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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 ferroelecit®) 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 capaeijigrincreases 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 thevithout pinning is not affected by intimate contact between
interface between ferroelectEE) thin films and electrodes the ferroelectric and the dead layéexcluding mere renor-
has a drastic effect on the electric response of a capaditor. malization of material constants by homogeneous strgsses
has direct bearing on fatigue observed in FE capacitors sinddote that this is invalid in the case of 90° domdims a
in many cases the deterioration of the switching behaviorlinear coupling between the strain and the polarization.
like the loss of the coercive force and of the squareness of Here we address the anomalous behavior of the dielectric
the hysteresis loop, was attributed to the growth of a “pasconstante.¢; in detail. We also discuss the important issue
sive layer” at the ferroelectric-electrode interfac@lt is of  regarding the relation of the present results to the so-called
principal importance that the presence of a dead layer, ntcapacitor” model®#® The “capacitor” model(incorrectly
matter how thin in comparison with thickness of the ferro- presumes that the dielectric response of the dielectric layer is
electric layer, triggers a formation of the domain structurenot affected by the presence of the dead layer, so the system
in FE films! We have shown that when the thickness of thelooks like capacitances in series. We show that the effective
dead layed is not very small, the apparefrtet) polarization  “dielectric constant” of the FE layef;, as found in the
P, of the ferroelectric film with 180° domain walls follows “capacitor” model>*®is actuallynegative In spite of this
an approximate relation P,/dExe4/d, which is in good the system remains stalilire stiffness of the domain pattern
correspondence with available experimental dae e.g., is positive. The reason for this apparently unusual behavior
Refs. 6 and 7, and references thefeimportantly, the re- is that the “dielectric constant” of the FE layes; is the
sponse of this structure to an external bias voltage becomewnlocal quantity that characterizes the whole system. This
morerigid whend increases, i.e., when the dead layer growsnonlocal behavior is due to long-range Coulomb interaction,
even in theabsenceof pinning by defects. which makes the response rigid even when the FE film itself

The implication for real systems is that with the growth of would have a negative “dielectric constant¢f., Ref. 10,
the passive layer the hysteresis loop very quickly deteriorateig. 1). The “capacitor” model neglects this essentially non-
andloses its squarenesas observed. The approximatel 1/ local behavior and, therefore, is hardly applicable to the
dependence of the response suggests that the effective dielgwoblem of the dielectric response of thin ferroelectric films,

tric constant of the capacitor and to the problem of fatigue for that matter. The present
considerations remain valid until the period of the domain
47LC structure becomes much smaller than teral sizeof the
Ceff™ " 1 @ film (or the grain size Those will set some cutoffs for the
effects considered below.
may becomevery largewhen the layer is thin. Her€ is the We shall find the response of a ferroelectric film under a

capacitance of the electroded FE film of atéawith L the  bias voltageU with thicknessl separated from the top and
separation between electrodes. Indeed, when the dead layeottom electrodes by passive layers with thickne&s(Fig.

is thin, the domain widtta becomes very large, and it grows 1, insej with the use of the thermodynamic potential
exponentially with 1d2.* The response of this domain struc-

ture is very soft, and this should translate into a very abrupt F= Fot Fes, 2)

increase of the dielectric constasy;¢ of the capacitor. It is

easy to show that in the present case (180° domahmes electrodes

linear response is not changed by electromechanical effect, T:eszf dVEY(8m)— >  e.¢,. (3)
a

the change ire.¢; only appearing in quadratic terms in ex-

ternal field, but here we are interested in the zero-field value -

of eq¢; Only. We have assumed a quadratic coupling betweehiereFs is the surface energy of the domain walg is the
the elastic strains and the polarizati@s in perovskites In  electrostatic energ¥ is the electric field, ané, (¢,) is the
this case the linear response of the 180° domain structureharge(potentia) on the electroda. The last term in Eq(3)
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ization, so that the displacement vector 3;= ¢, E,
L/W=100 +47Pg;, wherei,k=x,y,z, and the dielectric respons,
is uniaxial, (see Fig. 1 insgt Within this approximation we
100 k 4 obtain

S
~———

- electrodes

~ 1
& Fes:_f dAdoce— 5 2 €aPa, (6)
2 Jre 2 43

10 1 whereo = = Py is the density of théound chargegiven by

only the spontaneous polarization at the interface between
the FE and the dead layers. The periodic pattern consists of
domains with widthsa; anda,, and the periodl=a; +a,.

The solution of Eq.(4) is then readily found by Fourier

15 20 transformation,

-l

- w—
e

e

FIG. 1. The dielectric constants of the ferroelectric film with the o(x)= E o™, e, (x,2)= 2 ora(2)€X, (7)
dead layers of thicknest2, as defined in the tex#/is the domain- K K
wall thickness. Note an abrupt increase of the effective dielectric )
constant of the capacita,¢; in comparison withe; = €4L/d, and 2iP

S .
that the “dielectric constant” of the FE layer isegative e;<O0. Uk_W[l_ekaal)]’ k#0, (8)
The relatione. s~ €1, which follows from the “capacitor” model,
is clearly violated when the dead layer is thin and the domain width a;—a,
ais large &ayx, the Kittel width. Inset shows schematics of the Oy=0=09=Ps—=PF, 9
electroded ferroelectric filnicapacitoy with the dead layers. atap
where k=27n/T=mn/a; n=0,=1,...; a=(a;+ay)/2;

accounts for the work of the external voltage so@sceNote and the indexx=f,g marks the quantities for the FE layer

that the results would not change qualitatively if there Wereyd the dead layer. Note that by definitiBg= o is the net

only one dead layer, since the accompanying depolarizing,,naneous polarization of the FE layer. We obtain
field would have the same effect.

We are interested in a case when the ferroelectric film has

L= . . . ’lzesz’lzh+’|§inh! (10
the spontaneous polarizatiéh||z (Fig. 1, inse}, i.e., we are
considering the case of 180° domain walls. The uniaxial B drod—eU lon 1
ferroelectric film has the dielectric constant (¢,) in the z Zh TETO0R FoF TTO0L ey 11
direction(in the xy plane, and the dielectric constant of the €yl T &
passive layer ig,. We select thex axis perpendicular to the _
domain walls. The potentiap, which is related to the elec- Finh < 47lay? 12
tric field in the usual Way§= — Vo, satisfies the following A & kD
equations of electrostatics in the ferroelectric and the passive
layer? where
1/2
P Po; Pog e o ’_{(ea) q )'(kd)
_ _ =€ ec.coth | —| —=|+e,coth =], (13
PV 0 w7 0 @ ©oe €/ 2] ° 2
with the boundary conditiongp=—(+)U/2, z=+(—)(l and
+d)/2, and ol € AmlogteU 14
ds deg 907 " 4x €l +e.d (14

€c—— —€g—- =4ma(X), @i=¢q, atz=1/2, (5

9z 9z is the net charge density induced on the electrode=dt/2.
where the subscript (g) denotes the ferroelectripassive One can calculate the apparent dielectric constant of the
layer, or a vacuum gapHereo is the density of the bound Whole capacitor from
charge due to spontaneous polarization at the ferroelectric- ol
passive layer interfacer=P,s=* Pg, depending on the €eri=4mLoy/U. (15
normal direction of the polarization at the interface, alternat- ~ . . o
ing from domain to domair(see Fig. 1 inset. Thus, we The.terr.th in Eq. (10 |s_due to the net poIar|;at|on of.the
assume that the absolute value of §mentaneoupart of the EE film induced by the bias voltadé, with the first term in
polarizationPy is constant in all domains and only its direc- Fn (11) corresponding to the tertk=0, singled out in the
tion is alternating from domain to domain. We have alsostray field energyF ., (12). With the use ofr, from Eq.(8)
assumed a usual separation of linear and spontaneous polare obtain
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Fin 322 & 1 Then the i~nhomogeneous contribution to stiffneSs,
) o 13. ~—(16In2f)ay, Eq. (22, and we obtain from Eqg20
Pg.A 772 =0 (2n+1)3D2n+1 and((21) ) K q ( ) Qi )
o0 _ n _
+@2( D" 1~cosmns (16) 4mdl  16In2
m? n=1 n° Dn = - —a. (25)

B €l +ecd €
whereD,,= Dy, andk,=n/a.

. . .Whend=ay, one can neglect the secofgldray term in this
The total free energy of the domain pattern per unit area i K 9 (zdray

%xpression for stiffness, thus recovering our approximate ex-
pression for the net spontaneous polarizatty= o, of the

F oyl FptFinn f ic fi 1
Ly m erroelectric film from Eq.(18),
A a A (17)
P R
where y= P§A is the surface energy of the domain wall, Ta_T_ % ) (26)
U S 4xud

with A the characteristic microscopic lendtfhis free en-
ergy allows one to determine the equilibrium properties andrhis approximation breaks down for thinner films but it is
response of the domain pattern to external field. obvious that the response beconsester for thinner dead

We can determine a linear response of the system to biggyers. The breakdown of this approximate behavior has also
voltage from the total energfl?) that for small biasJ can  peen noticed by Kopadt al. for a similar modef! but they
be expanded up to terms quadraticurand o, have not analyzed what actually happens to the response at
very small thicknessed of the dead layer. Note th&,,
<0, Eg.(22), and, consequently, the following inequality
always holdsP,/U> e /4md.
~ i (ii) Thin dead layer &>d). In this case the replacement
where 09=Ps5, and Fqy is the usual stray energy of coth by unity is not allowed. Faa<| and Veqaec= €5 we
Fstray(@) =Finn(a; 09=6=0), given by the first term in Eq.  haveD,= e4(1+ cothkd/2) and
(16). This expression results from expanding E({<) and

_ ﬁstray( a)

1
. Esag— RUoy, (18)

| T

(16) in powers ofU and § (note thatoy=P¢5). HereSis the Finn 16a(7 R S
stiffness of the domain structure with respect to external bias =5, = 5 | g¢(3)~Lis(e )+ glis(e )|, (27
voltage U [we have omitted the constant termiJ? in Eq. PsA 7
(18)]. We have
= 8aln 2 (28)
_ €g| ’ (19) $nh Eg 1+ e_b ’
€gl + €.d _ _
where b=d/a, and Li,(z)=3;_,2k".*?> By using the
S=S,+ S, (20 asymptotic expansion dfi,(z) we obtain ford<a our ear-
lier result
47dl
2eM2 77 4d? )’

where S, is the (negative contribution of the inhomoge-

neous(stray energy, corresponding to the second term inyhich corresponds to a very abrupt increase of the domain
Eq. (16), width to valuesa>ay, with ay the Kittel width (24) when
N the dead layer is very thin, Fig. 1. This approximation, how-
) (22) ever, is not sufficient to make an estimate of the stiffness for
nD, ° very thin dead layers. Indeed, formally the stiffness there
becomes small and negatives4wd[ 1/(eg+ e.d/l) — 1/eg]
<0. This fact simply indicates that for thin dead layers the
stiffness diminishesS—0 and has to be calculated accu-
rately. The exact results, illustrating the abrupt softening of
~ the dielectric response for smal] are shown in Fig. 1.
F(6=0) :A_I+ 28§(3)a’ (23) One may wish to interpret the approximate result for
P§A a e slope of the net polarizatioR,«1/d, given by Eq.(26), in
- terms of the “capacitors in series” modéf.Indeed, a simi-
with €= Jeaec+€g. The domain structure has a minimum |ar result follows if one were to assume that the capacitance
energy for the equilibriuntKittel) domain width of the dead layer 1/d dominates at small thicknesses of the
o~ 12 layerd.
a=a E( € AI) An opinion has even been voiced that the effective dielec-
K™\ 287(3) tric constant of the FE laye¢; is infinite since the domain

Sm:manz

We can now consider the following limiting cases:
(i) Thick dead layer #<d). There we can replace both
coth’s in EqQ.(13) by unity, with the result

(24
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walls in our model are not pinnéd However, such an inter-
pretation would be incorrect sineg, as found in the “ca-
pacitor” model, is not infinite, but finite and actualhega-
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even when the FE film itself would have a negative “dielec-
tric constant” (for an analogous situation in FE films with
depletion charge see Ref. 10, Fig. Thus, the “capacitor”

tive. To establish this, one has to find the voltage dropsmodel actually operates with obscure quantities without
across the dead layer and the FE film. The homogeneous paffuch physical meaning.

of the electric fields inside the Fead layer E; (E,4) and

the corresponding voltage drops are found from the standard = and results from the “capacitor” modek

equations
Edd + Efl = U y

6gEd:ECEf+47TPa, (30)

We illustrate the difference between the exact results for
eff~ €1
=¢4L/d in the assumptiore;=o (Ref. 13 in Fig. 1. The
softness of the domain structure, characterized®piy, in-
creases very abruptly when the dead layer is thin and the
width of the domains i>ay (Kittel width). According to

wherefrom one can, for instance, easily recover the expre$=d. (32), €e¢; increases abruptly and becomes; in this
sion (14) for the net charge density on electrodes. One ob¥egion(Fig. 1), in stark deviation from the prediction of the
tains the “capacitor” model by assuming that the interface“capacitor’ model e.¢i~ €;.** For thick “dead layers” the
between the FE film and the dead layer is equipotential andffective dielectric constant,;; becomes comparable .

can be viewed as the metallic film separating the two areas. We think that the above clearly demonstrates a danger of

Simple calculation gives

_4wlog  1+47Pll(€V) - a1
€=U, T dnp,di(eu) 0 () GY
_Anlof  Lege Lianp il )
€Eoff— U _ch+eg|[ +a a (ECU)]l (3)

whereU=Eql. Since alway®,/U> e /4md, Eq. (26), we
obtain €;<0, Fig. 1. In spite of the formally negative “di-
electric constant” of the ferroelectric layes;, Eq. (31),

which is an artifact of the “capacitor” modél**3the sys-

applying a naive electric circuit analysis to FE systems
where the addition of one ‘“circuit element(dead layer
radically changes the electric response of the otRErlaye)

by introducing a domain structure. It is not surprising, there-
fore, that such an approach cannot explain a fatigue observed
in FE films (see, e.g., Refs. 6 and 7 and references therein
Certainly, there might be various reasons for the fatigue in
FE capacitors. We simply observe that the growth of the
dead layer at the interface with electrodes makes the dielec-
tric response of the filnmigid even when the domain walls
arenot pinned The present mechanism gives a correct order
of magnitude for the tilt of the hysteresis loopherefore

tem remains stabléthe stiffness of the domain pattern is the growth of the passive layer might be the main source of
positive). Indeed, shifting the domain walls would create afatigue. In the limiting case of thin dead layers the period of
net electric field, and its energy is the source of finite stiff-the ferroelectric domains in the absence of pinning becomes
ness of the domain pattern, even when the wallsrae much larger than the standard Kittel width. As a conse-
pinned as is well known since 196W. The reason for this quence, the domain pattern becomes very “soft” in the ab-
apparently unusual behavior is that the “dielectric constant”sence of the pinning of the domain walls, and its contribution
of the FE layere; in Eq. (31) is the nonlocal quantity that to the dielectric response becomes very large, since the do-
characterizes the whole system: it depends on the propertiesains with polarization parallel to the external field can eas-
of the dead layer. This nonlocal behavior is due to long-ly grow at the expense of the domains with the opposite
range Coulomb interaction, which makes the response rigigolarization.
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