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Curie–Weiss-type law for the strain and stress effects on the dielectric
response of ferroelectric thin films
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Variations of the dielectric properties of ferroelectric thin films with the misfit strainSm in the
film/substrate system and the associated biaxial stresss inside the film are analyzed theoretically.
Calculations are performed in a mean-field approximation for the dielectric response displayed in a
plate-capacitor setup by single crystalline films epitaxially grown on tensile substrates (Sm.0). It
is shown that, in the absence of misfit-strain-induced phase transitions, the film dielectric
susceptibility h33 obeys the Curie–Weiss-type lawh33(Sm)5«0KS /(Sm2Sm* ), h33(s)
5«0Ks /(s2s* ). Theoretical predictions are compared with the measured stress dependence of
the dielectric response of polycrystalline Ba0.7Sr0.3TiO3 films grown on Pt/SiO2/Si. The theory
explains the observed dielectric behavior and predicts the existence of in-plane polarization state in
this film/substrate system. ©2000 American Institute of Physics.@S0003-6951~00!03542-7#
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For many applications of ferroelectric thin films, such
cells for GBit dynamic random access memories, integra
decoupling capacitors, high-frequency transducers, etc
high electric permittivity is required.1 The dielectric proper-
ties of a thin film, however, depend not only on the ferr
electric substance itself, but also on the substrate mat
and other factors. In particular, these properties should
strongly affected by the lattice misfit between the film a
substrate.2–4

The misfit-strain changes directly manifest itself in t
variation of the in-plane lattice parameter, which can
evaluated by the x-ray diffraction.2 Even in the same film/
substrate system, the misfit strainSm may differ for films of
different thicknesses because of the strain relaxation ca
by the formation of misfit dislocations.5 Strong changes o
Sm with increasing film thickness are evident
BaTiO3/Pt/MgO and BaTiO3/SrTiO3 heterostructures.2,6 The
misfit strain can also be tuned to a certain extent by bend
the substrate by an external load. Such a bending test
recently performed by Shawet al. for Ba0.7Sr0.3TiO3 films
grown on platinum coated silicon substrates.7 They evaluated
the associated change of the in-plane biaxial stresss in the
film and attributed the observed variation of the capacita
to the stress effect. During the dielectric measurements, h
ever, the film grown on a thick substrate is under a fix
strain, but not at constant stress.3 Besides, in the presence o
spontaneous polarization, the stress is not directly relate
the strain.2 Therefore, the stress effect is not equivalent to
underlying misfit-strain one.

a!Permanent address: A. F. Ioffe Physico-Technical Institute, Russian A
emy of Sciences, 194021 St. Petersburg, Russia; electronic m
pertsev@domain.ioffe.rssi.ru
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In this letter, we analyze the strain and stress effects
the dielectric response exhibited by perovskite ferroelec
films in a conventional plate-capacitor setup. For clarity,
consider only ferroelectric overlayers grown on cubic su
strates providing positive misfit strains in the heterostructu

To describe the above effects theoretically, we will c
culate the dielectric response of a single crystalline epita
film using the thermodynamic theory, which was develop
recently.3,4 In contrast with Refs. 3 and 4, a specific featu
of the film dielectric properties will be reported her
Namely, our concept is to demonstrate that the recipro
dielectric susceptibility of a ferroelectric thin film may be
linear functionof the misfit strainSm ~or internal stresss!
even in the presence of a substantial spontaneous pola
tion Ps .

Consider a~001!-oriented film grown on a thick~001!
substrate above the temperature of ferroelectric phase tra
tion. When the film is in a paraelectric state, the recipro
dielectric susceptibilityx33 in the film thickness direction is
a linear function of the misfit strain:3,4 x3352a1

24SmQ12/(s111s12), wherea1 is the dielectric stiffness of
a bulk crystal, which linearly depends on temperatureT, Q12

is the electrostrictive constant of paraelectric phase, andsi j

are the film elastic compliances at constant polarizati
Therefore, to describe the misfit-strain dependence of
dielectric susceptibilityh33, a Curie–Weiss-type law

h33~Sm!5
«0Ks

Sm2Sm*
, ~1!

may be introduced on the analogy of the well-known Curi
Weiss law h33(T);(T2u)21. Here, KS52(s11

1s12)/(4«0Q12), and Sm* (T)5a1(T)(s111s12)/(2Q12) is

d-
il:
6 © 2000 American Institute of Physics
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the critical misfit strain, at which the paraelectric phase lo
its stability against the appearance of theout-of-planepolar-
ization P3 . Since in the absence of spontaneous polariza
the in-plane biaxial stresss equalss5Sm /(s111s12), the
dependenceh33(s) obeys the relation

h33~s!5
«0Ks

s2s*
~2!

similar to Eq. ~1!, with Ks52(4«0Q12)
21 and s*

5a1 /(2Q12). This corresponds to a linear relationship f
x33(s) discussed by Shawet al.7 However, as follows from
the misfit strain-temperature phase diagrams of ferroelec
thin films,3,4 Eqs.~1! and ~2! are valid only at misfit strains
not exceeding the second critical valueSm** 5a1(s11

1s12)/(Q111Q12), at which the paraelectric state loses
stability against the appearance of thein-planepolarization.

Since the ferroelectric phase transition in thin films is
the second order, just below the transition temperature
sixth-order polarization terms in the free-energy expans
may be neglected. In the resultingP4 approximation, the
Curie–Weiss-type law@Eqs. ~1! and ~2!# remains valid, de-
spite the appearance of a nonzero spontaneous polariz
Ps. Indeed, the polarization correction to the reciprocal s
ceptibility x33 is proportional toPs

2, which linearly depends
on the strainSm in the discussed case. However, the para
eters involved in Eqs.~1! and ~2! now differ from those
characterizing the paraelectric state. For single-dom
BaTiO3 ~BT! and PbTiO3 ~PT! films, where the ferroelectric
transition atSm.0 results in the formation of the orthorhom
bic aa phase with in-plane orientation ofPs,3,4 we obtain

Sm* 5
a1~122r !~s111s12!

2@2Q121r ~Q111Q12!#
, ~3!

Ks5
s111s12

4«0@2Q121r ~Q111Q12!#
, ~4!

wherer 5a13* /(2a11* 1a12* ), ai j* are the energy-function coef
ficients introduced in Ref. 3, and Eq.~1! with these param-
eters is valid atSm.Sm** . Since the in-plane stresss in the
aa phase equalss5@Sm2(Q111Q12)Ps

2/2#/(s111s12),
similar relations can be derived fors* andKs .

Well below the transition temperature, the sixth-ord
terms in the free-energy expansion also become import
Formally, the Curie–Weiss-type law@Eqs.~1! and~2!# is not
valid anymore. In theaa phase,Ps

2 now has a square roo
dependence onSm so that both linear and square root term
are involved in the explicit expression forx33(Sm) given in
Ref. 8. In order to evaluate deviations from the Curi
Weiss-type law at room temperature, we computedx33(Sm)
for BT and PT films numerically.9

Surprisingly, the dependencex33(Sm) was found to be
practically linear within the stability range of theaa phase,
as shown in Fig. 1 for BT. The plotx33(s), computed with
the aid of the above relation betweens andSm , also deviates
from the linear one only slightly~Fig. 2!. Therefore, the ob-
served variations of the film dielectric response with the m
fit strain and internal stress may follow the Curie–Wei
type law @Eqs. ~1! and ~2!# closely even in the presence o
substantial spontaneous polarization.~We recall that, at the
same time,x33 is a nonlinear function of temperature.!
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To investigate the applicability of Eqs.~1! and ~2! fur-
ther, we have performed similar calculations for polydoma
epitaxial thin films. Domain widths were assumed to
much smaller than the film thickness, and the thermo
namic theory of dense laminar domain structures10 was used
for numerical computations. For BT and PT films grown
tensile substrates, the formation of the so-cal
a1 /a2 /a1 /a2 domain structure11 was found to be energeti
cally favorable at the ferroelectric phase transition.12 The
calculations showed that at room temperature the depen
ciesx33(Sm) andx33(s) are almost linear in polydomain BT
and PT films as well~see Figs. 1 and 2!, which again dem-
onstrate the validity of Eqs.~1! and~2!. ~It should be empha-
sized that the domain-wall contribution to the film permitti
ity equals zero in our case.!

Consider now the parameters involved in the Curi
Weiss-type law well below the transition temperature. T
critical misfit strainSm* , at which the in-plane polarization

FIG. 1. Misfit-strain dependence of the reciprocal dielectric susceptib
x33 computed for single domain and polydomain BaTiO3 epitaxial thin films
at 25 °C.

FIG. 2. Theoretical relationships between the in-plane biaxial stresss and
the reciprocal dielectric susceptibilityx33 in single domain and polydomain
BaTiO3 epitaxial thin films at 25 °C.
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state~aa or a1 /a2 /a1 /a2! loses its stability against the ap
pearance ofP3 , should be calculated from the equalityx33

50, which reduces to a quadratic equation forSm* . The criti-
cal stresss* is the root of a similar quadratic equation.
turn, KS and Ks should be regarded as fitting paramete
which can be extracted from the dependence computed
merically. For BT and PT films at room temperature, t
calculated numerical values ofSm* , s* , KS , and Ks are
listed in Table I. The values characterizing the prototy
paraelectric state are given here for comparison. It can
seen that the presence ofPs may strongly influence the pa
rameters of the Curie–Weiss-type law.

We proceed now to the analysis of the experimental d
of Shawet al.on the relationship between the in-plane stre
and the dielectric response in Ba0.7Sr0.3TiO3 ~BST! thin
films.7 Although the measurements in Ref. 7 were made
polycrystalline films, our approach can be used in this c
as well because the straining of a thin film on a thick su
strate is a macroscopic phenomenon similar in epitaxial
polycrystalline films.8

We first extract the actual permittivity of BST films from
the data presented in Ref. 7. The film dielectric const
«33(s) may be calculated from the capacitance valuesc(s)
measured in Ref. 7 as«335t/(c212ci

21), where t
596.4 nm is the film thickness andci is the interfacial ca-
pacitance caused by the presence of ‘‘dead’’ surface la
with a low permittivity. Taking ci50.115 F/m2 as deter-
mined by Streifferet al. for BST films,13 we calculated the
pure film permittivity «33 for various values ofs given in
Ref. 7. In the absence of external load~residual stresss
5610 MPa!, the relative permittivity was found to be abo
570, which is comparable with other data for Ba0.7Sr0.3TiO3

films on platinized Si substrates.13,14

For the reciprocal susceptibilityx33'1/«33 plotted ver-
sus the in-plane film stresss, a linear relationship was ob
tained. This corresponds to a linear dependencec(s) re-
ported by Shawet al.,7 which the authors regarded as a la
of evidence in favor of the presence of spontaneous polar
tion in the film. According to our results, the linearity o
x33(s) itself does not indicate the absence ofPs. The experi-
mental value ofKs'1260 GPa has the same order of ma
nitude as the theoretical value ofKs'500 GPa computed fo
BT films. Since for BT-based heterostructures the effect
Ps on Ks is relatively weak~see Table I!, it is not possible at
the moment to gain evidence in favor or against the prese
of Ps from the measuredKs .

However, the extrapolation ofx33(s) to zero inverse
susceptibility results in a very large effective critical stre

TABLE I. Parameters of the Curie–Weiss-type law for the strain and st
effects on the dielectric response of ferroelectric thin films at 25 °C.

Film State Sm* , 1023 KS s* , MPa Ks , GPa

BaTiO3 a1 /a2 /a1 /a2 1.03 3.16 2195 490
aa phase 1.57 3.05 2138 428

paraelectric 1.80 3.68 322 657

PbTiO3 a1 /a2 /a1 /a2 20.76 3.27 21550 448
aa phase 9.88 6.2 126 816

paraelectric 18.2 5.98 3310 1086
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s* '21500 MPa. IfPs50, the critical stress in Eq.~2! may
be calculated ass* 5a1 /(2Q12)52(T2u)Ks /C, whereu
and C are the Curie–Weiss temperature and constant o
bulk material. Withu5297 K, C51.183105 K ~measured
for a bulk ceramic15!, and the observedKs , we find that
s* '210 MPa, which is two orders of magnitude small
than the experimental estimate. In the presence ofPs, the
dependencex33(s) may be roughly evaluated for BST film
numerically by taking the involved material parameters
weighted averages of those known for pure BaTiO3 and
SrTiO3.

4,16 The apparent critical stresss* , which results
from the extrapolation of the part ofx33(s) located between
600 and 1100 MPa, was found to be about~2200! MPa. This
value is in better agreement with the experimental o
which in our view indicates the presence of spontaneous
larization in the films in question.17

The existence of the in-plane polarization state in B
films grown on Pt-coated Si substrates is further stron
supported by the observed temperature dependence o
permittivity. Indeed,«33(T) deviates from the Curie–Weis
law at about 350 K,7,13,14 i.e., well above the Curie–Weis
temperature of the bulk material~297 K!. This agrees with
the behavior described by the thermodynamic theory,8 which
predicts the ferroelectric phase transition at about 415 K
single crystalline BST film on Si.

Thus, our analysis removes an apparent contradiction
tween the observed linear variation of the reciprocal susc
tibility of BST films with stress and a strong deviation fro
the Curie–Weiss law in the temperature dependence of
film dielectric response.
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