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Surface effect on domain wall width in ferroelectrics

Eugene A. EI|seev @ Anna N. Morozovska 1.0) Serge| V. Kalinin,? Yulan Li,> Jie Shen,*

Maya D. Glinchuk,' Long-Qing Chen,® and Venkatraman Gopalan®

Unstitute for Problems of Materials Science, National Academy of Science of Ukraine, 3, Krjijanovskogo,
Kiev 03142, Ukraine

*The Center for Nanophase Materials Sciences and Materials Science and Technology Division,

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

Department of Materials Science and Engineering, Pennsylvania State University, University Park,
Pennsylvanla 16802, USA

Department of Mathematics, Purdue University, West Lafayette, Indiana 47907, USA

(Received 19 July 2009; accepted 27 August 2009; published online 26 October 2009)

We study the effect of the depolarization field on a domain wall structure near the surface of a
ferroelectric. Since in real situation bound and screening charges form an electric double layer, the
breaking of this layer by the domain wall induces stray depolarization field, which in turn changes
the domain wall structure. Power law decay of the stray field results in the power law of polarization
saturation near the surface, as compared to exponential saturation in the bulk. Obtained results
predict that the surface broadening of ferroelectric domain walls appeared near Curie temperature as
well as describe domain wall depth profile in weak ferroelectrics. We qualitatively describe
extra-broad domain walls near LiNbO; and LiTaO; surfaces observed experimentally at room
temperature, which probably originate at high temperatures but did not fully relax their width with
temperature decrease allowing for lattice pinning and defect centers. Thus results have broad
implication for fundamental issues such as maximal information storage density in ferroelectric data
storage, domain wall pinning mechanisms at surfaces and interfaces, and nucleation dynamics.

© 2009 American Institute of Physics. [doi:10.1063/1.3236644]

I. INTRODUCTION

Surfaces, interfaces, and domain structures in spatially
constrained ferroic materials have been attracting much at-
tention since the early 1970s." In the classical papers of
Cao and Cross* and Zhirnov,” a single boundary between two
domains in the bulk ferroelectrics was considered, allowing
for the electrostriction effects. The stability of domain struc-
ture in the electroded thin films in the presence of dielectric
dead layer was considered by Bratkovsky and Levanyuk,6
while Pertsev and Kohlstedt' considered finite screening
length in electrodes.

The domain wall thickness dependence on the slab thick-
ness and other material parameter for ferroic stripe domains
has been analyzed recently by Catalan et al® They estimated
the domain wall thickness and gradient coefficients in typical
ferroelectric materials.

Despite the enormous progress achieved in atomistic and
DFT modeling of multidomain ferroelectrics and domain
wall behavior in thin films and its significant relevance to
virtually all aspects of ferroelectric and other ferroic materi-
als, the question of near-surface structure of a domain bound-
ary in the proper ferroelectrics was virtually out of consider-
ation; the only exception is the early work of Darinskii et al’
It was found that near the surface the ratio of the saturation
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value to the slope in the wall center is exactly the same as in
the bulk. However, the domain wall profile near the surface
was not analyzed. In contrast, in the paper we derive the
domain wall profile near the surface self-consistently using
perturbation theory.

Il. EQUATIONS OF STATE

Spatial distribution of the polarization component P5 in-
side the sample could be found from to the following equa-
tions of state:

#P

(aT) - 2q;j33u;;) P53 + B.P3+ 8P — 5?23
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2
= qij3P3 + cijim = 07 (2)

Coefficient a(T)=a(T-T,) explicitly depends on tempera-
ture 7, gradient terms coefficients are {>0 and >0, ex-
pansion coefficients 6>0, while §,<0 for the first order
phase transitions or 3,>0 for the second order ones. Here
Eg is the depolarization field, caused by imperfect screening
and inhomogeneous polarization distribution, u; are the
strain tensor components, g;;; and c;j; are the components of
electrostriction and elastic stiffness tensor correspondingly;
o;; are the elastic stress tensor components. These equations
should be supplemented by Maxwell equations for depolar-
ization field, the conditions of mechanical equilibrium,lo’11
do;/ dx;=0, and compatibility relations for elastic field,
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€iti€jmn( U,/ 9x, 9x,,)=0, where ey, is the permutation sym-
bol or antisymmetric Levi—Civita tensor.

The boundary conditions for polarization could be ob-
tained from the surface energy in the form'?

P, P,
P’;—)\l_ 20, P3+)\2_
. (9)63 i &X3

x3=0 x3=L

3)

The introduced extrapolation length N, , may be different for
x3=0 and x;=L, however, below we mainly consider the case
of equal values N\ ,=\ for the sake of simplicity. Reported
. 13,14

experimental values are A=2-50 nm.

The effect of homogeneous strain on ferroelectric prop-
erties could be simply incorporated by the renormalization of
the expansion coefficient before P3:

(gn=-91)° L lan +24,,)°
3(ei1=c) 3(cyy+2¢p)

B = B u 4 (4)
For the case of inhomogeneous polarization distribution the
strain field should satisfy the compatibility relation and con-
sequently internal stress could appear. It was shown that in-
homogeneous stress always exists in the vicinity of domain
wall due to the electrostriction coupling.‘"5 The stress local-
ization leads to the decrease in domain wall width in com-
parison with the case without electrostriction coupling:

_ 7
k(D= \/a(T) +(3B+4¢Y)Pi+56PF

2
(gn+291)° a1
3(ey+2¢p) oy

7= 2(q11— q1)*
3(cq—cp)

(5)

Here Py(T) is the spontaneous polarization of mechanically
free bulk system, determined from the equation a(T)+S3P3
+6PE=0.

Considering the elastic fields for fixed polarization dis-
tribution in the form of domain wall near the mechanically
free flat surface we found that for the most of ferroelectrics
the surface deviation from flatness and resulting changes of
domain wall width near the surface are small (see Appendix
D of supplementary materials'®). So, in the case of the depo-
larization field absence, Eq. (5) could be reasonable approxi-
mation for domain wall halfwidth near the surface. Herein-
after we consider the impact of the imperfect screening on
the near-surface domain structure and neglect the effect of
elastic field changes near the mechanically free surface for
sake of clarity.

lll. DOMAIN WALL BROADENING CAUSED BY STRAY
DEPOLARIZATION FIELDS

The depolarization field is determined by the spontane-
ous polarization inhomogeneity and/or its breaks at inter-
faces, as well as by the surrounding media. Below we con-
sider ferroelectric short-circuited capacitor with dead layer
between ferroelectric with inhomogeneous polarization dis-
tribution and electrode.

Hereinafter we consider uniaxial ferroelectrics with ini-
tial spontaneous polarization Pg directed along the polar axis
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FIG. 1. (Color online) 180°-domain wall structure near the film surface. The
double electric layer is formed due to either the physical dead layer (a) or
intrinsic surface effect leading to diminished polarization at interface (b).
Discontinuity of the double electric layer of screening and bound changes
results in an additional stray depolarization field.

z. The sample is dielectrically isotropic in transverse direc-
tions, i.e., permittivity &,,=¢&,, at zero external field. We as-
sume that the dependence of in-plane polarization compo-
nents on the inner field Ey, can be linearized as P,
~¢gy(e;;—1)E; . Thus the polarization vector acquires the
form: P(r)=[gy(e;,—1)E|,g¢(e;;—1)E,,P5(E,r)]. So, the
Maxwell’s equation div D=0 for the displacement D=P(r)
—goVo(r) expressed via electrostatic potential ¢(r), polar-
ization P(r), and electric field E, {x,y,z)=-V¢, Ax,y,z).
One can rewrite the Maxwell’s equation for potential distri-
bution as follows:

Po, Po, P,

iﬂ_i_i‘l_i_J 0, for

-H<z<0, 6a
azr 9yt ox’ (62)

For P IP
€0833 2+80811(—(P2Z+(9—;f =(9_Z3, for 0<z<L.
(6b)

Potentials ¢, and ¢, correspond to the dead layer with iso-
tropic dielectric properties and ferroelectric film, respec-
tively. Here the dielectric permittivity of the background or
reference state'” as &b, (typically £5,=10); g is the dielec-
tric constant of vacuum, L is the film thickness, H is the dead
layer thickness (see Fig. 1). Equation (6) should be supple-
mented with the boundary conditions of zero top and bottom
electrode potentials, continuous potential, and normal com-
ponent of displacement on the boundaries between the dead
layer and ferroelectric film. The isotropic dielectric permit-
tivity of dead layer is €,. Fourier representation on transverse
coordinates {x,y} for electrostatic potential @(k,z) and elec-

tric field normal component E;=—d@/dz inside the film (0
<z<L) was derived in Appendix A of Ref. 16.

In order to estimate the depolarization field impact on
the domain wall structure near the surface, let us consider the
simple case of semi-infinite media (L — ) with small differ-
ence of dielectric properties between ferroelectric and dead
layer &5, = ye,, where the factor y= Veli/e,,. Assuming, that
all uncompensated polarization bond charges are localized in
thin near-surface layer [i.e., dP3(x,z>0)/dz=0], we derived
that
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FIG. 2. (Color online) Normalized domain wall profile Ps(x,z)/Pg calcu-
lated for different values of distances from the surface z/R,
=1,2,5,10,20,% (curves 1, 2, 3, 4, 5, 6) and dead layer thickness H/R |
=1,3 [panels (a) and (b), respectively].

c o Pyx-3) 7y
E5(x,z2) =—J dx 3 S
o Te(E33+ YE) \(2/Y)"+ X

B Z/y+2127-1 ~2). o)
(z/y+2H) +x

Expression (7) has clear physical meaning: it is the sum on
elementary linear charges placed at z=0 with density
dXP;(x—X), two terms in brackets correspond to electric field
produced by the linear charge, and the field produced by its
image correspondingly. In the case of abrupt domain wall,
i.e., P3(x)=Pg sign(x), Eq. (7) could be rewritten in the evi-
dent form as

(Pg/eg) 2 X X
Ey=——————|arctan| — | —arctan| ——— | |.
Epxtye, zly Z/y+2H
(8)

Taking into account the self-consistent changes in depo-
larization field due to the induced polarization, the polariza-
tion distribution was derived as

. 8§3(T)_8§%

Pi(x,7) = P(T RS A A R

5(x,2) = Pg( ){SIgn(x) (D) + 7o,
dmxH

% (7rlx| + 22/ y)[arlx| + 2(z/ v+ 2H)] } ’ ®

Here s§3(T)=813’3+ 1/[80(a(T)+3,8P§+55P§)] is the full per-
mittivity. It is seen from Eq. (9) that, even for abrupt initial
domain wall, the emerging depolarization field induces po-
larization saturating as slow as ~1/x.

Since the factor of the order of ~Pg/(gyels) is much
higher than thermodynamic coercive field, the stray field (8)
would influence the polarization distribution at distances z
much higher than dead layer thickness H. Actually, it is clear
from the Fig. 2 that in the range z> H one could hardly say
about the length H as the scale of polarization (9) and depo-
larization field (8), but H determines the amplitude. In the
next section we consider the results of more rigorous consid-
eration of this effect, allowing for the intrinsic width of do-
main wall, polarization gradient contribution, and the influ-
ence of the finite thickness of ferroelectric film.
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IV. DOMAIN WALL BROADENING CAUSED
BY THE SURFACE INFLUENCE AT TEMPERATURES
NEAR CURIE POINT

As it was discussed in Sec. II, one could neglect the
changes in spontaneous strain distribution caused by the
stress realization near the free surface and use Eq. (1) after
the substitution of strain field, obtained by Cao and Cross.*
Using designations (4) and (5), the resulting equation for
polarization distribution has the view:

P
(a=24° PP+ (B+24))P3+ 6P — &~

PPy @)_ y
—77( P + P =Ej5. (10)

Note that, despite electrostriction renormalization in Eq.
(10), the spontaneous polarization value far from the wall
and surfaces is not affected in contrast to the renormalization
of domain wall bulk width given by Eq. (5). The fact allows
us to consider the influence of stray depolarization field on
the domain wall structure in uniaxial proper ferroelectrics
using perturbation theory. The polarization profile across the
domain wall is represented as

P;(x,2) = Po(x) + p(x,2). (11)

Function Py(x) is the polarization profile unperturbed by the
surface influence or “bulk” one-dimensional (1D) domain
structure. Perturbation of bulk domain structure p(x,z) is
caused by the stray depolarization field. In order to simplify
further consideration, we ignore the dead layer, putting H
=0. In this case the only source of depolarization field is the
changes in polarization due to the surface influence.

For the first order ferroelectrics the single domain wall
bulk profile corresponds to 1D solution of Eq. (10) in the
absence of depolarization field (see, e.g., Ref. 4):

Py(T)sinh[ (x — x()/2R | ]
Veosh?[(x — x0)/2R  (T)] + 2P 3B+ 64> + 45P3)
(12)

Equation (12) reduces to Py(x)=P(T)tanh[ (x—x,)/2R | ] for
the second order ferroelectrics. Correlation radius R, (7) is
given by Eq. (5), the position of the domain wall center is
X=X0.

In order to find the perturbation of bulk domain struc-
ture, p(x,z), we linearized Eq. (10) allowing for substitution
(11). For the second order ferroelectrics direct integration for
semi-infinite sample leads to the approximate analytical ex-
pression (see Appendix B of Ref. 16 for details):

Py(x) =

exp(— z/\e55e00) X —X
P3(X,Z) =|1- b PS tanh
1 + N/ Veszend 2R,
4 [en
4R, N &,

<1 ((ZRL +x—x0)2+(811/8§3)(Z+d)2>
n (2R | —x +x0)> + (g1,/el3) (z + d)? 5
(13)
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FIG. 3. (Color online) Normalized domain wall profile P5(x,z)/Pg(T) cal-
culated at fixed temperature 7 for R,=R, and extrapolation length \
=0.5R . (a) Profile in linear scale and (b) half-profile in log-linear scale.
Solid, dashed, and dotted curves correspond to different distances z/R |
=0,5,% from the surface of thick film (L>R,).

where the distance d={/{[a+(3B8+4¢%)P5l(Nebeol+N)}. It
is clear from Eq. (13) that finite extrapolation length effect
provides power law saturation of domain wall profile (the
last logarithmic term should be expanded far from the wall),
which is much slower compared to exponential saturation of
bulk profile Py(x). At distances |x—xo|>R (T) the latter
term behaves as 2(x—xq)/[(x—x¢)+ (g,,/}3)(z+d)?], which
is the distribution of stray depolarization field far from the
break of double electric layer. The quantity d plays the role
of effective double layer (screening layer) width. Expression
(13) explains power saturation of domain wall profiles as the
direct effect of the depolarization field that decreases much
slowly in comparison with exponential saturation of bulk
profile “tanh[(x—x,)/2R | ]” [see Figs. 3(a) and 3(b)].

In Fig. 3 we presented results of calculations at fixed
temperature below critical value (and normalized coordinate
and extrapolation length on the only relevant parameter, cor-
relation radius). At the same time, due to the complicated
temperature dependence of Egs. (12) and (13), we expect
that approaching the phase transition could reveal some in-
teresting features of the obtained results (see Fig. 4). Note,
that here we normalized temperature-independent coordinate
and extrapolation length on the correlation radius at zero
temperature.

It is evident from Fig. 4 that the higher the correlation
radius R, (T) (e.g., T is close to Curie temperature T,), the
strongest is the domain wall broadening. When approaching
the transition temperature both the bulk wall width and the
effect of interface on the width increase. However the in-
crease in interface influence region [see Fig. 4(d)] is more
pronounced than those of bulk width, since the latter scales
with temperature as (—a)~""? while the former governed by
the double layer effective width d scales as (—a)~'. Qualita-
tively the same effect of finite extrapolation length and inho-
mogeneous elastic stress on periodic 180°-domain structure
near the film surface was obtained numerically by using
phase field method (see Fig. 5 here and Appendix E of Ref.
16).

Calculated width of domain wall w at level 0.76 as a
function of depth z from the sample surface is shown in Figs.
6(a) and 6(b) for PbZr,sTiysO; material parameters and
equal extrapolation lengths N for both film surfaces. It is
evident that smaller extrapolation length leads to the stron-
gest broadening [compare plots (a) and (b)].
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FIG. 4. (Color online) Domain wall profiles at different temperatures
T/T-=0,0.6,0.8 [panels (a)-(c), respectively]. Curves 1-3 correspond to
different distances z/R,(T=0)=1,10,% from the surface of thick film (L
>R.). (d) Domain wall half width w(z)/R (T=0) (at level 0.76) as the
function of depth z at different temperature values, specified near the curves.
R_=R, extrapolation length A\=2R | (T=0).

Calculated width (solid curves) of domain wall at level
0.76 as a function of its depth from the surface of LiTaO; is
shown in Fig. 6(c) in comparison with experimental data'"'®
in 500 nm thick stoichiometric LiTaO; (squares) and 50 nm
thick congruent LiTaOs (triangles). Experimental data are
taken as is, without analysis of possible finite resolution ef-
fects. However, recent observations of atomically resolved
scanning nonlinear dielectric microscopy (SNDM) image
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FIG. 5. (Color online) Domain structure near the surface of LiTaO5 (a), (b)
and LiNbO; (c), (d) films calculated numerically by using phase field
method for R_.=R, [(a) and (b)] and R,=1.5R [(c) and (d)], extrapolation
length A=0.5R | [(a) and (c)] A\=—2R, [(b) and (d)] and different distances
from the surface z=0, 0.5R |, 5R |, and 20R | .
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FIG. 6. (Color online) [(a) and (b)] Thickness of domain wall w/2R, at
level 0.76 as a function of depth z from the surface at R,=R |, extrapolation
length A=0.5R, (a), and A=R, (b) for material parameters of
PbZr 5Tij 505. (c) Thickness of domain wall at level 0.76 as a function of its
depth from the surface of LiTaO;. Squares are experimental data from Refs.
17 and 18 for 500 nm thick stoichiometric LiTaO; (SLT), and triangles
correspond to 50 nm thick congruent LiTaO5 (CLT). Solid curves are ana-
lytical calculations for fitting parameters R ) =1.3 nm, R,=1.6 nm, different
extrapolation lengths \;(0)=0.1 nm, and (\,(h) value appeared not impor-
tant), for SLT; while R, =0.7 nm, R.=1.4 nm and \;(0)=0.1 nm, \,(h)
>30 nm for CLT. Corresponding dotted curves are numerical calculations
by phase field modeling for the same fitting parameters.

suggest that resolution can be higher or comparable with
measured wall width."”” When calculating the curve for 50
nm thick LiTaO; film we take into account that domain wall
profile w is strongly asymmetric, namely, at the surface z
=0 the width is five times bigger than saturated “bulk” value
near the surface z=L. Therefore we conclude that extrapola-
tion length \,(L)>\;(0). For the case \,— % domain wall
broadening is essential only near the surface z=0 (where \,
is finite), while the surface z=L is indistinguishable from the
bulk. Thus for \,— o, one should use expression (19) for
profile calculations inside the film (0=z=L) after the sub-
stitution of double thickness 2L.%° Dotted curves in Fig. 6(c)
are numerical calculations by using phase field method.”! Tt
is clear from Fig. 6(c) that analytical calculations are in a
reasonable agreement with experimental data and numerical
simulations. The presence of damaged surface layer, reported
in Refs. 17 and 18, and unmeasured surface polarization
value allow us to consider finite extrapolation length value as
a fitting parameter.

Considering the alternative explanation of the domain
walls widening near the surface in LiTaO; due to their inter-
action with defects having larger density near the surface, we
should note the following. Daimon and Cho'"'® fabricated
and examined two types of LiTaO; films: congruent (with
numerous defects) and stoichiometric (almost without de-

J. Appl. Phys. 106, 084102 (2009)

fects). Results for both types of samples demonstrated do-
main walls surface broadening, proving that the effect is de-
fect independent.

V. CONCLUSION

The polarization behavior and domain wall broadening
on the ferroelectric wall-surface junction is analyzed. We
demonstrate that even when an electrode or ambient screen-
ing minimizes depolarization field, stray depolarization field
leads to the changes in domain wall structure near the sur-
face. Notably, the wall profile follows a long-range power-
law profile at the surface, as opposed to an exponential satu-
ration of the order parameter in the bulk. The saturation law
is explained by the behavior of stray depolarization field that
decreases like the field created by the break of double elec-
tric layer.

Obtained results predict the surface broadening of ferro-
electric domain walls at temperatures near Curie point as
well describe domain wall depth profile in weak ferroelec-
trics like Rochelle salt. Also we qualitatively describe extra-
broad domain walls near LiNbO5 and LiTaO5 surfaces ob-
served at room temperature, which probably originate at high
temperatures but did not fully relax their width with tempera-
ture decrease allowing for lattice pinning and defect centers.
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