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Screening and retardation effects on 180°-domain wall motion in ferroelectrics: Wall velocity
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The effect of the domain wall intrinsic width, relaxation time of the screening charges, and the dead layer
thickness on the velocity of the planar 180°-domain wall moving under homogeneous external electric field in
ferroelectric capacitor is analyzed. The limiting cases of domain wall motion, including (i) the motion induced
by the external and local internal field originated at the wall-surface junction for nonzero dead layer thickness
and (ii) the motion induced by the effective electric field averaged over the domain wall surface, are consid-
ered. We demonstrate the crossover between two screening regimes: the first one corresponds to the low
domain wall velocity, when the wall drags the sluggish screening charges, while the second regime appears for
high domain wall velocity, when the delay of sluggish screening charges are essential and the wall depolar-
ization field is screened by the instant free charges located at the electrode. The integral and approximate
analytical expressions for electric field and algebraic equation for the domain wall velocity are derived. It is
shown that in the local-field limit the motion can be unstable, since the internal field at the wall-surface
junction decreases for larger domain wall velocities, making possible self-acceleration of the wall near the top
surface. The instability may lead to the domain wall-surface bending and actual broadening in thick samples,
as well as formation of periodic domain structures in the direction of wall motion. The motion in the limit of

the averaged effective field is always stable.
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I. INTRODUCTION

Domain wall (DW) motion in ferroelectric and ferromag-
netic materials is one of the critical factors in determining
the functionality of ferroic devices, including the ultimate
switching speed, uniformity of switching behavior, and sta-
bility of domain patterns in periodic fields. In the ideal bulk
materials, the wall motion mechanisms are governed by the
wall-lattice interactions as studied in detail by Vanderbilt.!
The relationship between the lattice pinning and wall veloc-
ity has been addressed in great detail starting from the pio-
neering work by Muller and Weinreich? until recent advances
by density-functional theory.? The presence of bulk disorder
due to the random-bond and random-field defects coupling to
order parameter and thermal excitations gives rise to a broad
spectrum of remarkable physical phenomena including tran-
sitions between pinned, creep, and sliding regimes, dynamic
phase transitions, and self-organized criticalities.* In this
case, the domain wall dynamics is assumed to be effectively
local and controlled only by the driving force and disorder
rather than interface and boundary conditions.

However, it is well known that properties of ferroelectric
materials are ultimately sensitive to the boundary conditions
on surfaces and interfaces that define the depolarization
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fields inside the materials. Recently Qiu et al.” developed
methodology that accounts for electrostatic boundary condi-
tions, the formation of misfit dislocations, and polydomain
structures, which produces the strain-thickness diagram of
phase stability in epitaxial PbTiO; ultrathin ferroelectric
films. These nonlocal effects define stability of ferroelectric
phase and were predicted to trigger transitions to spatially
modulated and toroidal phases®® in rigid ferroelectric mate-
rials. In realistic materials, the depolarization energy affects
the stability of materials with respect to charge species
adsorption,'%!2 formation of surface charge layers,'>'* or
oxygen vacancy formation' that provide efficient screening
mechanisms on free surfaces. In capacitor structures, the for-
mation of layers with reduced ferroelectric properties'® and
propagation of ferroelectric distortion through the
interfaces'”"'” have been reported. However, these theoreti-
cal studies address mainly static properties of ferroelectric
materials as controlled by nonlocal depolarization field ef-
fects.

To complement the static studies, many experimental and
theoretical studies report the broad spectrum of dynamic
nonequilibrium phenomena at high domain wall velocities,
including domain nucleation in front of the moving domain
wall.?2! The effect of domain-domain electrostatic interac-
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tion leads to the effect of correlated nucleation, which in turn
results in the formation of the self-assembled structures.??
Various manifestations of the effect are the most pronounced
for ineffective screening of depolarization fields.?>?* It has
been demonstrated experimentally that two-dimensional
(2D) and one-dimensional (1D) growth of ensembles consist
of isolated nanodomains.?> These results illustrate the impor-
tance of depolarization effects on the kinetics of the domain
structure formation and open new abilities of submicron do-
main and nanodomain engineering, which is rapidly devel-
oped nowadays.”® However, despite the rapidly expanding
experimental knowledge in this area, very few theoretical
works address the dynamic phenomena during domain wall
motion mediated by depolarization field and switching
charge dynamics. This lack of knowledge is particularly im-
portant in the case of ferroelectric capacitors, in which do-
main wall motion is available for experimental studies only
in limited cases.

It is generally believed that domain dynamics in capacitor
will be strongly affected by the presence of a thin layer at the
interface between ferroelectric and electrode responsible for
the difference between the field seen by the domain wall and
the applied field. For instance, the presence of misfit dislo-
cations on the boundary between epitaxial ferroelectric film
and its substrate or electrode—confirmed experimentally—
should lead to the appearance of dead layer with degraded
polar properties as clearly demonstrated experimentally and
theoretically by Dittmann et al.,”’ Misirlioglu et al.,”® Alpay
et al.,”® and Nagarajan et al.’® Actually, the authors showed
that variations in the strain elastic field around the disloca-
tion core lead to localized polarization gradients, which in
turn produce strong depolarizing stray fields resulting into
suppression of ferroelectricity in the vicinity of a dislocation.
For periodic misfit dislocations the depth of stray field decay
was about ~10 nm. As discussed in Refs. 28-30, the inter-
face defects such as arrays of misfit dislocations inevitably
appear at the film surfaces and form dead layers of tens of
nanometers thick due to the strain-induced strong stray elec-
tric fields. The appearance of such ultrathin “intrinsic” dead
layers at the ferroelectric surfaces seems almost inevitable
effect. Naturally, artificially introduced or aged dead layers
may be much thicker.?*?* For instance, Grossmann et al.’!
attributed the experimentally observed dielectric constant de-
crease in ferroelectric thin films of Pb(Zr,Ti)O; by the
growth of a thin surface layer with suppressed ferroelectric
properties in the course of aging.

The earliest theoretical models for dead layers were pro-
posed by Merz,* Drougard and Landauer,*® and Callaby.*3>
The Merz’s model contains a nearby-electrode layer with the
dielectric permittivity which is much smaller than that in the
bulk but which, however, can be switched like the bulk of the
ferroelectric. The surface layer in the model of Drougard and
Landauer™® is nonswitchable, has a low dielectric permittiv-
ity, and exhibits an appreciable conduction. In the model of
Callaby, the material of the capacitor is homogeneous in all
the properties except the wall mobility, which is assumed to
be much smaller inside the surface layer. In all analyses to
date, the domain wall was assumed to be infinitely thin, lead-
ing to unphysical singularities in electrical and elastic fields
at the surfaces and interfaces and precluding the develop-
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FIG. 1. (Color online) Capacitor geometry. Py(x,z,7) is sponta-
neous polarization, E; is electric field inside the ferroelectric, and
voltage U is applied between the electrodes. Screening charge layer,
which originated from bend bending, is localized inside ferroelec-
tric near the dead layer boundary. Dotted line indicates the moving
boundary of 180°-domain wall. The normal vector n is pointed
from media 1 to media 2

ment of deterministic mesoscopic models that account for
polarization nonlinearity and field distribution within the
wall. Later on, Grossmann et al.>® theoretically discussed the
interface screening model in order to explain imprint in
ferroelectric thin films of Pb(Zr,Ti)O; by a large electric
field within a surface layer with deteriorated ferroelectric
properties. Pintilie and Alexe®” proposed the model for
metal-ferroelectric-metal heterostructures with Schottky con-
tacts that introduced the ferroelectric polarization as a sheet
of surface charge located at a finite distance from the elec-
trode interface. Recently Misirlioglu et al.3® theoretically
considered the impact of nonferroelectric layer and interface
charge on the dielectric properties of the ferroelectric film,
for instance, the apparent enhancement of polarization were
revealed in PbTiO; films with layer of SrTiOs.

Here, we consider the effect of intrinsic wall width, relax-
ation time of the screening charge, and the dead layer thick-
ness on the velocity of the planar 180°-domain wall uni-
formly moving under homogeneous external field in
ferroelectric capacitor. The wall dynamics is analyzed within
the full Ginzburg-Landau model, thus providing insight into
mesoscopic structure of moving domain wall. Special atten-
tion is paid to the effects of depolarization electric field in-
duced by the bound charge at the wall-surface junction near
the dead layer.

II. PROBLEM STATEMENT

The schematic representation of ferroelectric capacitor
with an interfacial layer is shown in Fig. 1 and consists of (1)
conducting top and bottom electrodes, (2) wide-band-gap
semiconductor ferroelectric film (f) of thickness L with di-
electric permittivity tensor éfj (Ref. 39) and upper space-
charge layer with time and coordinate-dependent surface
charge density o(x,) that may partially screen the spontane-
ous polarization outside the film, and (3) deposited dead
layer (g) of thickness H with isotropic dielectric permittivity
&, (perfect insulator).
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Note that due to the effects of “reflections” in bottom
electrode this asymmetric system is equivalent to symmetric
capacitor with two dead and screening charge layers and
thickness of ferroelectric doubled.*® In this description, it is
implicitly assumed that the conductivities of the electron and
hole are comparable.

Equations of state relate electrical displacement D and
electric field E as

D, =¢gpg,E,, (1)

Df= 80Ef+P it Soé{jEf-i- Po(x,t). (2)

Here P(x,z,t) is polarization vector, Py(x,1)=[0,0,Py(x,?)]
is spontaneous polarization vector pointed either along or
opposite the polar axis z and depending on coordinate x, and
time ¢ with respect to the domain wall motion. For chosen
geometry div Py(x,7)=0 inside ferroelectric.

Electrostatic quasistationary Maxwell equation rot E=0
should be satisfied for each layer. Below we introduce the
potential ¢ of quasistationary electric field E, (x,z,7)
==V, Ax,z,1). Inside the dead layer and outside the screen-
ing layer potential ¢ satisfies the Laplace’s equation. Thus,
Maxwell’s equation div D=0 along with condition div P,
=0 and Egs. (1) and (2) lead to

( &P ) ;
az2+c9x2 ¢, =0, for —H<z<0, (3)

& >
80<8§3o"_z2+8{1ﬁ>¢f:0’ for 0<z<L. (4)

Equations (3) and (4) are supplemented with the boundary
conditions of fixed top and bottom electrode potentials and
continuous potential and normal component (n) of displace-
ment on the boundaries between dead layer and ferroelectric,
namely,

@(z=—H)=0, @,(z=0)=¢[z2=0), ¢lz=L)=U,

(5)
dpdx,z=0) Py,(x,t dp,(x,z=0
Dy =Dy = — s ¢fx.2=0)  Poul )+8g ¢ (x,2=0)
9z g 9z
=o(x,1), (6)
where of(x,7) is the density of the free screening surface
charge.

Here we consider the case of the uniformly moving 180°
domain wall, in which case the wall shape is invariant in
space. This approximation is justified given that shape fluc-
tuations in the z directions are associated with significant
depolarization fields.*! The fluctuations in the longitudinal
direction and front stability will be addressed elsewhere.

In this 1D approximation for the z component of polariza-
tion profile is

Po(x,1) = Py(x —vit). (7)

The unknown domain wall velocity v should be found
self-consistently. The relaxation equation for effective sur-
face charge density o is derived in the Appendix Sec. 1 as
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where the relaxation time 7=gge/,/\, and \ is the electric
conductivity of the ultrathin screening layer.

III. SOLUTION FOR THE SCREENING CHARGE AND
ELECTRIC FIELD

Under the condition of full screening o(x,0)=Py(x) at the
initial moment of time 7=0, solution of Eq. (8) is

ol(x,1) = exp(— £> |:P0(X) + Jl d—t,Po(x— vt')exp(£>} .
T o T T

)
This expression can be rewritten as follows:
" 9Py(x - vt t—t'
o(x,t) = Py(x —vr) + vf dr' olx—v )exp(— ) .
0 ax T
(10)

Hereinafter the following approximations for the polariza-
tion distribution within the domains wall will be used:

1 —exp(— )—C>, x>0
Py(x) = Py ¢ (11)

—1+exp<)—c>, x<0.
a
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FIG. 2. (Color online) Solid curves are exact distribution of the
excess charge do(x,t) calculated from Eq. (12), dotted curves are
approximate distribution of &o(x,?) calculated from Eq. (13),
dashed curves are the polarization distribution Py(x—wvr) at different
moments of time #/7=0.2, 1, 2 (from the top to the bottom) for
(a/vn)=1073 (first row), (a/v7)=1 (second row), and (a/v7)=5
(third row).
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Here a is the effective half width of the domain wall, e.g., 0.5-2 nm. Here, Pg is spontaneous polarization. Note that
polarization distribution (11) is continuous at x=0 along with the first derivative P((x)=exp(-|x|/a)Pg/a.
Substitution of Eq. (11) into Eq. (10) gives the following analytical expression for the excess charge do(x,f)=0c(x,1)

—Py(x-v 1):
r‘ —
uT xX—-vt x 1
exp(— )—exp(————)] for x > vt
a+vurt| a a T
uT (x—vt) (x—vt)] uT [ (x—vt) ( X t)}
€X —€X + ex —exp|l ———--—
do(x,t) =P a-vt| P a P vT a+vr P T P T (12)
for 0 <x <ut
% X —vt x t
exp< )—exp(———)] for x <O.
\a-vTl a a T

Excess charge, i.e., the difference of surface free charge and bond charge So(x,1)=0(x,t)— Py(x—vt?), is caused by the delay
in screening. For the very slow moving wall (7v — 0) excess charge is absent.
Under the condition 7> 7, i.e., in the stationary regime, the expression for the surface charge density is derived from Eq.

(12) as
T X —vt
exp| — , x>uvt
a+vr a
o(x,1) = Py(x —vt) + Py (13)
vT x—vt 2uT X —vt
exp - exp , x<uvt.
a-vr a a+uTt vT

The accuracy of solution (13) is clear from Fig. 2. In this
approximation, charge density So(x,7) depends only on x
—vt, i.e., describes the charge wave accompanying moving
domain wall at times #> 7. In the limiting case of ultrathin
(or rapidly moving) domain wall (a/v7) <1, approximation
(13) works with high accuracy at distances x>vt—a (i.e., in
front of the domain wall) even starting from the small times
t<<7 (see the first row in Fig. 2). The spatial dependence of
do(x,1) is jumplike as anticipated for (a/v7)—0.

In the limiting case of thick (or slow moving) domain
walls, (a/v7)=1, approximation (13) works with satisfac-
tory accuracy only at 1> 7 (see the last rows in Fig. 2). Rea-
sonable estimations for the domain wall intrinsic width a
=5-0.5 nm, velocity v= 107°-1073 m/s, and relaxation
time 7=1073—1 s lead to the interval (a/v7)=1-1075, justi-
fying the limit of (a/v7)<1. Thus, below we use approxi-
mation (13) in the region x>vt—a.

The distinctive feature of the analytical solutions (12) and
(13) is, in fact, that the maximum of screening charge is
located behind the moving wall at finite width @ and exactly
at the wall in the case a— 0. Hence, the screening charge
effect on domain wall dynamics can be described only in the
case of finite wall width.

The normal component of the electric field inside the
ferroelectric layer has the form (Appendix Sec. 1),

Ue
Hel+Le,
(14a)

Epn(x,z,0) = Eg3(x,2,0) + Ey,  Eg=-

* exp(— ikx
Ep(x,z,0) = — J dkp—#)
% goN2T

[Py(k,1) — &(k, 1) Jtanh(kH)cosh[ k(L — 2)/y]
8§3cosh(kL/ y)tanh(kH) + e, sinh(kL/7y) )
(14b)

Here y=\el;/el, is the dielectric anisotropy factor.
Py(k,t) and (k,r) are Fourier images of Py(x,7) and o(x,1)
over coordinate x. The term Ej;(x,z,¢) in Eq. (14a) is the
internal electric field produced by the wall and partially
screened by the free charges on the top electrode. Complete
screening is achieved for H=0; also the screening is realized
by the surface screening charges of(x,r) with delay deter-

t =127, (b)
8 Lra=02vr )
1
- 05 F -
A\ :
0 1 1 1 0 1 1 1
-2 -1 0 1 -2 -1 0 1
Distance x/(v7) Distance x/(vz

FIG. 3. (Color online) The dependence of the normalized inter-
nal field Ed=sos§3Edm/ Pg via the distance x/vr for parameters
e,/ h3=0.5, (H/v7)=10, L/(yv7)=100 and (a) (a/v7)=10"2, and
(b) (a/v7)=0.2. Curves 0-3 correspond to the different depth z:
z/(yw7)=0, 0.25, 0.5, and 1.
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mined by finite relaxation time 7. The last term in Eq. (14a)

is the external electric field induced by applied bias U. Note
o-Ps  H
that far from the wall Ej;;— e HolyiLo,

as anticipated for
the stationary case.

The x distribution of the depolarization field is shown in
Fig. 3 for different depths z. It is clear that the field
E3(x,z,1) is maximal behind the moving wall for finite in-
trinsic width a and achieves maximum exactly at the wall in
the limiting case a—0 (corresponding to the jump at the
wall). The field maximum decreases and diffuses with in-
creasing penetration depth z.

Using expression (13) the Fourier image of So(x,r) was
found as

2P [”
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vTexp(ikvr)

~ 2
5"("’”:PS\/;(1 + a1 +ikvr) (15)

From Eq. (15) the integral representation of the field in any
point of the system can be obtained in a straightforward
manner. However, given our interest of the influence of de-
layed screening on the velocity of domain wall, below we
concentrate on the depolarization field value at the domain
wall surface E ;(x=vt,z) = Egy(z). Simple transformation of
Egs. (14b) and (15) allows the field at the domain wall-
surface junction to be obtained as

dk - v7 tanh(kH)cosh[ k(L - z)/y]

Egm(z)=—""

meolo (1+a* )1+ (kv 7')2][8/;3 cosh(kL/y)tanh(kH) + ye, sinh(kL/7)] '

(16)

For the case of either small external field of thin films, when the length of the nascent step nucleus on the moving wall
either is rather large (as inversely proportional to external field) (Ref. 2) or approaches film thickness, we consider the
depolarization field energy excess averaged on the domain wall surface. This could be approximated by the depolarization field

given by Eq. (16) averaged along the domain wall surface as

(Eanl) ==

From this analysis, the effect of depolarization field on
domain velocity v can be found. Below we consider the two
limiting cases, when the velocity of the wall is determined by
the nucleation rate either at the wall-surface junction (i) or
over the entire wall surface (ii).?3 Using linear approximation
we suppose that wall velocity dependence on the electric
field is

E<E,

0,
e {M[E(U) —-Ey], E> Ey, (18)

where w is the wall mobility and Ey, is the threshold value of
electric field, E is the sum of external filed E, and depolar-
ization field Eg,,, namely, E(v)=Eq+ E4,(0) for the case (i),
while E(v)=Ey+{E4,(z)) for the case (ii). The dependence
of Eg4, on the wall velocity v can be found from Egs. (16)
and (17).

IV. ELECTRIC FIELD AT THE WALL-SURFACE
JUNCTION

For the case of either thick films (L> H) or for high ex-
ternal field (when the nucleus is small), the influence of the
bottom electrode in Eq. (16) can be neglected to yield the
following expression for the depolarization field at wall-
surface junction:

Ps [* dk - v7 tanh(kH)tanh(kL/y)(y/kL) (17)
g0ty (1+d*kA[1 + (kv T)Z][8§3 tanh(kH) + e, tanh(kL/7y)] '
|
P2 foc vrdk
Egn(0)= ==
anl0) gom)y (1+a3)[1+ (kvn?]
inh(kH
sinh(kH) (19)

X .
s§3 sinh(kH) + ye, cosh(kH)

It should be noted that the inequality L> H allows us to
regard external field E, independent on the dead layer thick-
ness H and permittivity €, and approximately equal to U/L
in accordance with Eq. (14a).

The integral representation (19) can be reduced to the
series over charges and their images in the top electrode

£ Py vT (1 2'ysg(s§3 - ysg)”_1
dm -
n

B 80(8§3 +ye)a+vT 0 (s§3 +ye,)"

y vTF(2nH,v7) — aF(ZnH,a))

(20a)
vT—a
where the following transcendental function:
2 (7 aexp(-kz) 2a
F(z,a)=—| dk =~ 20b
(z,a) ’7TJ0 [1+(ka)?] 2a+mz (20b)

is introduced. The infinite number of images is related to
multiple reflections in the top electrode and the interface
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between ferroelectric and dead layers. Also it should be
noted that series (20) is much more convenient for numerical
calculation than integral representation (19).

P 2ye

g

PHYSICAL REVIEW B 78, 245409 (2008)

Using integral (19) and series (20), we derived the follow-
ing expressions for Ey,, for two limiting cases corresponding
to the high and small values of dead layer thickness H:

o1 |,
golely + ye)a+vt
Py

Egm=
uT uT
ln(—)
8()'}/8ga+l)7' a

2H

m(vr—a)’

From Eq. (21) we derive two-point Pade approximations
for Ey,, quantitatively reproducing the behavior of exact ex-
pressions in the entire region of parameters,

B~ P vT
dm 60(8§3 +ye,) (@+v7)

“11 TYE 1(a> la—vr|™!
+———=%—|1In| — .
2(8§3+ Ye,) vT H

(22)

Comparison of approximate expressions (22) with exact
series (20) is shown in Fig. 4(a). The remarkable conse-
quence of Eq. (20) is that at the wall-surface junction, the
internal field Ey,, decreases with domain wall velocity in-
crease.

Note that the derived dependence of field on wall velocity
is at first glance unphysical, since the length of “tail” of
uncompensated charge moving after the wall increases with
velocity increase. However, with the increase in tail length
(about v 7) the electric field at z>0 tends to zero (similarly to
the vanishing of the electric field outside the flat capacitor).*?
Thus, the damping role of the internal field at the surface z
=0 may be negligible for rapidly moving walls. In other
words, there is a crossover between (I) polarization screening
by low-mobility charges o(x,7) and (II) polarization screen-
ing by electrode free charges with giant (in theory infinite)
mobility, which appeared when the sluggish charges are be-
lated. Below, we demonstrate the “local” effect on the do-
main wall velocity v.

Equation (18) for the domain wall velocity could be
solved either numerically and graphically for expressions
(19), (20a), and (20b) or analytically using approximation
(22), since the solution of cubic algebraic equations are
available. Obtained results are presented in Fig. 4(b).

Note that at small values of external field the slope of the
velocity dependence is from several times to several orders
of magnitude smaller than at high fields (initial or ideal mo-
bility). The dotted parts of curves correspond to the unstable
regime when the velocity decreases with the field increase.
The result means possible self-acceleration of the wall near
the top surface, while the effect should become negligibly
small with an increasing depth z.

B 77(8{;3 - ysg) "

ehit ye, \a+vr
1 < 337 ¥ , H>{a,v7}
2ye, H

(21)
H<{a,v7}.

Given that the field strength is maximal at the wall-
surface junction and decreases with the depth increase (see
curves 1-3 in Fig. 3), this depth dependence is expected to
lead to the domain wall bending near the surface. This effect
will be compensated by the depolarization field, and the in-
terplay between the two will yield the equilibrium domain
wall geometry. Rigorous self-consistent treatment of the
problem is absent to date. Following Drougard and
Landauer,?® below we averaged the field over the domain
wall surface in thin film.

V. DOMAIN WALL MOTION CAUSED BY THE
EFFECTIVE FIELD AVERAGED OVER THE WALL
SURFACE

For the films at small thickness (in comparison with the
length of nucleus or rather small external field) internal field
E4n(z) should be averaged over the domain wall surface as
given by Eq. (17). Then the effective value (Eg4,(z)) should
determine the domain wall velocity (18).

103 fF ' ' i 711
0. @ a=1nm, ,.(/H
E N =107 07
~ Z 10F e W
W > e
=) 4 /,
o) % 01k’
= '_'o 102§ 1
© )
1073 L ! 1 L L
0.1 1 10 102 103

velocity v 1 Ey-E,, (kKV/mm)

FIG. 4. (Color online) (a) The dependence of the normalized
depolarization field 2d=808§3Edm/ Pg at the wall-surface junction
on the domain wall velocity v for ysg/s§3=0.5 and H=5a. Solid
curves are series (20) and dashed curve is calculated from the ap-
proximate expressions (22). (b) Dependence of the domain wall
velocity on the applied electric field for x=10"° mm?/(Vs), Pg
=0.75 C/m% &{;=30, ye,/el;=0.5, and =107 s; a=1 nm.
Solid curves 1, 2, and 3 correspond to the H=1, 3, and 10 nm,
dashed curve for H=0 corresponds to the case without delay in
screening. I and II designate two different screening regimes sepa-
rated by the unstable region (dotted parts of the curves).
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Field <2,>

10 10°

01 1 10
Velocity vt

Velocity vt

FIG. 5. (Color online) Dependence of effective field (2 ;)
=808§3<Edm>/PS on the wall velocity for H=5a and ye,/£33=0.8
and 0.2 (panels a and b). Curves 1 and 2 correspond to L/ H=40 and
400. Solid, dashed, and dotted curves correspond to exact (17),
approximate (23), and Pade approximation (24).

Although the expansion in images series is available for
the integral (17), the convergence of this series is very
slowly due to the multiple reflections in three planes (two
electrodes and interface between ferroelectric and dead
layer). The approximate dependence of (Eg4,(z)) on the do-
main wall velocity v was obtained

Ps2Hv7 f(vr,H,L) - f(a,H,L)]

g m(vn?-d?] ’

(Eqm(2)) =

fl¢.H,L)=¢q* arccos{ (II(-ITL(;;%} [q*(el3H + e,L)?
33 g

— (HL)*(kp+ £,)* T2 (23)

Here, the effective dielectric permittivity is introduced as
Kk;=\e),el;. Corresponding Pade approximation of [1/1]
type on variable vt for Eq. (23) is derived as

PsH 2 arccos(B)vr
(Egn(2)) ~ — ,
go(elH + g,L) [m\1 - B%a + 2 arccos(B)v 7]
(24a)
where S is introduced as
HL(k+
p= LK+ 8g) (24b)

a(s§3H+ sgL)'

Note that both approximations (23) and (24) reproduce the
exact value of field in the limit of very high speed, namely,
(Eg(2)) — PgH/ (£0£§3H+808gL).
vT—0

Comparison of the integral expression (17) for the aver-
aged field (Eg4,(z)) with approximations (23) and (24) is
shown in Fig. 5. The maximal difference between approxi-
mate and exact solutions does not exceed 30%, while they
almost coincide at high and low values of v 7. It appears that
the difference could be even smaller for smaller values of L
and for higher values of a. The dependence of averaged field
(E4m(z)) on the domain wall velocity for different values of
film thickness is presented in Fig. 6. In contrast to the maxi-
mal field E,4,,,(0), the effective field (E4,(z)) always increases
with with the increase of domain wall velocity [compare Fig.

PHYSICAL REVIEW B 78, 245409 (2008)

0.1
/\"B
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V02
e
©
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. . . " g 107 R . . . .3
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Velocity vt Velocity vt

FIG. 6. (Color online) Dependence of the effective field (=)
=goeh3(Eqm)/ P on the wall velocity for H=5a and ve,/€33=0.8
and 0.2 (panels a and b). Curves 1, 2, 3, and 4 correspond to
L/H=10, 20, 40, and 80.

4(a) with Figs. 5 and 6]. As a result, the domain wall motion
caused by the effective field averaged over the wall surface is
always stable.

The influence of the effective field (E,,,(z)) can be under-
stood as follows. Using the simplest model one can easily
see that linear dependence of internal field on velocity for its
smaller values leads to the essential decrease in mobility,
while the saturation of internal field at higher velocity could
change threshold field but could not change mobility. It is
seen from Fig. 7 that the slope of the curves is the same at
higher field, while linear extrapolation to zero velocity gives
different threshold value dependent on film thickness.

Physically, Fig. 7 [similarly to Fig. 4(b)] demonstrates the
crossover between two screening regimes: regime (I) for low

10°F 0F g =Tnm
2 =107
100k _—
g} 1 L=100 nm
-~ E
< 10 10F (b) 3
§ 1F 1F /, .
© /’
> 0.1 . 3 01k 4 i
0y 02 103 . v ol ol 1 o
10701 1 10 1 10201 1 10 107 10°
Ey-E,;, (kV/mm) Eoy-Ey (kV/mm)
3 r " " T 3 [ " " d
F 4=1mm I F a=1nm
1P 12k t=10"

L=1pum
10F )

Velocity v (um/s)

0.1 3
10201 1 10 10* 10

E()-Eth (kV/mm)

10201 1 10 10* 10°
E()-Eth (kV/ mm)

FIG. 7. (Color online) Dependence of the domain wall velocity
on the applied electric field for wu=10" mm?/(Vs), Pg
=0.75 C/m?, ef3=30, ye,/ef;=0.5, =107 s, a=1 nm, (a) L
=50, (b) 100, and (c) 500 nm, and (d) 1 wm. Dashed curve is
related to the ideal case without delay of screening (either H=0 or
7=0); solid curves 1, 2, and 3 correspond to H=1, 3, and 10 nm. |
and II designate two different screening regimes separated by the
transient region.
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domain wall velocity, when the wall can drag the sluggish
screening charges o, and regime (II) for high domain wall
velocity, when the delay of sluggish screening charges are
essential and the wall depolarization field is screened by the
electrode free charges separated from the bound charges by
the dead layer.

VI. SUMMARY

Here we analyzed the effect of the domain wall intrinsic
width, screening relaxation time, and the dead layer thick-
ness on the velocity of the 180°-domain wall uniformly mov-
ing under homogeneous external electric field in ferroelectric
capacitor placed between the planar electrodes. We derived
corresponding integral and approximate analytical expres-
sions for electric field and algebraic equation for the domain
wall velocity.

We demonstrate the crossover between two screening re-
gimes: the first one corresponds to the low domain wall ve-
locity, when the wall drags the sluggish screening charges,
while the second regime appeared for high domain wall ve-
locity, when the delay of sluggish screening charges are es-
sential and the wall depolarization field is screened by the
instant free charges located at the electrode.

The “local” motion at the wall-surface junction can be
unstable for nonzero dead layer thickness, since the internal
field at the wall-surface junction decreases with an increased
domain wall velocity. The instability may lead to the domain
wall-surface bending and actual broadening in thick samples.
Finally, for thin films the averaging of the internal field can
be performed over the film thickness. The motion caused by
the effective field averaged over the domain wall surface is
always stable. For thick samples the averaging should be
performed over the nucleus volume. The latter is unknown
and its shape should be calculated self-consistently.
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APPENDIX

1. Phenomenological equation for the evolution of the
screening charge o(x,f)

Here we derive the phenomenological equation for the
evolution of the screening charge o(x,?). For typical proper
ferroelectrics semiconductors the thickness / of the screen-
ing layer is discussed in Ref. 43. Inside the ultrathin surface
layer 0<z<<h the continuity equation dps/dr+div j.=0
(where j, is electric current of the free carriers and py is the
charge density of the free carriers) and Maxwellian equation
div(P,+ 8oaf Ef) py are valid. Electric current j. is assumed
to be dommated by conductivity current j.=AE, (where \ is

PHYSICAL REVIEW B 78, 245409 (2008)

conductivity), while diffusion current can be neglected. Un-
der the condition &],=gl,=&l;, this yields div j.=\ div E,
§ —(p/~div Py). Substltutlng the expression into the conti-

P —£0£é3(dlv Py—py) for 0<z
< h. Using the steplike approximation for the polarization
Py=P,(x,1)0(z) 6(L—z) [where 6(z) is a Heaviside step func-
tion], integration of the equation over coordinate z in the
region 0=z=h reduces to Eq. (8) for the surface charge
density o=hpy in the limiting case 71— 0.

nulty equation, we derived

2. Internal field distribution

Introducing the potential ¢ of quasistationary electric field
E, {x,z,0)=-V¢, Ax,z,1) and assuming that the screening
free charge is located inside thin layer at the boundary be-
tween dead layer and ferroelectrics while the spontaneous
polarization is z independent, one can write the equations for
potential distribution as follows:

((92(92

Al
azr ox? (Ala)

)gog—O for —H<z<O0,

&+ &+
(Ja”s{‘a >¢f_0 for 0<z<L. (Alb)

Equation (A1) should be supplemented with the boundary
conditions of fixed top and bottom electrode potentials, con-
tinuous potential, and normal component of displacement on
the boundaries between dead layer and ferroelectric, namely,

@z==H)=0, @(z=0)=¢dz=0), ¢lz=L)=0,
(A2a)

. dodz=0 P =0) -
_ 8};3 (Pf(z ) " On(Z ) % -
9z g9

dp,(z=0)
- Sg 5Z .
(A2b)

Here o is the effective surface density of the screening
charges.

Using Fourier transformation ®g f(x,2,1)
=(2m) V2 [ exp(~ikix) &, Ak, ,z,1)dk,, one can rewrite Eq.
(A1) as follows:

& 2

(92 -k%)g,=0, for —H<z<0, (A3a)
F K\

—azz—? (pf=0, for 0<z<L. (A3b)

Here y=1\&ly/e], is the dielectric anisotropy factor k
=|k,|. Since boundary conditions (A2) are linear on poten-
tials and the coefficients do not depend on x, boundary con-
ditions for @, [(k;,z,?) can be obtained from Eq. (A2) by
simple substitution of functions on x by their Fourier images.
General solution of Eq. (A3) consists of the sum of exponen-
tial ~ functions @, (k,z,f)~exp(*kz) and @k,z,1)
~exp(*kz/y). Using the conditions of short circuit (U=0),
one can write
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@,(ky,z,t) = C,(k,t)sinh[ k H kL
@olk1,2.) = Cylky,)sinhlk(z + H)], C, sinh(kH) = C; sinh<—), (AS)
Y
_ | k(L-z
&rlky,z,t) = Cf(kl,t)smh[ ( y )] (A4)
. . k k ﬁo(kl,t)_&(kl,t)
Unknown functions C, ; should be determined from the other ehsC y—cosh| =L |+ ————————— =—¢g,C,k cosh(kH).
boundary conditions (A2). Namely, applying the conditions Y Y &0
of potential and normal components continuity on the bound- (A6)
ary between the dead layer and ferroelectric, one can write
the following system of equations for C, s The solution of this system has the form
|
Po(ky,t) — 3(ky,t inh(kH
= olky,t) = a(ky,1) sinh(kH) . (A7)
€p k f k . . k
—gh3 cosh| —L |sinh(kH) + ke, cosh(kH)sinh| —L
Y Y Y
The normal component of electric field inside ferroelectric Eﬁ(kl ,2,0)==0¢/ky,z,1)/ 9z is
inh(kH) h[ k(L )]
~ _ sin cosh| =(L-z
= Py(ky,1) = G(ky,1) Y
Eﬂ(khZ’l):_ . (AS)
£0Y el k. [k
—=cosh| —L |sinh(kH) + &, cosh(kH)sinh{ —L
Y Y
|
Near the surface z<<L of thick ferroelectric film (L> H), (2.0) 2 J ” aexp(-kz)
~ F(z,a)=—| dk———%
. Polley, 1) = 5k, 1) mo [+ (ka)’]
Eplkpzt) ~-——————
&Y Z 21 [z)\. [z [z z
=cos| — |+ —| Ci| — |sin| — | = Si| — |cos| —
. k a T a a a a
smh(kH)exp(— —z)
Y 2
X . (A9) ~ a , (A10)
2a + 77

&}
ﬁsinh(kH) + &, cosh(kH)
Y

In Eq. (20) we introduced the following transcendental func-
tion:

where Si(z) and Ci(z) are the sine and cosine integral func-
tions.
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