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The influence of the uniaxial bias stress on the piezoelectric properties of tetragonal BaTiO; and PbTiO;
monodomain crystals is modeled in the framework of the phenomenological Landau-Ginzburg-Devonshire
theory. It is shown that tensile and compressive stresses, both applied along the spontaneous polarization
direction, reduce and enhance the piezoelectric response, respectively. The enhancement effect is due to the
flattening of the free-energy profile and the corresponding dielectric softening of crystals, caused by the
compressive stress. In BaTiO; crystals, at temperatures close to the tetragonal-orthorhombic phase transition
temperature, the free-energy profile flattening and dielectric softening are the largest along axes perpendicular
to the polarization direction, facilitating thus the polarization rotation away from the [001]. polar axis. The
resulting enhancement of the shear piezoelectric coefficient is directly responsible for the increase of the
longitudinal piezoelectric coefficient along the [111], axis. At temperatures deep within the tetragonal phase in
BaTiO;, and over the whole ferroelectric region of PbTiOs, the flattening of the free-energy profile and the
dielectric softening by compressive stress are the strongest along the polar axis. The resulting enhancement of
the longitudinal piezoelectric coefficient is thus the largest along the polar [001]. direction. These results,

which can be applied to other perovskite crystals, have broad implications.
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I. INTRODUCTION

The anisotropy of the piezoelectric effect in perov-
skite crystals and its enhancement along nonpolar axes have
been a subject of intensive studies in the past several years.!?
In rhombohedral perovskite crystals the spontaneous
polarization lies along the [111], pseudocubic axis, while
the largest longitudinal piezoelectric response is meas-
ured along the [001], pseudocubic direction; in tetragonal
crystals, with the spontaneous polarization parallel to the
[001], axis, the largest longitudinal piezoelectric response
is observed close to the [111], axis.>* The effect is observed
in many simple (BaTiO;,> KNbO;>®) and complex pe-
rovskites  [Pb(Zr,Ti)O;,”"'  Pb(Mg;,,Nb,/3)O5-PbTiO;,!
BiScO;-PbTiO;'!!?] and both in crystals with so called “en-
gineered domain structure”’3 and in monodomain single
crystals.'*~10 Lead titanate, PbTiO;, is an important excep-
tion to this behavior. It exhibits the largest longitudinal pi-
ezoelectric response along the polar axis over the whole tem-
perature range where the ferroelectric tetragonal phase is
stable; this behavior can be traced to the low ratio of the
shear and longitudinal piezoelectric coefficients (or, which is
equivalent, to the low dielectric anisotropy) in PbTiO5.%!7

In materials with multiple ferroelectric-ferroelectric phase
transitions, such as BaTiOs, the intrinsic piezoelectric aniso-
tropy discussed above is strongly temperature dependent and
can be particularly large near the ferroelectric-ferroelectric
phase transitions.'”2% In complex solid solutions exhibiting a
morphotropic phase boundary, such as Pb(Zr,Ti)O3, the an-
isotropy depends on the composition, being the largest at the
morphotropic phase boundary.”’?? Large electric fields and
uniaxial stresses applied along nonpolar directions also en-
hance the piezoelectric response away from the polar
axis.!%23-26 In all these cases the enhancement of the piezo-
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electric response along off-polar axis can be understood by
considering the facilitated polarization rotation, i.e., the large
dielectric susceptibility perpendicular to the polarization di-
rection and consequently the large shear piezoelectric
coefficient.!”

It has been recently shown using Landau-Ginzburg-
Devonshire phenomenological approach that a significant in-
crease in the piezoelectric response of tetragonal BaTiOj
monodomain single crystals may be expected when a strong
electric field bias is applied antiparallel to the polarization.?’
An important difference is observed in the behavior of the
tetragonal BaTiOj; at low and high temperatures. At tempera-
tures close to the tetragonal-orthorhombic phase transition
temperature, the mechanism of the piezoelectric enhance-
ment away from polar axes is the polarization rotation (an
increase in the permittivity perpendicular to the polarization)
and only a small enhancement is observed along the polar
axis. At temperatures closer to the tetragonal-cubic phase
transition temperature, the dominant enhancement of the pi-
ezoelectric response takes place along the polar axis and can
be traced to the softening of the dielectric response along the
polar direction by the electric field applied against the spon-
taneous polarization. At these temperatures, the polarization
rotation that was invoked in many recent reports as the origin
of the enhanced piezoelectric response in perovskite
materials,'%?3 no longer plays the dominant role. PbTiOs,
which adopts only the tetragonal ferroelectric structure, be-
haves at all temperatures as BaTiO; in this high temperature
region:* at electric bias fields applied antiparellel to the po-
larization, it exhibits the largest enhancement of the piezo-
electric response along the polar axis?® and the polarization
rotation contributes relatively modestly to the response away
from the polar direction.

Considering the above results, a following question can
be posed: is there a deeper, common mechanism for the en-
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hancement of piezoelectric properties away from and along
the polar axis? In this paper, we attempt to answer this ques-
tion by considering the piezoelectric response and its aniso-
tropy in tetragonal BaTiO5 and PbTiO; at uniaxial mechani-
cal stresses applied along the polar axis. We show that the
common denominator for the piezoelectric response en-
hancement away from and along the polar axis is the flatten-
ing of the Gibbs free energy profile of these crystal systems.
The results obtained have broad implications and can be ex-
tended to explain the improved piezoelectric response in the
vicinity of the morphotropic phase boundary of complex
solid solutions, the enhancement of the piezoelectric re-
sponse along and away from polar axis caused by electric
field bias and the temperature driven enhancement of piezo-
electric properties near ferroelectric-ferroelectric phase tran-
sitions.

II. ELASTIC GIBBS FREE ENERGY

The influence of the hydrostatic and biaxial stress on di-
electric properties of BaTiO; and Pb(Zr, Ti)O5 has been dis-
cussed using the phenomenological Landau-Ginzburg-
Devonshire theory in the past.?>-*2 Experimental results on
effect of stress on electro-mechanical properties have been
recently reported for a number of complex relaxor ferroelec-
trics crystals with large piezoelectric anisotropy.?>26-33:34 In
this paper we investigate the effect of uniaxial stress applied
along the polar [001], direction on the dielectric and piezo-
electric response of the tetragonal phase of BaTiO; and
PbTiO; monodomain single crystals.

If one considers a 4mm tetragonal ferroelectric crystal
with the zero external electric field and with a stress applied
along the polar axis, the elastic Gibbs free energy AG, ex-

panded up to the sixth power of polarization, is given
by?29:3035-37

AG = ayP3+ ay Py + ay P§ - %51D1X§ - Q1XsP3, (1)
where X3 and P; are the applied mechanical bias stress and
the polarization along the polar [001], axis, respectively. If
the stress is compressive, the value of X3 is negative, by
definition.?® For barium titanate, the coefficients « and elec-
trostrictive constants Q are taken from Ref. 39, while the
value of the elastic compliance s7| at constant polarization is
taken as 9 X 107> m?/N at all temperatures within the te-
tragonal phase.*? Coefficients for lead titanate are taken from
Ref. 41 and s¥,=8 X 1072 m?/N.

As will be shown in Sec. 111, a sufficiently high compres-
sive stress X3 can switch the polarization Py by 90°. The
result of switching is so called an a-domain of the tetragonal
phase, denoted here as Ty and characterized by P,#0 or
P, #0 and P5=0. In addition, barium titanate transforms into
orthorhombic phase at T=278 K by developing a polariza-
tion component along the [010], axis, such that P,=P;#0
and P;=0. This phase is unstable in the temperature region
of the tetragonal phase stability. To investigate the effect of
the stress X3 on the polarization switching by 90°, on the
polarization rotation in the (100), plane, and on the stability
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FIG. 1. The stress dependence of polarization in the [001], di-
rection of the tetragonal (a) BaTiOsz and (b) PbTiO; at several tem-
peratures. For each temperature there is a critical value of the com-
pressive stress (negative values) that causes the polarization
switching by 90°.

of the tetragonal phase of BaTiOj, especially near the
orthorhombic-tetragonal phase transition temperature, we
shall consider in Sec. IV the following extended free energy
function, assuming P, # 0:2%-30.35-37

AG = (P3 + P3) + ay(P3 + Py) + appP3P3 + an(PS + P9)
1
+ oy p(P3P3 + P3PY) — =5V X5 — 011 X5 P3 — 01X Ps.

2
()

For the purposes of this paper we ignore (i) the rhombohe-
dral phase (P;=P,=P;# 0) which in BaTiOs is stable below
183 K, (ii) the polarization rotation in the (110), plane, as
well as (iii) the switching of P5 by 90° from [001], to [100],
axis. Due to the symmetry of the tetragonal phase the latter is
equivalent to the 90° switching from the [001], to the [010],
axis, which is taken into account by Eq. (2).

III. DEPENDENCE OF POLARIZATION, DIELECTRIC
SUSCEPTIBILITY, AND PIEZOELECTRIC COEFFICIENTS
ON UNIAXIAL STRESS

The stress dependences of spontaneous polarization, di-
electric susceptibility, and piezoelectric coefficients for the
tetragonal phase can be calculated from the condition for the
elastic Gibbs free energy minimum,?’” dG/dP5=0. The stress
dependence of the spontaneous polarization, P;(X3), is
shown in Fig. 1 for BaTiO; and PbTiO; at selected tempera-
tures. A tensile stress applied along the [001], increases the
tetragonality and the polarization of each material. For a
compressive stress (i.e., X3<<0), the polarization P; de-
creases, and at some critical stress, which is a function of
temperature, it drops to zero. This stress corresponds to the
compressive stress necessary to switch the polarization by
90°, from [001], to [100]./[010], axis and is equivalent to
the coercive electric field in the polarization-electric field
hysteresis; see Ref. 27. We shall return to this case in the
next section. In this section we discuss crystals properties
only for stresses where P;>0, and P,=0.

The dielectric susceptibility 7; in the tetragonal phase
(711= 722, 733) can be calculated®*3*3537 from Eq. (2) as
1/ 8077,-j=(92G/ dP;dP;, where g, is the permittivity of
vacuum. From Eq. (2) one obtains for the susceptibility
perpendicular to the spontaneous polarization £q7,;=[2A;
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FIG. 2. The orientation dependence of the longitudinal piezo-
electric coefficient, dy;(19), in BaTiO; at (a) 285 K and (b) 365 K
for different values of bias stress X3. Note that from Eq. (4)
dyy () =d35(~9).

+2a,P3(X3)+2a,,P5(X3)]7!, where A;=a;-0Q,X3, and
for the susceptibility along the polar direction £733=[2A;
+12a,P3(X3)+30ay,,P3(X35)]!, where Ay=a; -0, X;. The
shear, transverse and longitudinal piezoelectric coefficients
in the crystallographic coordinate system are given, respec-
tively, as®’

dys=eom1(X3)QuaP5(X3),
dy =280133(X3) 012P3(X3), (3)

dy3=280133(X3) 01, P3(X;3),

where Q;; are the electrostrictive constants. The orientation
dependence of the longitudinal piezoelectric coefficient can
be expressed as!”

di3(9) = dyy cos® O + (dy; + dy5)cos O sin” 9, 4)

where ¥ is the angle between the polar axis and the measur-
ing filed [note: the measuring field (stress or electric field) is
a weak field applied to measure the piezoelectric coefficient,
not the bias field X3]. Asterisk denotes the longitudinal coef-
ficient in the rotated coordinate system, and d,, stands for
piezoelectric coefficients in the crystallographic coordinate
system. The calculated orientation dependence of dy(1) is
shown in Figs. 2 and 3 for selected uniaxial stresses applied
to the tetragonal BaTiO; and PbTiO5 along the polar [001],
axis. For BaTiO;, the calculations have been done for T
=285 K [Fig. 2(a)], close to the tetragonal-orthorhombic
phase transition temperature (7=278 K) and T=365 K [Fig.
2(b)], closer to the tetragonal-cubic phase transition tempera-
ture (393 K). Calculations for PbTiO; have been done for
T=700 K and 7=300 K.

Barium titanate shows a qualitative change in the behav-
ior as the temperature changes from 7=285 K to 7=365 K.
At 285 K, the d;(l‘}) in BaTiO; exhibits its maximum value
along a direction (,,,,=~50°) that lies close to the [111],
axis. The value of dy;(¥,,) has a strong dependence on the
applied stress. At T=285K, for X3=0, dyy(Fnae)
=227 pm/V. If one applies a tensile bias stress, the calcula-
tions predict that d3;(,,,) Will decrease. On the other hand,
the compressive stress will enhance this piezoelectric coeffi-
cient. As shown in Fig. 2, at the compressive stress
X3=—=100 MPa, d33(¥0) =654 pm/V. This is a huge in-
crease with respect to the zero stress value along the polar
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FIG. 3. The orientation dependence of the longitudinal piezo-
electric coefficient, d;3(ﬁ), in PbTiO5 at 700 K and 300 K for
different values of bias stress X3. Note that from Eq. (4) d;3(1‘})
=dy(-9).

axis [dy;(9=0°)=d3;=89 pm/V], as well as with respect to
the maximum value ds;(¥y) =227 pm/V at X;=0. It is
clearly seen from Fig. 2(a) that both the enhancement effect
by the compressive and reduction effect by the tensile stress
are minimal along the polar axis and are the largest approxi-
mately along the [111], axis.

Deeper in the tetragonal region of BaTiO;, at 7=365 K,
one has again an enhancement of the piezoelectric response
by the compressive stress and reduction by the tensile stress.
However, the maximum response is now along the [001],
axis; see Fig. 2(b). At these temperatures the condition for
having a maximum in d;(ﬁ) along a nonpolar direction is
not fulfilled,* so the piezoelectric response exhibits the maxi-
mum value along the polar axis. Similarly to what is pre-
dicted for lower temperatures, the tensile stress decreases the
piezoelectric coefficient dy;(1), while the compressive stress
enhances it. At X3=-75 MPa and at 365 K, the maximum
ds3(9=0) is 469 pm/V, compared to 268 pm/V at X;=0.

Qualitatively similar results can be shown for PbTiOjs; see
Figs. 3(a) and 3(b). Analogous to the results for BaTiO; deep
in the tetragonal phase, the maximum dy;(9) and its
maximum enhancement by the compressive stress in PbTiOs
are observed along the polar axis. For example, at
T=700 K, the compressive stress of X;=-100 MPa will give
approximately the 150% increase of d;;(19) along the [001],
axis, while at 7=300 K, the compressive stress of Xj
=—1000 MPa increases ds3(9,x=0°) by over 160% (Fig.
3). In contrast to BaTiOs;, however, this behavior does not
qualitatively change as PbTiO; is cooled toward
T=0 K—this crystal stays strongly tetragonal and never ex-
hibits a maximum of its longitudinal piezoelectric response
along directions away from the polar axis.*?

On the simple phenomenological level, one can under-
stand above results by considering the stress dependences of
dielectric susceptibilities 7,;; and piezoelectric coefficients
d;,, depicted for the tetragonal BaTiO; in Fig. 4 and for
PbTiO5 in Fig. 5. The ds; coefficient is sufficiently small
under these conditions and can be neglected in the discus-
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FIG. 4. (a) Susceptibilities, 7;; and 733, and (b) piezoelectric
coefficients, d3; and d;s, of BaTiO; as a function of the bias me-
chanical stress X3 at 285 K and 365 K.

sion; however, this coefficient was taken into account to cal-

culate ds;(®) shown in Figs. 2 and 3. For the tetragonal

BaTiO;, at T=285 K, close to the tetragonal-orthorhombic

phase transition, the compressive bias stress increases 7

while 735 remains small, Fig. 4(a). The large 7;; implies an
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FIG. 5. (a) Susceptibilities, 7;; and 733, and (b) piezoelectric
coefficients, d3; and d;s5, of PbTiO5 as a function of the bias me-
chanical stress X3 at 300 K and 700 K.
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easier polarization rotation in (100), or (010), plane, away
from the polar axis [001],, and leads therefore to a high d5
coefficient [see Ref. 17, Eq. (4), and Fig. 4(b)]. Under con-
ditions of a large dielectric anisotropy (large 7,/ 73 ratio),
d,s dominates Egs. (5) and the maximum of ds3(9) appears
approximately along the [111], axis.* It is important to note
that the proximity of the tetragonal-orthorhombic phase tran-
sition temperature leads by itself to the maximum of d3;()
along the [111], axis.!” The effect is now considerably en-
hanced by the application of the compressive bias stress.

At higher temperatures the dielectric anisotropy 7,/ 733
in BaTiOj is reduced; see Fig. 4(a). A smaller 7,;; leads to a
smaller d,5 [see Eq. (4) and Fig. 4] implying that the term
containing d3; now dominates Eq. (5). Therefore, the maxi-
mum in d3;(9) appears along the polar axis;* see Fig. 3(b).
By applying the compressive stress, the maximum d;(ﬁ
=0°) increases; see Fig. 3(b). The enhancement of the maxi-
mum ds3(9=0°) by compressive stress X3 is now primarily
due to the dielectric softening of the crystal along the polar
axis. Thus, at this temperature range, the compressive stress-
assisted polarization rotation no longer plays the dominant
role in the enhancement of the longitudinal piezoelectric co-
efficient.

Figure 4(a) shows that, throughout the tetragonal phase of
BaTiO;, the compressive stress causes softening of the di-
electric properties both parallel and perpendicular to the po-
lar axis. The tensile stress has the opposite effect. The direc-
tion along which the stress-assisted dielectric softening is
dominant, and the direction of the maximal piezoelectric re-
sponse, are determined by the temperature of the system.
One should note that tensile stress increases the tetragonality
(polarization) while the compressive stress reduces it. Thus,
despite the reduced polarization [see Eq. (4)], the compres-
sive stress enhances the permittivity and consequently the
piezoelectric coefficients. The enhancement of the material
response by the compressive stress is due to the reduced
stability of the polarization that is made more susceptible to
a change by external fields. This point will be discussed fur-
ther in the next section.

Exactly the same way of reasoning can be applied for the
tetragonal PbTiO;. The important difference is that, since
there are no ferroelectric-ferroelectric phase transitions in
this crystal, the maximum piezoelectric response lies always
in the direction of the spontaneous polarization. In PbTiO;,
therefore, the stress causes the same effect as in the tetrago-
nal BaTiO; at higher temperatures and the enhancement of
the piezoelectric response is dominated by the dielectric soft-
ening along the polar axis. The enhancement effect along the
polar axis in PbTiOj; is particularly pronounced at higher
temperatures where 733> 7.7

As already mentioned in the Introduction, the qualita-
tively similar behavior was reported?’ in BaTiO; when an
electric bias field was applied along or antiparellel to the
polar direction. This similar response of perovskite crystals
to a variation of different parameters suggests a common
underlying mechanism for the origins of the piezoelectric
anisotropy and its enhancement, no matter what the consid-
ered variable is—the temperature, the electric field, the me-
chanical stress, or the composition.
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IV. FLATTENING OF THE ELASTIC GIBBS
FREE-ENERGY PROFILE BY COMPRESSIVE STRESS

In this section we discuss the Gibbs free energy for the
tetragonal BaTiO5 at 7=285 K and PbTiO5 at 7=300 K, as a
function of the uniaxial mechanical stress bias, X3, applied
along the polar axis. It will be shown that the dielectric soft-
ening of the crystal perpendicular to and along the polar axis,
and the resulting enhancement of the piezoelectric response,
are a consequence of the stress-assisted flattening of the
Gibbs free-energy profile.

In the ferroelectric BaTiO3 and PbTiOs;, the spontaneous
polarization is related to a temperature induced atoms dis-
placement with respect to their ideal positions in the cubic
paraelectric phase.*> External bias and measuring fields shift
atoms and modify the polarization. The elastic Gibbs free
energy in Eq. (2) thus reflects the free energy of the crystal as
a function of atoms shifts by external fields or temperature
variation. A flatter profile of AG(P,, P) is a manifestation of
the higher susceptibility of the system to atoms displace-
ment, and signifies therefore enhanced dielectric susceptibil-
ity and piezoelectric coefficients. In the previous section we
have shown that the enhancement of the dielectric and piezo-
electric properties of the crystals by external stress is
strongly anisotropic. In this section we demonstrate that the
softening of the material response is a direct consequence of
the anisotropic flattening of the Gibbs free energy profile by
the external stress.

To support the following discussion, we first show
in Fig. 6 a three-dimensional plot of AG(P,,P;) for
BaTiO; (T=285 K,X3=-100 MPa) and for PbTiO;
(T=300 K,X3=—1000 MPa). The thick solid lines represent
AG(P,) at the equilibrium spontaneous polarization P for a
given compressive stress X5 (P3=0.257 C/m? in BaTiO; and
0.654 C/m? in PbTiOs). The AG(P,) profile reflects a polar-
ization rotation away from the polar axis and in the (100),
plane, caused by a weak measuring field applied along the
[010]. axis. The dashed lines represent AG(P5) for P,=0 and
correspond to measurements along the polar axis. Black dots
mark approximate positions of the stable and metastable te-
tragonal, orthorhombic and cubic phases. T indicates the
tetragonal phase with the polarization along the [001],. axis
(P3;#0,P,=0), and Ty the tetragonal phase with the polar-
ization switched by 90°, i.e., along the [010]. axis (P;
=0,P,#0). The cross sections of AG(P,,Ps) are shown in
Fig. 7 for BaTiO; (T=285 K, for X3=-100, 0, +100 MPa)
and in Fig. 8 for PbTiO; (7=300 K, for X3;=-1000, 0,
+1000 MPa). Note that, while Fig. 6 is calculated for com-
pressive stress only, Figs. 7 and 8 include also data for stress
free crystals and crystals under tensile stress Xj.

We first discuss the results for BaTiO5 at T7=285 K shown
in Fig. 7. The AG(P,=0, P3) given in Fig. 7(a) reflects the
susceptibility of the crystal to dilatation and contraction of
the polarization along the polar [001], axis. Comparison of
curves for the tensile (dashed-dotted line) and compressive
stress (solid line) shows that, as the tetragonality decreases
by the compressive stress, the AG(P,,P;) profile becomes
somewhat flatter indicating an improved movement of atoms
along the [001], axis. However, the effect is modest, as it is
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FIG. 6. (Color online) The Gibbs free energy [Eq. (2)] at com-
pressive stress for (a) BaTiOz (T=285 K,X3=—100 MPa) and (b)
for PbTiO; (7=300 K,X3=-1000 MPa). The thick solid lines rep-
resent AG(P,) at equilibrium P5 (P3=0.257 C/m? in BaTiO; and
0.654 C/m? in PbTiO5), reflecting the polarization rotation away
from the polar axis in (100), plane. The dashed lines represent
AG(P3) for P,=0. Black dots mark approximate positions of the
stable and metastable tetragonal, orthorhombic, and cubic phases.
T, indicates the tetragonal phase with polarization along the [001],
axis (P3#0,P,=0), and Ty the tetragonal phase with polarization
switched by 90°, i.e., along the [010], axis (P3=0,P, #0).

shown in a small increase in the permittivity and the piezo-
electric coefficient along the polar axis, Fig. 4. The effect is
strikingly stronger for AG(P,;P;=0.257), Fig. 7(b), which
reflects a change in the AG when the external measuring
field has a component perpendicular to the polar axis [001],..
For the dielectric response this situation corresponds to the
polarization rotation in the (100),. plane, away from the
[001], and toward the [010],. axis; for the piezoelectric re-
sponse the situation corresponds to the shear effect. The
compressive stress X3 strongly flattens the AG(P,;P;
=0.257) profile, Fig. 7(b), leading to a considerable increase
in n;; and d,5; see Fig. 4. The flattening of the AG profile
along the polar axis (corresponding to the polarization dila-
tation and contraction) and within (100), plane (correspond-
ing to the polarization rotation) are compared in Fig. 7(c).
The flattening of the AG profile is clearly anisotropic: the
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FIG. 7. (Color online) The profile of the Gibbs free energy at
compressive (—100 MPa, solid lines), zero (dashed line), and tensile
(+100 MPa, dashed-dotted line) stress for BaTiOz at 7=285 K. (a)
AG(P;) for P,=0, (b) AG(P,) at equilibrium P3(P3
=0.257 C/m?), and (c) comparison of the flatness of AG(P,;P;
=0.257) and of AG(P,=0; P5). The former indicates the rotation of
P from the [001],. toward the [010], axis in the (100), plane, and
the latter indicates a dilatation or a reduction of the polarization
along the [001], axis. The arrows show a general position of the
equilibrium tetragonal state. Compare with Fig. 6.

effect of the flattening on the polarization rotation (and on
71, and d;s) is much stronger than on the polarization con-
traction (and on 73 and ds3). This ultimately leads to a much
larger enhancement of d;; away from than along the polar
axis, as shown in Fig. 2(a).

Similar to its effect on the free energy of BaTiOj;, the
compressive stress has tendency to flatten the AG(P,,Ps)
polarization dependence in PbTiO;, Figs. 8(a) and 8(b), and
thus to enhance its piezoelectric response. However, the an-
isotropy of the AG(P,, P5) profile flattening in PbTiO; is at
all temperatures qualitatively different from that in BaTiO;
at 285 K. In PbTiO3, the flattening is more pronounced along
the polar axis, Fig. 8(c), than along the [010],. axis. Conse-
quently, the contraction of the polarization along the [001],
axis is now at least as much important as the rotation in the
(010),. plane. Using the same line of arguing as above, one
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FIG. 8. The profile of the Gibbs free energy at compressive
(-=1000 MPa, solid lines), zero (dashed line), and tensile
(+1000 MPa, dashed-dotted line) stress for PbTiO; at T=300 K.
(a) AG(P3) for P,=0. (b) AG(P,) at equilibrium P3 (P;3
=0.654 C/m?), and (c) the comparison of the flatness of
AG(P,;P3=0.654) and of AG(P,=0; P3). The former indicates ro-
tation of P3 from the [001], toward the [010], axis in the (100),
plane and the latter indicates a dilatation or a reduction of the po-
larization along the [001],. axis. The arrows show a general position
of the equilibrium tetragonal state. Compare with Fig. 6.

sees that the longitudinal piezoelectric effect d3; and suscep-
tibility 733 now increase more by the compressive stress,
Fig. 5, than d;5 and #,;. The shear effect no longer domi-
nates in Eq. (5) and the maximum d3; and its maximum
enhancement by the compressive stress appear along the po-
lar axis.

At 365 K BaTiO; behaves similarly to PbTiO3, and will
not be discussed in detail. The polarization rotation effects in
this temperature range are stronger in BaTiO; than in highly
tetragonal PbTiOj3, but still do not dominate the piezoelectric
response. Therefore, the maximum dj; and its maximum en-
hancement appear along the polar axis; see Fig. 2(b). This is
true for the tetragonal phase of BaTiO; above a certain criti-
cal temperature.*

We next discuss the stability of the polarization along
[001], axis when a compressive stress is applied on the crys-
tal. A compressive stress leads to reduction of the polariza-
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FIG. 9. The Gibbs free energy of the tetragonal BaTiO5 at T
=285 K as a function of the applied compressive stress. At coercive
stress the free energy develops a minimum for P;=0 corresponding
to a saddle point in the two-dimensional graph, indicating the 90°
switching into the (P, # 0;P3=0) state. Compare with Figs. 1 and
6.

tion, which becomes zero at a certain coercive stress; see Fig.
1. In terms of the Gibbs energy, the AG(P3) develops for
sufficiently high compressive stress a minimum at P;=0; see
Fig. 9. As mentioned in Sec. II, this minimum does not cor-
respond to the cubic phase, but to the switching by 90° into
the tetragonal state characterized by P, # 0; P;=0, indicated
in Fig. 6 as Tyq. That this state is not cubic but tetragonal,
can be verified by analyzing the AG(P,,Ps3). The analysis
shows that the minimum in AG(P3), seen in Fig. 9 at, for
example, 500 MPa, corresponds to a saddle point in the two
dimensional AG(P,, P3) plot; the system does not stay in the
cubic state but moves into Ty state.

In systems with the first order phase transitions, such as
BaTiO; and PbTiOs, the phase transitions are hysteretic: the
system can remain in a metastable state as long as this state
represents a local minimum in AG. Thus, switching from the
tetragonal T state (P,=0;P;#0) to the tetragonal Tgn(P,
#0;P;=0) state happens not when the minimum for Ty
becomes an absolute minimum, but when the minimum for
Ty transforms into an inflection point. In BaTiOs;, at 285 K,
this happens at X3 <<-400 MPa, while the calculations in
Sec. III were made for X;=—100 MPa. For all calculations,
care was taken not to pass over the coercivity limit. Further-
more, an orthorhombic phase (P,=P;#0) appears in
BaTiO; at 278 K. The stress applied along the [001], can
shift the tetragonal system into the Ty state, while only
temperature can develop the orthorhombic state. Thus, in
Fig. 7(b), the curve for X;=—100 MPa has three minima: two
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for an incipient orthorhombic state (for P, between —0.2 and
—-0.1 C/m? and between +0.1 and +0.2 C/m?) and one for
Ty state for P,=0. Even though Ty is not an absolute mini-
mum, the system will stay in that state as long as it is a local
minimum. Only when the temperature is sufficiently de-
creased and this minimum becomes an inflection point, the
system will transform into the orthorhombic state.

We finally point out that results presented refer to thermo-
dynamically ideal systems. Real crystals will have lower co-
ercive fields and the described effects will be weaker. How-
ever, our calculations demonstrate general trends that can be
expected from tetragonal perovskite crystals under the influ-
ence of the uniaxial stress applied along the polar axis.

V. CONCLUSIONS

It is shown that the enhancement of the longitudinal pi-
ezoelectric response in BaTiO; and PbTiOj; crystals by the
compressive stress applied along the polar axis can be inter-
preted in terms of the profile flattening of the Gibbs free
energy. This is true for the enhancement along the [111],
axis (in BaTiO; at 285 K) as well as along the [001], axis in
PbTiO; (throughout the tetragonal phase) and in BaTiO;, at
sufficiently high temperatures. The Gibbs free energy profile
flattening by the compressive stress can be directly related
either to the facilitated polarization rotation in (100), plane
or to the polarization contraction along the polar axis. The
most important result is that both the polarization rotation
(piezoelectric enhancement along nonpolar axes) and polar-
ization contraction (piezoelectric enhancement along the po-
lar axis) effects can be described by the common mechanism,
i.e., the instability (the profile flattening) of the elastic Gibbs
free energy.

We propose that the same approach can be applied to
other perovskites to investigate origins of the piezoelectric
effect enhancement (i) as a function of the composition in the
vicinity of the morphotropic phase boundary, (i) as a function
of the electric field bias, and (iii) as a function of tempera-
ture. The first steps in extending this method to temperature
driven effects®! suggests that the approach is indeed gener-
ally valid and that results presented in this paper thus have
broad implications.
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