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The dielectric properties of (12x)Pb~Mg1/3Nb2/3)O32(x)PbTiO3 ~PMN–PT! crystals have been
investigated over a temperature range of 4 to 450 K at various frequencies. At low temperatures, an
unusual frequency dependent plateau region in the absorption was observed between 75 and 175 K.
At both higher and lower temperatures, the absorption was frequency independent. Analysis of the
relaxation time constant revealed power-law divergence, typical of fractal behavior in disordered
magnetic systems. The results demonstrate the importance of structural irregularities on the
dielectric loss mechanism in poled oriented PMN–PT crystals. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1482791#
on
le
ns

n
s
s
c

t
f
lec
lin

a

as

o

b
p
ve
n

d
x
s
fo

ssi-
-
t
ue

n
ux
x.
tal
ri-

Di-
100
as
af-
and
n-
ay
acts
tact

c-
l
the

ture
vi-
,
ant
t
di-

e-

4 to
ma
^001&-oriented (12x)Pb~Mg1/3Nb2/3)O32(x)PbTiO3

~PMN–PT! and (12x)Pb~Zn1/3Nb2/3)O32(x)PbTiO3

~PZN–PT! single crystals are currently under investigati
due to high electromechanical properties in the po
condition.1,2 Investigations have focused on compositio
close to the morphotropic phase boundary~MPB!. Dielectric
investigations of poled and thermally annealed conditio
have shown significant differences.3 Annealed specimen
have relaxor ferroelectric characteristics with a single diffu
peak, whereas poled specimens have sharper ferroele
transformations and two anomalies.

Relaxor ferroelectrics have glasslike features, similar
dipolar and spin glasses.4,5 A Vogel–Fulcher-type freezing o
polarization fluctuations was observed by analysis of die
tric relaxation. Long-range order does not appear on coo
in the absence of an applied electric field.4–6 However in the
field-cooled condition, long-range polar order is locked in
temperatures below that of polarization freezing (Tf).

4 Com-
positions close to the MPB exhibit sharp ferroelectric ph
transformations in the field-cooled condition.3 However, re-
ciprocal phase space mapping investigations have dem
strated significant mosaicity.7 Structural nonuniformity
within a poled condition on the nanometer scale can
caused by microheterogeneity. Recent investigations of
larization dynamics in MPB compositions of PMN–PT ha
shown that switching occurs by heterogeneous nucleatio
the vicinity of random-fields around microheterogeneity.8,9

Clearly, microheterogeneity is important in oriente
PMN–PT and PZN–PT crystals. Structural irregularities e
ist within the poled condition. Previous investigations of lo
mechanisms in ferroelectric crystalline solutions have
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cused on domain-wall contributions, and ignored the po
bility of significant contributions from excitation of irregu
larities within domains. In this letter, we will presen
evidence that a significant portion of the dielectric loss is d
to structural irregularity, in PMN–PT.

Large PMN–PT single crystals of MPB compositio
~68/32! were synthesized by using a conventional fl
method and a suitable ratio of the PMN–PT: PbO flu
^001&-oriented seed crystals were used to initiate crys
growth. The large single crystal was diced into slices o
ented alonĝ001& direction, with dimensions of 2.632.531
mm3. The samples were electroded by gold sputtering.
electric measurements were performed from 120 Hz to
kHz using a Keithley 3330 LCZ Meter. Great attention w
paid to the accuracy of the dielectric loss which can be
fected by capacitance value, measurement frequency
voltage level, and cable lengths. A four-terminal pair co
figuration with twisted coaxial cables extending all the w
to the sample was used. The current and voltage cont
were geometrically arranged such that the effect of con
resistance was minimized.

Figures 1~a!–1~c! show the dielectric response as a fun
tion of the temperature for â001&-oriented PMN–PT crysta
in the as-grown condition. Data shown in each figure for
four frequencies were 1.23102, 103, 104 and 105 Hz. Figure
1~a! shows the real component taken over the tempera
range of 125 to 450 K. This data is identical to that pre
ously reported for this composition in the poled condition3

demonstrating that the as-grown condition has a signific
degree of poling. Figure 1~b! shows the real componen
taken over the temperature range of 4 to 300 K. Some
electric relaxation is evident in Fig. 1~b! due to the smaller
scale of they axis. However, on cooling, the response b
came nondispersive below;50 K. Figure 1~c! shows the
dielectric loss factor taken over the temperature range of
il:
7 © 2002 American Institute of Physics
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300 K. A strong peak in tand was observed near 75 K, whic
was frequency dependent. With increasing frequency,
maximum in tand was shifted to higher temperatures. A
lower temperatures, tand was frequency independent, simila
to that observed in the real component. At higher tempe
tures, frequency dispersion persisted until near the temp
ture of the maximum in the dielectric constant.

The imaginary component of the dielectric consta
(K9), known as the dielectric absorption, was calcula
from the product of the dielectric constant and the loss fac
Figure 2 showsK9 as a function of temperature between
and 300 K. At low temperatures, an unusual frequency
pendent plateau region in the absorption was observed
tween 75 and 175 K. At both higher and lower temperatu
the absorption was frequency independent and strongly t
perature dependent. Accordingly, non-Krammers–Kroni

FIG. 1. Complex dielectric response as a function of temperature at va
measurement frequencies for a^001&-oriented PMN–PT crystal in the as
grown condition.~a! the real component taken over the temperature rang
125 to 450 K,~b! the real component taken over the temperature range
to 300 K, and~c! the dielectric loss factor taken over the temperature ra
of 4 to 300 K.

FIG. 2. Imaginary component of the dielectric response~or the dielectric
absorption! as a function of temperature for â001&-oriented PMN–PT
single crystal in the as-grown condition.
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type behavior is observed only in the temperature range
the dielectric plateau.

The results in Fig. 2 can be explained using the frac
cluster model commonly used in disordered magne
systems.10,11In this model, the cluster sizesj is related to the
characteristic correlation lengthj and to the clusters fracta
dimensionality D by the relationshipsj}jD.12 Dynamic
scaling then relates the critical relaxation timet to the j as
t;jz. Since j diverges with temperature asj;@T/T
2T0#v, a power-law divergence for the relaxation time
obtained, as given in Eq.~1!;

t5t0S T

T2T0
D zv

, ~1!

where the exponentzv is called the dynamical exponent,T0

is the freezing temperature determined by the maximum
the absorption. The characteristic relaxation timet is related
to sj by the relationshipt5t0sj

x , wherex5z/D. The value
of the dynamical coefficientzv lies between 4 and 12.

Svedlindhet al.13 suggested that the average relaxati
time can be obtained from the inflection points of dielect
absorption as a function of temperature. This simple resu
valid for the limit of low field and allows a straightforwar
determination of the critical exponents. Continentino a
Malozemoff14 extended this analysis and showed that for
case wherezv is large that the inflection point ofx9 corre-
sponds to the conditionvt51. Accordingly, the relaxation
time at any temperature (t,T) can be approximated a
(1/v,Tmax), whereTmax is the temperature of the maximum
of K9 in the plateau region or the maximum in the peak
tand.

Figure 3 shows a plot of the pairs (1/v,Tmax). The data
in Fig. 3 were analyzed using Eq.~1!, where the fitting is
shown as a solid line. The fit parameters are shown in
inset of Fig. 3. A good fitting with the divergent power-la
equation can be seen, which have reasonable values o
constantst0 , T0 , andzv. The value ofzv was;11 and that
of the freezing temperature was;45 K. These results are
consistent with the models of disordered magne

us

f
4
e

FIG. 3. Power-law fitting of relaxation time constant as a function of te
perature for PMN–PT single crystal.
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systems.15–17The results demonstrate the importance of fr
tal cluster contributions to the dielectric loss mechanism
poled PMN–PT single crystals.

Dielectric loss in ferroelectrics has generally been attr
uted to domain-wall contributions. However, the results
this investigation show that the losses are dominated
structural irregularities~or fractal clusters of lower symme
try! inside of normal micron-sized domains. Fractal clust
are excited by application of electric field, resulting in d
electric absorption. On cooling, the average relaxation t
of the fractal cluster undergoes a power-law divergence.

In summary, this letter reports the importance of frac
cluster contributions to the dielectric loss mechanism of o
ented poled PMN–PT crystals. Structural irregularit
within domains control the dielectric loss, rather than t
motion of domain walls.

This research was sponsored by the Office of Naval
search through Contact No. N0001499-J-0754.
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