on PMN by Levstikt al,'®> who obtained the tsheintrall;tslgn g:a%);lr ((:%S]te\:vsﬁg/:: dbyn;ﬁicgogegﬁggayg
values of the frequency-dependent permittivity, as well a pin-g P atil, Y y

field-cooled and zero-field-cooled permittivity. We used %rozen on th? time scale of 4/ The ab_ove broademng_
~100, corresponding to the values efat w=1012 HAS mechanism gives also a natural explanation of the Gaussian

andy=10"2, provided the good accuracy in reproducing theI|ne shape observed in Ref. 22, since the distribution function

R f(E) of the local field is close to Gaussian in highly polar-
frequency-dependent permittivity in the temperature range pi )
T—200-350 K(see Sec. V B izable crystalé, and the shape of the inhomogeneous NMR

The results of the reconstruction are presented in Fig. llt!ne coincides with the shape 6{E) for atoms lacking cen-

where the temperature dependenceg|(©f) are shown for er of symmetry.
three distinct values of time corresponding to the frequencies _ )
of the applied field 20 Hz, 1 kHz, and 100 kHz used in the B. Interrelationship between ZFC and frequency-dependent
experiment. One can see that the values©F) are rather permittivity
small even aff =200 K, where the values of(w) are al- Another practical aspect of the proposed model, which
most 10 times less than the valuesept . The explanation helps to clarify the experimental situation in PMN, is the
of this important effect lies in the extremely high dielectric interrelationship between the frequency-dependent permittiv-
constant of PMN leading tok~0.98 atT=200 K. Thus, ity and zero-field-cooled permittivity obtained in Sec. IV. In
the system is extremely close to ferroelectric instability,order to employ this interrelation, note first that in PMN, at
which results in the significant effect of the critical slowing the temperatures near the temperature of the permittivity
down, accompanying the glass freezing, upon the system dynaximum, the characteristic relaxation time satisfies the
namics. Vogel-Fulcher(VF) law.2*3 It allows us to replace in Eq.

In Fig. 1, the reconstructed valuesapére compared with  (10) by
the data obtained from the recent experiments by Blinc
et al?? on the observation of inhomogeneous broadening of r=reV/(T~To) (24)
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50000

RCTT ' . | >245 K) the reconstruction reproduces the experimental
Oog FC data with good accuracy. The deviation between the recon-
oo - DDDEID | stru_cted_ and expenmenta@l data for lower temperatures is due
%a_ to violation of the VF law in PMN already discussed in Refs.
Og 3 and 13. The self-consistency of the model has been tested
30000 |- ZFCDDDE‘DD =1 i also by reconstructing the values of the zero-field-cooled per-
¢ DDDDD = mittivity using Eq. (20) and the same reference data as
a” f:?zgﬁﬂuu above. In order to find the timeentering Eq.(20), we use
20000 |- o EIDD DDDDDD 1 the fact that in the exper_iméﬁtthe dielectric constant was
0% 0 Pog measure_d by sI(_)wa heating the crystal from 80 K at the rate
10000 L 2°nguaﬂunnﬂ | 0.5 K/min. It gives, e.g., the estimate=330 min atT
DDDDSDDDDD =245 K. The result of the reconstruction is shown in Fig. 2
T by the solid line. As one can see from Fig. 2, the position and
0 . . ! ! the height of the maximum o, are reproduced with very
200 220 240 260 280 300 good accuracy. The deviation between the reconstructed val-
Temperature (K) ues and experimental data is due to violation of the VF law

. o taking place at low temperatures. Indeed, the temperature of
FIG. 2. Experimentalsquares and reconstructedsolid lines  the maximum ofe,rc corresponds td~245 K, which, as
values of the dielectric permittivity in PMN. Experimental values discussed above, is the boundary value for the validity of the
are reproduced from Ref. 13. VF law. If the VF law would be valid for all temperatures
. . ... then bothezrc and e(w) would approach the value, at T
and .|ntr~oduces the tlemper?lturoe—llydepende.nt distribution. 1 “one ‘can see that this tendency is reproduced by the
functiong(U) of potential barrier$>'” We obtain ¢> 7,) interpolation of the solid curves in Fig. 2 to lower tempera-
tures, thus clarifying the origin of the observed low-
(T-To)n(t/rg) Y h i
f du g(u). (25)  temperature deviations between the reconstructed and experi-

q()y=1-
mental values fokzc.

Thus, gq is a function of I —Tg)In(t/7y) that leads to the

validity of the scaling relatiom(t,T)=q(t,,T,) with VI. CONCLUSION
¢ The high dielectric constant of relaxor ferroelectrics sig-
In(—) nals that these materials are close to ferroelectric instability,
T,=(T—Ty) o +T, (26) yvhich manifests itself in the criti_cal slowing_down of_dynam-
| t ics. In disordered relaxor materials, the critical slowing down
n T_o is accompanied by glasslike freezing or cluster dynamics,

] which could be characterized by the nonequilibrium spin-
Using Eqs.(26), (14), and(16), one can reconstruct the val- glass order parameter. We have developed a dynamical
ues ofq(t,T) and Q'(w,T) and, therefore, the values of model of the dielectric response in relaxors that explicitly
€(w) by employing the experimental data @ffw;) at @ takes into account the coexistence of critical and cluster dy-

given frequencyw;. namics and allows for separating them from the experimental
The reconstructed values efw) at w=20 Hz are pre- gpservation.

sented in Fig. Zsolid ling), where the data ab;=1 kHz

have been taken as a reference. The parameters of the fit are
To~223 K and 7q~4x10 ! sec, which are almost the
same as obtained in Ref. 13,,=224 K and 7y~4.3 We acknowledge the support of the National Science
X 107! sec. One can see that at high temperaturEs ( Foundation and the Princeton Material Institute.
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