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Abstract: Due to the toxicity of Pb, researchers are searching for high performance Pb free pi-
ezoelectrics to substitute for the Pb based ones, and the mechanism for developing high perform-
ance piezoelectrics are essentially needed. In this paper, we used a 6th order Landau-Devon-
shire model to calculate the free energy for different phase coexistence situations ( single phase,
two phases, three phases and four phases). Results showed that different phase coexistence sta-
tuses corresponded to different energy barriers for polarization rotation and extension: coexisted
with more ferroelectric phases, the polarization rotation barrier will be lower, and coexisted with
paraelectric phases, the polarization extension barrier will be extremely reduced, and different
energy barriers result in different enhancement abilities for materials’ piezoelectricity and permit-
tivity. Experimental proofs were also provided to verify this finding. Our study clarifies the rela-
tionship between phase coexistence states with its properties performance, and re-interprets po-
larization rotation and extension mechanism (a free energy view) into a simple phase coexistence

scenario (a material structure view) , which may offer a fast way to find and engineer high performance piezoelectrics.
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1 Introduction

With the rising environmental and human health con-
cerns by using toxic Pb in industrial and commercial devices,
people are looking for sustainable and environmental friendly
Pb-free materials'''. Intensive works have contributed to Pb-
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free piezoelectric research, but few reported Pb-free materials
[2-5]

can actually compete with Pb family . A guideline for de-
veloping high performance piezoelectrics becomes essentially
important.

In 2000, Fu and Cohen proposed that the giant piezoe-
lectric response can be induced by intrinsic polarization rota-

ol Experimen-

tion mechanism by first principle calculation
tally, Noheda et al found a narrow intermediate phase be-
tween T and R phase in Pb-based high performance piezoe-
lectric systems, which serviced as a bridge phase facilitating
the polarization rotation from T[ 100 ] to R[ 111 ] 7=17 " More

recently, the contribution of polarization extension from ferro-
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electric to paraelectric phase was proposed by Damjanovic et

11-13] . .
'. Thus, easy polarization

al as another important factor'
extension and rotation mechanism ( low energy barriers for
polarization variation) have been accepted as the two most
important intrinsic factors contributing to the materials’ per-
mittivity and piezoelectricity ( these ac properties) enhance-
ment.

However, this mechanism is largely relying on a free en-
ergy analysis, which is hard to apply in a material design di-
rectly. How to link this free energy mechanism with real ap-
plications such as designing high performance piezoelectrics?
Is it possible to convert free energy analysis into a simpler
materials design guideline? All in all, a simple, clear and
operable mechanism is needed.

On the other hand, from experiment, it is found that the
high ac properties in Pb-based piezoelectrics are really related
to a morphotropic phase boundary (MPB) , a phase transition
boundary formed by composition change!" ™"
Liu and Ren""” found that the high performance at MPB actu-
ally originates from a triple point with three phases (e. g. ,
Cubic-Tetragonal-Rhombohedra, C-T-R) coexisted. Based

on this idea, at least three new Pb-free triple point type MPB

Recently,

systems have been discovered and their piezoelectricity are as
high as 450 - 600, C/N""* ",
permittivity have been reported in the Pb-free BaTiO, — xBaS-

Higher piezoelectricity and

n0, system at its quasi-quadruple point, a point in the phase
diagram with nearly four phases coexisted ™'’ .

Although these materials still have some drawbacks,
such as the Curie temperature (T,) is too low to use in our
daily life, these experimental results do give us a hint that the
ferroelectric material’s ac properties are highly depended on
its phase coexistence state. Obviously, such relationship can
be used as a simple guideline to develop high performance pi-
ezoelectric materials if it can be clarified. However, a com-
prehensive study and details of this relationship are still not
clear.

This work clarifies the property and phase coexistence
relationship from both theoretical and experimental aspects,
will give an important guidance to find a high piezoelectric
Pb-free material by different phase-coexistence approach.
Phase coexistence analysis method may be a right and simple
way to reveal the polarization rotation and extension mecha-
nism and rebuild the structure-property relationship.

2 Method

In order to reveal the difference between these phase co-
existence states, free energy of different phase coexistence
states was calculated by Landau theory. Different energy bar-
riers for polarization rotation and extension for different coex-
istence states can be found, and their abilities for property
enhancement can be revealed too.

To analyze all four common phases in ferroelectrics; Cu-
bic, Tetragonal, Orthorhombic, Rhombohedra (C, T, O,
R), 6th order Landau-Devonshire model is used, the lowest

order to have all these four phasesm’23J

fOllow[M’ 18,21, 24-28]

. The equation is as

F(P) =Fy+a(P. Pl +P)) b (P.+P +P!) +
by(PP. + PP +PPY) +¢, (P + P +P)) +
o[PH(P+P) +P (P +P) + P/ (P +

P)] +¢,PiP P (1)
Where F means the free energy of the system; F, is the free
energy of the paraelectric phase; P is the order parameter-po-
larization, and a, b, c are the fitting parameters. This equa-
tion means the free energy of the system can be expanded to
the polynomial expression of the order parameter polarization.
At a phase coexistence state, the free energy of coexis-
ted phases should be equal; also, the first deviation of free
energy for these phases should equal to zero to make the
phase stable. Take quadruple point with C-T-O-R coexis-
tence as an example;
phase coexistence;
F(FT)zF(F())=F(PR)=F(FC>=FU (1)

phase equilibrium;

aF(P) _ _ _ _
5 =0 (atP=P,, P=P,, P=P,) (2)

(where P, = P, + (0, 0, 1), P, =P, = (0, 1//2,

1/02), Py=P, = (123, 123, 1/3))
For simplicity, define || Py || = | Po |l = || Px || =

P,, which means the polarizations in different ferroelectric

phases have the same length, but different orientations. Our
model only concerns up to 6" order polarizations with the con-
dition of same polarization length for different ferroelectric
phases. This gives essential simplicity for us to see the differ-
ence between these phase coexistence states while keeps the
result similar. For example, sequence of the ability for prop-
erty enhancement. However, one should notice that this rai-
ses the issue of totally isotropic polarization rotation energy
profile for C-T-O-R and T-O-R states, which (in reality)
should be very low anisotropy states if higher order polariza-
tion terms or different length polarization are considered.

3 Results

3.1 Calculated result

Here we summarized the calculated results in Table 1.
(Near T, coexistence states; C-T-O-R, C-T-O, C-T; below
T, coexistence states; T-O-R, T-O, T) For these free energy
equations, they are composed of three components: i) F,
energy of paraelectric phase, same for every equations; ii)
2-4-6 order isotropic term ( underlined with single line ),
function of P, the sphere energy; iii) 2-4-6 anisotropy term
(underlined with double line) , function of [P,, P,, P.],
the anisotropy energy. In this way, every state or its equation
can be divided into three parts; the basic energy F, the iso-
tropic term and the anisotropy term.

For property enhancement, it is not the free energy itself
but the energy barriers for polarization variation that matters.
From free energy view, great property enhancement comes
from easy polarization variation, namely low energy barriers for
polarization variation. To analyses the polarization variation
energy barriers, each polarization variation can be decomposed
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Tablel The calculated results of different phase coexistence states. Single line for the
isotropic term, double line for the anisotropy term
Situations Parameter relations and free energy equations

a,=C, %P, b= -2¢, %P, b,=2b,, ¢, =3¢c,, ¢;=6¢,;

Quadruple point C-T-O-R

F(P) =F, +c,P,P =2¢,PP* +¢,P°; (P =P +P +P")

a,=c, %Py, b= =2¢, %Py, b,=2b,, ¢, =3c,;

Triple point C-T-O

2 4
a =c, * Py, b= —-2¢c, % Pg;

F(P) =Fy+¢,PyP =2¢, PP +¢,P° + (by +4¢,Py) (PL+ P, + P+ P. + PLP}) +

Phase boundary C-T

F(P) =F, +¢,PyP* =2¢,PyP* +¢,P° + (¢, —6¢,) PP P?

(¢, =3¢)[PL(P.+P2) +PL(P.+P2) + P(P.+P))] + (¢, —6¢,)PIP.P;

Triple point
T-O-R

Phase boundary by =2by, ¢; =3¢y;

T-0

b, =2b,, ¢, =3¢,, ¢; =6¢,;
F(P) =F, +aP’ +b,P* +¢,P°

F(P) =Fy +aP* +b,P* +¢,P° + (¢, —6¢,) PP’ P

non

Phase T

F(P) =Fy+a, P> +b,P* +¢,P° + (b, +4¢,P;) (PP

2
y

+PIPL+PP) + (¢, =3¢) [P

(PL+P) +PL(PL+P) + PL(PL+P) ] + (¢ —6¢,) PIPP;

into two components; variation in its direction and length.
The former is polarization rotation, namely polarization varia-
tion in its directions but with constant length; the latter is po-
larization extension, namely polarization variation in its
length but in one direction. Energy barriers for polarization
rotation only come from the anisotropy term because polariza-
tion rotation doesn’t affect the isotropic term at all; while en-
ergy barriers for polarization extension mainly come from the
scale of the isotropic term, if the anisotropy term is fixed.

Difference can be seen directly from the equation itself
by its terms. Briefly to say, i) for states with same ferroelec-
tric phases coexisted, they have the same anisotropy term,
namely same energy barriers for polarization rotation, regard-
less of whether coexisted with Cubic phase or not; ii) for
states with different ferroelectric phases coexisted, the more
ferroelectric phases exist, the less anisotropy terms they get,
and much easier to facilitate the polarization rotation process.
On the other hand, iii) states coexisted with Cubic phase,
have the isotropic term of ¢, PyP* — 2¢,PiP* + ¢, P°, while
states without Cubic phase coexisted have the isotropic term
of aP> +b,P* +¢,P° (a, #¢, * P}, b, # = 2¢, % P}), re-
gardless of how many ferroelectric phases are coexisted ; iiii)
for stable ferroelectric phase (P =P,), ¢, PiP* - 2¢,PiP* +
¢,P° =0 while aP’ + b, P* +¢,P° =aP} + b, P} + ¢, P} #0,
namely the ferroelectric states coexisted with Cubic phase
have much closer energy to F;, which can facilitate the polar-
ization extension process.

To simply conclude, coexistence of several ferroelectric

phases can lower the polarization rotation barriers, and thus
facilitate polarization rotation enhancement for ac properties;
coexisted with Cubic phase can significantly lower the polari-
zation extension barriers, and thus facilitate the polarization
extension enhancement for ac properties.

3.2 Schematic free energy profiles

In order to show the difference between these free energy
equations clearly, schematic energy landscapes of different sit-
uations were showed in Fig. 1 and Fig. 2. The values of the
parameters are chosen according to the relations listed above.

Since the enhancements of ac properties usually come
from the easy polarization rotation and extension, we analyses
the free energy behavior from these two aspects. For polariza-
tion rotation case, free energy profile for polarizations of

| P || =P, were showing in Figure 1 in 3D view. For polari-

zation extension case, the free energy value for polarizations
in directions of T[001], R[111], O[011], were showing
in Figure 2.

From these figures, the rules stated in the equation parts
can be also found. From polarization rotation case Fig. 1, it
is quite clear that coexisted with the same ferroelectric phases
gives out similar anisotropy energy barriers for polarization ro-
tation barriers, which is clear in comparison of the upper fig-
ures with the lower ones; states with coexistence of several
ferroelectric phases have much flatter energy profiles and low
energy barriers, and can facilitate polarization rotation
process, which is clear by comparing from left to right. For
polarization extension case Fig. 2, those states coexisting with
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C phase have very low energy barriers for polarization varia- zation extension process, which is clear from the comparison
tion from a ferro to a para phase, and can facilitate the polari- of upper figures with the lower ones.
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Fig. 1 Free energy landscapes for polarization rotation case. Near T, states: (a) C-T-O-R quadruple point2'! | (b) C-T-O triple point,
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In this way, different phase coexistence states have been
successfully related to a certain free energy profile. Further,
difference profiles and energy barriers certainly indicate dif-
ferent performances. So what about the experiments?

3.3 Experimental proofs

Based on the polarization rotation and extension mecha-
nism, different property enhancements can be expected be-
cause of different energy barriers for different phase coexis-
tence states. For example, quadruple point may give the lar-
gest enhancement due to no energy barrier for polarization ro-
tation and lowest energy barrier for polarization extension;
with less ferroelectric phases exist together, the polarization
rotation energy barrier becomes larger; and without a C
phase, there is a large energy barrier for polarization exten-
sion, thus a decrease in ac properties.

Below are the experimental measurements of different
phase coexistence situations ( Fig.3). These systems are
carefully chosen to eliminate the effect of system difference.
They are BaSnO, doped BaTiO, (as BT-xBS, Fig. 3a)",
Ba(Sn, ,,Tiy ¢ ) O doped (Ba, ;Ca, ;) TiO; (as BST-+BCT,
Fig. 3b)™, and CaTiO; doped BaTiO, ( as BT-xCT,
Fig. 3c). These three systems are all BaTiO, based systems
with similar dopants; and they show almost all the phase co-
existence situations. These facts make these three systems

excellent for ac properties comparison and can yield reasona-
ble results. Fig. 3a, 3b, and 3¢ show the different phase di-
agrams composed by BT, CT, and BS: quadruple point C-T-
O-R and double MPB T-O and O-R in BT-xBS; triple point
C-T-R and MPB T-R in BST-¥xBCT; phase boundary C-T, T-
0, and O-R in BT-xCT. Because permittivity is much sensi-
tive near T,
T.,

near T states (Fig 3d, 3e, and 3f) , and the piezoelectricity

while piezoelectricity is only sustainable below
so, we choose to compare the permittivity value at T, for

coefficient dy; at room temperature ( RT) for far below T,
states ( Fig. 3g, 3h, and 31).

For near T, cases,

. permittivity at C-T-O-R quadruple
point and C-T-R triple point reach a large value while no big
different in C-T phase boundary case. Clearly, compared with
C-T or C-R phase boundaries, quadruple and triple points have
a large enhancement on its permittivity. Also, the permittivity
at quadruple point is even larger than that at triple point, indi-
cating the enhancement at quadruple point is even larger. For
below T, cases, the phase boundaries T-O and O-R in BT-xBS
system and phase boundary T-R in BST-xBCT system have
the peak dj; value in each system, while d;; decreases slight-
ly for single phase T in BT-xCT system with increase dop-
ants. This indicates phase boundary can enhance the piezoe-

lectric properties, which has been known for long time.
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Fig. 3 experimental data for different phase coexistence states: (a), (b), (¢) phase diagram; (d), (e), (f) permittivity at T, ( near

T, properties) ; (g), (h), (i) ds3 at RT (below T, properties) for BT-xBS, BST-xBCT, and BT-xCT system ( Partial data are

cited from ref[ 21 ] and ref[ 19])
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These experimental results satisfy our calculated results
very well, indicating that phase coexistence states do have
such a relationship with property enhancement, and this rela-
tionship can be well understood by free energy analysis from
polarization rotation and extension aspects.

3.4 T-O-R phase coexisting

From our calculated result, a T-O-R phase coexistence
should possess piezoelectricity much larger than that of a sin-
gle phase boundary because it's an isotropic state for polari-
zation rotation. Although clear and direct declaration for a T-
O-R coexistence state were not found in previous literature
yet, indirect evidences such as Pb-based high performance
PZT"' | PZN-PT"®' | PMN-PT""’ can support this finding.
They all have a very narrow intermediate phase between T
and R phase and great ac properties in this region were found
and attributed to the easy polarization rotation from T[ 100 ]
to R[ 111 ] facilitated by this intermediate phase (lower ener-
gy barrier for polarization because of this intermediate
phase) 1%

dmz,}ﬂ

It foun that it is not the intermediate phase itself

AC Properties

FE Loss

Fig. 4
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giving large enhancement to the properties, but the narrow-
ness of this intermediate phase really matters. It showed that
a narrow intermediate phase, mimicking but not a truly T-O-
R coexisting state, can largely enhance the ac properties.

This may be a new clue to search for high perform-
ance piezoelectric ceramic systems by narrowing the inter-
mediate phase between two ferroelectric phases, to mimic
a triple phase coexistence state, which is highly possible
by modifying BaTiO, or KNbO,, who has a T to O to R fer-
roelectric transition sequence originally. High performance
piezoelectrics'™ ! found in these two systems support our
opinion.
3.5 Relationship

To summarize above results, a relationship diagram of
ac properties at different phase coexistence situations can be
drawn out ( see Figure 4a) : the less ferroelectric phases co-
existing ( FE loss) , the harder for polarization rotation and
ac properties decrease; without a C phase (PE loss), a
large energy barrier will limit polarization extension and ac
properties drop too.

80
60
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Olnnnnlu
0 2 4 6 8 10 12 14

BT-xBS
(b)

(a) schematic diagram of the relationship between material’s ac properties with its different phase coex-

istence states and (b) experimental dy; distribution in BT-xBS system ( PB: phase boundaries, QP:
quadruple point C-T-O-R, modified from ref[ 21])

An experimental proof to reveal this relationship can be
found in Fig. 4b, showing the distribution of piezoelectric co-
efficient d,; (color contour map, cited and modified from ref
[21]) with relation to its phase coexistence state in BT-xBS
system. From this figure, the piezoelectricity of different
phase coexistence states can be clearly revealed and com-
pared, which shows a phase status dependence of piezoelec-
tric performance, and this dependence fits well to the rela-
tionship we summarized above.

Knowing this relationship in mind, it helps when one
tries to design a high performance piezoelectric system or pre-
dict the piezoelectricity distribution by its phase diagram. To
get high performance, it is better that people can acquire a
more-phases coexistence state, which will give largest addi-
tional enhancement on the basis of materials’ own perform-
ance. This can be achieved by doping elements with different
phase transition sequence or simply by strain engineering.
Also, the phase diagram becomes even more important to
predict the performance of the system according to its phase
coexistence states.

4  Conclusion

The relationship between phase coexistence state and its
properties has been built via free energy analysis. This work
concretes the polarization rotation and extension mechanism
into a material design view. It may simplify the process of de-
veloping high performance piezoelectric materials by search-
ing, or engineering a phase coexistence state. Regarding the
similarity between different ferroic materials, one can expect
this “phase coexistence and properties” idea also can be ap-
plied to the ferromagnetic and ferroelastic fields to seek better
materials.
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