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Influence of dipolar defects on switching behavior in ferroelectrics
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By including the contributions of dipolar defects in the time-dependent Ginzburg-Landau theory, we have
simulated the domain switching process in ferroelectrics. The model incorporates elastic effects in the form of
an anisotropic long-range interaction that is obtained by integrating out the strain fields, subject to the elastic
compatibility constraint. The defects are simulated by considering an inhomogeneous electric field due to
randomly placed coarse-grained dipoles. It is shown that these defects act as nuclei for the formation of 90°
twinned structures, resulting in a lower coercive field compared to the defect-free case. Due to these defects,
the simulated polarization switching occurs by two successive 90° rotations, rather than a single 180° flipping
as in the defect-free case.
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The spontaneous polarization in ferroelectrics can be reandf, is the gradient energy,

versed when a strong electric field is applied opposite to the
polarization direction. It is crucial to understand the details ¢ % Py 2+ &_Py 2 +% Py 2+ z?_Py 2
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of this switching process in order to produce better materials "9 2
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for memory devices. It has been recognized that the switch-

ing process is influenced by the presence of defects which

are present in the form of vacancies and dopaiige to the +0s

localized nucleation of domains of reversed polarization, the ) ]

experimentally measured coercive field is usually smalleft has been shown that the gradient energy may be obtained

than the intrinsic value predicted by the simple one- @S @ local approximation to the dlpol_e—dlpole interactibns.

dimensional(1D) Landau theory. A recent work indicated The termfe, represents the usual elastic energy of the square

that the intrinsic coercive field can be realized in a System.We consider the bulk strain=( 7.+ 7y,)/ V2, de-

Langmuir-Blodgett polymer film, which is thin enough to Vviatoric strain ¢,= (7.~ 7,,)/\2, and shear strainp,

bypass localized nucleatidn. = 7yxy= 7yx- Hereyn;; is the linear elastic strain tensor given
The exact mechanism of polarization switching is, how-as 7;; =73 (du;/dx;+du;/dx;). The elastic free energy can

ever, still lacking at the moment. Although some interestingthen be written as

simulations on defect-free systems have been repdrted,

more realistic model is needed, which can take into account

the defect nucleation and the motion of domain walls, as well

as the influence of elastic strain. )
Time-dependent Ginzburg-Landa(TDGL) equations Whereay, a,, anda; are constants that can be expressed in

have been used to study pattern formation int€rms of linear combinations of elastic constants of the sys-

ferroelectrics'~® These works, however, have focused only€m. The coupling energles may be written as

on the domain pattern formation aspects and did not attempt PR 5 o

to describe switching phenomena and the role played by de- fes= = 0102(Pi+ PY) — Q2¢02(PX— Py) —A3p3PyPy .

fects. In this paper, we report a simulation study of polariza- ®)

proach. Specifically, we will address the issue of nucleationy|ectrostrictive constants of the system. The tefrggy, is

from localized dipolar defects and the influence of elastic_. > - . e
long-range interagtions. given by f. = —Eqx P. The amplitude of fieldE,,; is a

The 3D Ginzburg-Landau free energy for ferroelectrictunable parameter in our simulations for studying polariza-

systems has been given befdrén this work, we restrict tion switching. The ternf, represents the free-energy con-

: }ribution due to randomly distributed coarse-grained dipolar
ourselves to a 2D system undergoing a square to rectangle

transition, which is analogous to the cubic to tetragonadefects given ag =—Egy-P, whereEq=—VVy. The po-

phase transition in 3D. The total free energy is written as tential Vq represents a configuration of randomly placed di-
poles given as

ag a as
fe=m b1+ 5 ¢5+ 5 5, @

F:f dr[fi+fg+ et fest fext fal, (1) y (E):% qO(Fj) B qO(Fj) ©
wheref, is the local free-energy density given by a4 In=(rj+8)| ==l
¥ oo g s %12 5o Here qo(r;) represents the coarse-grained charge &(ig)
f 2 (Pt Py + 4 (Pt Py)+ 2 PxPy @ the displacement associated with the defect dipole centered
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atr;. We assume that the system reaches mechanical equnodel for the polarization fields is used. We introduce
librium very fast so that we may integrate out the elasticrescaled time variables' = (t|ay|L) (a1<0) (L is the ki-
fields, subject to the elastic compatibility constrdinin netic coefficient and space variabler*=r/¢ (¢

terms of the strain componends;, ¢,, and ¢, the elastic = \/g;/a|a,|), wherea is a dimensionless constant. The po-
compatibility relation is given as larization field is transformed aB,=Pgu and P,=Pgv,
5 5 5 wherePr= /| a@1|/ @1, is the remnant polarization of the ho-
V2, — iz— iz) Bo— 8 —— hy= (77 ~ Mogeneous state without e]astic gffects. With this set of nor-
axs oy axay malized parameters, the dimensionless TDGL equations are

. . I . iven as
To incorporate the elastic compatibility constraint, we con—g

sider an effective elastic part of the free enefgy=Fg Uype = U—UB = dUvZ+aU, e g T DU, i yx +CO o yn + € €
+Fest Feons, With Lagrangian multipliein, where

Jay oL@ oAy —vujdE*HuZ*)r(E*)exrx—iIZ*~F*>,

Fe|=f o!k[;lqsl(lolz+ - | ba(K)| 2+ 7|¢>3(k>|’-’],

(8) v,t*=v—v3—dvu2+av,y*y*+bv,x*x*+cu,x*y*+ey+ey
Fes=—f dk{;T'1(K) 1(—K)+ T o(K) dhol — K) ”‘)fd"*H“‘*)”"*)eX“‘”‘*'f*>- (13

Here,e=E.,./(Pg|ay|) is the rescaled external electric field

+0sT3(K) da(— K 9 ”
Asl's(K) da( —k)} © and € is the rescaled electric field due to the dipoles, with
L R N a*o(r*)=[0o(r)/Pre? a;s|]. The constants defined ate
Fconszfdk{)\(k)[_kZ(j)l(_k)—F(ki_k§)¢2(_k) =(g2/|as| %), C=(93/|a1|¢2),+d=(a12/a11), and y
R = (03l a11¢%a,). The quantityl'(k*) is the Fourier trans-
+ V8K B3 —K) 1} (100 form of (u2—v?).

- - - We now describe the details of our simulations on the
212 1.2

Herek“=ki+ky andI';(k), I'o(k), %ndrf(k) are, TeSPEC switching behavior. Equatiofil3d) is discretized using the
tively, the Fourier transforms oPy+Pj, Pi—Py, and  gyjer scheme on a 128128 grid. Periodic boundary condi-
P.Py. The condition of mechanical equilibrium and the tjons are applied in botk* andy* directions, corresponding

compatibility relation demand®Fei/5¢i=0 (i=1,2,3)  to a clamped infinite system. The space discretization step
and F ¢¢s/ oA =0. Since the square to rectangular transition yx =Ay* =1 and the time intervaht* = 0.02. The param-

does not involve shear strain and the bulk strain is isotropiCgter values chosen for the simulation ade=0.5 and y
the first and third terms in Ed5) do not have much influ-  _q o5 The gradient coefficients are chosermab=c=2.
ence on the characteristics of the domain formation. FO‘SimiIarIy we choose the elastic parametersrasg=1. For

cor_nputaponal S|mpl|_0|ty, we wil COI’]SId(.EI‘ o_nly the dev_la— the defect fielde, we takeq* ; to be uniformly distributed in
toric strain coupling, i.e.q;—0 andqgs;—0; using the equi-

librium conditions, the free energy.s can be expressed in the interval[0.01,0.03. The charge separatiodf' can take
Fourier space as the value ¢-c,0) or (0;=c), wherec is a random number

uniformly distributed in the interval0.08,0.1. The defect
a5 L . field is initialized by selecting random points on the discrete
Feffzgf dkH (k)[T'5(k)|?, (1))  grid. We choose the number of defects to hg=81
2 (~0.5% of the total points on the discrete gridhen, the
where H(K)=[h2(K)/a+h3(K)—2h,(K)+h2(K)/8]. The electric field due to these defects is calculated at each grid

quantitieshl(IZ)zsz(IZ), hz(IZ)z{l—(ki—k)z,)Q(E)}, and point. We start the simulations by taking a trial single-

. DA T domain configuration u(r*,t*=0)=4, v(r* ,t* =0)=0,
hs(k)= \/§kxkyQ(k), with Q(k) defined as ande,(t=0)=25. Under the external electric field, the trial

(k2—K2) configuration rapidly evolves into a single-domain state with
Q(IZ)= 3 5 X 5 2y . (12 the polarization in the positive* direction (except in the
[k e+ (ks — k) =+ 8kyki/ B] vicinity of the defects, where the polarization field is dis-

We have introduced the dimensionless constants,/a, tgrted, accordi_ng to_ the defect fiel_dﬂ\ft_er every interval O_f
and B=as/a,. t,, =50 (2500 iterations the electric field is changed with

The effective interaction derived above is strongly direc-ime asex(t*)=25-50(t*/tf,,,), wheretr,,,=10000 is the
tion dependent and is crucial to describe the domain waifotal number of time steps. Figure 1 displays sequence of

orientations. Similar anisotropic interactions have been condomain snapshots for different values ©f and e,. The
sidered in context of martensitic transformatidig. direction of the arrow shows the local polarization direction

As we wish to study heterogeneous nucleation, a dynamia@nd the length of the arrows is proportional to the magnitude

cal formalism is needed to describe the nonequilibrium efof P. In Fig. 1(a), we can see a single domain poled along
fects associated with domain switching. Here the TDGLthe +x* direction, corresponding td*=4499 and e,
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there are head to head as well as head to tail configurations.
This is in agreement with recent experiments where charged
domain walls have been observed in bulk multidomain single
crystalst! It is believed that charged domain walls may be
stabilized due to charged defects. On decreasing the field
further, the orthogonally polarized domains grow by side-
ways motion. The 180° domain walls also move in order to
get rid of head-head and tail-tail domain walls. This growth
can be clearly seen by comparing Fighjlwith Fig. 1(c)
(corresponding ta* =5049 ande,=0). Figures 1d) (t*
=5110) and le) (t*=5115) show the nucleation and
§§: growth of domains with reversed polarization when the field
SN value becomese,=—0.5. It is clear that these domains
3 nucleate at the 90° twin boundaries. The nucleation of re-
ifgessaeaacy verse polarization domains from 90° twin boundaries has
predtiacesss indeed been observed in recent experiments on lead zirconate
EE titnate thin films'? The nucleated reverse domains grow an-
isotropically along the twin boundary, as reported in the ex-
periments of Ganpulet al'?> As we can see, contrary to the
» classical picture of 180° polarization flipping, the growth of
(© @ reversed domains occurs by 90° reorientations in our simu-
l e lations. Figure tf) shows the domain pattern &t =5249
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ey and e,.=—1. Thus, even beyond the coercive field, (
~—0.5), complete reversal is not achieved as the defects
sy tend to pin the domain pattern. In Figlgl we can see that at
jrrrIoamn g t* =8499 ande,= —17.25. The reversed polarization do-
i:::;::::::::::::::f:: mains grow sideways at the expense of orthogonally polar-
:
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Fpessssresisstsaes: ized domains. Finally, when the external field is high
3% ff:;;;ggzgggggggg enough, we get a single-domain state of the reversed phase
ey oS .
:::::::::;ii.”}%mﬁ;:::::::::: as shown in Fig. th) (t* =9249, e,= —21). We continue
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thisaseas! decreasing the field unti* =t* ., and e,= —25. The re-
® verse cycle is studied by increasing the field in the same way
until e,=25, starting from the final single-domain configu-
ration ate,= —25.
The hysteresis loop, obtained by computing the average
x* component of the rescaled polarizatiu), is plotted in
Fig. 2(a). Also plotted in Fig. 2a) is the hysteresis loop
corresponding to the case without defects. We observe that
e due to the nucleation of 90° domains, the coercive field for
% the loop with defects is less than half of the coercive field for
the defect-free case. It is also interesting to note that within
© o ® the range shown in Fig.(d), the curves for the defect-free
case and the case with defects do not coincide. We have to
FIG. 1. Pattern evolution for the simulated quasistatic switching.go to much higher field values for the two curves to match.
The snapshots correspond @) t*=4499, ,=2.75; (b) t*  This is due to the fact that defects pin the domain walls.
=4749, &,=15; (0) t*=5049, &,=0; (d) t*=5110, &,==05,  Another interesting consequence of the dipolar defects is the
(_6)8 4;9 _esflf’lsxzs__(gﬁ; _(;)2 49t e—?fg,lex: -1 @ dependence of the hysteresis loop on the waiting tifnen
TX o T ' Fig. 2(b), we plot the hysteresis loops obtained from identi-
cal simulations but with different values of waiting times.
=2.75. However, at defect sites, polarization inhomogenewe can see that the coercive field seems to increase as the
ities are observed. As we quasistatically decrease the fieMaiting time is decreased. This behavior has also been ob-
further, we find that the polarization decreases almost instarserved in experiments on ceramics and single crystafs.
taneously in response to changeein However, as the field The waiting time dependence can be understood on the basis
value reacheg,=2, some of the polarization inhomogene- of the defect nucleation mechanism. If the waiting times are
ities nucleate orthogonally polarized domains. In Figp)1 short, the nucleated domains have no time to grow, thereby
(t*=4749, e,=1.5), we can see a well-developed domaindelaying the switching process.
pattern with 90° as well as 180° twin boundaries. Notice that To summarize, we have studied the influence of dipolar
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FIG. 2. Plots of{u) vs e, showing the hysteresis loop&) the simulated loops for the case with defe@slid line) and the defect-free
case(dashed ling (b) the waiting time dependence of the loops for the case with defect, fo60 (solid line), t}, =5 (dashed ling and
ty =1 (dot-dashed ling

defects on switching in ferroelectrics, based on the TDGLstrated that such a mechanism may indeed be occurring in
approach. We find that defects have a remarkable effect osome ferroelectrics. We also observe the dependence of the
the hysteresis; in particular, the coercive field is reduced dueoercive field on waiting time, in accordance with several
to nucleation events which assist the polarization reversateported experiments.

We also find that switching occurs by successive 90° rota- _ i

tions for a clamped system. Recent ultrasonic This research was supported by the Office of Naval Re-

measurementd on PZN-PT single crystals have demon- Séarch.
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