APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 2 9 JULY 2001

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 RBr 5,Tig 4905 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. 2@1 American Institute of Physics.
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Although the problem of domain reversal in ferroelec- supported with our Monte-CarlgMC) simulation on model
trics (FE) has been one of the classic topics in the frameworkerroelectric lattice.
of first-order phase transitiorist is attracting special atten- The experiment was performed by applying the Sawyer—
tions, mainly because of the development of high-speed FEFower technique to measure the hysteresis loop&00f)-
random access memories and other advanced FE-based eleextured PZT samples under variol§t) with f covering
tronic devices Consequently, the domain reversal has beerl0 ?—1(° Hz andE, from 0 to 45 kV/cm. The sample fab-
performed and observed situ by means of an atomic force rication and the procedure of Sawyer—Tower measurement
probe or other high resolution prob&s.The domain rever- were described previoushyOur MC simulation starts from a
sal in these devices is driven under time-varying electric fieldwo-dimensional squaredx L lattice with periodic bound-
(ac-type or pulse typebut earlier studies on domain reversal ary conditions. Each site of the lattice is imposed on with a
kinetics paid less attention to the frequency dependence. ldisplacement vecton; as the electrical polar vector whose
fact, the domain reversal can be explained by the nucleatiordirection is randomly defined on the lattice plangat each
and-growth mechanish\We present a brief remark on this site is thus proportional to the local spontaneous polarization
issue under the ac field. Given an external electric figlt) ~ and subjected to a double-well potential with the nearest-
at timet, saysE(t) = E, sin(2=ft) whereE, is amplitude and neighboring interaction taken into account. The lattice
f is frequency, the nucleation rate for new domains can bélamiltonian can be written as
predicted with a characteristic time . Also the velocity for 2
a new domain boundary can be defined, with a characteristic - (
time 74. Nevertheless, it is well accepted that nucleation and i
growth occur concurrently and the two sequences overlap (1)

each other. _ o where (i,j) represents that over the nearest neighbors is

It is phy3|cally. reasona.ble .to define a _thlrd timg, in summed oncep; is the momentum at site a, andb are the
order to characterize the kinetics of domain reversal. As ago hle-well potential parametets,is the ferroelectric order-
assumption,re= \7,7g, Which may be called the effective 4 factor,mis the massE(t) defines the base direction to
characteristic t|me: On the other h:_;lnd, the hyst(_are3|s is a{/'vhich the direction ofu; or u; refers. The Metropolis algo-
ways observable in accompany with the domain reversalim employed in our MC simulation was reported
Similar to the dielectric spectrum, we define the freq“encypreviously? The lattice parameters ate=512, kT=1.0, a
dependence of hysteresis aréf ) at any giveng, as the =20, b=200, U=1.5 and max{)=0.5, with 24 orienta-
hysteresis dispersion. In this letter, we study the scaling beyng being taken byu,. The lattice polarizationP

. . . . . [
havior of the h_ystereS|s_ dls_per5|ons for(Bg,52T|0,48)03 _ =(1LA)3uy,-(E/|E|) is obtained by averaging over four
(PZT), from which the kinetics of the domain reversal is \nds of data from different seeds for random number gen-
understood in a phenomenological sense. Our main conclys,ation. The MC is scaled in a unit of mcs aRE(t) is
sion is that the characteristic timg is physically definable ,5rmalized by temperature unit &f.

and demonstrated by the scaling behavior. This conclusionis  aq gn example, we present in Figsaland Xb) the

measuredP—E loops for the same PZT sample and the simu-
dElectronic mail: liujm@nju.edu.cn lated loops for the model lattice, respectively, at various val-
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and the loop finally evolves into a tilted ellipse with rounded
corner (loop c¢). Further increasing results in significant
shrinking of the loop along the polarization axi®op d)
before finally collapsing into a tilted line.

028
a:0.00006

6.0.0006

-0.4} ¢:0.006
- - - ; It may not be convincing that the PZT loop shows an
A0 05 000510 elliptic pattern at a low frequencyf ¢ 10°Hz), since the
2 well-saturated loop even if is ~10"Hz or higher was

FIG. 1. Hysteresis loops at differehmeasured for PZTa) and simulated reportedl. However, it should be emphasized here thatEpe
for the model latticgb) under fixed field amplitud&,. The inserted num- dependence of the loop shape and dtede shown lateris
bers show the values &6f PP
significant too, or even more than tfielependence. In our
experiments, the maximurg, is only 45 kV/cm, far lower
ues off but fixed E,. As expected, the dependence of thethan 16—1C° kv/cm applied in the reported measurement.
hysteresis shape and area fois remarkable. An excellent The measured and simulated hysteresis dispersion curves
similarity in loop shape and its evolution between the twoA(f) at differentE, are plotted in Figs. @) and 2b), re-
systems is also revealed. At very lofy the loop area is spectively. For bqth systems, the dlsp_e_r5|on shows a sm_gle-
smaller, with lower coercive field and well-saturated tip. peaked pattern with the peak value raising and peak-position

With increasingf, the loop area becomes largéoops a,b) increasing wherk increases. This single-peaked pattern in-
dicates that a unique characteristic time for domain reversal

is probably definable. Suppose the two quantitigsand 7,

are very different, the dispersion would have two peaks, one
appearing af~ 7, * and the other at~ 7, *. Otherwise, the
dispersionA(f) at differentE, should be scalable by the
unigue characteristic time. To check this scalability, the sim-
plest scheme is to evaluate an arbitrargh momentums,
=[of"A(f)df. However, the integration can not be con-
verged unles#\(f ) decays faster thaf ("*1) asf—a. By
redefining the dispersion using Idg(as a variable, we have
the following scaling parameters:

A (Jem®)

y=log(f),

Sn(Eo):fiCVnA(%Eo)d% n=1,2,...,
@ ¥n(Eo) =Sh(Eo)/So(Ep), (2
= N2(Eg) = Sy(Eo)/SE(Ep),

T 1=10"7,

wherey is the modified frequencyy, is thenth characteris-

tic frequency{unit: log(s 1)1, n, is the scaling factor, and,

is the effective characteristic time. The evaluated scaling fac-
FIG. 2. Hysteresis dispersioh(f ) measured for PZTa) and simulated for tor n2(_EO) becomess, mdepgndent for both SySt_em as long
the model lattice(b) under different field amplitud&,. The inserted num- aS_E_O IS ant very _Sma”- This independence predlct_s the scal-
bers show the values &, . ability of dispersionA(y) by a one-parameter scaling func-




238 Appl. Phys. Lett., Vol. 79, No. 2, 9 July 2001 Liu et al.

@ M& L |45 the hysteres_is dispe_rsion can be _uniquely described if the
30 ¥ G; o 0] general scf'ilmg functiokv( ») is avallfible. _
'ﬂg X g;;; 180 The failure to scale the dispersion at very sntgfl is
\: 60 l§‘¢ o8 v 235 ascribed to the fact that time; is much shorter than that
£ & cobe o e 270 given by relationshiprlocEgl. Generally speaking, the do-
i~ 40 M2 ‘i - 3e main reversal for spin system at very low field, say, at a field
= o fom ® " zg’g close to the stationary coercivity, may be dominated by re-
B ﬁ?ﬁf ‘ ‘Pa%p | ' versible domain rotation instead of irreversible domain
20 3% b ‘”Z‘g?& boundary migration. Because the former has a much faster
* ol %%%szﬁ%%%m response speed than the latter, the as-deriyes, of course,
Ok e shorter. As for the experimental relevance for the relationship
4 S 20z 34 T Eal, previous studies on domain nucleation and growth
n in BaTiO, under dc field® revealed that the nucleation rate
can be expressed ag1/ms)<EZ3, so thatr,<E, ?® can be
3001(5) predicted. The domain boundary migration velocity takes the
250 s form v=<Eg>, from which 7,<E, *? is derived. Therefore,
A 3 we have the linear relationshigo ' = |7,7,%E, *, consis-
= 0 ¢ T tent with our findings for PZT and the model lattice. The
X150 6%7 e collected data by Scott al. on KNbO; also supported this
L I relationship with the typical switching time ef 10~ * ms for
100 g B domain reversal under a field of 100 kV/&®: Note here
50 data: 16 sets | opg that 7, is just the effective characteristic time, which is pro-
£,=0.8~12.0 k portional to the realistic timeg,, or 7.
0 j ! ] In summary, we have demonstrated the scaling property
202 10 123 of the hysteresis dispersion for ferroelectric systems from the
n measured hysteresis for PZT and the Monte-Carlo simulated

domain reversal sequence for a ferroelectric model lattice.
An effective unique characteristic time is predicted, with
which the domain reversal can be fully described. It has been
revealed that the characteristic time is inversely proportional
tion. The dependence af onEy is given in Fig. 3 where the to the amplitude of the applied field as long as the latter is
two straight lines represent the inverse linear relationshipnot very small.
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