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Thermodynamics and kinetics of switching effects in ferroelectrics
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We present a detailed analysis of thermodynamics and kinetics of switching effects in ferroelectrics with
180° domains. First, the switching effects are investigated by field-theory approaches and, then, within the
weak metastability domain they are analyzed by means of classical nucleation theory. All basic characteristics
for the switching process are estimated, i.e., evolution of the size distribution function for domains is found and
the time dependence of changes in the density of domains and flow of domains during the process is deter-
mined. The growing mechanism of domains is investigated. An approach to define certain constants for
ferroelectric crystals with respect to analysis of evolution of the switching current is proposed.
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I. INTRODUCTION the growth of crystals and films from vapor, solution, or melt
were faced with the same probled%s?? and the

Ferroelectric crystals and films are widely employed ag<olmogorov-Avrami model was used in describing the
storage cells in integrated electronic devices and other areggowth of crystals and films.
of technology* The most essential property of the structures ~Presently, the rigorous kinetic theory of first-order phase
is their ability to reverse the direction of polarizatidAs a transitions is available and its results are summed in Refs.
result, a switching current appears. Multiple switching20—22. It was showfii~?? that the first-order phase transi-
caused by alternating pulses brings about a decrease in tHENS are complex multistage processes accompanied by vari-
switched charge in the systems and, as a consequenceds nonlinear phenomena. The theory developed in Refs.
decrease in the switching currért.” The switching phe- 20-22 permits one to treat the rich diversity of the processes
nomenon in ferroelectrics is intensively investigated, bothnvolved within a unified approach and to calculate all im-
theoretically®1°~> and experimentally-®* For instance, Portant characteristics of a phase transitithe rate of nucle-
the review of Scottpresents a generalized analysis of theseation of the new phase, the nucleus growth rate, the evolu-
studies, and a review of microscopic studies of the structurdion of the nucleus size distribution function, the degree of
evolution of domains formed in the process of switching isfilling of the sample’s volume with nuclei, the interface
given in Refs. 3, 5 and 6. References 16 and 17 play aftructure, etg. We will use the latter approach for a descrip-
important role in understanding phase transformations in fertion of the switching processes in ferroelectrics in an electric
roelectrics. They were devoted to the formation of the dofield. The consideration will be exemplified by an intrinsic
main structure in solids under loading. ferroelectric crystal of a one-component order parameter

There are presently two main approaches for the descripith 180° domains. We will consider the process of switch-
tion of the switching kinetics. Both approaches are based of!d only in monocrystals without impurities and defects. The
the idea that the switching processes are first-order phasg/stem of equations describing the switching process will be
transitions, which result in the nucleation of domains withderived and solved. This system may be applied to thin films
the polarization opposite to the previous one in the bulk ofind crystals with defects.
the ferroelectric. Within the first approattthe parameters
determining the time dependence of the current represent a
set of empirical fitting quantities. In the second appro4th,
the corresponding parameters are expressed in terms of the Let us consider a ferroelectric crystal in the form of a
parameters of the Kolmogorov-Avrami mod&f.® which is  plate of thickness. placed between the plates of a capacitor
widely used in describing the degree of volume filling byin a completely ordered state at a temperature below the
growing crystals. Attempts are presently being made to imCurie point. The polarization axis is directed along taxis.
prove the second approach. In particular, allowances arg/e assume that the dielectric properties of the crystal along
made for the effects associated with the ferroelectric samplegie x andy axes have no anomalies. This means that when
of a finite siz€] etc. considering the thermodynamic properties of such a ferro-

However, despite all the efforts of the researcherselectric crystal, it is possible to include only taeomponent
progress in understanding the switching process is presentbf the polarization vectoP, in the expression for the ther-
lacking. In our opinion, this is associated with the fact thatmodynamic potential. According to Refs. 2 and 23, the ther-
the Kolmogorov-Avrami model is a purely geometric model. modynamic potential of a ferroelectric in an electric field at a
The equations used in this model contain parameters such &mperature near the Curie point can be written as
the nucleation rate of the domains and the rate of their
growth. These quantities are not defined within the
Kolmogorov-Avrami model and should be found from ther-
modynamics and kinetic theory. The researchers engaged in

IIl. THERMODYNAMICS OF SWITCHING
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O=y(p,T)+a(T—T,)P2+bPi—E,P,— (1)
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ing the equilibrium state of phases is called bimdgdak Fig.
2). To determine the boundaries of the metastability region,
we have to find the derivativedg,/dP,); and equate it to

Zero:
a(T.—T)
Piaxs=%1/ g—b (4)

The curve bounding the metastability region is called the
spinodal; it is shown in Fig. 2.
Supersaturation is the most important characteristic of the

~first-order phase transitio8:%? For the description of the
f FIG(. )1. Dependence of, on P, calculated on the basis switching processes, we can introduce a similar quantity,
of Eqg. (2).

where®,, is the part of the thermodynamic potential which &=1- S =, (5)
does not depend on the degree of polarizagiamdT are the 210

pressure and temperature of the meditipis thez compo-  wherey is the permittivity, anck, is the vacuum permittiv-
nent of the electric-field strengtf,. is the Curie tempera- ity. We shall call it the relative repolarization, and

ture, a andb are the coefficients of the thermodynamic po-

tential expansion in powers &,, ande is the permittivity

Ap: Pz10— P; (6)
of free space. o ] ]
Let us consider the temperature regibs T, . Differen-  the repolarization. For the case of small electrical-field
tiating Eq. (1) at the constantE, yields the following Strength, the electrical field is directed along the polarization
equation: vectorP,= P10+ x&oE, .22 In the opposite case we consider
that P,=P,,0— xeoE, [see Eq.(2) and Fig. 1. Substituting
2a(T—T,)P,+4bP}=E,, 2

the last expression in EQR2) and then in the relationship for
Ap yields
which relates the electric-field strength to the polarization of Py

the ferroelectri@? The form of functionE,(P,) described xeoE,
by Eq. (2) is shown in Fig. 1. FoT<T, the valueP,=0 =5 (7)
cannot be related to the stationary state of the ferroelectric. 210

For E,=0, spontaneous polarization of the pyroelectricAs a result we obtain the relationship for the repolarization
phase manifests. Then,

as a function of an electric-field. For this reason, the electri-
cal field strength in the ferroelectrics switching processes can
p . [a(Te—=T) 3) be considered as an analog of the supersaturation or super-
21207 = 2b cooling in conventional phase transitions. According to Refs.
. 23, x=[4aso(T,—T)] ! at T<T,, and from Eq.(7), it
whereP,,o and P,,q are the equilibrium values of the polar-

L follows that atT—T., the increase iry is accompanied by
ization. . _ an increase in the repolarization.
Equation(3) allows one to plot a curve describing equi-  1ha quantity
librium states in a ferroelectric with the polarization oriented
along and opposite to theaxis direction. The curve present-

P,

les

Emax—1— (8)
T

has the meaning of the maximum repolarization. The region
&> &y IS called the “weak metastability” region and the
region é— &nax IS called the “strong metastability” region.
For £ &nmaxe the initial orientation of the ferroelectric phase
becomes completely unstable. This region of repolarization
values corresponds to the spinodal region in the classical
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2 thermodynamic theory of phase transitidfs2 This region
is not considered in the present paper.
zsl zl0 Pz
Ill. SWITCHING KINETICS
FIG. 2. 1: The phase equilibrium curve of a ferroelectric with

P,, “up” polarization, and —P,; “down” polarization states are The most general method for studying phase transitions is

: o ) o 20,24 i o
shown, 2: The spinodal curve restricting domains, where polarizafield theory?*®* which allows one to describe first-order
tion of a ferroelectric under no circumstances can be unifétyy

phase transitions within a unified approach. In this approach,
are the metastability domain boundaries.

it is inessential whether the system undergoing the transition
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is in the region of strong or weak metastability. Neverthelesswhere y is the kinetic coefficientsH{P,}/ 5P, is the varia-
this method requires knowledge of the equation of state ofional derivative, and is the external force simulating the
the system. If the equation of state is unknown, it can beéhermal ensemble.

found in an approximate way by using the Landau expansion Let us introduce dimensionless variablas=2a(T.—T),

for the thermodynamic potential. This expansi@nd the radius r=26/|a|A, time t'=|a|y/2t, polarization
equation of stateis valid, only in the vicinity of the second- P.(A,t)=P,(A,t")/¢s, @s=+|al/b, and z=2'\26/|a].
order phase transition, which narrows substantially the regor the solution of Eq(10) we should know the shape of
gion of its applicability. The interphase energy is necessargomains. The shape of repolarization nuclei, unlike the nu-
in calculating the basic parameters of new-phase nucleatiojei formed during conventional phase transitions, cannot be
Usually, this parameter can be found from experimental dataarbitrary. Obviously, this fact is associated with the solution
But in the framework of field theory this parameter is notof the Maxwell equations for a dielectfit(on the interface
necessary because it can be found analytically. The classicaf domains the normal component of an electric induction
theory makes use of a phenomenological parameter such ggctor is continuous, as well as the tangential component of

surface tension, but it does not permit calculation of the inig g vectorE). It means that phase boundaries between do-
terface structure. The structure of the interface can be Calc%ains of initial and new phases are parallel to zfeis. So

lated in terms of field theory. In our study of the first-orderduring switching, domains in the form of flat plates or cyl-
phase transitions in ferroelectrics, we will use both the field,jqrg originate in a ferroelectric crystal and being of such
approach and the classical theory of nucleation, because t'%?uape, they should extend for the whole crystal thickness.
equation of state Eq2) is known only in the vicinity of the 5 ever, as is shown below, in the case of large thickiess
Curie point. At the same time, we are interested in a descripgg pronability of formation of domains tends to zero. This
tion of phase transitions throughout the region of variationg, s associated with the energy consumption of the system
in the thermodynamic parameters. We consider first thg, nroqyce the interphase. In analysis of conventional first-
switching processes in the region of weak metastability. o qer phase transitions such a problem does not arise, since
nuclei are of the form either close to a spherical one or they
A. The field theory of the initial stage of nucleation are two-dimensional cylindrical nuclei with the heighi
near the critical point comparable to the interatomic distarf@én the general case,
it is obvious that the form of domains is not to be retained in
the process of switching. In some cases the radius of do-
mains can turn out to be smaller as the domains penetrate
deeply into a crystal, while in other cases the domain will

Let us write the Hamiltonian of a ferroelectric near the
critical point in the form proposed by Ginzburg and Landau:

2 a become faceted. In our work, to simplify the analysis, we
H{P,= f bo+ EWPZ)ZJF E(T_TC)Pg assume that domains of heightwith the order of magnitude
equal to the size of an elementary crystal ddlt; '/, arise
n EP“—E p_ldr ) across the whole width of the crystal. Further, the domains
4 = T2 instantaneously coalesce into a long cylindrical domain. The

width and the radius of the domains will change in the course
Since we are interested in the relaxation of the order paran®f their nucleation and subsequent evolution. So, when
eterP,, we have to establish whether the latter is retained irevaluating the variational derivative for the case of cylindri-
the phase transition or not. cal symmetry and substituting into E.0) at f=0, we get
It is well known that ferroelectric crystals are divided into

’ 2D/ ’
two groups. The first contains crystals in which phase tran- IP; _9 Pz / '3 1dP;
" . . . ; = +2(P,—P,°)+E,+———
sitions occur by virtue of the displacement of ions belonging o’ A2 A A
to different sublattices. The second one contains crystals in
which phase transitions occur by virtue of the ordering in the 1 9°P, °P,
location of separate ions or molecular groups. Somehow, in + A2 702 + 972 (11)

ferroelectric crystals of both kinds the dipole moment per

one elementary cell tends to zero when its direction reversesvhere A is the radius in the cylindrical coordinate system,
This distinguishes ferroelectric phase transitions from magand® is the angle.

netic phase transitions in which the elementary magnetic mo- According to Ref. 24, this equation can be solved if the
ment does not vanish when the phase transition takes placeidth of the nucleus boundanyy(t) is small compared to
Therefore, the total dipole moment is a conservative paranthe nucleus size. In this case, Efjl) can be rewritten in the
eter for ferromagnetics. So, in the case of ferroelectricsform

when the order parameter is a nonconservative parameter, the

equation describing the order-parameter relaxation has the P, _ &P, 1 9P,

r_ 13 -z
following form:2* PYEY +2(P;—P; )+EZ+AO A

1 #°P, %P,

1P,  SH{P,} v N _
A§ 002 9z'?

y gt 5P,

(12

+f, (10
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The approximate solution of nonlinear E(l2) has the

Rmax
form?*

kgT

>1,

!

E . .
pl= ith[A—A0(®,t’)]+Zz, (13) where Ryax is the maximum work needed to form the new

phase. Conditions of E18) indicate, on one hand, that the
-, _ Landau theory is valid, and on the other hand, that the sys-
where isE;=(2\b/a+a)E, The velocity of the nucleus tem is in the region of weak metastability. Far fraf, i.e.,
boundary motion can be represented in the form at T<T,, in the region of weak metastability, we cannot, in
" the general case, use an expansion of(EBgand should use
Ao(O,1')= E ALt )cogn® + By), (14) the results obtained in Refs. 20-22.
n=0
B. Kinetics of the initial stage of switching in the region

where By=0, B,=const forn>1 are determined by the of weak metastability (classical approach

boundary conditions. Substituting Ed43) and(14) in (12)

yields Recall that the polarizatio®, used above is defined in
the following way?% P,=1/wXer,;, wherew is the unit-
dAg 1 3 cell volume of the crystalp,,=3;er; is the dipole moment
W: - A_o+ EEZ, of the unit cell in the point-charge approximatiag,is the
charge of thath ion, andr; is the z component of theth
(15 charge position vector. From this,
dAj n-1
dt’ A2 Ao- Pzi=P,0. (19
From here, forAj(t'), we have We assume the elementary structural units of domains to
be the crystal unit cells with the dipole moment. Depend-
(n?—1) ing on the type of ferroelectric crystal, atoms also can be
Ag(t')= A'(O)GX% - f - "] elementary structural components. In this case, the volume
0 Ao(t!) implies the volume per atom. The number of unit cells in a
and for the nucleus growth rate, we obtain domain of volumeVy is
/ Vv
%:I‘<§ 25bEZ_E)_ (16) n=—d, (20
dt 2 ‘/a|a| ) o

The quantity\25a|a|/3\bE, is nothing else but the radius and for the polarization of this domain, we have

of the critical nucleus, i.e.,

P2n=pzin. (21)
c:—v25a|a|. (17) We introduce the distribution functiof(n,t) of domains
3\/BEZ in the number of unit cells they contain, which is normalized
against the number of domaifgt) per unit volume of the
We denote crystal, that is,
25 %
re=\/r— N(t)= | f(n,t)dt. (22
|| 0
and then, We can change over frof(n,t) to the distribution function
of domains in the degree of polarizatié(P,,,t) using the
:E Te relationshipf(n,t)dn=f(P,,,t)dP,, and Eq.(21).
©3E According to the classical theory of nucleatith?? the

kinetic equation describing the process of new-phase nucle-
Note that the representation of the Hamiltonian in the formation can be written in the form

of Eq. (9) becomes possible in the vicinity of the critical
point where the Landau mean-field theory is valid. The re- of
gion of its applicability is specified by the Ginzburg- ot 1wl (23
Levanyuk criterionG;, subject to the condition that
wheref(n,t) is the distribution function of the switched do-

(kgT)%b? mains in the number of unit cells they contalp, ; is the
Gi:T<|a|<l (18 flux of new-phase nuclei transferring from size-1 to size
n, andl , is the flux of the new-phase nuclei transferring from
and sizen to sizen—1. Hence, it follows that
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o1 =Wy nf(N=10) =W, n_1f(n,t), nucleus flux. The second approach, which was developed in
' ' Ref. 25, makes use of certain relationships between the co-
[n=Wnn+1f(N, ) =Wpo 1, f(n+101), efficients of absorptionW, .1, and those of emission,

. Whi1n. They allow one to derive the expression for the
Here,Wy_1,, Wy n-1, andW, ., are the transition prob- - gaiignary flux of nuclei without recourse to the equilibrium
abilities of the nuclei moving from the state with a particular yisyinution functions. Both approaches yield the same result.

number of unit cells to another. Depending on the actual sizye il employ the latter technique to calculate the polariza-
of the switching nuclei, they can be divided into two classes;;y, switching nucleus flux.

nuplei withn<n, and thosg_witfn_>nc, yvhe_re_nc chqr.ac_- For nuclei with n<n., the distribution functionf(n)
terizes the nucleus of a critical size which is in equilibrium _ exp(—R(n)/ksT) makes the left-hand side of E€@4) van-
with the medium. The nuclei with<n decay, because the gy, ' e 4f/5t=0. This means that the transition probabili-

medium is “underswitched” for them, and those with ties Wy .1 andW,. 1,,, which change the nucleus size by

>N, grow, because the medium is “overswitched.” Such a,ne siryctural unit, are exactly the same as for heterophase
size distribution of the nuclei is due to the existence of they, 1 ations at equilibrium.

interface energy between a nucleus with the polarization vec- Using the approach developed in Ref. 25, we can obtain

tor along the field and the medium with the oppositely di- g |ationships between the absorption and emission coeffi-
rected polarlz_atlon vector. In the_ region between the _nucleugiems’ which would be valid for all values of We consider
and the medium, the polarization vector turns, which acyn gyxiliary-ferroelectric crystal with a polarization at which
counts for the creation of additional energy. ) a nucleus of sizen>n,. will be in equilibrium with the
Forn>1, we can change over from the difference EQ.crystal. The auxiliary-ferroelectric-true ferroelectric system
(23) to a differential one. In this case, we obtain resides in a local thermodynamic equilibrium. Introduction
of such an auxiliary system permits one to obtain the rela-

o Dy oy 2 PRoing by 24y tionship

o an n,n+lkB_TW(na) ol (24)
where W, ., is the diffusion coefficient of the switching exp( _Rmin) n<n,
nuclei in the spaceR,n(n) is the minimum work done by W KgT
the system to create the nuclei, a#,,,/dn is the change LR (26)
in the minimum work due to a change in the number of Wh1n _qum
structural units in a domain at<n.. exp n=>nc,

The quantity Wy, ns11KksT)(dRmin/dn) is the growth B
rate of nuclei of sizen, that is, which is valid for all values of.
Let us calculate the minimum work done to create a
dn 1 JRmin nucleus of the switched phase with polarizatiBg, in a

(29

EZ_WW““kB_T on ferroelectric crystal. According to Ref. 26 the minimum

) i work required to form a nucleus in a medium iBy,(n)
and the quantityV, , 1(df/dn) describes a random walk of — A\w+ A W, whereAW is the total change in the nucleus

a nucleus in the size space. By solving Egd), we can energy and\,W is the change in the energy of the medium
determine the main characteristics of the switching procesg,g 5 vesult of the nucleus formation. The quantities with the

namely, the distribution functiofi(n,t), as well as the de- gypscript zero refer to the medium, and those without a sub-
pendence of the number of domains created in the course %Eript to the nucleus. Let us consider the quaniigiV. As
the switching, the variation in the domain mean size, angy|iows from thermodynamics, the change in the energy dur-

many other parameters of this process. , _ing the reverse transition from one state to another can be
Any first-order phase transition can be conventionally d"represented in the form

vided into a number of characteristic time st£§ésto fa-

cilitate its analysis. In the initial stage, the system undergo- AW’ = —poAoV+ ToA oS+ moAon. (27

ing a phase transition does not feel that a new phase has

already been formed and its thermodynamic parameters do In the case of a ferroelectric in an electric field, the work
not change. In the subsequent stages of the phase transitiatgne by the electric forces should also be taken into account,
the thermodynamic parameters of the system vary and thithat is,

becomes reflected in the nucleation process.

In the initial stage of nucleation, it is sufficient to consider , , soEg
the steady-state E¢R4) and to determine the stationary flux AgW=AoW'+EAD20=A0W' + EzAoP20+ Ao T)
of the polarization switching nuclei. To find it, we should (28)
determine the coefficierdV,, ,.,, the minimum work to be
done to produce a nucled,,(n.), and the critical size of In Eq. (27), po, To, andu are the pressure, temperature,

the polarization switching nucleus.. These quantities can and chemical potential of the medium, respectivalyy and

be found in two equivalent approaches. The first one is thé\4S are the corresponding changes in the volume and en-
classical approacff, which requires knowledge of the equi- tropy of the mediumE,, is the electric-field strength in the
librium distribution function for the determination of the medium;D, is the electric induction of the medium; aRg,
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is the polarization of the medium. The quantéiyE>/2 is the (mHw) Y2

work associated with electric—field generation between the u(E;,,p,T)=u(E;n,p,T)+ Tz,uo(Ezn,p,T).
capacitor plates. Because we investigate the internal field of n

a ferroelectric, this quantity will be disregarded and all pa- (34)

rameters will be expressed in terms of the polarization rathef,q equilibrium value of the nucleus-medium fidig (the

than through induction. ) nucleus of an infinite siz&v—o) can be found from the
The pressure, volume, and temperature in the systerg,qition

remain fixed, and hencgy=p, To=T, ng=n, and AyV
=—AV. For the cha}ngg in the entropy,_ we can V\{rﬁs w(E,)=uo(E,). (35)
+A(S=0. The polarization components in the medium and

the nucleus are oppositely directed, i&£oP,,=—AP, and By subtracting Eq.(34) from Eq. (35 and expanding the
E,o=E,. Then, forR,,(n), we obtain left- and right-hand sides of the relationship thus obtained
in the vicinity of the E, point in the small deviationH,,
—E,)/E,, we obtain for the main part of the nucleus
Because the electric field in a nucleus of sizes E,,, we  distribution spectrum

can rewrite Eq(29) in a more convenient form. In view of
Eq. (28), we come to the relationship

Rmin(N) =A(W+pgV—ToS—E,P,) —uon. (29

du ~ (mHo)Y?o  dug ~
——(E,,—E,))+ = —(E,,—E,).
[?EZ| Ez( zn z nl/2 (9EZ| EZ( zn Z

Rmin( n)= A(W+ pOV_ TOS_ Eznpz) (36)

T (Ezn—Ez0) Pz pon. (30 Since the deviation o, , from E, is small, we have retained

Let us consider the nucleus enengyin Eq. (29). It con-  Only the first term in the last expansion.

sists of a volume part of the nucleus enewy and a surface Because— dul JE,|E,= P,io=Pzow and —dug/dE,|E,

part W,. To calculate them, we have to know the nucleus= Pzi1=Pzow, Where p,; is the elementary polarization
shape. In this casaV,=2(mHw)Y?on"? whereos is the  Of the medium, andp,;, is the elementary polarization of
surface tension of the domain wall. It is well known that thethe nuclei, these quantities are equal in absolute magnitude
surface tension of clusters depends on their size. The depe@nd have opposite directions. We denqig,=p,;, then
dence of surface tension on cluster radius was calculatel,i>=—Pi, and from Eq.(36), we obtain

twenty years ago, but to our best knowledge, in ferroelectric

crystals this dependence was discovered recéhtly. o E. B e (mHw)o

Recall it is assumed above that the heighis comparable (Ean=E)P2i= nl/2
with the linear size of an elementary cell with respect to
value,H~ o3, In principle, in each specific case the value isand
to be additionally determined. Note that the expression under U
the A sign in Eq.(30) is the thermodynamic potential of the (mTHw) o
nucleus with an internal fiel&,,, that is n'= B 37

zn» ) 2pzi(Ezn_ Ez)
H(P,)=A(W+poV—ToS—E,P,)=un, (3D As is seen from Fig. 2, the equilibrium state of the ferro-

Here, % is the chemical potential of the new-phase nucleu€!€ctric corresponds to the fiel,=0. On the other hand,
of sizen with inclusion of the surface tension. that is the critical size of the polarization switching nucleus, which

is in equilibrium with the ferroelectric in the switching field,

ab(P,,) B (mHw) Y2 is determined by the relationship,,.= Ezo.~
—on =m(Ezn, P, T)=u(Ezn,p, T+ —— 00— Taking into account this relationship aig=0, from Eq.
E,p.T n (37), we obtain
(32)
. o~ L 12 (mHw) Yo
Now, we can find the quantitR.,;, entering into formula ng=—f5—— (38
(26), sziEZO
IR J Dropping the index “0,” which identifies the field with
Nmin:a_nm"‘ = (= o)+ (Eyp— EZO)(g_n P,, (33 the mediur_n(i.e., with the part of the ferroelectric that has
E,.p.T not yet switchegl we have
where dP,/dn is the polarization per structural unit (mHw) Yo
. ) ) . ) 12_
in a nucleus, i.e., the quantityp,; introduced earlier ne = TomE, (39
[see Eq(2D)]. zitz
Let us Writeﬁ(Ezn,p,T)—Mo(Ezn,p,T) in an explicit This relationship determines the number of structural

form taking into account that the equilibrium magnitude of units in the critical switching nucleus. It is similar to the
the nucleus-medium polarization is given by the expressiorexpressions describing the number of structural units in the
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critical nuclei formed in solutions and mef%:?> The elec-  considering a domain of size>n,, which is in equilibrium

tric field plays the role of supersaturation or supercooling. with the auxiliary ferroelectric. We assume that the domain
We rewrite Eq.(39) in terms of the radius of the critical grows through the transfer of atoms in the cells from one

domain radiusR. rather than through the number of unit state to another directly in the interface separating the do-

cellsn,, that is, mains. In this case, we can determine g{&,,) andB8(E,q)
fluxes in the following way. If the ferroelectric is in an equi-
R=_"% (40) librium state(no external electric field, and its total polariza-
¢ 2p,E,’ tion is zerg, the unit-cell fluxes induced by thermal fluctua-

tions from domains with polarization in the directions along
&nd opposite to the axis are equal. In a nonequilibrium
state, the polarization of the system will change. Consider
~R2H the quantity
® 2Ezpzi- (41)

Bo=vexp —Vo/kgT),

It S.hOUId be pqmted_ out that the (_jependence of a Crlt'Ca\llvherev is the vibrational frequency of atoms in the unit cells
radius on electrical field as shown in E40) was obtained on the domain surface and, is the height of the energy

:;OF:ke ft'olgeazg\rlgl;tg\lg\r’éa\;vee ;inuglgtlino?rlheg?:rriis:;lor;ifzoé tzioarrier separating the domains located in two symmetric po-
follows from Egs.(30)—(37), it can be written as sitions with oppositely directed polarizations in the absence

of the field. By multiplyingB; by the number of unit cellblg

The same result can be obtained by the minimization of th
energy of new-phase island formation

'IiminZ 2mHoR—

Rinin(Ne) = (mHw)Y2ony?. (42 on the surface of domains, we can obtain the equilibrium
unit-cell flux
Using the relationships derived above and in E2f), we
recast expression EG33) in the form Bo=Ngvexp(—Vo/kgT).
- IRmin The magnitude oN, can be estimated a$,~ 1/w?3, where
Rnin=—~ = #0(Ezn,P.T) ~ #0(E20,P. T) = (Ezn~Ez0)Pzi w??is the area occupied by a cell on the domain surface.
If the ferroelectric is in an external field, the height of the
dpug energy barrieMy changes. For each cell in a domain with the
:(7Ez|E e (Ezn=Ez0) = (Ezn~Ez0) Pz polarization aligned along the field, the barrier height de-
20 en creases td/,—p,iE,, and for the cells residing in domains
=—2(E,n—E,)Pyi- (43)  with oppositely directed polarization, it increases g

+p,E;,. In the presence of a field, the fluxes of cells from

Note that by introducing an auxiliary ferroelectric and de-the surface of one domain to another are no longer equal.
riving relationships as in Eq26), we obtained an expression The cell flux from the medium is B(E,)
for Ry, Which is valid throughout the range nfvalues near = Boexpp,E,n/ksgT), and the cell flux from a nucleus of the
the critical size. As follows from Eq(43), if E,,=E,,. critical size is B(E,q) = BoeXpPP,Ex/keT). If p,E,<KgT,
=E,q, the derivativedR,,,;,/dn for a nucleus of critical size the exponentials in the expressions for these fluxes can be
is zero. In the next section we shall calculate the polarizatiorexpanded in a series. Limiting ourselves to linear terms of
switching nucleus flux in the size space. the expansion in Eq44), we obtain the growth rate for the

side surface of a domain of the sime-n.,
1. Determination of the diffusion coefficient W1,

in the size space dn 2P2i(Ezn—Ez) )0
—= —=— = nl?

2(7Hw) 20—
B

= 45
In order to calculate the diffusion coefficiel¥,, ., in dt 49

the size space, we should use E2pH). It follows from this
equation that the growth ratén/dt of domain of sizen
depends both oV, ,.; and ondR,,/dn [see Eq(43)]. To
find W, ., 1, we define the growth rate in a different manner,

namely, as W, =2(mHw)*?Bon*2 (46)

Now, we can determine the diffusion coefficia, in the
size space. To do this, we compare E4f) with Eq. (25)
and recall Eq(43) to obtain

dn Then, for a nucleus of the critical size, we have
4t ~LB(Ez) =~ B(Ex)]S, (44

_ _ _ W, =2 (mHw)Y?Bong. (47)
whereB(E,,) is the flux of the switched elementary regions ¢
attaching to the side surface of a doma#i{E,) is the re-
verse cell flux bringing about “domain dissolutionE,,, is
the field in the auxiliary medium which is in equilibrium Using the value of the work needed to create a nucleus of
with a domain of sizen, E,q is the field in the medium of the the critical size and the expression for the diffusion coeffi-
ferroelectric under study, an®=2(wHw)¥’n'? is the side cient in the size space, and using the standard technique, we
surface of a bubble cylindrical domain. Note that we arecan calculate the stationary flux of the polarization switching

2. The flux of polarization switching nuclei
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nuclei passing through the critical barrier. According to Refs.  Stadlef®?°showed experimentally that the nucleation rate
20-22, this flux can be written as of domains in BaTiQ is about proportional t&** in the
case of strong fields. In the case of weak fields the nucleation
1 1 Ry, Riin(Nc) rate can be represented as the exponents of inverse negative
| =WnCNv— T oKT 2 exp{ T electrical field. Stadler showed also that in the case of weak
Vr 8l dn |n:nC B fields there is strong dependence of the nucleation rate on the
(48 thickness of crystals. Otherwise, this dependence does not
where N, is number of unit cells per unit volume of the
crystal,N,=1/w.
Substituting the values oV, from Eq. (47), Ruin(Nnc)
from Eq. (42), and

take place. This fact is in a good agreement with £4).
BaTiO; crystals have a multicomponent order parameter,
therefore, in the case of strong field the dependdiictof
nucleation rate on electrical field will be different from our
dependenc&®® for one-component crystals and cylindrical
domains. We point out once more that Eg1) is valid only

9*Remin __(aH )"0 in the region of weak metastability.
an? | 4n¥? Let us estimate the time of the establishment and exis-
¢ tence of a stationary flux of the switching nuclei. The region
we finally come to with n<n. is determined primarily by heterophase fluctua-
tions of polarization switching. Hence, the existing flux sets
7N, Bo(Hw) ot (mHw)Y2onY? in during the time it passes the region, in the vicinity of

I = NETSZNR exp — ?) the critical point at which the hydrodynamic growth rate of
Ne VKe B 49 the switching nuclei is zero, i.e., wher@n/dt=0 and
(49 IRmin(N)/dn|n=n.=0. The width of this region is

nucleation. Defectgfor instance, charged impuities, twin

boundaries, and so prin ferroelectrics may decrease the

nucleation barrier. - o , It follows that the time required for the stationary flux to set
We now express the critical rading in Eq.(39) interms i, can be estimated as

of the field strength according to EG19), that is,

Equation (49) describes the process of homogeneous 1 #°R(N) —12
SNy ( il ) (53)

- 2kgT °n

(8ng)®
| = NUBO(Hw)l/Z( pziEz)l/2 4 mHwo? ) (50) t Wn,n+1' 9
Vks T 2kgTp;iE,/)” The time of the persistence of the stationary flux is deter-

mined by the condition that the time required for a nucleus to
cross the regiomn, in the size space should be substantially
shorter than that taken for a nucleus of the critical size to
emerge from the vicinity of the critical point

Relationship(50) describes the flux of switched domains as a
function of the applied field. Next we take the logarithm of
expression50) to obtain

1 mHwo? (8ng)? on
INl=INK—INE,~ 50—, (51) v < 0

27 7% 2kgT p,E, vvn_nﬂ< dn./dt (69
where Substitution of the corresponding values&f, andW,, .

in the relationship of Eq(54) yields

12

K= NUBO(prZI) . . 4kBTnC (56)

VkeT mTHwBoo

Because the logarithm is a slowly varying function, as a firstand, taking into account expressig) for n., we obtain
approximation, we assume the second term in expression

(51) to be field independent. In this case, we obtain a conve- kgTo
nient expression for the estimation of experimental data, - (57)
Bo(PziE2)
mHwo? Thus, the time for the stationary flux to set in or the time for
In | ~const- 2keTP,E,’ (52 the first nucleus to appear is inversely proportional to the
squared electric field.
where const stands for the first two terms in Esfl). Note that we have found relationshi@9) or (50) for the

It is easy to see from E@51) that preexponential terms in stationary flux of the nucleating domains. There are presently
the nucleation rate are proportional to squared electricanethods permitting one to solve the Focker-Planck nonsta-
field. And the exponential term itself is proportional to the tionary Eq.(24) and to find the nonstationary flux of polar-
inverse negative electrical field. All these terms depend orization switching domain® However, the main process of
the shape of domains and E§J) is valid for the cylindrical  the formation of the new phase starts in the next stage when
shape only. In the general case it is necessary to usétBq. the system contains so many nuclei that they change the
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supersaturation of the systetim our case, the field in the write an expression for the number of switched cells appear-
ferroelectrig¢, which results in the nucleus flux becoming de- ing in a unit volume of the crystal per unit time, that is,
pendent on time. This stage will be studied in the future. o
o, 2Pz(E3-E))
3. The flux of polarization switching near the critical point J(E;) :’BOKB—T’ (61)

In the vicinity of the critical point the surface tension is h '—N vk V! is th barri
determined as= (225/3b)®?, and the size of the critical VHere Bo=N,»exp(—Vo/kgT), Vo is the energy barrier
value can be calculated using Ed0), where for the coeffi- height required for an .elementary d|p(_)Ie Ina cell 1o trn
cients 8 andb we used Eq(17) Afte,r substitution of these from a state with one direction of polarization to another in
values in Eq.(49) we obtained the following expression for (N€ absence of an external fieldis the frequency of atomic

the flux of the switched domains near the critical point: ~ ViPrations in the cell, ands; is the external field of the
source at the instant of the onset of bulk polarization switch-

N, BoH V20?3 M L2 AmH 5a52 ing. Recalling thaP?%=P,;o— XSOES_, wherey is the permit-
- KaT bl B 9b¥ATE,)” (58 tivity and alsop,;=P,;qw, We obtain
Z

Note that Eq.(58) is valid only in the vicinity of the criti- &0
cal point[according to the conditions of the existence of

Eq. (4)].

_J(Eg)pziT_Ez_ Pg

leO leO

: (62

where 7= kBTXs(,/Z,B(’)p%. In a general case, the source
[J(Eg) p,il/P,10 can be time dependent. By analogy with
Refs. 20 and 21,31, the coupled E¢59) and (60) can be
solved numerically for sources of any kind, specifically of
According to the general theory of phase transi-pulsed action. We rewrite E460) in the form

C. Kinetics of bulk polarization switching
in a ferroelectric crystal

tions29-2231 after the maximum in the size spectrum of nu-
clei has reached the critical size in its evolution, fluctuations &0 s Psi [
no longer affect the growth of nuclei of the new phase sig- 7_5 -+ P,i0lo Vaf(n,t)ydn. (63)

nificantly. Therefore, the master kinetic equation for first-
order phase transitiorfsee Eq.(24)] can be written in the If the time 7 is short enough to allow neglect of derivative
form &' (t) we obtain

of 0
R + -
Jat  an

Pzi [~
_ 0—
[V,f(n,t)]=0, (59 & Tleofo V,f(n,t)dn. (64)

whereV,, is the growth rate of a nucleus ari@n,t) is the  Equations(59) and (64) describe the switching kinetics in
size distribution function of the switched domains. Thus, theferroelectric crystals. In order to solve them, we need to
term describing the fluctuations is disregarded in this stage&know the expression for the domain growth rate.

In this stage of the phase transition, the repolarization in the As was shown in Refs. 20, 21, and 31, in this stage of the
system is not a constant quantity: it varies in the course ophase transition, the supersaturationin our case, repolar-
the phase transition, because the formation of polarizatioirzation) changes insignificantly and is still large enough for
switching nuclei changes the overall polarization of the crysthe sizen of the forming and growing nuclei to considerably
tal. Hence, Eq(59) for the distribution function should be exceed the critical value, i.en>n.. So we can rewrite
complemented by an equation describing the conservation @&q. (45) as

the total dipole moment in the crystal.

We write this equation in the differential form V,,=2consE,(t)n?, (65)
p, dé p, (= where const 28o(mHw)Y?p,i/kgT.
JEY)=F= 2+ 2 J V,f(n,t)dn. (60) The system of equations is now complete, and we can find
Pao  dt Paolo its solutions. To accomplish this, we rewrite E§5) in the
form

Here, ¢ is the relative repolarizationJ(E(z))pzi/leo is the
polarization switching source generated by the external field, dn &)

and (,i/P,0) 3Vaf(n,t)dn is the rate of “polarization n=a=2t—nl’z, (66)
consumption” by new-phase domains. Now, we determine 0

the sourceJ(Eg). The field applied to a ferroelectric will where t, is the characteristic time of growtht,
change the direction of polarization in its cells. In order to=[28,(7Hw)?p,P,10/ksTxeo] *. Next we introduce the
find the number of elementary polarization vectors formeddimensionless radiup of the nuclei in order to make the
per unit volume of the crystal in a unit time, we will proceed growth rate independent of i.e., we transform the variable
as we did when calculating the domain growth rate. Letto p=n®2

J(ES) be the number of elementary polarization vectors in- Becausef(n,t)dn=g(p,t)dp, Eqg. (59) and Eq.(60) can
duced by the field. Using the results, we can immediatelyoe rewritten as
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Jd 1 t) 0 N(t)=I t T(t)], 70
g;/; )+§t()<9_[g(p’t)]:0’ - (1) =1(é)teel T(D)] (70)
o 9p £
. ) £(t)= 0 , (71)
Y 1= - k
2o Lo fo pg(p,tydp (69) 14| | T Oed T

with boundary and initial conditions of the forrg(0t)  Wherel(t) is the flux of the switched domains at the instant

=1[£(t)]to/£(1), 9(p,0)=0 (p>p.), where \=kgTxeo/ of time t; N(t) |s.the density of the newly fo'rmed, swnphed

toBoP2iPa10- Cjomalns at the instartt and. &(t) is the relatlve_ repolariza-
The coupled Eq(66)—(68) fully describe the switching 1N @t the instant. Here,I" is a parametét defined as

kinetics in ferroelectrics in the stage when the maximum in & dRyin

the nucleus size distribution has reached a criticaP3Ze* M=-1— de :

and the rate of change of supersaturation is small compared B §=¢o

to the flux of switched nuclei entering the system. The syswhereR,,, is the minimum work needed to form new-phase

tem can be solved by the method deVGlODEd in Ref. 31. Thﬁudei in a ferroelectric. In this case,

solution has the following form:

r— mHowye,
I(t)= I(éO)eXp{_Tk(t)(Pk[T(t)]} (69) B 2pP,iP10€0ks T’
Sk ’ The distribution function of the switched region in the mag-
1+ T TOV] nitude of polarization can be written in the form
|
I(&)t top | ¥ t t
(£ °exp[—(T(t)— °—p” @k[(m)— °—pﬂ o= 7,
0 tkéo tkéo to
f(p,t)= £t (72)
0 p=>2ET(1).
to
|
Here 1 (&) is the flux of nuclei, which is found from Eq. The set of Eq(59) and(60) describes the nucleation pro-
(52), cess in crystals without impurities. If crystals contain the
current of conductivity, defects, or sources of internal elec-
St 1T trical fields, then their influence may be taken into account
T= t, TJo" er(x)dx, (73 py additional terms in Eq660). We turn now to the study of
the later stage in the evolution of an ensemble of switched
to & 1(k+1) regions.
= | T :
K& (kDT (éo)T
D. Ostwald ripeni f ble of switched d i
where the auxiliary functionp,(x) is determined from the stwa -rlpefung-o an ehsem € of switched domains N
solution to the equatiorde,/dx=exp(—x‘¢,) subject to Ostwald ripening is the final stage of a phase transition

the conditione,(0)=0;2>?%1k is a coefficient depending Where no new nuclei are formed and the repolarization tends
on the mechanism of the nucleus gro’iR-3In this case, to zero?*~?*%~3In these conditions, a specific interaction

k=1. sets in among the switched domains. The mean size of the
The maximum size of the switched region can be deterpolarization switching nuclei in the ensemble will grow as a
mined from the relationship result of “dissolution,” i.e., the rotation of the polarization
vector “against the field” and the growth of large nuclei due
Eoti T(1) to aligning a part of the polarization vectors with the field.
Pmax:T, In this process, the average magnitude of repolarization in
the crystal will decrease. This is due to the decrease in the
Then, free energy of the system as a result of diminishing the in-
terface, and, accordingly, diminishing stresses at the domain
toPmax walls. In the general case, large domains will absorb small
= téo ones. A specific interaction sets in between the polarization

switching nuclei, because each domain feels the cooperative
The equality can be used as a definition of the renormalizegolarization field of the whole domain system. This should
time. be connected with the law of conservation of the total polar-
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ization in the system, Eq60). We rewrite Eq.59) and Eq. (see also Ref. 20whose results will be used here. The Os-
(60) with the variablesR andt, whereR is the radius of the twald ripening stage can occur only in the case when the

switched regions. Since external field is either turned off after the formation of
switched domains or varied with time so that the inaeix
f(n,t)ydn=f(R,1)dR, Eq. (77) becomes smaller than 2/ wherep is the growth
we have index, andp=2 for the growth of nuclei(76). Then, the
mean size of nuclei varies with time as a result of
of o evolutior®3* as
P + (?R[VRf(R,t)]—O. (74

R(t)—const - t'P, (79
In the stage of Ostwald ripening, domains of different Size%herepzz. The density of the nuclei varies with time as
compete because of the growth of the critical nuclei in thesg)ows:
system, which become comparable in radius to domains.
In the case where the domain’s dimensions become com- N(t)—constt” - P~ (79

parable with the critical size, we should take into account nOtI'he nucleus size distribution functions in dimensionless co-

only the flux of cells attaching to a domain but the reverse_
o= . . . ordinates have the same form for the late stage of all phase
cell flux bringing about dissolution of a domain as well.

. ; . transitions(see, for example, Refs. 20, 33, and.34
Therefore, in order to describe the growth rate of domains, We note in conclusion that because both the mean and

we turn to Eq(45). Recall tha, can be expressed through critical sizes in the Ostwald ripening stage vary with time

f:g?cﬂf;?gﬁ; Ojvgagﬂiﬁf ?ﬁg%d”'g\?vi;o Heﬁﬁ)étﬁ)f;e;osrlf?hp;e do- according to Eq(78), the repolarization change with time
’ 9 €q should be as follows.

main growth:
£(t)—const’ -t (80)

(75) In Egs. (78)—(80), const, const, and const are constants
depending on the actual domain growth mechanism. These
constants are readily found in the Lifshitz-Slyozov

We now express Ed.75) not in terms of the number of theory?%?13334according to Ref. 34, in a general case, the
particlesn in a domain but through domain radiés As a  constants are not determined theoretically and can be found
result, the rate of domain growth by the normal mechanismynly from comparison of the theoretical expressions with

27HwByo [ N2
v :_50( )

T S

c

is represented in the form experimental data.
2
d_R: Bow o 5_1 (76) IV. SWITCHING CURRENT IN FERROELECTRICS
dt ksTR | R; ’ AND COALESCENCE OF DOMAINS
We turn now to an analysis of the relationship derived. The The dependence of the switching current density on time
balance Eq(60) has the form in a ferroelectric capacitor can be written as follovs:
dQ

f(R,t) deR, J= _ZPZ]'OE' (81)

le_Ez(t) n 7H pzif
0

t P
Qo* fofo(t Jdt P210 P10
(77 wheredQ/dt is the rate of change in the ferroelectric volume
fraction Q which has not yet switched ari®l,, is the starting
value of the spontaneous polarization of the ferroelectric. In
— the earliest switching stage, i.e., in the first stage of the phase
Qo= P20~ P + mH pzifwfo(R) R2dR. transition, which we studied, the switching current should be
P210 Pa100 Jo zero. Indeed, the expression for the nucleus flderived[in
Eq. (46)] describes the switching process only in the case
As in Refs. 20 and 33, we assume that the sourcuhen no noticeable volume fraction of the crystal has be-
Joo(t)dt decays in time and can be approximated by thecome involved in the phase transition and the rate of change
polynomials &y(t)=(&,/7)t""1, where n=0 is the field in the crystal volume fraction is zero. The main switching
growth index. For simplicity, we assume that the source isurrent will start to flow when the system enters the stage of
uniformly distributed in the sample. The coupled of EG&l) bulk polarization switching. The time of the onset and the
and(77), together with Egs(71) or (77), which describe the duration of this stage can be estimated from forntff2.To
growth rate of nuclei, make up a complete system and forealculate the switching current in this stage, we pursue the
mally coincide fully with the equations describing the late following reasoning. The volume fraction, or the degree of
stage in first-order phase transitidhghe Ostwald ripening sample volume filled by the nuclei of the new phase, can be
stage. calculated using two approaches. One of them is based on
The solution to such a system was obtained by Lifshitzthe well-known Kolmogorov-Avrami metho®® This
and Slyozousee Refs. 20, 21, and B3However, there also method was employed in Ref. 7 to determine the switching
exists a different and more rigorous asymptotic treatifent current. However, it is known that guantities such as the

where
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nucleation rate and the growth rate of the nuclei, which enter P,
into the Kolmogorov-Avrami expression, are not parameters dé & & \Pao 1-¢ dz
of this theory. They are calculated from other considerations. -0 > a0 7= (85)

It is these parameters that we have just found. Now, we can a7 7 (1-2) dt’

insert them into the Kolmogorov-Avrami expression and cal\whereP,, is the absolute value of polarization after switch-
culate the current. ing, taking into account the applied electrical field. By solv-
However, the Kolmogorov-Avrami expression is valid in ing the set of Eqs(82)—(84) with the use of Eqs(69)—(71),
the case when the growth rate of nuclei does not depend afe can find all the main characteristics of the switching pro-
their radiis and the repolarization remains constant throughcess. For some kinds of coagulation kernels, it is possible to
out the process. As is seen from E¢89)—(71), this is not  optain the analytic expression. A comprehensive analysis of
so. Therefore, application of this theory to the process othe system requires knowledge of the mechanisms by which
transformation is not justified from the physical standpoint.polarization switching domains interact with one another.
Note that attempts at Correcting this drawback have recentlyhese Coup|ed equations were ana|yzed in the specific case
appeared” However, we will use another approach, which of the growth of crystalline new-phase nuclei on the sub-
makes it possible to describe rigorously the process of fillingstrate surfacé®?**®For rigorous calculation of the switching
the system volume by growing nuclei with due regard for thecyrrent, we can use the analogy and invoke these results. We
change in the repolarization and the dependence of thgonsider the application of this method in the simplest case,
growth rate of nuclei on their size. without inclusion of domain coalescence, i.e., the integral in
This approach is based on the set of kinetic equationghe right-hand side of Eqi82) is taken equal to zero. We
derived aboveEgs. (59) and (60)]. In a general case, the \yrite the expression faZ(t) in the variables andt bearing
switching domains, as nuclei of the new ph&%&;**can iy mind thatp=n¥2 and f(n,t)dn=q(p,t)dp. Differentiat-

ciently tenuous, we can assume the collisions to be primarilyf Eqs. (66), (67), and (49) under the condition that
binary. To take them into account, we add the collision inte—q(p't)|pﬂm:0, we obtain

gral to the right-hand side of E@59). This procedure was

employed in Ref. 36 to take into account the collisions be- Z'\' 2wé
tween nuclei in volume and surface systems. We can write €) =—N, (86)
the equation of evolution for the distribution function of po- £

larization switching domains with inclusion of their possible heret,, is the characteristic growth time introduced earlier
collisions and coalescence; that is, [see Eq(66)] andN is the number of created nuclei. In the
latter expression, the prime denotes the time derivative. Dif-
ferentiating Eq.(86) once more with respect to time yields

Egl
£\ ¢
wherel[ &(t)] is the flux of the nuclei.

Since the equation for the switching current contains not
f(ng,t)=1(H)[1—-Z(t) ]V, Yo, f(N,00=0, (83 £ butQ'=(1-2)’, the switching current takes the form
wherel (t) is the rate of nucleatiory=1—Q is the degree F; ]‘E) — (9. (89
of filling of the ferroelectric volume by the polarization to
switching domains, ang is the coagulation kern® [it is Thus, Eq.(88) together with Eq(84) make up coupled equa-

assumed thatt(n,t) =0 atn<no]. Because the functiond,  ons for calculating the dependence of the switching current

andl(t) depend on the repolarizatigf{t), Eq. (82) should  op, time and applied field. We transform E&5) to the form
be complemented by the law of polarization conservation.

ARG

_1 n ' ' ! ’ !
o o _Efoﬁ(n—n N )f(n—n")f(n")dn

!

2
. = e, (87)
—ff B(n,n") f(n")dn’, (82 to
0

1 ! _ 4(1)P210

We rewrite Eq.(63) with due regard for the fact that part of & €&
the unit volume of the ferroelectric is already occupied by 2leo<7— ;—f')(l—z)
switching regions. The region filled by the polarization j=- (89
switching nuclei is given by ( Pz _1_5)
leO
o Substituting Eq(89) in Eq. (88) yields
Z(t)=wJ n f(n,t) dn. (84) 9 Eq(89 9.8y

’ (@_ﬁ_
1

T T

§’)(1—Z)

2w
Then, the law of conservation E¢63), which was written S =—1(§). (90)
taking into account that nucleation occurs only in empty § ( 2 _1_§)§ to
sites, can be recast as P10
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FIG. 3. Dependencies of the density of repolarized domains &
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This equation determines the dependence of the supersatur
tion on time. The initial conditions here are that the switch-
ing current, its derivatives with respect to time, and the su-

(©)

persaturation are zero.

The I (£) dependence was found earlier in forme);

we recast in the form

Switching current j, A

) 1
0 1x10°  2x10°  3x10°  4x10®  5x10°

1(&)=1p&"e %, 91)

where ) lo=(N,BoVHwP,iP10)/ (VKsTx20).
=(mHwo"xe0)/(2KgT P;iP10)-

Switching time t, s

« FIG. 5. Repolarizatioia), the nucleation raté), and switching

current (c) versus time and the electrical-field strength—(#,

The constants,, to, anda entering into the expression —1¢7 vm=t 2-E,=6.1° vm%;, 3—E,=3-1 Vvm1) for
for the flux of the nuclei (§) can be determined by compar- | ~10®% =02, 7=108s, t,~10 s, P,,/P,;o~1,2, andS

ing the theoretical dependencies of the switching

current 10-° m?, whereSis the square of the sample.

with the experimental dependencies. These data can be used

to obtain a number of the parameters for ferroelecti®ts-  gpility for studying some parameters of materials, which are
face tensiono, the kinetic coefficients3,, etg. Moreover,  ifficult to determine otherwise.

the equations derived make it possible to determine the flux Note that if the mechanisms of domain coalescence are
and the numbgr Qf the _swqched domfauns fprmed in theknown, solving the complete system E¢88)—(90) will pro-

course of polarization switching. Thus, investigation of theyije more complete and accurate information on these con-
polarization current in ferroelectrics opens up a unique possiants. It should be remembered that in developing our

5x10%
ax10%7

= 8x107

c
= 2x107

1x107

0 N ! N ! N 1 N )

theory, we assumed that the ferroelectric crystal was a per-
fect dielectric, the leakage current was zero, and that there
were no pinning centers impeding domain-wall motion. Usu-

ally, ferroelectric crystals contain defects of various types.

Nucleation is known to proceed more intensively at defects.

In principle, this can be taken into account. Such a study was
performed in the specific case of nucleation of a new phase
on the surface of a substr&&?*!

V. DISCUSSION OF THE RESULTS AND COMPARISON
WITH EXPERIMENTS

0.0 1 ox10” 205107 3.0107 4.0x107 Now, we shall estimate some of the relationships obtained

R, m

for triglycinesulfate crystals with 180° domains. For the Cu-
rie point T,~322 K, surface tension at~302 K; 0~0,6

FIG. 4. Distribution function of repolarized domains in size at ¥ 1072Jm % Pue~3%x10" w Cm™ % x~20; £,=8,85

t=t, and different electrical fields: 4t,=5-10®s at

E, x102Fm % andw~6,7x10 ?® m?, according to Ref. 6.

=100Vm? 2-t=7510°s atE,=6-10° Vm1, and 3-t, Hence, in the fieldE=10° Vm™?! the critical size of do-

=2.10"%s atE,=3-10° vm™L.

mainsR, determined by Eq(40) equalsR,~10 1 um, that

174101-13



S. A. KUKUSHKIN AND A. V. OSIPOV PHYSICAL REVIEW B65 174101

is, in close agreement with the data outlined in Ref. 6. Subvalue for the above values of constafif&sS crystalg are
stituting also the data into Eq56) and estimating8, as  plotted in Fig. 5 in correspondence with E¢89)—(91). It is
Bo~10*1m~2 s71, we obtaint~ 10 ° for the setting time of  shown that the curves indicate qualitatively well the depen-
stationary flow in fieldE~10° Vm~?. In a similar way, we  dence of switching current in ferroelectritd*°

can estimate the flow valuefor nucleating domains by for- In conclusion, we note that in similar ways the switching
mula (50). Thus, if the switching field equals, for instance, processes can be examined in ferroelectric crystals of a wider
V~10" then for the crystal being just at the same temperacjass(not only in ferroelectrics with 180° domaingn these
ture |=10"/Hexp(~H-10°) m™3s™*. Thus, we setH  cases it is necessary to introduce additional terms into the
~1/w'®. In the general case, the nucleation frequency, as ifsobar-isotherm potential dependence and to take into ac-
can be seen above, may be dependent on the sample thicksynt whether the elastic energy components occurred. In
ness. In thin films, which, as a rule, consist of small blOCkS,future, we intend to develop this approach. Nevertheless, the

the probability of nucleation of repolarization domains will equations derived in this work should retain their general
appreciably depend on the sizes of blocks. form.

In the cases with field valueg~10" Vm™1, 1,~10%,
a~0,2 , andto~10"1°s. Time dependencies of the density
of repolarized domainsi(t) are given in Fig. 3 and distri-
bution functions [abscissa—radiusR, ordinate—f(R,t)
=f(p,t)dp/dR] of repolarized domains for TGS crystals at  This work was partly supported by the Russian Founda-
different values of the switching field are given in Fig. 4. Thetion for Basic ResearctGrant Nos. 02-03-32471 and 02-02-
density of repolarized domains was calculated by &), 17216, the All-Russian Center “Integration{Project No.
the distribution functions by Eq72). The switching current, A0151), and the Mexico project “CONACYT"(Project No.
the nucleation rate, repolarization versus time, and the fiel2208.
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