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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 PbTiQand BaTiQ 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 PbJi@hd BaTiQ 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.
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[. INTRODUCTION mode, the authors of Ref. 10 proposed that the simultaneous
application of electric field and compressive stress may in-
It is well known that ferroelectric, dielectric, and piezo- duce a ferroelastoelectric switching in the film, resulting in
electric properties of thin films may differ markedly from the orientation of spontaneous polarizatatiparallelto the
those of bulk ferroelectrics. These differences are partly du@pplied electric field.
to the straining and two-dimensional clamping of the film by ~ The correct interpretation of effects observed via SFM,
a dissimilar thick substrate. To quantify this mechanical subMmicroindentation, and other stress-inducing techniques re-
strate effect, “misfit strain-temperature” phase diagramsquires the development ofreonlinearthermodynamic theory
were developed for epitaxial ferroelectric films using a non-of ferroelectric thin films subjected to mechanical loading.
linear thermodynamic theofy. In all performed theoretical Indeed, the order parametefigolarization componentsin
studies, it was assumed that there are no external mechanidgrroelectric films may dramatically change with variations
forces acting on the upper surface of the film. This situatiorPf lattice strains.”” The account of strain inhomogeneity in a
is indeed typical of the polarization and dielectric measureloaded film, however, will make the nonlinear theory ex-
ments, where the film is practically free to deform in thetremely complicated, as can be deduced from the solutions
out-of-plane directions. However, experimental studies of thé@btained for linear elastic and piezoelectric solids subjected
direct piezoelectric effect require an external loading of thet® spherical indentatiol’ *® Therefore, it is worthwhile to
free surfac€ The microindentation of ferroelectric thin study first the case of uniform loading of an epitaxial film.
films, which represents a useful technique to study their local In this paper, a nonlinear thermodynamic theory is devel-
depo|arization propertie%js accompanied by the h|gh me- oped for uniformly loaded single-domain ferroelectric films,
chanical stresses appearing under the metallic indenter. ~ Where the formation of elastic domaiftsvins) is assumed to
Moreover, the mechanical loading of the film surface is ab€ suppressed, e.g., due to kinetic reasons. It is shown that
characteristic feature of the scanning force microscopyhe external loading may lead to drastic changes of the po-
(SFM) operated in the piezoelectric contact mdfieThe  larization state of the film. Though our solution cannot be
SFM piezoresponse imaging method, which is widely usedlirectly applied to the interpretation of the SFM data, it pro-
by many researchers for the characterization of ferroelectri¥ides better understanding of the ferroelectric behavior of
films on the nanometer scalkinvolves the application of an loaded epitaxial films and represents a necessary first step in
electric field between the conductive SFM tip and the bottonihe development of the general nonlinear theory.
electrode. The electrostatic attractioMaxwell force be-
tween this electrode and the tip/cantilever system produces a
force pressing the tip to the film surfat®An additional
mechanical force may be applied to the tip intentionally in  Consider a single-crystalline perovskite thin film epitaxi-
order to create high local stresses in the measuremeimtly grown in a paraelectric state on a dissimilar cubic sub-
area'®!? |t was found that the effective piezoelectric coeffi- strate. Since changes of the in-plane lattice str&insS,,
cient of lead zirconate titanate films appreciably decreaseandSg in the overlayer during cooling or mechanical loading
with the increase of the force acting on the ¥Based on  of the heterostructure are controlled by a much thicker sub-
SFM studies of BaTi@ thin films in the piezoresponse strate, the standard elastic Gibbs funct®rcannot be used

II. NONLINEAR THERMODYNAMIC THEORY
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to determine the equilibrium thermodynamic states of an ep-
itaxial film.! (We use the Voigt matrix notation and the rect-
angular reference frame with theg axis orthogonal to the
substrate surfaceWhen the film/substrate system is sub-
jected to external mechanical forces, the Helmholtz free-
energy functionF is not appropriate for the thermodynamic
description of the film as well. We may assume, however,
that the epitaxial single-domain film has three fixed lattice
strains §;, S,, andSg) and three constant internal stresses
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(o3, 04, andaos). For these mixed mechanical conditions, a

modified thermodynamic potenti&@ introduced in Ref. 1
must be used in the theoretical calculations.

The potentialG of a ferroelectric film may be found in an
explicit form using the relatios =G+ S,0; + S,0,+ Sso6
and specifying the Gibbs functio®. For perovskite ferro-
electrics like PbTiQ and BaTiQ, this function may be ap-
proximated by a six-degree polynomial in polarization com-
ponentsP;(i=1,2,3) 1" In the crystallographic reference
frame, which can be directly employed in the cas€Qffl)-
oriented films considered in this paper, the funct®mas a
well-known standard form*"*8 The resulting expression

for the modified potential shows th& is a function of the
polarization component®;, stresseso, (n=1,2,3,...,6),
and strainsS;, S,, andSg. Assuming that the film is grown
on a cubic substrate with the surface parallel to (@@l
crystallographic plane, we havg§,=S,=S,, and Sg=0,
where S,,= (b* —ay)/a, is the misfit strain in the epitaxial
system b* is the substrate effective lattice paraméteand
a, is the equivalent cubic cell constant of the free standin
film). The stressrs in a single-domain film is governed by
the applied load and will be regarded as a given extern

parameter throughout this paper, whereas the shear stressgs

o, and o5 will be neglected ¢,=o05=0). The remaining
componentsry, g,, andog of the stress tensor depend on
the misfit strainS,,,, external stress;, and on the polariza-

tions P; . Explicit expressions for these stresses can be easil

derived using the stress-strain relationsHipsS,=
—dGlda, together with the strain condition$;=S,=S,,
and Sg=0. The substitution of these expressions into th
basic formula for the modified thermodynamic potential

transformsG into a function of three independent variables:

P., P,, andP5. After some algebraic rearrangem@tpan
be cast into the form
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In Egs.(1)—(7), a1, &;;, anda;;, are the dielectric stiffness

and higher-order stiffness coefficients at constant strfes,

S, are the elastic compliances at constant polarization, and

Q,, are the electrostrictive constants of the paraelectric

phase. The dielectric stiffness; should be given a linear

temperature dependence, = (T— 6)/2¢;C based on the

Curie-Weiss law(6 and C are the Curie-Weiss temperature

and constant, and is the permittivity of the vacuuim
Equation(1) demonstrates that the dependencezobn

the polarization components; corresponds to that of the
standard Gibbs energy functioB of a free bulk crystal.

9-|owever, the coefficients of the second- and fourth-order

olarization terms in these two polynomials differ from each
ther. Remarkably, both the mechanical film/substrate inter-
ion and the external loading lead to a renormalization of
the second-order polarization terms. As can be seen from
Egs.(2) and(3), the renormalized coefficients’ andaj are
linear functions of the misfit strai§,, and the applied stress

3. In contrast, the introduction of this stress into the theory
does not affect the renormalized fourth-order coefficients
ai’j . They are defined by Eq$4)—(7), which coincide with
the relations derived in Ref. 1 for epitaxial films with a free
upper surface.

The analysis of Eq942) and(3) shows that the renormal-
ization of the second-order polarization terms in the presence
of stresso; may be described by the introduction of an ef-
fective misfit strainS7, and effective temperatur€, given
by the expressions

Sh=Sm—(s111+ 28103, 8

T,=T-280C(Qu12Q))03. (€)

If the high-order dielectric stiffness coefficierdg and a;j,

are independent of temperature, E¢®. and (9) provide a
simple way for the evaluation of the stress effect on the
polarization states of epitaxial films. In this case, the effect of
external stress becomes equivalent to the changes of the mis-
fit strain and temperature from their actual val@sand T

to the effective strails?, and temperatur& . Therefore, the
stress-induced transformations of polarization states can be
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FIG. 1. Schematic of a uniform local loading of an epitaxial thin Misfit Strain S_(10°%)
film. 2. -
predicted using the “misfit strain-temperature” phase dia- BaTiO,
grams of unloaded films and evaluating the shift in the s
(S, T) plane, which is caused by loading, from E¢3.and 2 10 r-phase
(9). The influence of stress on single-domain states can be 3:’
also determined directly from Eqgl)—(7). For PbTiQ and 8
BaTiO; films, quantitative results may be obtained, because 2 RV S —
all their material parameters involved in the thermodynamic g
calculations are known to a high degree of precigiol. <
At this point it is necessary to emphasize that up to now, " 10/
for clarity of presentation, we assumed the misfit st@jrto aa-phase
remain constant during the film loading. Howe8y, is gen- (b)
erally a function of the applied stress since the substrate is -20 { . . —
also loadedvia the film). The influence of substrate defor- 40 -20 0 20 40
mations can be taken into account by adding a stress-induced Misfit Strain S_ ( 10°)

changeA S,,(o3) to the misfit strairS,,= (b* —ag)/a, of the o . . . .
unloaded epitaxial system. This change may be written as FIG. 2. Misfit strain-stress phase diagrams of single-domain
Asm:[lg(silib_l_ Silzj%‘FSilzij o3, Where st%) are the elastic PbT_lQ (a) and BaTiQ (b) epitaxial fllms grown or(OOl)-orlen_tt_ed
compliances of a cubic substrate, g8 a geometric factor cubic substrates. The second- and first-order phase transitions are
depending on the relative size of the loaded area of the Sul?_hown by thin and thick lines, respectively. The temperature is
. . aken to be 25 °C. The square indicates the misfit strain, at which

isr:fa};g ;Z%sv'grg?(lae dseli‘gfrtr:g[ieo:]icfn(Ijsul;oe?jdﬁd:’2 f?:)nrﬁ?) tgﬁeo the polarization state of unloaded epitaxial film becomes equivalent

P ub_ osub_ .sub _ 8 y g 5 that of a bulk crystal due to the disappearance of internal stresses.
stressa are equal td5;"’= S3"*=s375" 0/5.° In the other lim-
iting case, where the loaded area has dimensions much

ch . . L .
smaller than those of the substrate féoet much larger than during exrt]ernatlhload.lnfgt, Itt IS usefgl tot devlelotp phase dia-
the film thickness, see Fig.),1the deformations of the sur- grams, where the misfit straffi, and external stress; are

face layer inside the loaded area are giveﬁ3tf§§”b=S§“b employed as two independent variables, whereas the tem-
erature is assumed to be constant. Usin s:(7) with
— (s 25 (s s oy/2si, so that (i e

< sib . the numerical values of the involved material parameters
—2533)/2s7P°. As follows from the above relations, depend- jisied in Ref. 4, we computed these “misfit strain-stress”

ing on geometry of the experimente_ll_ setup, the r_nisfit-strair{jiagramS for PbTi@ and BaTiQ epitaxial films under the
changeAS,,(o3) may be either positive or negative at the g ort-circuited conditiongelectric field E=0 in the film).

same stresg. Therefore, in the rest of the paper we shall The equilibrium thermodynamic states of these films were
consider an intermediate situation, where the stress-mduceéietermineol by calculating all minima of the potentialwith
changes of the misfit strais,, may be neglected 8~ y 9 P

) respect to polarization components and then selecting the
—sﬁ%”/(sﬂbfsi;“)]. This ?pproa"h has the advantage Ofeneprgeticallylz most favorablepphase. In agreement witlsJ the
?eerrrgoe:]:é;ﬁgﬂair tﬁﬁt?ﬁmds'rea effect of external stress on results obtained in Ref. 1, the paraelectric phaBe=(P,

' =P;=0), ¢ phase(tetragonal withP,=P,=0, P;#0), aa
phase(orthorhombic withP,=P,#0, P;=0), andr phase
(monoclinic with P;=P,#0, P3;#0) were found to be
stable in PbTiQ and BaTiQ films.2° The diagrams showing
the stability ranges of these phases at the room temperature

In order to describe the transformations of equilibrium(T=25°C) are presented in Fig. 2.
thermodynamic states which may occur in epitaxial films It can be seen that the external stress may induce various

lIl. MISFIT STRAIN-STRESS
AND STRESS-TEMPERATURE DIAGRAMS
OF PbTiO3; AND BaTiO3; EPITAXIAL FILMS
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phase transitions in ferroelectric thin films. Depending on the 800- PbTIO
misfit strainS, in the epitaxial system, the initialphase, for 3
instance, may transform into threphase, theaa phase, or 6004 paraelectric
even into the paraelectric phase under a compressive stress )
03<0. Though thec-phaseda-phase transition is similar to Te’ 4004
the 90° polarization switching, it leads to the appearance of 2
an orthorhombiclattice in the film, which does not exist in g aa-phase
bulk PbTiO, and BaTiQ crystals at room temperatuté!® g 200+ c-phase
The stress-induced formation of thephase is of special .
interest because in thigonoclinic phase the spontaneous 04
polarizationPg has both in-plane and out-of-plane nonzero @)
components. Compressive loading of a film containingahe 200 r-phase
phase may be a convenient technique to create unusual - 2 - 0 1 2
orthorhombic and monoclinic single-domain states in epitax- External Stress o, (GPa)
ial ferroelectric films. Indeed, the nucleation of domain 400-
(twin) walls, which prevents the formation of these states in BaTiO,
PbTiO; and BaTiQ films,* is expected to be suppressed at 3004 )
low temperatures due to kinetic reasons. - paraelectric
The most remarkable theoretical prediction is the ferro- 8200_
electric to paraelectric phase transition induced by a com- g
pressive stress. This is an unexpected result since only the 'g 100
90° polarization switching under mechanical stress is usually 3
discussed for thin films in the literatu?é® During the F ol
c-phase/paraelectric-phase transformation, the film out-of-
plane polarizationP5 gradually decreases with increasing 1004
compressive stress; in accordance with the relation
ol % ( ayf )1’2 0 0 ! a ;
3 3a;q; 93%11 3a;y,) External Stress g, (GPa)
where a§=a§(8m,a-3) and a§3 are given by Eqgs(3) and FIG. 3. Representative stress-temperature phase diagrams of

(5). This monotonic decrease &, can produce a depolar- Single-domain PbTi(a) and BaTiQ (b) epitaxial films. The misfit
ization current similar to that observed during the microin-Strain in the film/substrate system is taken to be fully relaxgd (
dentation of lanthanum-modified PbTj@ims.® Such a cur- = 0) at the growth temperaturg; =800 °C. The variation o,
rent can be measured if the mechanical load is applied to gurlng the cooling is assumed to be totally controlled by the differ-

film sandwiched between two electrodes. as in a convergnce in thermal expansion coefficients of the film and substrate. The

tional plate-capacitor setup. dependenc&,,(T) corresponds to films deposited on silicon.

To determine the effect of loading on the film polarization
states at different temperatures, we also calculated phase dia- The calculations showed that the mechanical loading does
grams, where the applied stresg and temperaturd are  not change the order of the paraelectric to ferroelectric phase
used as two independent variables. Since the misfit sBain transition, which remains of second order as in unloaded
is a temperature-dependent parameter of the epitaxial systesingle-domain films. The ferroelectric transition temperature
the “stress-temperature” phase diagrams can be developagkcreaseswith increasing magnitude of compressive stress
only for a given substrate. In this work, we have chosen Si ag;<<0 and rises with increasing tensile stregg>0 in the
a representative substrate. As usual, it was assumed that tbase of PbTiQ films. In contrast, this temperatuiecreases
film is fully relaxed (S,,=0) at the growth temperaturg,, with increasing compressive stress and varies nonmonotoni-
i.e.,b*(Tg)=ay(Tg). The variation of the effective substrate cally with tensile stress in BaTiQfilms. Accordingly, by
lattice parameteb™ during cooling was calculated from the creating sufficient tensile stress in the BaJifdm at a high
nonlinear temperature dependence of the lattice constant eémperaturé~250 °C for the discussed substratit is pos-
Si, which was reported in Ref. 21. Temperature dependencesble to convert the ferroelectriza phase into the paraelec-
of the equivalent cubic cell constantg of PbTiO; and  tric one. At low temperatures, the application of a tensile
BaTiO; crystals were determined using d&t% on their lat-  stress may induce thea-phaser-phase transformatiofsee
tice constants and thermal expansion coefficients in thé&ig. 3b)].
paraelectric phase and extrapolatayfT) to lower tempera- Using the developed nonlinear thermodynamic theory, we
tures. Substituting the calculated misfit streédp(T) into  also analyzed the possibility of ferroelastoelectric
Egs. (1)—(3) and taking into account temperature depen-switching® in BaTiO; and PbTiQ films subjected to both
dences of the involved dielectric stiffnes$és® we devel- compressive stress; and electric fieldE. In accordance
oped the stress-temperature phase diagrams of BbAM®@  with the model employed in Ref. 10, it was assumed that the
BaTiO; films grown on Si(see Fig. 3. polarizationP in a film remains oriented along the substrate
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normal (P,=P,=0, P3;#0) at all values of the applied 2400 PbTIO
stresso;. To make this assumption realistic, the misfit strain 3
S,, in the film/substrate system was set negative and large
enough to avoid transformations of the init@lphase into
the aa andr phases during the loading at room temperature
(see Fig. 2 The applied electric fielE was supposed to be
homogeneous and orthogonal to the film surfades=E,
=0,E3#0), as in a conventional plate-capacitor setup. To
take into account the influence of this field on the film po-
larization P53, the latter was calculated from the equation

3G/ aP3=E4. Two possible solutions for the equilibrium po-
larization P3(E), i.e., parallel and antiparallel to the applied
field E, were analyzed, and the corresponding extreme val-

ues of the modified thermodynamic potent@lwere com-

pared. During the calculations, the applied compressive 16001
stress was increased from zero up to several GPa, whereas
the electric field was varied in a wide range between zero
and 18 V/m. It was found that the antiparallel orientation of
polarization with respect to the electric fididneverappears

to be energetically more favorable than the parallel orienta-
tion. Moreover, at compressive stresses of several GPa,
which were predicted in Ref. 10 to be sufficient for ferroelas-
toelectric switching, the spontaneous polarizatiRE=0)
vanishes in epitaxial filmgsee Fig. 2 The ferroelectricc
phase transforms here into the paraelectric one, where the Pl (b)
polarization cannot be oriented against the fieldrhus, the 0 LT
nonlinear thermodynamic theory does not support the predic- 5 4 3 2 44 0 1 2 3
tion of the stress-induced 180° switching of polarization into External Stress g, (GPa)

the direction antiparallel to the applied electric field, which

was made in Ref. 10 using the linear approximation. FIG. 4. Dependences of the dielectric constants= £, (a) and
£33 (b) of single-domain PbTi@films on the external stress; at

T=25°C. The misfit strain is taken to H®,=4.9x10 4, which
corresponds to the silicon substrate and the depositiofT gt
=800 °C.

Since the stress-induced phase transitions may be accom- . tions of the diagonal components (i=1,2,3) of the

panied by dielectric and piezoelectric anomalies, we discus ielectric tensor with the applied stress at room tempera-

in this section the small-signal .diel'ectric and 'piezqelectr_icture' (The misfit strainS,, in the film/substrate system was
responses of loaded ferroelectric films. The film d_lelectr_lc,[aken to be 4810 * for PbTiO, and 5. 102 for
constants; can be cglculated from the reciprocal dielectric BaTiO,, which corresponds to the silicon substrate and
susceptibilitiesy;; = 9?G/dP;dP; , which are found by direct =25°C.) In the case of a PbTidilm, the application of a
differentiation of the modified thermodynamic potent@  compressivestress leads to a strong increase of the in-plane
In general, all components of the matr must be deter- dielectric responses,,;= &5, of the c phase. They reach val-
mined to compute the dielectric constan=e,+ 7, be-  Ues in excess of 2000 at stresses closests —0.92 GPa, at
cause the matrix of dielectric susceptibilitieg, is the in-  Which the first-orderc-phaser-phase transition takes place.
verse ofy;;, and the latter is diagonal only in thephase. The out-of-plane permittivity: 5; experiences a jump at this
By substituting the equilibrium valueB;(E=0) of the po- critical stress and then continues to increase at larger
larization components into the expressions derived igr stresses, dlvergmgﬁt the second-orrldphgsefﬁe;-phas%tran-
via Eq. (1), it is possible to calculate the small-signal dielec-smon' In contrast, the compressive loading of a Bafilin,

tric responses;; of epitaxial ferroelectric films as functions which is initially in the in-plane polarization staiéhe aa

of the misfit strain, temperature, and external stress. For th%hasé' Iead; o the reduct|or_1 of all th? dleleptr|c constant;
out-of-plane permittivitys s of the ¢ phase, e.g., the calcu- €;; . By creating a strong tensile stress in the film, however, it

lation yields would be possible to increase the permittivities signifi-
cantly (see Fig. 5. This effect is due to the stress-induced
33— o+ (222 +12a§3P§+303111P§)71, (11) second-.order phase tra.m_si_ti.ons in BaJifdms [Fig. 2(b)]:
Theoretically, the permittivities 33 and 1,= &5, should di-
whereP5 is given by Eq.(10). verge at theaa-phaser-phase andr-phaset-phase transi-
Performing necessary numerical computations, we detetions, respectively. However, the increase of the film permit-
mined the effect of external loading on the dielectric con-tivity, which could be observed experimentally, is limited
stants of PbTi@ and BaTiQ films. Figures 4 and 5 show due to extrinsic factors.

&lg
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IV. DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF
UNIFORMLY LOADED PbTiO ; AND BaTiO3; FILMS
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aa-phase c-phase D <,
: —— o : d :
T LN (b)
4 2 0 2 4 6 8 10 S — :
External Stress o, (GPa) 4 2 0 2 4 6 8 10

. . External Stress o, (GPa)
FIG. 5. Dependences of the dielectric constants= ¢, (a) and

&33 () of single-domain BaTig@films on the external stress; at FIG. 6. Dependence of the longitudinal piezoelectric coefficient
T=25°C. The misfit strain is taken to t&,=5.2x10 %, which 4. on the external stress, calculated for single-domain PbTjO
corresponds to the silicon substrate and the depositiogat () and BaTiQ (b) films atT=25 °C. The misfit strairS,, is taken
=800°C. to be 4.9%<10™* (a) and 5.2< 102 (b), which correspond to the Si
substrate and ;=800 °C.

Let us now proceed to the theoretical description of the
piezoelectric properties of loaded ferroelectric thin films. For S4;=QuP2P3, S5=QuP1P3. (12
simplicity, we shall restrict our analysis to the converse pi- ) e . _ .
ezoelectric effect displayed by a thin film in a plate-capacitor' "€ differentiation of these relations makes it possible to
setup. Since the epitaxial film is rigidly connected with ac@lculate the relevant constaiitg, using the known equilib-
thick substrate, the application of an electric figlg or-  'um valuesP;(E=0) of the polarization components. Since
thogonal to the film surfaces may result only in a change othe small-signal d|e_Iectr|c sus<_:ept|b|I|t|e§i of loaded films
the film thickness and a tilt of the ferroelectric overlayer &€ already determined, the piezoelectric constdgysds,,
relative to the substrate normal. These effects are determinéd!d dss can be finally calculated as functions of the misfit
by the piezoelectric coefficientdys, dss, anddss. In gen-  StrainSy, temperaturdl, and external stress;. _
eral, the constantsl,, are calculated add,=dS,/dE; F|g.ure 6 shqws the dependence of thg qugltudlnal piezo-
b i, Wwhere by,=dS,/dP,. The strains S,= electrlc coefficientds; of PbTiO; and BaTiQ films on the
—9G/da, may be found as functions of the polarization a_pplled str_ess at room temperature. It can be seen that the
componentsP; and stresses, by differentiating the stan- plezoele_ctrlc response of t.thha.se, which represents _the
dard Gibbs free energ®. Taking into account the mechani- stable_smgle—domalnjta_te in PbTi@ms at the chosen mis-
cal boundary conditions, we find the variable lattice straindit Strain Sy=4.9x10"", increases under compressive load-
in a loaded epitaxial film as ing. The piezoelectric coefficient;; experiences a jump at
the critical stressoz=—0.92 GPa, at which the phase
transforms into the phase, and then becomes anomalously

S,= 251 (S—5,03) + 1103+ | Q1p— $12Quut Q1) high at ther-phaseda-phase transition. On the other hand,
S11+S12 S B the BaTiQ film is initially in the aa phase §,=5.2
s x1073), so thatds; remains zero irrespective of the com-
X (P24 P2)+ _Lle 2 pressive stress. In contrast, a tensile stress applied to the
( 1 2 Qll 4 3 . . . . . . .
S11tS12 BaTiO; film might drastically increase the piezoelectric con-
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stantds; since at the critical stress;=0.925 GPa theaa  der the tip. It should be emphasized that the phase evolution
phase transforms into thephase, which displays a Strong may involve a continuous rotation of the pOlarization vector

piezoelectric response near the critical stress. Ps and a gradual change of its magnitude. This nanoscale
behavior is in contrast to the formation and motion of mul-
V. CONCLUSIONS tiple 90° domain walls, which represents the most probable

relaxation mechanism in the films subjected to

The nonlinear thermodynamic theory predicts that the exmicroindentatior?.
ternal loading may have a strong impact on the polarization The stresses,(r) induced in a thin film by the SFM tip
state and physical properties of ferroelectric thin films. Firstcan be estimated using the Hertzian elastic approximation for
and foremost, the compressive loading of thin films grownthe spherical indentatiof. For BaTiQ, and PbTiQ films
on “compressive” substrates, which provide large negativeloaded via silicon tips with a radius of about 10 nm, the
misfit strains in the epitaxial system, may transform thecalculation gives the mean stre¢s;)~—10 GPa in the
ferroelectric phase into the paraelectric one even at tempergrobed volumeV,~10° nm® under the tip at the applied
tures well below the Curie temperature of a bulk materialforcesf~106 N used experimentalff'? As can be seen
(e.g., at room temperatureSecond, the external stress may from Fig. 2, this compressive stress is high enough to trans-
induce the rotation of the spontaneous polarizatigrela-  form the out-of-plane polarization state phase into the
tive to the film plane, resulting in the transition from the paraelectric phase or into the in-plane polarization state
out-of-plane polarization state to the in-plane one. Third, thgyhase. Such a transformation will be accompanied by a
dielectric and piezoelectric constants of ferroelectric filmsstrong decrease of the nanoscale piezoelectric respbase
may dramatically increase under the influence of appliethf a ferroelectric film measured with the aid of the SEM.
stress. Therefore, the external loading provides an effectivgince the transformed nanoscale region is surrounded by a
technique for improving the performances of ferroelectricdifferent (initial) phase, the decrease @f; at high applied
thin films, which are necessary for their applications in mi-forcesf must be reversible, as observed experimentally in
croelectronic devices and microelectromechanical systemgef. 12.
(MEMS). In addition, the stability of spontaneous polariza-  Finally, it should be noted that the spherical indentation
tion under the stresses developed during the device operati@fieates not only the normal stress in the film, but also the
represents an important factor in determining the limits Ofin-plane stresses; and a,.'* Since just under the tip these
applicability of MEMS, which employ the piezoelectric stresses are compressive and close 4o their influence on
properties of ferroelectric thin films. . . the film polarization state is similar to the introduction of an

‘We believe that the phase transformations predicted idditional negative misfit strainS,,<0 into the epitaxial
this paper can occur during thenoscale loadin@f ferro-  system. Therefore, the stress state just under the SFM tip

electric thin films via the SFM tip. Indeed, the highly promotes the ferroelectric to paraelectric phase transition.
stressed regiol, under the tip has very small dimensions

of the order of the contact radis-10 nm). In this case, the
stress-induced twinning of the strained subsurface region be-
comes energetically unfavorable due to the size effect
PbTiG;, e.g., the threshold size is about 50 nm; see Ref. 23  The research described in this publication was made pos-
Therefore, in the absence of preexisting ferroelastic domaisible in part by a grant from the Foundation for Science and
walls in the probed volume, only phase transitions betweedechnology of PortugalProject No. POCTI/35502/CTM/
different single-domain states are expected to take place ur2000.
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