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Dynamic process of domain switching in ferroelectric films
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In this article, a general variational formulation is established for the dynamics of domain switching
in ferroelectric thin films. By incorporating the kinetic energy in the Landau free energy expansion,
we obtain a second-order time-dependent Ginzburg—Landau evolution equation, which can be used
to analyze the frequency-dependent dielectric and ferroelectric properties of the materials. A
numerical model is developed to calculate the time-dependent polarization and electric-field
distribution during the domain switching process. As an example of practical importance, a
ferroelectric film with 180° domain boundaries perpendicular to the film surface is studied. Domain
switching is found to proceed in two stages, the initial nucleation and growth of the ferroelectric
domain, followed by the expansion of the domain through the sidewise motion of the 180° domain
walls, until the spontaneous polarization in the entire electrified area is reverse2D0O®American
Institute of Physics.[DOI: 10.1063/1.1599958

I. INTRODUCTION sulting classical Ginzburg—Landau equations are not
applicable in the case of frequency-dependent properties of

Besides obvious scientific interest, ferroelectric crystal§erroelectric materials. Thus, it is well known, both from the
have been a subject of intense investigation for several dgattice dynamics analysisand from experiments® that the
cades because of their many possible interesting applicationfelectric response of ferroelectric materials to a high-
to electronic and electro-optical devices, which are deriVeQrequency applied electric field has a resonance peak. The
from the fact that the polarization and distortion of theseg|assical time-dependent Ginzburg—Landau equation, being
crystals can be altered via the action of an applied electric 0§ first-order temporal differential equation, cannot produce
mechanical field, and vice versa. this kind of dynamic response.

Above the Curie temperature, ferroelectric crystals are g gynamics of the dielectric response of ferroelectrics
nonpolar, but below, they are spontaneously polarizable by,g pecome a subject of increasing attention because of ap-
the distortion qf the lattice. As a result, a ferroelectric crystal ;i ~«ions in high-frequency electronic devices, such as static
below the Curie temperature generally has a structure Cor%emories, sensors, microstrips lines, etc. By postulating the

S|st!ng Of. many umformly onen.ted spon_taneously pOIarlzedpresence of inertia during polarization switching in the Lan-
regions, i.e., ferroelectric domains. In this regard, a wall be-

tween domains with opposite oriented polarizations is a 180g.au free energy expansion, we |r_1troduce, in this article, a
kinetic energy term that is proportional to the square of the

wall, and a 90° wall, if the polarizations it separates are olarization switching speed. In this way, a second-order

mutually perpendicular. Ferroelectric domains can b . T . S
switched and domain patterns can be manipulated by mea gmporal evolution equation is obtained. By considering the
harmonic part of the equation, the dynamic dielectric re-

of an applied electric field. Since domain switching with its f the f lectri ial under th . f
large change of polarization and lattice distortion provides ponse o the erroe ectric material under the action of an
scillating electric field can be calculated.

potent mechanism for many interesting properties, a clea? Lo . - -
Periodic or quasi-periodic structuréspnsisting of me-

understanding of the domain switching process in ferroelec- ) ; ] )
trics is important. tallic or semiconducting layers, often possess special physi-

To investigate the polarization distribution and domainc@l Properties, such as localization of electronic S?am
structures, a conventionally effective method is to establish 819h efficiency of energy conversion, upon which their func-
phenomenological model based on the Landau free energtf”a“ty in various electronic devices depends. In general,
expansion3 One can then establish both the time-there are two types of periodic domain structures with anti-
dependent and time-independent Ginzburg—Landau equfarallel polarization, namely, those formed with the “head-

tions with respect to the polarization. Unfortunately, the re-to-tail” orientation [Fig. 1(@)], and others with “head-to-
head” orientation[Fig. 1(b)]. In addition, there is also the

dAlso at: Department of Mechanical Engineering, The Hong Kong Pon-quaSI-pe!’IOdIgC. domaln stru;tgre(Le., quaSI-pe”?dIC
technic University, Hong Kong, China; electronic mail: mmwangb@ sup'erlattlce)s. in which the'bw'ldlr!g blocks are 180° do-
polyu.edu.hk mains, but differ somewhat in siZ€ig. 1(c)]. In the follow-
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FIG. 3. Variation of the local polarization in the vicinity of a film free
N surface situated= 0. The bulk polarization is denoted B, while the P,

denotes the polarization at the surface.
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FIG. 1. Different domain structure¢a) head-to-tail,(b) head-to-head, and N,
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Il. ENERGY CONCEPT OF DOMAIN STRUCTURE %2 S

AND FORMULATION 1)

Consider a ferroelectric thin film with the dimensian ~WhereA, B, C, Dy, andD, are expansion coefficients of
XyXz=L,XL,xh, with h being the film thickness. The the cprrespondlng bulk materig, , 82 and § represgnt
origin of the coordinate system is at the center of the cellthe six surface planes, of the celf; is the extrapolation
The nonzero componeftof the spontaneous polarization of €ngth, 1"8“;9 measures the strength of the surface effect
the ferroelectric thin film is assumed to be orthogonal to thdFig- 3,7""ande, is the stress-free strain due to the phase
surface of the film. In general, including the effect of depo-transition, which is given by
larization field Eq=(E4,Ey,Eq), the applied electric field 0= = Eyy=QP?, 2)
Eex=(0,0Eey), and the epitaxial stress = oy, = o, in the

ferroelectric thin film, one can write the free energy of theWhereQ is the electrostrictive coefficient.
cell as Equation(1) is a classical form of the Landau free en-

ergy expansion by adding the contributions of the film sur-
face, depolarization field, and epitaxial stresses. From the
atomistic point of view, the polarization process is related to
the noncentrosymmetric arrangement of ibni. domain
switching can be assumed to be a dynamic process, there
should be a kinetic energy term, expressed as

D4
+ —_
2

ing sections, numerical calculations are carried out on a
LiINbO; (Fig. 2 ferroelectric film with periodic domain
structures.

2

1

o P

P
at

()

wherep is a material parameter having the meaning of the
effective mass density.

The evolution of the system can be determined based on
Hamilton’s principle. Let us define the Lagrange function as

L=JJJTdv—F. (4
\%

rhe dynamic behavior of the system between timandt,
then depends on theattion” integral I,

FIG. 2. Stereoscopic view of the ideal crystal stacking sequence of lithiu
niobate along the crystallographecaxis (light gray: Oxygen, dark gray:
Niobium, and black: Lithium
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tp tp . \ Z
| =J Ldt=j (T—F)dt. (5) Metallic
ty ty electrode
Similar to the time-dependent Ginzburg—Landau equation, +
one can then establish the polarization evolution equation = = ‘ K N\
based on the action integral as follows, —l,— TP B f‘ |
gt oP  J X
9°P 5
= —pF-F —AP+4Qo,P+Ey+E—BP
P 2P 7P FIG. 4. Sketch of a ferroelectric single crystal film between two metallic
lectrodes in a dc electric field
~CP*+Dy——+Dy — +— ¢ '
w2 a2 &yz) } . (6)

whereK is the kinetic coefficient related to the domain-wall . o
mobility. In deriving Eq.(6), the depolarization field is con- 2Xes (Fig. 4. We note that the use of periodic boundary

sidered a linear function of the polarization. The divergencé&onditions imposes artificial periodicity of ferroelectric do-

theorem for the electrostatic depolarization poterdiatan mains. This is particularly true when the domain size is com-
be written in the form parable to the computational cell size.

In this calculation, the “damping term” is neglected, and
Fb PO Pd 1P a set of dimensionless variabtéss adopted. Sincé, B, D,
2 T T T a e (M) 5, and P have units of C2Nm? C*NmS, C2Nm?
ax*  ay* oz oo . o
_ _ _ o C 2Nm?s%, and C/nd, respectively, it is clear thayD/[A]
where « is the dielectric constant of the film without the and./p/[A] have dimensions of length and time, respectively.

effect of spontaneous polarization, and Therefore, a natural choice of dimensionless reduced vari-
9 ables is
Ej=——. 8 ~
a7 4z ® r=4/J|A|/Dr,
If we neglect the nonlinear terms in E¢6), the applied T=JApt (10)
electric field varies a&qexp(—iwt), and the polarizatior® _ '
=Pyexp(—iwt) keeps spatial uniformity, anéy= — P/, P=P/|P|,

the dielectric susceptibility is given by wherePy is the spontaneous polarization at a given tempera-

1 ture. In the reduced variables, the effective coefficients are
== —. (9)  related to the original ones as follows
E 1a+A-4Qo,—pw’—iKw g

The dielectric susceptibility in Eq9) has a real and an A=AIIA],
imaginary component, and a resonance is expected at the §:Bpg/|A|,
appropriate frequencies, in qualitative agreement with the ~
experimental observatioi$. On the other hand, if we ne- WhereA=—1 (Ais negative to make the ferroelectric phase
glect the second-order time derivative in E6), Eq. (9) stablg. In the reduced l/ariables, tbe lattice spacing in real
becomes the classical time-dependent Ginzburg—Landagpace is chosen to b#x=0.125,Az=0.25, and the time
equation, and this behavior of the dielectric susceptibilitystep isAt=0.006.
would be absent. Since the parameés negative below the To demonstrate the dynamics of the switching processes
Curie temperature, and the epitaxial stresses can be assunfélpted to the reversal of permanent electric dipoles in a
to be zero, the effect of the depolarization is crucial for theferroelectric single crystal film, a sequence of images is

e(w)=

11)

behavior of the dielectric susceptibility. shown, and the evolution of 180° periodic domain structure
is represented as a function of time under the application of

l1l. NUMERICAL SIMULATION RESULTS an external electric field whose magnitude is fixed along the

AND DISCUSSION negativez direction. In Fig. 5, the “color levels” represent

Analytic solutions of the polarizatioR, the electric po- different magnitudes of the polarization. A completely black
tential ¢4 and ¢, from Egs.(7)—(9) are difficult to obtain.  region indicates that the polarization is equal-ta and its
Nevertheless, the evolution of the polarization and electridirection is along the negativedirection; a light black re-
fields and, thus, the domain structures, can be obtained ngion means that the polarization is equal to 1 and the polar-
merically. ization is along the positive direction; the ferroelectric

A numerical calculation is performed in three- domain-wall region is revealed as a bright stripe, like the
dimensional space with two spatial coordinates and one tenmorphology of the cleavage. As shown in Figap at the
poral coordinate. In this work, we use a 20000 lattice initial momentt=0 when there is no external electric field,
with periodic boundary conditions along the two Cartesianthe positive domain and the negative domain have uniform
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FIG. 6. The spatial distributions of the polarization in the rectadgiéB’B
as a function time under the application of the external electric fiee:
—1, B=1.0,W=25, L =100, E.,=5.0x 10" 2, and At=0.006.

FIG. 5. Temporal evolution of 180° periodic domain under the application
of external electric field:a;=—1, 8=1.0, W=25, L=100, E,,=5.0
%102, andAt=0.006.

fractions of volume and are separated by a domain wall par- During the initial stage of domain switching, when the
allel to thez axis. Figure 6 shows the variation of polariza- system is under the action of an external electric filigs.

tion along thez andx directions, and the spatial distribution 5(b) and 5c)], a domain with the shape of a triangle first
of the depolarizing electric potential in the rectangle is repforms near the electrode. Meanwhile, since the additional
resented in Fig. 7. The polarization near the film surfare ( wall created during the nucleation event has to consume en-
=L/2) is smaller than that in the interior of film. This is ergy, nucleation along existing 180° domain walls becomes
expected due to the surface effect and the strong depolarizingeferable. This result is in agreement with the theoretical
field arising from the negative gradient of depolarizing elec-assumptiort® As the system evolves, the 180° domain wall
tric potential. moves along its normal; simultaneously, a negative domain
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FIG. 8. Dependence of the domain-wall velocity on the external electric
field.

curve in Fig. 8. As the external electric field is low, a non-
linear dependence is shown in Fig. 8. As the external electric
field increases, however, the dependence becomes linear.
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IV. CONCLUSION

In the present article, a phenomenological, second-order
evolution equation of polarization is established by incorpo-
rating an effective kinetic energy term with the Landau free
energy expansion. Based on the equation, frequency-
dependent dielectric properties of ferroelectric materials can
g) 7=450087 b 7 =5000a7 be studied. As an example, the dynamic domain switching
process in a ferroelectric thin film is considered. The results
show that domain switching by an applied electric field with
a direction opposite to the spontaneous polarization vector is
a multistage process. The initial stage involves the nucleation
near the electrode, and the growth along the existing domain
wall, followed by the subsequent expansion through sidewise
motion of the 180° domain wall, until a single domain is
formed. By properly adjusting the duration of external elec-
i) 7 =5300a7 P 7= 550087 tric field, the domain structure can be controlled.

Y
' KZ
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FIG. 7. The spatial distributions of the depolarizing electric potential in the
rectangleAA’B’B as a function time under the application of the external ACKNOWLEDGMENTS
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