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Dipolar-glass model for lead magnesium niobate
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The static polarization of lead magnesium niobate has been studied using a standard Sawyer-

Tower circuit. The square-to-slim-loop hysteresis transition was phenomenologically modeled by

modifying Neel's equation for the magnetization of a superparamagnet to a similar relationship for
a superparaelectric. A temperature-dependent internal dipole field was included to account for
cluster interactions. The slim-loop polarization curves were found to scale to E/(T —Tf ), where E
is the electric field and Tf the freezing temperature. A glassy character was subsequently proposed
to exist in the zero-field-cooled state with local dipole fields between superparaelectric moments

controlling the kinetics of the polarization reversals and the freezing process. Recent quasielastic-
neutron-scattering results have been interpreted to support this model.

I. INTRODUCTION

Lead magnesium niobate is a dispersive ferroelectric.
It is characterized by a relaxation of the dielectric per-
mittivity, and an inability to sustain a macroscopic polar-
ization for temperatures significantly below the permit-
tivity maximum (T,„).Burns and Darol' have shown
that a local polarization exists for temperatures far above
T

„

indicating that the local symmetry is lower than the
global. Randall et al. and Chen, Chang, and Harmer
have shown in Pb(Mg, /3Nb2/3)03 that there is a parti-
tioning on the nanometer scale into clusters which are
chemically ordered and disordered. Cross suggested
that the size of these clusters is such that the polarization
may be thermally reversible, analogous to super-
paramagnetism. He has recently proposed that a cou-
pling between polar clusters controls the kinetics of the
polarization fluctuations and the development of frustra-
tion near the freezing temperature (Tf), similar to spin
glasses. Tf was determined by analyzing the frequency
dispersion of T „with the Vogel-Fulcher relationship
and was shown to agree with the temperature at which a
stable remanent polarization collapsed. Similar phenom-
enological modeling has been used in spin glasses. '

In the zero-field-cooled (ZFC) state the structure of
Pb(Mg, /3Nb2/3)03 appears cubic indicating that the scale
of the polar behavior is smaller than the coherence length
of x-rays; however, in the field-cooled (FC) state the
structure appears rhombohedral. Optical microscopy re-
veals no domain structure in the ZFC state, but normal
micrometer-sized domains are observed in the FC state.
Cross' has investigated the field dependence of the
dielectric and elastic responses. He found the maximum
nonlinearities near Tf . Bokov and Myl'nikova" and
Smith' have previously investigated the static polariza-
tion. They found a large hysteresis at lower tempera-
tures, but with increasing temperature it decreased; i.e.,

the so-called square-to-slim-loop transition.
Spin glasses are magnetic systems that cannot establish

long-range magnetic ordering in the ZFC state due to
some form of a chemical or structural inhomogeneity.
The glassy behavior is believed to arise due to competing
interactions between magnetic moments resulting in a
freezing of the magnetization reversals below a charac-
teristic temperature (Tf). Freezing has been shown to
occur due to random fields between clusters' ' and a
competition between ferromagnetic and antiferromagnet-
ic exchanges. ' ' The FC state exhibits behavior resem-
bling a normal ferromagnet below Tf, i.e., irreversibility
and hysteresis. '

II. EXPERIMENTAL PROCEDURE AND RESULTS

The samples used in this study were Pb(Mg»3Nb2/3)03
ceramics with 10 at.% PbTi03. They were prepared as
described by Pan, Jiang, and Cross. ' The samples were
free of aging, ' were free of pyrochlore as described by
Swartz and Shrout, ' were of dimensions 1X0.5X0.03
cm, and were electroded with gold. The hysteresis loops
were measured as a function of temperature using a stan-
dard Sawyer and Tower circuit. Measurements were
made between 150 and —50 C on cooling. The samples
were allowed to equilibrate for 30 minutes at each tem-
perature. The cycling frequency was 50 Hz, and the
maximum bias applied was 20 kV/cm. To decrease the
low frequency impedance, a large capacitance (10 pF)
was placed in series with the sample.

Static polarization curves are shown in Figs. 1(a)—1(d)
at measurement temperatures of —50, 10, 50, and 110'C,
respectively. The experimental data are the closed cir-
cles, and the solid line is a phenomenological model,
which will be presented. The square-to-slim-loop hys-
teresis transition is evident in the figures. The polariza-
tion behavior became hysteretic near and below T„.
The saturation polarization was approximately 20 C/m
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FIG. 1. Polarization curves at various temperatures. The solid points are the experimental data and the solid line is the curve
fitting to Eq. (2). (a)—(d) are at measurement temperatures of —50, 10, 50, and 110'C, respectively.

at lower temperatures. It was not possible to drive the
sample into saturation at higher temperatures because
breakdown occurred. Above 25'C the remanence was so
small that determination of the coercive field was
dificult, but at lower temperatures it increased rapidly.

III. DISCUSSION

In systems consisting of nanometer-scale ferromagnetic
or ferroelectric clusters the thermal energy of the particle
can strongly inhuence the macroscopic magnetic or polar
properties. These clusters are designated as super-
paramagnetic or superparaelectric, respectively. The
magnetic behavior with no anisotropy can be described
by a Langevian function, but real systems have an anisot-
ropy that acts as an energy barrier for reorientation as
originally proposed by Neel. The polarization behavior
of an ensemble of uniform noninteracting clusters having
uniaxial symmetry can be described by
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impose when plotted against E/T as shown in Fig. 2; p is
obviously more strongly temperature dependent. This
may be a reAection of interactions between polar regions.
Interactions might be accounted for by including a phe-
nornenological freezing temperature. T& has been previ-
ously estimated as 18'C for Pb(Mg&/3Nb2/3)03 with 10
at. %%uoPbTiO3 . Th epolarizatio ncurve splotte da sa
function of E/( T —

T& ) are shown in Fig. 3. It is obvious
that the polarization curves nearly superimpose.

Interactions between superparamagnetic clusters have
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where p is the reduced polarization, E the electric field, P
the moment of the cluster, and kT the thermal energy. A
consequence of Eq. (1) is that the polarization curves at
different temperatures should superimpose when plotted
against EiT, the analogous behavior has been observed
for numerous superparamagnets. The implication of
the superposition is that at higher temperatures it takes
more electrical energy to align the moments against the
thermal energy. The slim-loop hysteresis curves of
Pb(Mg, /3Nb2/3)03 with 10 at. % PbTiO3 did not super-
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FIG. 2. Reduced polarization plotted as a function of the
temperature normalized electric field at various temperatures.
The arrow visually illustrates the direction of increasing tem-
perature. The polarization curves shown are at temperatures of
38, 48, 54, 59, 69, 86, 110'C.
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FIG. 3. Reduced polarization at various temperatures plot-

ted as a function of E/(T —Tf ) where Tf is the freezing tem-
perature. The polarization curves shown are at temperatures of
39, 48, 54, 59, 69, 86, 11O'C.

been reported to alter magnetization curves. Local inter-
nal Lorentz fields have been used to obtain an under-
standing of the magnetic behavior in these systems.
A relationship for a superparaelectric cluster having
rhombohedral symmetry including an internal dipole
field follows:

P (E +ap)
sinh

kT

P (E +ap) P cos70(E +ap)cosh
kT

+3 cosh
kT

(2)

where p is the reduced polarization, and o. the internal
field. The hysteresis curves were modeled by a nonlinear
least squares fitting to Eq. (2), shown as the solid lines in
Figs. 1(a)—1(d). The fitting was done by allowing the
temperature changes to be absorbed by o,'. P can be ap-
proximated as Pz V, where P& is the saturation polariza-
tion and V the cluster volume. P& is approximately 20
C/m, and the cluster diameter has been found to be be-
tween 20 and 50 A. ' Assuming an average diameter of
35 A, P can be estimated as 5 X 10 C cm. A normal-
ized internal bias (y=PalkT) as a function of tempera-
ture is shown in Fig. 4. The reduced remanent polariza-
tion (p„)can be approximated by setting E =0 in Eq. (2).
Nonzero solutions for p„will only exist when y )4,
which occurred between 10 and 20 C. p„asa function of
temperature is shown as the inset of Fig. 4. The tempera-
ture dependence of p„was calculated by using the experi-
mental values for y, but close to Tf y was determined by
interpolation. These results are consistent with the ex-
perimental polarization. ' "

The magnetization and polarization of spin and dipole
glasses are known to be irreversible below Tf. ' '

FIG. 4. Reduced internal field (y =Pa/kT) as a function of
temperature where Tf is the freezing temperature. The inset
shows the reduced remanent polarization (p„)as a function of
temperature as calculated from Eq. (3).
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FIG. 5. Proposed model for freezing in Pb(Mg&/3Nb2/3)O3
where E is a local internal dipole field that acts to couple the
polar clusters. The open circles represent the polar clusters.

The irreversibility is believed to arise due to the onset of
nonergodicity. In particular if Sawyer-Tower measure-
ments are made hystersis is observed. ' ' This hystersis
has been shown to decrease with temperature, some-
what similar to Pb(Mg, /3Nb2/3)03 The scaling of the
polarization to E/( T —Tf ) in Pb(Mg, /3Nb~/3)O~ with 10
at. % PbTi03 is strongly suggestive of a glassy mecha-
nism, whereas the polarization equation of state was de-
rived for a rhombohedral superparaelectric moment.
Binder and Young' have suggested that interacting su-
perparamagnetic moments should be treated as spin
glasses. It is proposed that the polarization of the relaxor
is glassy due to interactions between superparaelectric
moments. In the ZFC state, the lack of macroscopic po-
larization indicates that the moments freeze into random
orientations devoid of long-range order. Local dipole
fields may try to polarize neighboring moments over a
distance of a correlation length, as illustrated in Fig. 5.
But if the dispersion in the fields is larger than the aver-
age field, long-range ordering is impossible. In the FC
state the moments freeze into ordered configurations,
characteristic of a normal ferroelectric. A somewhat
similar superparaelectric glassy model has been proposed
for K& „LiTa03, for x =0.026.
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FIG. 6. The correlation length as determined by quasielastic
neutron scattering as a function of temperature where Tf is the
freezing temperature. This data is taken from Vakrushev. The
inset shows the modeling of the frequency dependence of the
temperature of the dielectric relaxation with the Vogel-Fulcher
relationship where the solid points are the experimental data
and the solid line is the curve fitting.

Recent quasielastic neutron scattering (QES) results
on Pb(Mg, /3Nb2/3)03 revealed a temperature dependent
correlation length (A, ) similar to spin glasses, shown in
Fig. 6. Near 400 K, A, was 50 A, which is approximately
equal to the cluster size observed by TEM. ' In the tem-
perature interval below 225 K, A, was nearly temperature
independent with a maximum value of 200 A. This data
can be interpreted to support the hypothesis that relaxors
are interacting superparaelectric rnornents. The scale of
A. supports the argument that the glassy character arises
due to random fields between moments on the mesoscopic
level. The agreement of A, with the average size of the
clusters at higher temperatures supports the argument
that the moments are decoupled from each other behav-
ing as ideal superparaelectrics. On cooling A, increased
supporting the model of a temperature-dependent inter-
nal field that couples the moments more strongly. For
comparison Tf has been estimated to be 217 K by analyz-
ing the dispersion of T,„using the Vogel-Fulcher rela-
tionship, shown as the solid line in the inset of Fig. 6.
This is close in temperature to the saturation of A, , a

strong broadening of the relaxation time distribution, '

and the collapse of the remanent polarization. This indi-
cates that the saturation of A, at 200 A may occur by the
system freezing into local configurations of moment
orientations, possibly by balancing the average orienta-
tion of nearest and next-nearest neighbors effectively
compensating the local polarization.

Various reasons have been proposed to explain the ex-
istence of short-range order in dipolar glasses. The glassy
behavior in K& Li TaO„ is believed to arise by a cou-
pling of the Li defect structure to a soft mode lowering
the local symmetry and stabilizing ferroelectric clus-
ters. ' In KC1:OH, OH dipoles are believed to exist
that have six orientations; local dipole fields are believed
to couple the moments resulting in glassy behavior.
The low-temperature phases of RbH2PO4 and
(NH„)HzPO4 are ferroelectric and antiferroelectric, re-
spectively; frustrated interactions are believed to lead to
glassy behavior in their solid solution.
Pb(Mg, /3Nb2/~)03 is probably a normal ferroelectric that
cannot establish long-range polar order due to gross inho-
mogeneities, i.e., the partioning (phase separation) on the
nanometer scale. ' Local polarization may form where
allowed by this "fossil chemistry" via local ferroelectric
transitions; dipole fields between moments then subse-
quently lead to glassy behavior.

IV. CONCLUSION

Static polarization curves for Pb(Mg&/3Nb2/3)03 were
parametrized using a superparaelectric model that in-
cluded an internal dipole field. Local randomly orientat-
ed dipole fields between superparaelectric moments are
believed to exist in the zero-field-cooled state leading to a
freezing of the polarization Auctuations. A dipole glass
model for relaxors was subsequently proposed.
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