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The effect of misfit strain and deadlayer on the polarization switching of epitaxial ferroelectric thin
film is investigated using a phase field model. Simulation results show that a compressive misfit
strain increases the coercive field and remanent polarization of ferroelectric thin film with
deadlayers, whereas a tensile misfit strain decreases these factors. The presence of a deadlayer
between the ferroelectric thin film and the electrode prevents charge compensation on the
ferroelectric surface and reduces the coercive field and remanent polarization of the film. A periodic
a/c/a/c multiple domain structure is found in ferroelectric thin film with tensile misfit strain when
there is no deadlayer. However, when a deadlayer is present in the film, the ¢ domains vanish and the
out-of-plane component of polarization degrades. The degradation of the out-of-plane polarization
makes ferroelectric thin films with tensile misfit strain and deadlayers lose their ferroelectric property
in the thickness direction, which can be attributed to the combined effects of the deadlayer and
tensile strain. The coercive field and remanent polarization of ferroelectric thin film decrease with the

thickness of the deadlayer. © 2011 American Institute of Physics. [d0i:10.1063/1.3664913]

. INTRODUCTION

Due to the strong coupling of polarization and strain, the
application of misfit strain is becoming an important way of
tuning many properties of epitaxial ferroelectric thin film.'*
The lattice parameters and thermal expansion behavior of
ferroelectric thin film and the underlying substrate are usu-
ally different. These differences can induce misfit, or mis-
match, strain between the thin film and the substrate. Misfit
strain can create large stresses in ferroelectric thin film,
which are undesirable in many applications. However, misfit
strain also provides an opportunity to tune the physical prop-
erties of ferroelectric thin film, a technique known as strain
engineering. For example, misfit strain between ferroelectric
thin film and the underlying substrate can be used to alter the
equilibrium polarization state, shift the phase transition tem-
perature, change the order of phase transition, and enhance
spontaneous polarization.** A full understanding of the rela-
tionship between misfit strain and material behavior will
shed light on the engineering of the material properties of
ferroelectric thin film with different misfit strains, which is
crucial to the application of strain engineering in practice.

Remarkable progress has been achieved in the theoretical
study, using the nonlinear thermodynamics theory, of the
effect of strain on epitaxial ferroelectric thin film. For
instance, “misfit strain-misfit strain” and ‘“misfit strain-
temperature” phase diagrams for single-domain ferroelectric
thin film have been extensively constructed based on the
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Landau-Devonshire theory and Legendre transformation.”™

However, the Landau-Devonshire model of a single domain
cannot predict structures with multiple domains, which are
very common in ferroelectric thin film. To model the multiple
domain structure of ferroelectric thin film, the domain wall
energy must be included in the thermodynamic framework.
The phase field model, which incorporates both homogeneous
bulk thermodynamics and inhomogeneous interface thermo-
dynamics, is widely employed to study materials systems
with multiply phases.'®'" Ferroelectric thin film with multi-
ple domains can be regarded as a multiphase system, to which
the phase field model is then applicable. Several phase field
studies on the effect of strain in multi-domain ferroelectrics
have been c:onductf:d,l2_14 including research that examines
the effect of strain on stable domain states and the polariza-
tion switching of epitaxial ferroelectric thin film.

In addition to misfit strain, another important factor that
affects the properties of ferroelectric thin film is the presence
of a deadlayer between the electrode and the film.'>16
Deadlayers are damaged ferroelectric material without ferro-
electric properties that become dielectric at the ferroelectric-
electrode interface.'”'® Deadlayers insulate the electrodes
from the ferroelectric thin film and inhibit charge compensa-
tion, which generates a strong depolarization field in the fer-
roelectric thin film. The existence of a deadlayer is thought to
be one of the reasons for Landauer’s paradox, which is the
discrepancy between experimental observation and theoreti-
cal prediction of the coercive field for polarization switching
in ferroelectric thin film.'”** Considerable effort has been
made over the past half century to resolve Landauer’s para-
dox, but it remains a mystery.”® In attempting to understand

© 2011 American Institute of Physics

Downloaded 23 Apr 2012 to 158.132.161.52. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3664913
http://dx.doi.org/10.1063/1.3664913
http://dx.doi.org/10.1063/1.3664913

114111-2 Wang et al.

the paradox, researchers have paid great attention to the effect
of deadlayers. For example, Bratkovsky er al.*' proposed a
theoretical model for ferroelectric thin film with deadlayers.
The model predicted a collective mode of domain growth,
even without an external electric field, when new domains
passed the embryonic stage of domain wall thickness.
Recently, Artemev>? employed a phase field model to study a
periodic structure with an alternate ferroelectric and dead-
layer arrangement and periodic boundary condition, in which
the effect of misfit strain was excluded. However, ferroelec-
tric thin film with deadlayers constrained by an elastic sub-
strate with misfit strain behaves differently from that with a
periodic ferroelectric and deadlayer structure without misfit
stain. The elastic clamping of the substrate is expected to
play a more significant role in polarization switching in epi-
taxial ferroelectric thin film with both deadlayers and misfit
strain. However, domain evolution or polarization switching
in epitaxial ferroelectric thin film with misfit strain and dead-
layers has seldom been studied in detail. In this work, a phase
field model is employed to investigate the polarization
switching of epitaxial ferroelectric thin film with upper and
lower deadlayers constrained by a thick substrate, as shown
in Fig. 1, in which the substrate accommodates a misfit strain
of ¢ in the ferroelectric thin film.

Il. SIMULATION METHODOLOGY
A. General formulation of phase field model

The simulation methodology used in this study is based
on the phase field model.** In the phase field model, the total
polarization PY is divided into two components, the sponta-
neous polarization P and the induced polarization P, For
simplicity, the induced polarization can be assumed to be lin-
early proportional to the electric field. In this case, the elec-
tric displacement vector D can be given by

D=gE+PY =gE+PY +P=gxE+P, (1)

where ¢y = 8.85 x 107!2 Fm ™! is the dielectric constant of
the vacuum and x denotes the relative dielectric constant ten-
sor of the background material. As the background material
is the paraelectric phase, which has a cubic crystal structure,
the relative dielectric constant matrix is diagonal and the

w
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FIG. 1. (Color online) Schematic illustration of ferroelectric thin film with
upper and lower deadlayers coherently constrained by a thick substrate that
accommodates a misfit strain of ¢ in the thin film. Different electric fields
are applied to the ferroelectric thin film and deadlayers through the upper
and lower electrodes.
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relative dielectric constants in the three axis directions are
the same, that is, k = K1} = K2 = k33 and k; =0 (i #J) .
In the phase field theory, the spontaneous polarization vector
P = (P, P,, P3) is usually used as the order parameter to cal-
culate the thermodynamic energies of the ferroelectric phase.
The temporal polarization evolution can be calculated from
the following time-dependent Ginzburg—Landau equation,
oP ,'(l', l) oF

ot = _L(sP,-(r,l‘) (l = 17273)7 2)

where L is the kinetic coefficient, 0F /0P;(r, t) represents the
thermodynamic driving force for the spatial and temporal
evolution of the simulated system, r denotes the spatial vec-
tor r = (x1,X2,X3), and 7 is time. The total free energy F can
be generally expressed as

F= J vlfip (Pi, 0i) + fo(Piy) + faep(Pi, EY)
+f€1ec(Pi7E?)]dvv (3)

where fLD(Pi; O',‘j) = OCIPIZ + OCUPIZsz + OC,]](PZZPJZP% — %S,:,'kl()'l-j
0y — QijuoijPiP; is the standard Landau—Devonshire energy
density, «; is the dielectric stiffness, o; and oy are the
higher order dielectric stiffnesses, g;; is the stress in the ferro-
electric layer, s;; are elastic constants, and Q;yy are electro-
strictive  coefficients. The second energy term of
f6(Pij) = 3giwi(OP; /Ox;) (0P, /Ox;) in Eq. (3) is the gradient
energy density, which gives the energy penalty for spatially
inhomogeneous polarization, where g, are the gradient coef-
ficients. The third energy term of fy,, = —iE?P; in Eq. (3)
represents the self-electrostatic energy density, where EI?“ is
the depolarization field induced by inhomogeneous polariza-
tion. The last energy term of f,,. = —E{P; in Eq. (3) denotes
an additional electrical energy density that is due to an exter-
nal applied electric field EY. A detailed description of the
energy terms and related coefficients in Eq. (3) can be found
in Ref. 23. In addition to Eq. (2), the mechanical equilibrium
equation ¢;;; = 0 and the electrostatic equilibrium equation
80(K|182<p/8x% + Kzzaz(p/@x% + K33(92([)/(9x§) = (9P1/8X]+
OP,/0x, + OP3/0x3 must be satisfied for a given polarization
distribution, where ¢ is the electrostatic potential. The depola-
rization field is the negative gradient of the electrostatic
potential induced by spontaneous polarization, that is,
E? = —¢ ;. The mechanical equilibrium equation for a given
polarization distribution is solved numerically by the finite
element method. The electrostatic potential is obtained by
using the finite difference method for a given polarization dis-
tribution and pre-defined boundary conditions. The finite dif-
ference method for spatial derivatives and the fourth order
Runge-Kutta method for temporal derivatives is employed to
solve Eq. (2) in real space.

B. Specific treatment for deadlayers and misfit strain

The present model is different from the previous model*?
in two respects. The first is the existence of misfit strain in
the ferroelectric thin film. The substrate is assumed to be
infinitely thick so that the thin film assumption is valid for the
film/substrate system. Under the thin film assumption, the
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homogeneous misfit strain ¢ can be applied to the film via the
substrate. The stress related to the misfit strain is calculated
from the given misfit strain through Hooke’s law, and is
assumed to be constant during the polarization evolution. In
addition to the homogeneous stress induced by the misfit
strain, there are inhomogeneous stresses in the ferroelectric
thin film and substrate due to the distribution of the inhomo-
geneous polarization. The stress induced by polarization is
calculated by solving the mechanical equilibrium equation
for a given polarization distribution at each time step. To
solve the mechanical equilibrium equation, traction-free and
coherent boundary conditions are applied along the free sur-
face and the interfaces, respectively. The elastic deformation
of the deadlayers and part of the substrate is included in the
calculation. The elastic deformation of the substrate is con-
sidered only in the area surrounded by the dotted line in Fig.
1, and the deformation of the substrate outside the dotted
lines can be ignored. The presence of deadlayers renders the
mechanical constraint of ferroelectric thin film different from
that of ferroelectric thin film without deadlayers.

The present model also differs from the previous model
due to the presence of deadlayers, which changes the electri-
cal boundary condition of the film. In ferroelectric thin film
without deadlayers the electrodes contact the film directly,
and the polarization induced surface charges are compen-
sated by external charges through a short-circuit boundary
condition. In ferroelectric thin film with deadlayers, the
deadlayers insulate the film from the electrodes, which inhib-
its charge compensation. The uncompensated charges on the
two interfaces between the ferroelectric layer and the two
deadlayers result in a large depolarization field. To obtain
this depolarization field, we set the electrostatic potential to
@ = 0 at the electrodes, as shown in Fig. 1. When an external
field ES is applied along the thickness direction of the film,
the electrostatic potential is zero at the upper electrode and
—E5d at the lower electrode (Ed=—¢,— Ef in this case).
Using the electric boundary condition, the depolarization
field is then obtained by solving the electrostatic equilibrium
equation.

C. Boundary conditions and material parameters

A Cartesian coordinator system is set up with the x, axis
perpendicular to the film/substrate interface, as shownin
Fig. 1. All of the interfacesare coherent, and the external elec-
tric field is applied in thethickness direction of the film. The
periodic boundary condition isadopted for the simulated thin
film in the x;direction. The material parameters PbTiO5 are
taken as an example in the simulation. For convenience, the
same set of dimensionless variables as that used in Ref. 23 is
employed. The size of the ferroelectric thin film is d = 16 nm,
w=64 nm, and a/d=0.6. In the simulations, the discrete
grids for the film are taken as 20 in the thickness direction
and 80 along the film direction. The different thicknesses of
the deadlayers are discretized with different grids. The size of
each grid for both the ferroelectric layer and the deadlayers is
0.8 nm. Two-dimensional (2D) simulations are conducted,
although the methodology described in Sec. II A can be
applied to three-dimensional simulations. For simplicity, the
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dielectric and elastic constants of the deadlayers are assumed
to be the same as those of the ferroelectric thin film. For the
2D ferroelectric thin film with deadlayers coherently con-
strained by an elastic substrate (see Fig. 1), the spontaneous
polarization component P; and the electric field component
E; are assumed to be zero. A Gaussian random fluctuation is
introduced to initiate the spontaneous polarization evolution
process.

lll. SIMULATION RESULTS AND DISCUSSION

A. Ferroelectric thin film with compressive misfit
strain

To investigate the polarization switching of epitaxial
PbTiO; thin film with different misfit strains and deadlayers,
the polarization responses to an external electric loading with
a sine form are simulated at room temperature. An external
electric field E§ is applied along the thickness direction, or
the x,-axis, where a positive electric field denotes that the
field is parallel or anti-parallel to the x,-direction, and a nega-
tive electric field denotes that the field is anti-parallel to the
xp-direction. At each step i, the applied electric field, trans-
formed into a sine function, is E§ = 1.2sin(2.57i/10000).
For each applied electric field, the simulated ferroelectric thin
film is allowed to evolve one step with a step time of
At = 0.04. The average polarization along the x,-direction is
taken as the macroscopic response of the simulated ferroelec-
tric thin film. Fig. 2 shows the macroscopic polarization
response to the external electric field with different thick-
nesses of deadlayer for a ferroelectric thin film subjected to a
compressive misfit strain of ¢=—0.01. The characteristic
polarization and electric field are set to Py=0.757 Cm ™~ and
Eyp=1.3x 108 V/m, respectively. The simulation results
show that the P-E hysteresis loop becomes smaller as the
thickness of the deadlayer increases. The curve with solid tri-
angles in Fig. 2 denotes the ferroelectric hysteresis loop with-
out deadlayers, in which the normalized coercive field is
1.18. However, when there is a deadlayer of 1.6 nm between
the ferroelectric thin film and the electrode, the coercive field

R 1.24 —e—32nm
a
A
o™ 0.8
v

°
N
1

o
o
1

o
oo
1

N
[N}

Normalized Polarization,
o)
»~
1

12 08 -04 00 04 08 12

Normalized electric field, E?‘Z/E0

FIG. 2. (Color online) Hysteresis loops in lead titanate thin film with differ-
ent thicknesses of deadlayers and with a compressive misfit strain of
&= —0.01. The characteristic electric field and characteristic polarization are
set as Eg=1.3 x 10° V/m and P, =0.757 C/m?,
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reduces to 0.97, denoted by the curve with solid squares.
When the thickness of the deadlayer further increases to
3.2 nm, the coercive field decreases to 0.64, as shown by the
curve with solid circles. The phase field study shows that a
deadlayer of 3.2 nm at the ferroelectric-electrode interface
decreases the coercive field of the ferroelectric thin film
nearly by 50% compared with the film without deadlayers.
However, the decrease in remnant polarization that occurs
with an increase in the deadlayer thickness is relatively small,
from 0.89 to 0.76, which is an approximately 15% decrease.
Fig. 3 shows the polarizationdistribution of ferroelectric
thin film with a deadlayer of 3.2 nmunder an applied electric
field E5/E, of (a) 0.09, (b) — 0.60, (c) — 0.64, and (d) — 0.68,
which correspond to points A, B, C, and D in Fig. 2, respec-
tively. In ferroelectric thin film with deadlayers, the ferroelec-
tric layer and the electrode are separated by the deadlayers,
and thus, charge compensation in the ferroelectric layer is
inhibited due to the insulation effect of the deadlayers. The
uncompensated charges due to the presence of deadlayers
induce a stronger depolarization field compared with ferro-
electric thin film without deadlayers. The stronger depolariza-
tion decreases the remnant polarization of the film, as shown
in Fig. 2. Due to the compressive misfit strain in the ferroelec-
tric thin film, the out-of-plane component of polarization still
dominates, as shown in Fig. 3(a). The polarization distribution
in Fig. 3(a) is a result of competition between the misfit strain
and the depolarization field, with the compressive misfit strain
preferring out-of-plane polarization and the depolarization
field favoring in-plane polarization. When the misfit strain
switches from compressive to tensile, the in-plane polariza-
tion dominates, as shown in Sec. III B. The depolarization

FIG. 3. (Color online) Polarization distribution of lead titanate film under
an applied electric field E$/E, of (a) 0.09, (b)—0.60, (c)—0.64, and
(d) — 0.68, which correspond to points A, B, C, and D, respectively. The dif-
ferent colors denote different values of the in-plane component of polariza-
tion Py.
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field also has an influence on the polarization switching pro-
cess. Figs. 3(a) and 3(b) show that most of the polarizations
rotate from the vertical to a tilted orientation. This rotation
decreases the vertical component of polarization, which
reduces the depolarization field to some extent. However,
there is still an inhomogeneous depolarization field in the thin
film due to the inhomogeneous polarization distribution. Figs.
3(c) and 3(d) show that the polarization switching process is
inhomogeneous. The inhomogeneous polarization switching
is the reason for the decrease in the coercive field. As men-
tioned, in ferroelectric thin film without deadlayers the polar-
ization induced surface charges are compensated by external
charges through short-circuited boundaries. The switching
process of the polarization is homogeneous,” which makes
the coercive field is much larger than the case with inhomoge-
neous switching. In very thin PbTiO; films, nucleation of new
domain can be suppressed and the polarization switching
occurs through the homogeneous mechanism, which was
shown by in situ synchrotron x-ray scattering.* The observed
coercive electric field in the PbTiO; film during switching is
very large and close to the theoretical intrinsic coercive field.
The experiment observation supports the conclusion that ho-
mogeneous switching has larger coercive field in PbTiO; fer-
roelectric thin films.

B. Ferroelectric thin film with a deadlayer of 3.2 nm

Fig. 4 shows the simulated hysteresis loops between the
average polarization and applied electric field in the thick-
ness direction for PbTiO3 thin film with a deadlayer of 3.2
nm under misfit strains of ¢=—0.01, 0, and 0.01, respec-
tively. The coercive field of the ferroelectric thin film with-
out misfit strain is 0.28, denoted by the curve with solid
circles, which is about 56% smaller than that of thin film
with a compressive misfit strain, denoted by the curve with
downward-pointing triangles. The compressive misfit strain
favors out-of-plane polarization due to the coupling between
the polarization and the strain, which makes the polarization
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FIG. 4. (Color online) Hysteresis loops of lead titanate thin film with differ-
ent misfit strains and a deadlayer of 3.2 nm. The characteristic electric field
and characteristic polarization are set as Eg=1.3 x 108V /m and Py =0.757
C/m?,
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more difficult to switch compared with the case without mis-
fit strain. This is why the coercive field under conditions of
compressive strain is much larger than it is in the absence of
strain. For the same reason, the remanent polarization is also
larger than it is in the absence of misfit strain. Contrary to
the situation with compressive misfit strain, tensile misfit
strain in ferroelectric thin film prefers the in-plane compo-
nent of polarization. An increase in in-plane polarization in
the ferroelectric thin film makes the out-of-plane polarization
decrease significantly, as shown by the remanent polarization
in the curve with solid squares in Fig. 4. The curve with a
tensile misfit strain of 0.01 in Fig. 4 shows that the normal-
ized remanent polarization is 0.07, which is about one order
smaller than that in the absence of misfit strain or under com-
pressive strain. The ferroelectric hysteresis loop becomes a
dumbbell shaped loop in Fig. 4, which implies that film with
tensile misfit strain nearly loses its ferroelectric property in
the thickness direction. This result is attributable to the dis-
appearance of ¢ domains or the degradation of the out-of-
plane component of polarization in the ferroelectric thin film
due to the presence of the deadlayers and tensile misfit
strain.

To understand the degradation of the ferroelectric prop-
erty in ferroelectric thin film with deadlayers and tensile mis-
fit strain, the polarization evolution when an electric field is
applied is examined in detail. Fig. 5 shows the specific polar-
ization distribution of ferroelectric film under a different
applied electric field E5/E, of (a) 0.58, (b) 0.09, (c) —0.4,
and (d) — 0.68, which correspond to the points A, B, C, and
D in Fig. 4. According to the polarization distribution in Fig.
5(a), the polarization has both in-plane and out-of-plane
components. The out-of-plane component is mainly due to

FIG. 5. (Color online) Polarization distribution of lead titanate film under
an applied electric field E5/E of (a) 0.58, (b) 0.09, (c) — 0.4, and (d) — 0.68,
which correspond to points A, B, C, and D, respectively. The different colors
denote different values of the in-plane component of polarization P;.

J. Appl. Phys. 110, 114111 (2011)

the external electric field and is thus parallel to the electric
field. When the applied electric field decreases to 0.09, the
out-of-plane component of polarization almost disappears
and the in-plane component dominates, as shown in Fig.
5(b). When the applied electric field changes to a negative
value of —0.4, the out-of-plane component of polarization
also becomes negative, as shown in Fig. 5(c). When the neg-
ative electric field increases to 0.68, the out-of-plane compo-
nent of polarization becomes larger, but is still much smaller
that the in-plane component of polarization. Comparing Fig.
5 with that of Fig. 3 reveals that compressive misfit strain
and tensile misfit strain have different influences on the
polarization evolution with different electric fields in ferro-
electric thin film with a deadlayer of 3.2 nm. The compres-
sive misfit strain makes the polarization favor the out-of-
plane component, whereas the tensile misfit strain induces
more in-plane polarization.

C. Ferroelectric thin film without deadlayers

To further investigate the strain effect on ferroelectric
thinfilm, the polarization evolution in ferroelectric thin film
withoutdeadlayers is also shown under different external elec-
tric fields."> Fig. 6 shows the simulated hysteresis loops
between the average polarization and applied electric field in
the thickness direction for PbTiO; thin film under a misfit
strain of ¢ =—0.01, 0, and 0.01, respectively. The simulation
results show that a compressive strain of ¢ = — 0.01 makes the
coercive field about 27% larger than is the case without misfit
strain. Under compressive strain, the remanent polarization is
also larger than it is in the absence of misfit strain. The hyster-
esis loop with compressive misfit strain becomes more rectan-
gular than is the case without misfit strain, which is desirable
for the application of ferroelectric thin film in random access
memory devices. However, the rectangularity of the hysteresis
loop worsens when tensile misfit strain is applied, as shown
by the curve with triangular dots in Fig. 6. The coercive field
decreases from 0.91 to 0.46 and the remanent polarization
decreases from 0.84 to 0.47 when the misfit strain ¢ changes
from zero to 0.01. The curves in Fig. 6 show that the influence
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FIG. 6. (Color online) Hysteresis loops in lead titanate thin film with differ-
ent misfit strains and without deadlayers.
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of tensile misfit strain on the coercive field and remanent
polarization is stronger than that of compressive misfit strain.
These results can be attributed to the in-plane polarization
induced by tensile misfit strain, which is similar to the results
for the ferroelectric thin film with a deadlayer of 3.2 nm
reported in Sec. III B. The in-plane polarization and out-of-
plane polarization form an a/c/a/c multi-domain structure, as
shown in Fig. 7(a). The a/c/a/c multi-domain state makes
polarization switching much easier than is the case with a sin-
gle domain state.

For ferroelectric thin film without deadlayers, the polar-
ization induced surface charges are compensated by external
charges due to the short-circuit boundary condition. The c
domain can exist in ferroelectric thin film without a depolari-
zation field or with a negligible depolarization field, which
makes the polarization evolution differ from that of ferro-
electric thin film with deadlayers. Figs. 7(a)-7(d) show the
polarization distributions of ferroelectric thin film without a
deadlayer under an applied electric field E“/E, of (a) 0.37,
(b) —0.37, (c) —0.46, and (d) — 0.54, which correspond to
points A, B, C, and D in Fig. 6, respectively. From Figs. 7(a)
and 7(b), the a/c/a/c multi-domain state does not change sig-
nificantly, but the size of the c-domain is smaller and the
size of the a-domain increases. When the electric field fur-
ther increases to 0.46, the a-domain disappears gradually and
the a/c/a/c multi-domain state becomes invisible, as shown
in Fig. 7(c). The a/c/a/c multi-domain state appears again af-
ter polarization switching, as shown in Fig. 7(d). However,
the a/c/a/c multi-domain state in Fig. 7(d) is somewhat dif-
ferent from the initial a/c/a/c multi-domain state in Fig. 7(a)
for the domain walls. In Fig. 7(d) the polarizations have a

mni;

FIG. 7. (Color online) Polarization distribution of lead titanate film without
deadlayers under an applied electric field E5/E, of (a) 0.37, (b)—0.37,
(c) —0.46, and (d) —0.54, which correspond to points A, B, C, and D,
respectively. The different colors denote different values of the out-of-plane
component of polarization P,.
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head-to-head or tail-to-tail arrangement at the domain wall,
whereas in Fig. 7(a) they have a head-to-tail arrangement.
The switching process given in Figs. 7(a)-7(d) is totally dif-
ferent from the switching process of the single domain state
in Ref. 23, in which polarization switching occurred at the
surface or interface by anti-parallel polarization.

IV. CONCLUDING REMARKS

In this study, the polarization evolution of ferroelectric
thin film with deadlayers and misfit strain under different
external electric fields is investigated using a phase field
model. The presence of deadlayers insulates the ferroelectric
thin film from the electrodes, which prevents charge com-
pensation and induces a depolarization field. The depolariza-
tion field decreases the out-of-plane polarization and the
coercive field of the ferroelectric thin film. Simulation results
indicate that compressive misfit strain increases the coercive
field and remanent polarization of ferroelectric thin film,
whereas tensile misfit strain decreases both the coercive field
and remanent polarization. In particular, ferroelectric thin
film with tensile misfit strain and deadlayers almost com-
pletely loses its ferroelectric property in the thickness direc-
tion. This result can be attributed to the disappearance of the
¢ domains or the degradation of the out-of-plane component
of polarization due to the combined effect of the deadlayers
and tensile strain. The results suggest that the misfit strain
imposed by the substrate has the power to tailor the material
properties of lead titanate ultrathin film. The coercive field
of ferroelectric thin film with deadlayers is also predicted to
be much smaller than that without deadlayers, which is a
possible reason for Landauer’s paradox of ferroelectrics.
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