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Effect of external stress on ferroelectricity in epitaxial thin films
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A nonlinear thermodynamic theory is used to describe the influence of an external mechanical loading on the
ferroelectric, dielectric, and piezoelectric properties of epitaxial thin films grown on dissimilar cubic substrates.
The calculations are performed for single-domain perovskite films in the approximation of a homogeneous
loading of the film upper surface. The ‘‘misfit strain-stress’’ and ‘‘stress-temperature’’ phase diagrams are
developed for epitaxial PbTiO3 and BaTiO3 films. It is shown that the loading may lead to drastic changes of
the film polarization state. The most remarkable theoretical prediction is the stress-induced ferroelectric to
paraelectric phase transition, which may take place at room temperature in films grown on ‘‘compressive’’
substrates that provide large negative misfit strains in the epitaxial system. The small-signal dielectric and
piezoelectric constants of single-domain PbTiO3 and BaTiO3 films are also calculated and found to be very
sensitive to the external stress under certain misfit strain-temperature conditions. The theory thus predicts that
the mechanical loading of ferroelectric films can be employed for the fine tuning of their physical properties.
The results of calculations may be also useful for the interpretation of experimental data obtained via scanning
force microscopy and the indentation of ferroelectric films.

DOI: 10.1103/PhysRevB.66.214108 PACS number~s!: 77.55.1f, 77.80.2e, 77.22.Ch
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I. INTRODUCTION

It is well known that ferroelectric, dielectric, and piez
electric properties of thin films may differ markedly from
those of bulk ferroelectrics. These differences are partly
to the straining and two-dimensional clamping of the film
a dissimilar thick substrate. To quantify this mechanical s
strate effect, ‘‘misfit strain-temperature’’ phase diagra
were developed for epitaxial ferroelectric films using a no
linear thermodynamic theory.1–7 In all performed theoretica
studies, it was assumed that there are no external mecha
forces acting on the upper surface of the film. This situat
is indeed typical of the polarization and dielectric measu
ments, where the film is practically free to deform in t
out-of-plane directions. However, experimental studies of
direct piezoelectric effect require an external loading of
free surface.8 The microindentation of ferroelectric thi
films, which represents a useful technique to study their lo
depolarization properties,9 is accompanied by the high me
chanical stresses appearing under the metallic indenter.

Moreover, the mechanical loading of the film surface i
characteristic feature of the scanning force microsco
~SFM! operated in the piezoelectric contact mode.10 The
SFM piezoresponse imaging method, which is widely us
by many researchers for the characterization of ferroelec
films on the nanometer scale,11 involves the application of an
electric field between the conductive SFM tip and the bott
electrode. The electrostatic attraction~Maxwell force! be-
tween this electrode and the tip/cantilever system produc
force pressing the tip to the film surface.10 An additional
mechanical force may be applied to the tip intentionally
order to create high local stresses in the measurem
area.10,12 It was found that the effective piezoelectric coef
cient of lead zirconate titanate films appreciably decrea
with the increase of the force acting on the tip.12 Based on
SFM studies of BaTiO3 thin films in the piezorespons
0163-1829/2002/66~21!/214108~8!/$20.00 66 2141
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mode, the authors of Ref. 10 proposed that the simultane
application of electric field and compressive stress may
duce a ferroelastoelectric switching in the film, resulting
the orientation of spontaneous polarizationantiparallel to the
applied electric field.

The correct interpretation of effects observed via SF
microindentation, and other stress-inducing techniques
quires the development of anonlinearthermodynamic theory
of ferroelectric thin films subjected to mechanical loadin
Indeed, the order parameters~polarization components! in
ferroelectric films may dramatically change with variatio
of lattice strains.1–7 The account of strain inhomogeneity in
loaded film, however, will make the nonlinear theory e
tremely complicated, as can be deduced from the soluti
obtained for linear elastic and piezoelectric solids subjec
to spherical indentation.13–16 Therefore, it is worthwhile to
study first the case of uniform loading of an epitaxial film

In this paper, a nonlinear thermodynamic theory is dev
oped for uniformly loaded single-domain ferroelectric film
where the formation of elastic domains~twins! is assumed to
be suppressed, e.g., due to kinetic reasons. It is shown
the external loading may lead to drastic changes of the
larization state of the film. Though our solution cannot
directly applied to the interpretation of the SFM data, it pr
vides better understanding of the ferroelectric behavior
loaded epitaxial films and represents a necessary first ste
the development of the general nonlinear theory.

II. NONLINEAR THERMODYNAMIC THEORY

Consider a single-crystalline perovskite thin film epitax
ally grown in a paraelectric state on a dissimilar cubic su
strate. Since changes of the in-plane lattice strainsS1 , S2 ,
andS6 in the overlayer during cooling or mechanical loadin
of the heterostructure are controlled by a much thicker s
strate, the standard elastic Gibbs functionG cannot be used
©2002 The American Physical Society08-1
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to determine the equilibrium thermodynamic states of an
itaxial film.1 ~We use the Voigt matrix notation and the rec
angular reference frame with thex3 axis orthogonal to the
substrate surface.! When the film/substrate system is su
jected to external mechanical forces, the Helmholtz fr
energy functionF is not appropriate for the thermodynam
description of the film as well. We may assume, howev
that the epitaxial single-domain film has three fixed latt
strains (S1 , S2 , andS6) and three constant internal stress
(s3 , s4 , ands5). For these mixed mechanical conditions
modified thermodynamic potentialG̃ introduced in Ref. 1
must be used in the theoretical calculations.

The potentialG̃ of a ferroelectric film may be found in a
explicit form using the relationG̃5G1S1s11S2s21S6s6
and specifying the Gibbs functionG. For perovskite ferro-
electrics like PbTiO3 and BaTiO3 , this function may be ap-
proximated by a six-degree polynomial in polarization co
ponentsPi( i 51,2,3).17,18 In the crystallographic referenc
frame, which can be directly employed in the case of~001!-
oriented films considered in this paper, the functionG has a
well-known standard form.1,4,17,18 The resulting expression
for the modified potential shows thatG̃ is a function of the
polarization componentsPi , stressessn (n51,2,3,...,6),
and strainsS1 , S2 , andS6 . Assuming that the film is grown
on a cubic substrate with the surface parallel to the~001!
crystallographic plane, we haveS15S25Sm and S650,
whereSm5(b* 2a0)/a0 is the misfit strain in the epitaxia
system (b* is the substrate effective lattice parameter,19 and
a0 is the equivalent cubic cell constant of the free stand
film!. The stresss3 in a single-domain film is governed b
the applied load and will be regarded as a given exte
parameter throughout this paper, whereas the shear str
s4 and s5 will be neglected (s45s550). The remaining
componentss1 , s2 , ands6 of the stress tensor depend o
the misfit strainSm , external stresss3 , and on the polariza-
tionsPi . Explicit expressions for these stresses can be ea
derived using the stress-strain relationships18 Sn5
2]G/]sn together with the strain conditionsS15S25Sm
and S650. The substitution of these expressions into
basic formula for the modified thermodynamic potent
transformsG̃ into a function of three independent variable
P1 , P2 , andP3 . After some algebraic rearrangement,G̃ can
be cast into the form

G̃5
~Sm2s12s3!2

s111s12
2

1

2
s11s3

21a1* ~P1
21P2

2!1a3* P3
2

1a11* ~P1
41P2

4!1a12* P1
2P2

21a13* ~P1
21P2

2!P3
21a33* P3

4

1a111~P1
61P2

61P3
6!1a112@P1

4~P2
21P3

2!1P2
4~P1

21P3
2!

1P3
4~P1

21P2
2!#1a123P1

2P2
2P3

2, ~1!

where

a1* 5a12
Q111Q12

s111s12
Sm1

Q11s122Q12s11

s111s12
s3 , ~2!
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a3* 5a12
2Q12

s111s12
Sm2S Q112

2Q12s12

s111s12
Ds3 , ~3!

a11* 5a111
1

2

1

s11
2 2s12

2 @~Q11
2 1Q12

2 !s1122Q11Q12s12#,

~4!

a33* 5a111
Q12

2

s111s12
, ~5!

a12* 5a122
1

s11
2 2s12

2 @~Q11
2 1Q12

2 !s1222Q11Q12s11#1
Q44

2

2s44
,

~6!

a13* 5a121
Q12~Q111Q12!

s111s12
. ~7!

In Eqs.~1!–~7!, a1 , ai j , andai jk are the dielectric stiffness
and higher-order stiffness coefficients at constant stress17,18

sln are the elastic compliances at constant polarization,
Qln are the electrostrictive constants of the paraelec
phase. The dielectric stiffnessa1 should be given a linea
temperature dependencea15(T2u)/2«0C based on the
Curie-Weiss law~u and C are the Curie-Weiss temperatu
and constant, and«0 is the permittivity of the vacuum!.

Equation~1! demonstrates that the dependence ofG̃ on
the polarization componentsPi corresponds to that of the
standard Gibbs energy functionG of a free bulk crystal.
However, the coefficients of the second- and fourth-or
polarization terms in these two polynomials differ from ea
other. Remarkably, both the mechanical film/substrate in
action and the external loading lead to a renormalization
the second-order polarization terms. As can be seen f
Eqs.~2! and~3!, the renormalized coefficientsa1* anda3* are
linear functions of the misfit strainSm and the applied stres
s3 . In contrast, the introduction of this stress into the theo
does not affect the renormalized fourth-order coefficie
ai j* . They are defined by Eqs.~4!–~7!, which coincide with
the relations derived in Ref. 1 for epitaxial films with a fre
upper surface.

The analysis of Eqs.~2! and~3! shows that the renormal
ization of the second-order polarization terms in the prese
of stresss3 may be described by the introduction of an e
fective misfit strainSm

s and effective temperatureTs given
by the expressions

Sm
s 5Sm2~s1112s12!s3 , ~8!

Ts5T22«0C~Q1112Q12!s3 . ~9!

If the high-order dielectric stiffness coefficientsai j andai jk
are independent of temperature, Eqs.~8! and ~9! provide a
simple way for the evaluation of the stress effect on
polarization states of epitaxial films. In this case, the effec
external stress becomes equivalent to the changes of the
fit strain and temperature from their actual valuesSm andT
to the effective strainSm

s and temperatureTs . Therefore, the
stress-induced transformations of polarization states can
8-2
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EFFECT OF EXTERNAL STRESS ON . . . PHYSICAL REVIEW B66, 214108 ~2002!
predicted using the ‘‘misfit strain-temperature’’ phase d
grams of unloaded films and evaluating the shift in t
(Sm ,T) plane, which is caused by loading, from Eqs.~8! and
~9!. The influence of stress on single-domain states can
also determined directly from Eqs.~1!–~7!. For PbTiO3 and
BaTiO3 films, quantitative results may be obtained, beca
all their material parameters involved in the thermodynam
calculations are known to a high degree of precision.17,18

At this point it is necessary to emphasize that up to no
for clarity of presentation, we assumed the misfit strainSm to
remain constant during the film loading. However,Sm is gen-
erally a function of the applied stress since the substrat
also loaded~via the film!. The influence of substrate defo
mations can be taken into account by adding a stress-ind
changeDSm(s3) to the misfit strainSm5(b* 2a0)/a0 of the
unloaded epitaxial system. This change may be written
DSm5@b(s11

sub1s12
sub)1s12

sub# s3 , where smn
sub are the elastic

compliances of a cubic substrate, andb is a geometric factor
depending on the relative size of the loaded area of the
strate. If the whole substrate face is loaded,b50 since the
in-plane substrate deformations induced by a homogene
stresss3 are equal toS1

sub5S2
sub5s12

sub s3 .8 In the other lim-
iting case, where the loaded area has dimensions m
smaller than those of the substrate face~but much larger than
the film thickness, see Fig. 1!, the deformations of the sur
face layer inside the loaded area are given by13 S1

sub5S2
sub

5(s11
sub12s12

sub)(s11
sub2s12

sub)s3/2s11
sub, so that b5(s11

sub

22s12
sub)/2s11

sub. As follows from the above relations, depen
ing on geometry of the experimental setup, the misfit-str
changeDSm(s3) may be either positive or negative at th
same stresss3 . Therefore, in the rest of the paper we sh
consider an intermediate situation, where the stress-indu
changes of the misfit strainSm may be neglected@b'
2s12

sub/(s11
sub1s12

sub)#. This approach has the advantage
demonstratingper sethe direct effect of external stress o
ferroelectricity in thin films.

III. MISFIT STRAIN-STRESS
AND STRESS-TEMPERATURE DIAGRAMS
OF PbTiO3 AND BaTiO3 EPITAXIAL FILMS

In order to describe the transformations of equilibriu
thermodynamic states which may occur in epitaxial film

FIG. 1. Schematic of a uniform local loading of an epitaxial th
film.
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during external loading, it is useful to develop phase d
grams, where the misfit strainSm and external stresss3 are
employed as two independent variables, whereas the t
perature is assumed to be constant. Using Eqs.~1!–~7! with
the numerical values of the involved material paramet
listed in Ref. 4, we computed these ‘‘misfit strain-stres
diagrams for PbTiO3 and BaTiO3 epitaxial films under the
short-circuited conditions~electric field E50 in the film!.
The equilibrium thermodynamic states of these films w
determined by calculating all minima of the potentialG̃ with
respect to polarization components and then selecting
energetically most favorable phase. In agreement with
results obtained in Ref. 1, the paraelectric phase (P15P2
5P350), c phase~tetragonal withP15P250, P3Þ0), aa
phase~orthorhombic withP15P2Þ0, P350), andr phase
~monoclinic with P15P2Þ0, P3Þ0) were found to be
stable in PbTiO3 and BaTiO3 films.20 The diagrams showing
the stability ranges of these phases at the room tempera
(T525 °C) are presented in Fig. 2.

It can be seen that the external stress may induce var

FIG. 2. Misfit strain-stress phase diagrams of single-dom
PbTiO3 ~a! and BaTiO3 ~b! epitaxial films grown on~001!-oriented
cubic substrates. The second- and first-order phase transition
shown by thin and thick lines, respectively. The temperature
taken to be 25 °C. The square indicates the misfit strain, at wh
the polarization state of unloaded epitaxial film becomes equiva
to that of a bulk crystal due to the disappearance of internal stres
8-3
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A. YU. EMELYANOV, N. A. PERTSEV, AND A. L. KHOLKIN PHYSICAL REVIEW B 66, 214108 ~2002!
phase transitions in ferroelectric thin films. Depending on
misfit strainSm in the epitaxial system, the initialc phase, for
instance, may transform into ther phase, theaa phase, or
even into the paraelectric phase under a compressive s
s3,0. Though thec-phase/aa-phase transition is similar to
the 90° polarization switching, it leads to the appearance
an orthorhombiclattice in the film, which does not exist in
bulk PbTiO3 and BaTiO3 crystals at room temperature.17,18

The stress-induced formation of ther phase is of specia
interest because in thismonoclinic phase the spontaneou
polarizationPs has both in-plane and out-of-plane nonze
components. Compressive loading of a film containing thc
phase may be a convenient technique to create unu
orthorhombic and monoclinic single-domain states in epit
ial ferroelectric films. Indeed, the nucleation of doma
~twin! walls, which prevents the formation of these states
PbTiO3 and BaTiO3 films,4 is expected to be suppressed
low temperatures due to kinetic reasons.

The most remarkable theoretical prediction is the fer
electric to paraelectric phase transition induced by a co
pressive stress. This is an unexpected result since only
90° polarization switching under mechanical stress is usu
discussed for thin films in the literature.9,10 During the
c-phase/paraelectric-phase transformation, the film out
plane polarizationP3 gradually decreases with increasin
compressive stresss3 in accordance with the relation

P3
252

a33*

3a111
1S a33*

2

9a111
2 2

a3*

3a111
D 1/2

, ~10!

where a3* 5a3* (Sm ,s3) and a33* are given by Eqs.~3! and
~5!. This monotonic decrease ofP3 can produce a depolar
ization current similar to that observed during the micro
dentation of lanthanum-modified PbTiO3 films.9 Such a cur-
rent can be measured if the mechanical load is applied
film sandwiched between two electrodes, as in a conv
tional plate-capacitor setup.

To determine the effect of loading on the film polarizati
states at different temperatures, we also calculated phase
grams, where the applied stresss3 and temperatureT are
used as two independent variables. Since the misfit strainSm
is a temperature-dependent parameter of the epitaxial sys
the ‘‘stress-temperature’’ phase diagrams can be develo
only for a given substrate. In this work, we have chosen S
a representative substrate. As usual, it was assumed tha
film is fully relaxed (Sm50) at the growth temperatureTg ,
i.e.,b* (Tg)5a0(Tg). The variation of the effective substra
lattice parameterb* during cooling was calculated from th
nonlinear temperature dependence of the lattice constan
Si, which was reported in Ref. 21. Temperature dependen
of the equivalent cubic cell constantsa0 of PbTiO3 and
BaTiO3 crystals were determined using data18,22 on their lat-
tice constants and thermal expansion coefficients in
paraelectric phase and extrapolatinga0(T) to lower tempera-
tures. Substituting the calculated misfit strainSm(T) into
Eqs. ~1!–~3! and taking into account temperature depe
dences of the involved dielectric stiffnesses,17,18 we devel-
oped the stress-temperature phase diagrams of PbTiO3 and
BaTiO3 films grown on Si~see Fig. 3!.
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The calculations showed that the mechanical loading d
not change the order of the paraelectric to ferroelectric ph
transition, which remains of second order as in unload
single-domain films.1 The ferroelectric transition temperatur
decreaseswith increasing magnitude of compressive stre
s3,0 and rises with increasing tensile stresss3.0 in the
case of PbTiO3 films. In contrast, this temperatureincreases
with increasing compressive stress and varies nonmonot
cally with tensile stress in BaTiO3 films. Accordingly, by
creating sufficient tensile stress in the BaTiO3 film at a high
temperature~;250 °C for the discussed substrate!, it is pos-
sible to convert the ferroelectricaa phase into the paraelec
tric one. At low temperatures, the application of a tens
stress may induce theaa-phase/r-phase transformation@see
Fig. 3~b!#.

Using the developed nonlinear thermodynamic theory,
also analyzed the possibility of ferroelastoelect
switching10 in BaTiO3 and PbTiO3 films subjected to both
compressive stresss3 and electric fieldE. In accordance
with the model employed in Ref. 10, it was assumed that
polarizationP in a film remains oriented along the substra

FIG. 3. Representative stress-temperature phase diagram
single-domain PbTiO3 ~a! and BaTiO3 ~b! epitaxial films. The misfit
strain in the film/substrate system is taken to be fully relaxed (Sm

50) at the growth temperatureTg5800 °C. The variation ofSm

during the cooling is assumed to be totally controlled by the diff
ence in thermal expansion coefficients of the film and substrate.
dependenceSm(T) corresponds to films deposited on silicon.
8-4
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EFFECT OF EXTERNAL STRESS ON . . . PHYSICAL REVIEW B66, 214108 ~2002!
normal (P15P250, P3Þ0) at all values of the applied
stresss3 . To make this assumption realistic, the misfit stra
Sm in the film/substrate system was set negative and la
enough to avoid transformations of the initialc phase into
the aa and r phases during the loading at room temperat
~see Fig. 2!. The applied electric fieldE was supposed to b
homogeneous and orthogonal to the film surfaces (E15E2
50,E3Þ0), as in a conventional plate-capacitor setup.
take into account the influence of this field on the film p
larization P3 , the latter was calculated from the equati
]G̃/]P35E3 . Two possible solutions for the equilibrium po
larizationP3(E), i.e., parallel and antiparallel to the applie
field E, were analyzed, and the corresponding extreme
ues of the modified thermodynamic potentialG̃ were com-
pared. During the calculations, the applied compress
stress was increased from zero up to several GPa, whe
the electric field was varied in a wide range between z
and 108 V/m. It was found that the antiparallel orientation
polarization with respect to the electric fieldE neverappears
to be energetically more favorable than the parallel orien
tion. Moreover, at compressive stresses of several G
which were predicted in Ref. 10 to be sufficient for ferroela
toelectric switching, the spontaneous polarizationPs(E50)
vanishes in epitaxial films~see Fig. 2!. The ferroelectricc
phase transforms here into the paraelectric one, where
polarization cannot be oriented against the fieldE. Thus, the
nonlinear thermodynamic theory does not support the pre
tion of the stress-induced 180° switching of polarization in
the direction antiparallel to the applied electric field, whi
was made in Ref. 10 using the linear approximation.

IV. DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF
UNIFORMLY LOADED PbTiO 3 AND BaTiO3 FILMS

Since the stress-induced phase transitions may be ac
panied by dielectric and piezoelectric anomalies, we disc
in this section the small-signal dielectric and piezoelec
responses of loaded ferroelectric films. The film dielect
constants« i j can be calculated from the reciprocal dielect
susceptibilitiesx i j 5]2G̃/]Pi]Pj , which are found by direct
differentiation of the modified thermodynamic potentialG̃.
In general, all components of the matrixx i j must be deter-
mined to compute the dielectric constant«kl5«01hkl , be-
cause the matrix of dielectric susceptibilitiesh i j is the in-
verse ofx i j , and the latter is diagonal only in thec phase.
By substituting the equilibrium valuesPi(E50) of the po-
larization components into the expressions derived forx i j
via Eq.~1!, it is possible to calculate the small-signal diele
tric responses« i j of epitaxial ferroelectric films as function
of the misfit strain, temperature, and external stress. For
out-of-plane permittivity«33 of the c phase, e.g., the calcu
lation yields

«335«01~2a3* 112a33* P3
2130a111P3

4!21, ~11!

whereP3 is given by Eq.~10!.
Performing necessary numerical computations, we de

mined the effect of external loading on the dielectric co
stants of PbTiO3 and BaTiO3 films. Figures 4 and 5 show
21410
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variations of the diagonal components« i i ( i 51,2,3) of the
dielectric tensor with the applied stresss3 at room tempera-
ture. ~The misfit strainSm in the film/substrate system wa
taken to be 4.931024 for PbTiO3 and 5.231023 for
BaTiO3 , which corresponds to the silicon substrate andT
525 °C.) In the case of a PbTiO3 film, the application of a
compressivestress leads to a strong increase of the in-pla
dielectric responses«115«22 of thec phase. They reach val
ues in excess of 2000 at stresses close tos3>20.92 GPa, at
which the first-orderc-phase/r-phase transition takes place
The out-of-plane permittivity«33 experiences a jump at thi
critical stress and then continues to increase at lar
stresses, diverging at the second-orderr-phase/aa-phase tran-
sition. In contrast, the compressive loading of a BaTiO3 film,
which is initially in the in-plane polarization state~the aa
phase!, leads to the reduction of all the dielectric constan
« i i . By creating a strong tensile stress in the film, howeve
would be possible to increase the permittivities« i i signifi-
cantly ~see Fig. 5!. This effect is due to the stress-induce
second-order phase transitions in BaTiO3 films @Fig. 2~b!#.
Theoretically, the permittivities«33 and «115«22 should di-
verge at theaa-phase/r-phase andr-phase/c-phase transi-
tions, respectively. However, the increase of the film perm
tivity, which could be observed experimentally, is limite
due to extrinsic factors.

FIG. 4. Dependences of the dielectric constants«115«22 ~a! and
«33 ~b! of single-domain PbTiO3 films on the external stresss3 at
T525 °C. The misfit strain is taken to beSm54.931024, which
corresponds to the silicon substrate and the deposition atTg

5800 °C.
8-5
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Let us now proceed to the theoretical description of
piezoelectric properties of loaded ferroelectric thin films. F
simplicity, we shall restrict our analysis to the converse
ezoelectric effect displayed by a thin film in a plate-capac
setup. Since the epitaxial film is rigidly connected with
thick substrate, the application of an electric fieldE3 or-
thogonal to the film surfaces may result only in a change
the film thickness and a tilt of the ferroelectric overlay
relative to the substrate normal. These effects are determ
by the piezoelectric coefficientsd33, d34, andd35. In gen-
eral, the constantsdin are calculated asdin5]Sn /]Ei
5bknhki , where bkn5]Sn /]Pk . The strains Sn5
2]G/]sn may be found as functions of the polarizatio
componentsPi and stressessn by differentiating the stan-
dard Gibbs free energyG. Taking into account the mechan
cal boundary conditions, we find the variable lattice stra
in a loaded epitaxial film as

S35
2s12

s111s12
~Sm2s2s3!1s11s31FQ122

s12~Q111Q12!

s111s12
G

3~P1
21P2

2!1S Q112
2s12Q12

s111s12
D P3

2,

FIG. 5. Dependences of the dielectric constants«115«22 ~a! and
«33 ~b! of single-domain BaTiO3 films on the external stresss3 at
T525 °C. The misfit strain is taken to beSm55.231023, which
corresponds to the silicon substrate and the deposition atTg

5800 °C.
21410
e
r
-
r

f

ed

s

S45Q44P2P3 , S55Q44P1P3 . ~12!

The differentiation of these relations makes it possible
calculate the relevant constantsbkn using the known equilib-
rium valuesPi(E50) of the polarization components. Sinc
the small-signal dielectric susceptibilitieshki of loaded films
are already determined, the piezoelectric constantsd33, d34,
and d35 can be finally calculated as functions of the mis
strainSm , temperatureT, and external stresss3 .

Figure 6 shows the dependence of the longitudinal pie
electric coefficientd33 of PbTiO3 and BaTiO3 films on the
applied stress at room temperature. It can be seen tha
piezoelectric response of thec phase, which represents th
stable single-domain state in PbTiO3 films at the chosen mis
fit strain Sm54.931024, increases under compressive loa
ing. The piezoelectric coefficientd33 experiences a jump a
the critical stresss3>20.92 GPa, at which thec phase
transforms into ther phase, and then becomes anomalou
high at ther-phase/aa-phase transition. On the other han
the BaTiO3 film is initially in the aa phase (Sm55.2
31023), so thatd33 remains zero irrespective of the com
pressive stress. In contrast, a tensile stress applied to
BaTiO3 film might drastically increase the piezoelectric co

FIG. 6. Dependence of the longitudinal piezoelectric coeffici
d33 on the external stresss3 calculated for single-domain PbTiO3

~a! and BaTiO3 ~b! films atT525 °C. The misfit strainSm is taken
to be 4.931024 ~a! and 5.231023 ~b!, which correspond to the S
substrate andTg5800 °C.
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EFFECT OF EXTERNAL STRESS ON . . . PHYSICAL REVIEW B66, 214108 ~2002!
stant d33 since at the critical stresss3>0.925 GPa theaa
phase transforms into ther phase, which displays a stron
piezoelectric response near the critical stress.

V. CONCLUSIONS

The nonlinear thermodynamic theory predicts that the
ternal loading may have a strong impact on the polariza
state and physical properties of ferroelectric thin films. F
and foremost, the compressive loading of thin films gro
on ‘‘compressive’’ substrates, which provide large negat
misfit strains in the epitaxial system, may transform t
ferroelectric phase into the paraelectric one even at temp
tures well below the Curie temperature of a bulk mate
~e.g., at room temperature!. Second, the external stress m
induce the rotation of the spontaneous polarizationPs rela-
tive to the film plane, resulting in the transition from th
out-of-plane polarization state to the in-plane one. Third,
dielectric and piezoelectric constants of ferroelectric fil
may dramatically increase under the influence of app
stress. Therefore, the external loading provides an effec
technique for improving the performances of ferroelect
thin films, which are necessary for their applications in m
croelectronic devices and microelectromechanical syst
~MEMS!. In addition, the stability of spontaneous polariz
tion under the stresses developed during the device oper
represents an important factor in determining the limits
applicability of MEMS, which employ the piezoelectri
properties of ferroelectric thin films.

We believe that the phase transformations predicted
this paper can occur during thenanoscale loadingof ferro-
electric thin films via the SFM tip. Indeed, the high
stressed regionVs under the tip has very small dimension
of the order of the contact radius~;10 nm!. In this case, the
stress-induced twinning of the strained subsurface region
comes energetically unfavorable due to the size effect~in
PbTiO3 , e.g., the threshold size is about 50 nm; see Ref.!.
Therefore, in the absence of preexisting ferroelastic dom
walls in the probed volume, only phase transitions betw
different single-domain states are expected to take place
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