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Scaling on hysteresis dispersion in ferroelectric systems
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The hysteresis area as a function of frequency of the time-varying external electric field—hysteresis
dispersion—for ferroelectric Pb~Zr0.52Ti0.48!O3 is measured, and the Monte-Carlo simulation on the
hysteresis dispersion for a model ferroelectric lattice is performed too. We demonstrate the scaling
behavior of the single-peaked hysteresis dispersion for the two ferroelectric systems, predicting a
unique effective characteristic time for the domain reversal. This characteristic time shows an
inversely linear dependence on the field amplitude as long as the amplitude is high enough that the
reversible domain rotation response is negligible. ©2001 American Institute of Physics.
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Although the problem of domain reversal in ferroele
trics ~FE! has been one of the classic topics in the framew
of first-order phase transitions,1 it is attracting special atten
tions, mainly because of the development of high-speed
random access memories and other advanced FE-based
tronic devices.2 Consequently, the domain reversal has be
performed and observedin situ by means of an atomic forc
probe or other high resolution probes.3–5 The domain rever-
sal in these devices is driven under time-varying electric fi
~ac-type or pulse type!, but earlier studies on domain revers
kinetics paid less attention to the frequency dependence
fact, the domain reversal can be explained by the nucleat
and-growth mechanism.1 We present a brief remark on th
issue under the ac field. Given an external electric fieldE(t)
at timet, saysE(t)5E0 sin(2pft) whereE0 is amplitude and
f is frequency, the nucleation rate for new domains can
predicted with a characteristic timetn . Also the velocity for
a new domain boundary can be defined, with a character
time tg . Nevertheless, it is well accepted that nucleation a
growth occur concurrently and the two sequences ove
each other.

It is physically reasonable to define a third timete , in
order to characterize the kinetics of domain reversal. As
assumption,te5Atntg, which may be called the effectiv
characteristic time. On the other hand, the hysteresis is
ways observable in accompany with the domain rever
Similar to the dielectric spectrum, we define the frequen
dependence of hysteresis areaA( f ) at any givenE0 as the
hysteresis dispersion. In this letter, we study the scaling
havior of the hysteresis dispersions for Pb~Zr0.52Ti0.48!O3

~PZT!, from which the kinetics of the domain reversal
understood in a phenomenological sense. Our main con
sion is that the characteristic timete is physically definable
and demonstrated by the scaling behavior. This conclusio
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supported with our Monte-Carlo~MC! simulation on model
ferroelectric lattice.

The experiment was performed by applying the Sawye
Tower technique to measure the hysteresis loops of~001!-
textured PZT samples under variousE(t) with f covering
1022– 105 Hz andE0 from 0 to 45 kV/cm. The sample fab
rication and the procedure of Sawyer–Tower measurem
were described previously.6 Our MC simulation starts from a
two-dimensional squaredL3L lattice with periodic bound-
ary conditions. Each site of the lattice is imposed on with
displacement vectorui as the electrical polar vector whos
direction is randomly defined on the lattice plane.ui at each
site is thus proportional to the local spontaneous polariza
and subjected to a double-well potential with the neare
neighboring interaction taken into account. The latti
Hamiltonian can be written as7

H̃5(
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where ^i,j& represents that over the nearest neighbors
summed once,pi is the momentum at sitei, a, andb are the
double-well potential parameters,U is the ferroelectric order-
ing factor,m is the mass.E(t) defines the base direction t
which the direction ofui or uj refers. The Metropolis algo-
rithm employed in our MC simulation was reporte
previously.8 The lattice parameters areL5512, kT51.0, a
520, b5200, U51.5 and max(ui)50.5, with 24 orienta-
tions being taken byui . The lattice polarizationP
5(1/L2)Sui•(E/uEu) is obtained by averaging over fou
rounds of data from different seeds for random number g
eration. The MC is scaled in a unit of mcs andPE(t) is
normalized by temperature unit ofkT.

As an example, we present in Figs. 1~a! and 1~b! the
measuredP–E loops for the same PZT sample and the sim
lated loops for the model lattice, respectively, at various v
© 2001 American Institute of Physics
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ues of f but fixed E0 . As expected, the dependence of t
hysteresis shape and area onf is remarkable. An excellen
similarity in loop shape and its evolution between the t
systems is also revealed. At very lowf, the loop area is
smaller, with lower coercive field and well-saturated t
With increasingf, the loop area becomes larger~loops a,b!

FIG. 2. Hysteresis dispersionA( f ) measured for PZT~a! and simulated for
the model lattice~b! under different field amplitudeE0 . The inserted num-
bers show the values ofE0 .

FIG. 1. Hysteresis loops at differentf measured for PZT~a! and simulated
for the model lattice~b! under fixed field amplitudeE0 . The inserted num-
bers show the values off.
.

and the loop finally evolves into a tilted ellipse with round
corner ~loop c!. Further increasingf results in significant
shrinking of the loop along the polarization axis~loop d!
before finally collapsing into a tilted line.

It may not be convincing that the PZT loop shows
elliptic pattern at a low frequency (f ;103 Hz), since the
well-saturated loop even iff is ;107 Hz or higher was
reported.1 However, it should be emphasized here that theE0

dependence of the loop shape and area~to be shown later! is
significant too, or even more than thef dependence. In ou
experiments, the maximumE0 is only 45 kV/cm, far lower
than 103– 105 kV/cm applied in the reported measurement

The measured and simulated hysteresis dispersion cu
A( f ) at differentE0 are plotted in Figs. 2~a! and 2~b!, re-
spectively. For both systems, the dispersion shows a sin
peaked pattern with the peak value raising and peak-pos
increasing whenE0 increases. This single-peaked pattern
dicates that a unique characteristic time for domain reve
is probably definable. Suppose the two quantities,tn andtg ,
are very different, the dispersion would have two peaks,
appearing atf ;tn

21 and the other atf ;tg
21. Otherwise, the

dispersionA( f ) at different E0 should be scalable by th
unique characteristic time. To check this scalability, the s
plest scheme is to evaluate an arbitraryn-th momentumSn

5*0
` f nA( f )d f . However, the integration can not be co

verged unlessA( f ) decays faster thanf 2(n11) as f→`. By
redefining the dispersion using log(f ) as a variable, we have
the following scaling parameters:9

g5 log~ f !,

Sn~E0!5E
2`

`

gnA~g,E0!dg, n51,2,...,

gn~E0!5Sn~E0!/S0~E0!, ~2!

n2~E0!5S2~E0!/S1
2~E0!,

t1
21510g1,

whereg is the modified frequency,gn is thenth characteris-
tic frequency@unit: log(s21)#, n2 is the scaling factor, andt1

is the effective characteristic time. The evaluated scaling f
tor n2(E0) becomesE0 independent for both system as lon
asE0 is not very small. This independence predicts the sc
ability of dispersionA(g) by a one-parameter scaling func

FIG. 3. Unique effective characteristic time for PZT~label ‘‘Exp.’’ ! and the
model lattice~label ‘‘MC’’ !. The units fort1 and E0 are indicated in the
figure.
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tion. The dependence oft1 onE0 is given in Fig. 3 where the
two straight lines represent the inverse linear relations
The as-definedt1

21 in Eq. ~2! seems to be linearly correlate
with E0 as long as the latter is not very small.

To construct the one-parameter scaling function, we c
sider the fact that the only variable forA( f ) is frequencyf,
which is the reciprocal of time. Its dimensionality can not
other than one. Therefore, the scaling function of the follo
ing generalized form yields

W~h!5t1A~g,E0!,
~3!

W~h!5 f 1
21A~g,E0!,

with the scaling variableh5 log(ftl) and the effective char
acteristic frequencyf 15t1

21.
Replotting all the measured and simulated dispers

curvesA(g) according to Eq.~3! produces Figs. 4~a! and
4~b!, respectively. Except for the cases of very smallE0 , all
the curves fall onto the same curve within the statistical
rors, demonstrating the scaling property of the hysteresis
persion for both systems. This also indicates that for
domain reversal in PZT and the model lattice investiga
here, respectively, there indeed exists a unique characte
time which ist l or a quantity proportional tot1 , by which

FIG. 4. Scaling-plotting of hysteresis dispersions for PZT~a! and the model
lattice ~b!. The inserted numbers are the values ofE0 .
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the hysteresis dispersion can be uniquely described if
general scaling functionW(h) is available.

The failure to scale the dispersion at very smallE0 is
ascribed to the fact that timet1 is much shorter than tha
given by relationshipt1}E0

21. Generally speaking, the do
main reversal for spin system at very low field, say, at a fi
close to the stationary coercivity, may be dominated by
versible domain rotation instead of irreversible doma
boundary migration. Because the former has a much fa
response speed than the latter, the as-derivedt1 is, of course,
shorter. As for the experimental relevance for the relations
t1}E0

21, previous studies on domain nucleation and grow
in BaTiO3 under dc field10 revealed that the nucleation ra
can be expressed asp(1/ms)}E0

2/3, so thattn}E0
22/3 can be

predicted. The domain boundary migration velocity takes
form n}E0

4/3, from which tv}E0
24/3 is derived. Therefore,

we have the linear relationshipt1}t85Atntv}E0
21, consis-

tent with our findings for PZT and the model lattice. Th
collected data by Scottet al. on KNbO3 also supported this
relationship with the typical switching time of;1021 ms for
domain reversal under a field of 100 kV/cm.2,11 Note here
that t1 is just the effective characteristic time, which is pr
portional to the realistic time,tn or t8.

In summary, we have demonstrated the scaling prop
of the hysteresis dispersion for ferroelectric systems from
measured hysteresis for PZT and the Monte-Carlo simula
domain reversal sequence for a ferroelectric model latt
An effective unique characteristic time is predicted, w
which the domain reversal can be fully described. It has b
revealed that the characteristic time is inversely proportio
to the amplitude of the applied field as long as the latte
not very small.
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