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Very large dielectric response of thin ferroelectric films with the dead layers
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We study the dielectric response of ferroelectric~FE! thin films with the ‘‘dead’’ dielectric layer at the
interface with electrodes. The domain structure inevitably forms in the FE film in the presence of the dead
layer. As a result, the effective dielectric constant of the capacitoree f f increases abruptly when the dead layer
is thin and, consequently, the pattern of 180° domains becomes ‘‘soft.’’ We compare the exact results for this
problem with the description in terms of a popular ‘‘capacitor’’ model, which is shown to give qualitatively
incorrect results. We relate the present results to fatigue observed in thin ferroelectric films.
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We have shown recently that the dead layer forming at
interface between ferroelectric~FE! thin films and electrodes
has a drastic effect on the electric response of a capacito1 It
has direct bearing on fatigue observed in FE capacitors s
in many cases the deterioration of the switching behav
like the loss of the coercive force and of the squarenes
the hysteresis loop, was attributed to the growth of a ‘‘p
sive layer’’ at the ferroelectric-electrode interface.2–5 It is of
principal importance that the presence of a dead layer
matter how thin in comparison with thickness of the ferr
electric layer, triggers a formation of the domain structu
in FE films.1 We have shown that when the thickness of t
dead layerd is not very small, the apparent~net! polarization
Pa of the ferroelectric film with 180° domain walls follow
an approximate relationdPa /dE}eg /d, which is in good
correspondence with available experimental data~see e.g.,
Refs. 6 and 7, and references therein!. Importantly, the re-
sponse of this structure to an external bias voltage beco
morerigid whend increases, i.e., when the dead layer grow
even in theabsenceof pinning by defects.

The implication for real systems is that with the growth
the passive layer the hysteresis loop very quickly deterior
and loses its squareness, as observed. The approximate 1d
dependence of the response suggests that the effective d
tric constant of the capacitor

ee f f5
4pLC

A ~1!

may becomevery largewhen the layer is thin. HereC is the
capacitance of the electroded FE film of areaA, with L the
separation between electrodes. Indeed, when the dead
is thin, the domain widtha becomes very large, and it grow
exponentially with 1/d2.1 The response of this domain stru
ture is very soft, and this should translate into a very abr
increase of the dielectric constantee f f of the capacitor. It is
easy to show that in the present case (180° domains! the
linear response is not changed by electromechanical ef
the change inee f f only appearing in quadratic terms in e
ternal field, but here we are interested in the zero-field va
of ee f f only. We have assumed a quadratic coupling betw
the elastic strains and the polarization~as in perovskites!. In
this case the linear response of the 180° domain struc
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without pinning is not affected by intimate contact betwe
the ferroelectric and the dead layers~excluding mere renor-
malization of material constants by homogeneous stress!.
Note that this is invalid in the case of 90° domains8 or a
linear coupling between the strain and the polarization.9

Here we address the anomalous behavior of the dielec
constantee f f in detail. We also discuss the important iss
regarding the relation of the present results to the so-ca
‘‘capacitor’’ model.3,4,6 The ‘‘capacitor’’ model~incorrectly!
presumes that the dielectric response of the dielectric laye
not affected by the presence of the dead layer, so the sys
looks like capacitances in series. We show that the effec
‘‘dielectric constant’’ of the FE layere f , as found in the
‘‘capacitor’’ model,3,4,6 is actuallynegative. In spite of this
the system remains stable~the stiffness of the domain patter
is positive!. The reason for this apparently unusual behav
is that the ‘‘dielectric constant’’ of the FE layere f is the
nonlocal quantity that characterizes the whole system. T
nonlocal behavior is due to long-range Coulomb interacti
which makes the response rigid even when the FE film its
would have a negative ‘‘dielectric constant’’~cf., Ref. 10,
Fig. 1!. The ‘‘capacitor’’ model neglects this essentially no
local behavior and, therefore, is hardly applicable to
problem of the dielectric response of thin ferroelectric film
and to the problem of fatigue for that matter. The pres
considerations remain valid until the period of the doma
structure becomes much smaller than thelateral sizeof the
film ~or the grain size!. Those will set some cutoffs for the
effects considered below.

We shall find the response of a ferroelectric film unde
bias voltageU with thicknessl separated from the top an
bottom electrodes by passive layers with thicknessd/2 ~Fig.
1, inset! with the use of the thermodynamic potential1

F̃5Fs1F̃es, ~2!

F̃es5E dVE2/~8p!2 (
a

electrodes

eawa . ~3!

HereFs is the surface energy of the domain walls,F̃es is the
electrostatic energy,EW is the electric field, andea (wa) is the
charge~potential! on the electrodea. The last term in Eq.~3!
©2001 The American Physical Society03-1
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BRIEF REPORTS PHYSICAL REVIEW B 63 132103
accounts for the work of the external voltage source~s!. Note
that the results would not change qualitatively if there w
only one dead layer, since the accompanying depolariz
field would have the same effect.

We are interested in a case when the ferroelectric film
the spontaneous polarizationPW siz ~Fig. 1, inset!, i.e., we are
considering the case of 180° domain walls. The uniax
ferroelectric film has the dielectric constantec (ea) in the z
direction~in the xy plane!, and the dielectric constant of th
passive layer iseg . We select thex axis perpendicular to the
domain walls. The potentialw, which is related to the elec
tric field in the usual wayEW 52¹w, satisfies the following
equations of electrostatics in the ferroelectric and the pas
layer,1

ea

]2w f

]x2
1ec

]2w f

]z2
50,

]2wg

]x2
1

]2wg

]z2
50, ~4!

with the boundary conditionsw52(1)U/2, z51(2)( l
1d)/2, and

ec

]w f

]z
2eg

]wg

]z
54ps~x!, w f5wg , at z5 l /2, ~5!

where the subscriptf ~g! denotes the ferroelectric~passive
layer, or a vacuum gap!. Heres is the density of the bound
charge due to spontaneous polarization at the ferroelec
passive layer interfaces5Pns56Ps , depending on the
normal direction of the polarization at the interface, altern
ing from domain to domain~see Fig. 1!, inset. Thus, we
assume that the absolute value of thespontaneouspart of the
polarizationPs is constant in all domains and only its dire
tion is alternating from domain to domain. We have a
assumed a usual separation of linear and spontaneous p

FIG. 1. The dielectric constants of the ferroelectric film with t
dead layers of thicknessd/2, as defined in the text.W is the domain-
wall thickness. Note an abrupt increase of the effective dielec
constant of the capacitoree f f in comparison withe15egL/d, and
that the ‘‘dielectric constant’’ of the FE layer isnegative, e f,0.
The relationee f f'e1, which follows from the ‘‘capacitor’’ model,
is clearly violated when the dead layer is thin and the domain w
a is large (@aK , the Kittel width!. Inset shows schematics of th
electroded ferroelectric film~capacitor! with the dead layers.
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ization, so that the displacement vector isDi5e ikEk
14pPsi , wherei ,k5x,y,z, and the dielectric responsee ik
is uniaxial,~see Fig. 1 inset!. Within this approximation we
obtain

F̃es5
1

2 EFE
dAsw2

1

2 (
a

electrodes

eawa , ~6!

wheres56Ps is the density of thebound chargegiven by
only the spontaneous polarization at the interface betw
the FE and the dead layers. The periodic pattern consistsc
domains with widthsa1 anda2, and the periodT5a11a2.
The solution of Eq.~4! is then readily found by Fourie
transformation,

s~x!5(
k

ske
ikx, wa~x,z!5(

k
wka~z!eikx, ~7!

sk5
2iPs

kT
@12exp~ ika1!#, kÞ0, ~8!

sk50[s05Ps

a12a2

a11a2
[Psd, ~9!

where k52pn/T5pn/a; n50,61, . . . ; a[(a11a2)/2;
and the indexa5 f ,g marks the quantities for the FE laye
and the dead layer. Note that by definitionPa[s0 is the net
spontaneous polarization of the FE layer. We obtain

F̃es5F̃h1F̃ inh , ~10!

F̃h

A 5
4ps0d2egU

egl 1ecd

ls0

2
1

1

2
s0

elU, ~11!

F̃ inh

A 5 (
kÞ0

4pusku2

kDk
, ~12!

where

Dk5Aeaec cothF S ea

ec
D 1/2kl

2 G1egcothS kd

2 D , ~13!

and

s0
el52

eg

4p

4p ls01ecU

egl 1ecd
~14!

is the net charge density induced on the electrode atz5L/2.
One can calculate the apparent dielectric constant of
whole capacitor from

ee f f54pLs0
el/U. ~15!

The termF̃h in Eq. ~10! is due to the net polarization of th
FE film induced by the bias voltageU, with the first term in
F̃h ~11! corresponding to the termk50, singled out in the
stray field energyF̃ inh ~12!. With the use ofsk from Eq. ~8!
we obtain

ic

h
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BRIEF REPORTS PHYSICAL REVIEW B 63 132103
F̃ inh

Ps
2A 5

32a

p2 (
n50

`
1

~2n11!3D2n11

1
16a

p2 (
n51

`
~21!n

n3

12cospnd

Dn
, ~16!

whereDn5Dkn
, andkn5pn/a.

The total free energy of the domain pattern per unit are

F̃

A 5
g l

a
1

F̃h1F̃ inh

A , ~17!

where g5Ps
2D is the surface energy of the domain wa

with D the characteristic microscopic length.1 This free en-
ergy allows one to determine the equilibrium properties a
response of the domain pattern to external field.

We can determine a linear response of the system to
voltage from the total energy~17! that for small biasU can
be expanded up to terms quadratic inU ands0,

F̃

A 5
F̃stray~a!

A 1
1

2
Ss0

22RUs0 , ~18!

where s0[Psd, and F̃stray is the usual stray energ
F̃stray(a)5F̃ inh(a; s05d50), given by the first term in Eq
~16!. This expression results from expanding Eqs.~12! and
~16! in powers ofU andd ~note thats0[Psd). HereS is the
stiffness of the domain structure with respect to external b
voltageU @we have omitted the constant term}U2 in Eq.
~18!#. We have

R5
egl

egl 1ecd
, ~19!

S5Sh1Sinh , ~20!

Sh5
4pdl

egl 1ecd
, ~21!

whereSinh is the ~negative! contribution of the inhomoge
neous~stray! energy, corresponding to the second term
Eq. ~16!,

Sinh516a (
n51

`
~21!n

nDn
. ~22!

We can now consider the following limiting cases:
~i! Thick dead layer (a!d). There we can replace bot

coth’s in Eq.~13! by unity, with the result

F̃~d50!

Ps
2A 5

D l

a
1

28z~3!a

p2ẽ
, ~23!

with ẽ5Aeaec1eg . The domain structure has a minimu
energy for the equilibrium~Kittel! domain width

a5aK[S p2ẽ

28z~3!
D l D 1/2

. ~24!
13210
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Then the inhomogeneous contribution to stiffnessSinh

'2(16 ln 2/ẽ)aK , Eq. ~22!, and we obtain from Eqs.~20!
and ~21!

S5
4pdl

egl 1ecd
2

16 ln 2

ẽ
aK . ~25!

Whend*aK , one can neglect the second~stray! term in this
expression for stiffness, thus recovering our approximate
pression for the net spontaneous polarizationPa[s0 of the
ferroelectric film from Eq.~18!,1

Pa

U
5

R

S
'

eg

4pd
. ~26!

This approximation breaks down for thinner films but it
obvious that the response becomessofter for thinner dead
layers. The breakdown of this approximate behavior has a
been noticed by Kopalet al. for a similar model,11 but they
have not analyzed what actually happens to the respons
very small thicknessesd of the dead layer. Note thatSinh
,0, Eq. ~22!, and, consequently, the following inequalit
always holds:Pa /U.eg/4pd.

~ii ! Thin dead layer (a@d). In this case the replacemen
of coth by unity is not allowed. Fora& l andAeaec5eg we
haveDn5eg(11cothkd/2) and

F̃ inh

Ps
2A 5

16a

p2eg
F7

8
z~3!2Li 3~e2b!1

1

8
Li 3~e22b!G , ~27!

Sinh52
8a

eg
ln

2

11e2b
, ~28!

where b5pd/a, and Li n(z)5(k51
` zk/kn.12 By using the

asymptotic expansion ofLi n(z) we obtain ford!a our ear-
lier result1

a5
pd

2e1/2
expS egD l

4d2 D , ~29!

which corresponds to a very abrupt increase of the dom
width to valuesa@aK , with aK the Kittel width ~24! when
the dead layer is very thin, Fig. 1. This approximation, ho
ever, is not sufficient to make an estimate of the stiffness
very thin dead layers. Indeed, formally the stiffness th
becomes small and negative,54pd@1/(eg1ecd/ l )21/eg#
,0. This fact simply indicates that for thin dead layers t
stiffness diminishesS→0 and has to be calculated acc
rately. The exact results, illustrating the abrupt softening
the dielectric response for smalld, are shown in Fig. 1.

One may wish to interpret the approximate result
slope of the net polarizationPa}1/d, given by Eq.~26!, in
terms of the ‘‘capacitors in series’’ model.4,6 Indeed, a simi-
lar result follows if one were to assume that the capacita
of the dead layer}1/d dominates at small thicknesses of th
layer d.

An opinion has even been voiced that the effective diel
tric constant of the FE layere f is infinite since the domain
3-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 132103
walls in our model are not pinned.13 However, such an inter
pretation would be incorrect sincee f , as found in the ‘‘ca-
pacitor’’ model, is not infinite, but finite and actuallynega-
tive. To establish this, one has to find the voltage dro
across the dead layer and the FE film. The homogeneous
of the electric fields inside the FE~dead! layer Ef (Ed) and
the corresponding voltage drops are found from the stand
equations

Edd1Efl 5U,

egEd5ecEf14pPa , ~30!

wherefrom one can, for instance, easily recover the exp
sion ~14! for the net charge density on electrodes. One
tains the ‘‘capacitor’’ model by assuming that the interfa
between the FE film and the dead layer is equipotential
can be viewed as the metallic film separating the two are
Simple calculation gives

e f[
4p ls0

el

U f
5ec

114pPal /~ecU !

124pPad/~egU !
,0 ~ ! !, ~31!

ee f f[
4pLs0

el

U
5

Legec

ecd1egl
@114pPal /~ecU !#, ~32!

whereU f[Efl . Since alwaysPa /U.eg/4pd, Eq. ~26!, we
obtain e f,0, Fig. 1. In spite of the formally negative ‘‘di
electric constant’’ of the ferroelectric layere f , Eq. ~31!,

which is an artifact of the ‘‘capacitor’’ model,3,4,13 the sys-
tem remains stable~the stiffness of the domain pattern
positive!. Indeed, shifting the domain walls would create
net electric field, and its energy is the source of finite st
ness of the domain pattern, even when the walls arenot
pinned, as is well known since 1960.14 The reason for this
apparently unusual behavior is that the ‘‘dielectric consta
of the FE layere f in Eq. ~31! is the nonlocal quantity tha
characterizes the whole system: it depends on the prope
of the dead layer. This nonlocal behavior is due to lon
range Coulomb interaction, which makes the response r
.V
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even when the FE film itself would have a negative ‘‘diele
tric constant’’ ~for an analogous situation in FE films wit
depletion charge see Ref. 10, Fig. 1!. Thus, the ‘‘capacitor’’
model actually operates with obscure quantities with
much physical meaning.

We illustrate the difference between the exact results
ee f f and results from the ‘‘capacitor’’ modelee f f'e1

[egL/d in the assumptione f5` ~Ref. 13! in Fig. 1. The
softness of the domain structure, characterized byPa /U, in-
creases very abruptly when the dead layer is thin and
width of the domains isa@aK ~Kittel width!. According to
Eq. ~32!, ee f f increases abruptly and becomes@e1 in this
region ~Fig. 1!, in stark deviation from the prediction of th
‘‘capacitor’’ model ee f f'e1.13 For thick ‘‘dead layers’’ the
effective dielectric constantee f f becomes comparable toe1.1

We think that the above clearly demonstrates a dange
applying a naive electric circuit analysis to FE syste
where the addition of one ‘‘circuit element’’~dead layer!
radically changes the electric response of the other~FE layer!
by introducing a domain structure. It is not surprising, the
fore, that such an approach cannot explain a fatigue obse
in FE films ~see, e.g., Refs. 6 and 7 and references there!.
Certainly, there might be various reasons for the fatigue
FE capacitors. We simply observe that the growth of
dead layer at the interface with electrodes makes the die
tric response of the filmrigid even when the domain wall
arenot pinned. The present mechanism gives a correct or
of magnitude for the tilt of the hysteresis loops,1 therefore
the growth of the passive layer might be the main source
fatigue. In the limiting case of thin dead layers the period
the ferroelectric domains in the absence of pinning becom
much larger than the standard Kittel width. As a cons
quence, the domain pattern becomes very ‘‘soft’’ in the a
sence of the pinning of the domain walls, and its contribut
to the dielectric response becomes very large, since the
mains with polarization parallel to the external field can e
ily grow at the expense of the domains with the oppos
polarization.
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