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The effect of oxygen vacancy on the dielectric and electromechanical properties in lead titanate
zirconate based ferroelectric ceramics is discussed in this paper. The presence of oxygen vacancy
forms a defect-dipole inside a perovskite cell. This defect-dipole contributes to the unswitchable
polarization and influences the alignment of the ferroelectric dipole in the same cell as well. The
latter is due to the displacement of the B-site cation, which contributes to the switchable
polarization. It is found that a double hysteresis emerges when the alignment of defect-dipole
conforms with the crystal orientation, which is perpendicular to the measured polarization.
Moreover, the optimal electromechanical property can be obtained by careful adjustment of
c-domain volume fraction and the alignment of defect dipoles. Monte Carlo simulation based on the
four-state Potts model is presented. Calculation results are compared with experiments. © 2008
American Institute of Physics. [DOI: 10.1063/1.2978376]

I. INTRODUCTION

Perovskite type ferroelectrics such as lead titanate zir-
conate [Pb(Ti,Zr,_,)O3], barium titanate (BaTiO;), and po-
tassium sodium niobate [ (K sNay s)NbO;] have been widely
used for a large number of dielectric and electromechanical
applications. Among these materials, both the dielectric and
electromechanical properties rely on polarization switching,
in which non-180° domain switching plays a dominant
role."™ On the other hand, in order to optimize the perfor-
mance of these materials, a precise control on the material
properties is vitally important. One typical factor is the pres-
ence of defects, which can be either point defects or disloca-
tions. They are created in many different ways, such as non-
stoichiometry, extrinsic doping,5 thermal mismatch,
distortion upon phase transition, film/substrate lattice
mismatch,® etc. Among various types of defects, oxygen va-
cancies, either as isolated point defects or as defect—ion
dipolar pairs by combining with other ionic species are al-
ways present in oxide ceramics. They are usually generated
by annealing in oxygen—deficient ambient or lower valence
cation substitution.

The role of oxygen vacancies on the ferroelectric prop-
erties has been extensively discussed before. For example,
the presence of oxygen vacancies enhances the coercive
field,”® creates imprint effect by shifting the polarization-
electric field (P-E) loop along the electric field axis,”’ and
causes polarization fatigue effect.'®" There are also a num-
ber of reports on the occurrence of double hysteresis loops in
the presence of oxygen vacancies.”" Ren'* has presented a
qualitative explanation for the presence of double hysteresis
loop by considering the conformal alignment of defect di-
poles along the spontaneous polarization Pg direction im-
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posed by the crystal symmetry. Each of these dipoles is cre-
ated by oxygen vacancy in the perovskite cell. The measured
polarization driven by an external electric field is perpen-
dicular to Pg. It was also suggested that the alignment of
these defect dipoles is achieved after aging. Furthermore,
this defect dipole also influences the rotation of the ferroelec-
tric dipole of the same cell. The latter will, in turn, affect
both the overall polarization and electromechanical response.

It is interesting to know how the electromechanical prop-
erty is influenced by oxygen vacancies. Several aspects may
be studied, such as the domain structure in the presence of
oxygen vacancies, coupling between the oxygen vacancy and
the ferroelectric dipole, strain effect due to lattice distortion,
change in grain size due to lower valence doping, etc. For
instance, Fan et al.”® have observed different domain struc-
tures of Pb[(Zn;,3Nby3)05—(Zro.47Tips53)05]03 (PZN-PZT)
samples prepared under different conditions: as-sintered,
postannealed in argon, and postannealed in oxygen ambient
atmospheres. The quantities of oxygen vacancies are be-
lieved to be different among these samples. It was found that
the sample annealed in oxygen atmosphere exhibited the
largest electromechanical coupling factor and piezoelectric
coefficient, while the as-sintered one showed the least. In
other words, the electromechanical effect is reduced in the
presence of oxygen vacancies. Zhang and Ren® have drawn
similar conclusions by suggesting that the domain wall mo-
tion through 90° rotation is impeded because of the unfavor-
able alignment of ferroelectric dipoles in the presence of de-
fect dipoles generated by oxygen vacancies. However, Hou
et al.'® have shown that maximum electromechanical cou-
pling factor k, as well as piezoelectric coefficient ds; is ob-
tained by 1% doping of MnO, in Pb[(Zn;;Nby;3)020
—(Zry50Tip50)0.80]03 ceramics. Further incorporation of
MnO, reduces these two parameters. They suggested that
MnO, doping not only increases the quantity of oxygen va-
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cancies, but also influences the crystal structure and micro-
structure. The increase in electromechanical properties in the
presence of oxygen vacancies suggests that the latter is not
necessarily a detrimental factor on the device performance.
Furthermore, their effects on the microstructure as well as
their role on the polarization switching should be explored.

The role of dislocations on the ferroelectric properties
has also been studied. For instance, Alpay et al.'” have per-
formed theoretical investigation using thermodynamic analy-
sis. The coupling between the dislocation-induced stress and
polarization results in polarization gradient near the disloca-
tion. The polarization gradient reduces the polarization in a
region over several nanometers. This in turn imposes a criti-
cal thickness below which the ferroelectricity is unstable.
Similarly, Balzar et al.'® have derived the shift in Curie—
Weiss temperature in the presence of inhomogeneous strain
using thermodynamic Gibbs free energy approach. They at-
tributed the inhomogeneous strain to misfit dislocations,
threading dislocations, and nonrandomly distributed point
defects. However, either the inhomogeneity in strain or in
polarization does not necessarily deteriorate the material
properties. For instance, Zhong et al.” have observed en-
hanced piezoelectric response in multilayered and heteroge-
neous Ba;_,Sr,TiOj; thin films and in compositionally graded
BaTiO;—-Ba,_,Sr,TiO; and PbTiO;—-Pb,_,Zr,TiO;
systems.

In this work, we try to investigate the coupling effect of
oxygen vacancy with the ferroelectric dipole of each perov-
skite cell. The theoretical modeling and numerical simulation
are presented in next section. The simulation results are pre-
sented in Sec. III.

Il. THEORY AND MODELING

In this work, we are investigating the dielectric and elec-
tromechanical properties of a lead titanate zirconate
Pb(Ti,_,Zr,)O5 (PZT) single crystal in tetragonal phase. The
crystal is in multidomain configuration, where the polariza-
tion of c-domain is along the z- axis (or longitudinal axis),
and a-domain along either x- or y- axis (or transverse axis).
Due to the equivalence between the two transverse direc-
tions, it is desirable to simply the system into a two-
dimensional one in order to reduce the computation. Conse-
quently, we adopt a two-dimensional four-state Potts model

Nv) exp(—z/Lz;) + exp[— (d — 2)/Lz,]

1
fV(Z):K(Vx

where Lz, and Lz, are characteristic distribution lengths of
oxygen vacancies at the top and bottom surfaces. Note that
when Lz;=Lz,>d, the distribution becomes uniform given
by fy(z)=Ny/wd. Furthermore,

fo ) { f Odfv(z)dz} dx = Ny. (4)

Lzy[1 —exp(=d/Lz;)]+ Lzy[1 — exp(— d/Lz,)]’
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with N, and N_ perovskite cells along x and z directions,
respectively. The width and thickness of the sample are w
=N,A and d=N_A, respectively, where A is the size of a cell.
The use of Potts model enables us to simulate the interaction
of oxygen vacancy in each cell, the ferroelastic response in a
90° dipolar rotation, and the association between the ferro-
electric dipoles and ferroelastic strain states. The detailed
description of this model can be referred to the previous
publications.7’21 A ferroelectric dipole at a cell is a result of
the displacement of the B-site cation from the center of sym-
metry. In the tetragonal phase under the two-dimensional ge-
ometry, it has four different states denoted by the following
pseudospin matrices:

(2B

A 1
ij=S,= (0 ), (along + z direction),

A ~ 0
Sii=8p= (1 ), (along +x direction),
q Q - 1 . .
ij=S8c= 0 /) (along — z direction),
Q Q 0 . .
S;i=8q= _1) (along — x direction), (1)

where 0<i=N, and 0<j=N, represent the position of the
cell in the crystal. Likewise, if an oxygen vacancy exists in a
cell, it can be located at one of the four faces. The vacancy
states can be described by the following matrices:

p
0
absent
0 -1
bottom
0

. 1
Vii=9 (O) top =1/ 0 , (2)
< l) right

0
left
1
\

where the zero matrix represents the absence of vacancy. The
number of vacancies in the system is Ny, where Ny, <N,N..
In the presence of the top and bottom surfaces, the distribu-
tion of oxygen vacancies along the thickness direction is
given by

(3)

The probabilities of the oxygen vacancy at the different
positions of a cell are denoted by ps, p;, pg, and pp corre-
sponding to the top, left, bottom, and right faces, respec-
tively, i.e., associated with the vacancy states \A/,-,J- of Eq. (2).
It is also restricted that py+p;+pp+pr=1. We will discuss
the effect of oxygen vacancy in the following paragraph.

First of all, an oxygen vacancy is created by the removal
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FIG. 1. (Color online) Local electric fields induced in the neighboring cells
in the presence of a defect dipole formed by an oxygen vacancy at the top
face of the cell.

of an oxygen ion in one of the faces of the perovskite cell. It
is positively charged and forms a defect-dipole P with the
direction pointing from the cell center toward the vacancy,
even without other doping species. On one hand, the B-site
cation in the same cell, such as Ti**, will displace away from
the vacancy site and result in a ferroelectric dipole antipar-
allel to the defect dipole due to the Columbic repulsion be-
tween Ti** and the oxygen vacancy.7‘21 This effect can be
represented by the additional Hamiltonian term

Ha=HV1V Sl]’ (5)

where Hy,; is the coupling coefficient and the superscript T

after a generic matrix X denotes the transpose matrix of X.
Hy, bears a positive sign, reflecting that the antiparallel
alignment between the two dipoles is preferred.

Second, in the presence of a defect-dipole Pp, local elec-
tric fields in the neighboring cells are induced, as shown in
Fig. 1. The magnitudes of these fields at the nearest neigh-
bors are

. 2PpA )
N7 dareo(A - bI2)X(A + b/2)2
and
P
o (7)

Ep= :
P de (A2 + bP4)>?

where b is the distance of the oxygen vacancy away from the
center of the cell. The dipole field drops rapidly by the 1/73
dependence. The induced field at the second nearest neigh-
bors or beyond can thus be ignored. Conversely, defect di-
pole induced fields from the four nearest neighbors of a cell
located at (i,j) can be obtained by the following relations:

Ao Eg(Vijoi .+ Vi) —Ep(Vioyj. + V+1, 2)

ij= N R . ,
- EdZ(Vi,j—l,x + Vi,j+1,x) + Ey (Vi—l,j,x + Vi+1,j,x)

(8)

where V,, . and V,,, . are the z-and x-components (or first

and second row), respectively, of the matrix \A/m,,, located at a
position (m, n).

The presence of oxygen vacancy also induces a local
tensile stress on the same cell. Uchida ef al.** have observed
the presence of residual tensile stress in Pb-poor PbTiO; film
where lead and oxygen vacancies exist. Gupta and Katiyar23
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have investigated the lattice optical phonons in strontium
titanate thin films using Raman spectroscopy. They con-
cluded that development of microstress/strain was possibly
due to the incorporation of defects such as oxygen vacancies.
Though the system they have studied is strontium titanate,
which is in cubic phase at room temperature, it has a perov-
skite structure. There are also reports on the presence of local
strain fields at the proximity of mismatch dislocations.® The
vacancy-induced stress can be described by the following
expression:

o
(01) for vacancy at the top or bottom face
AV

0;; 0
( ) for vacancy at the left or right face,
g

)

where o; >0 is a constant stress. It is noted from Eq. (9) that
this stress is longitudinal if the vacancy is at the top or bot-
tom face or transverse if the vacancy is at the left or right
face.

The system Hamiltonian is given by the following ex-
pression:

_JE Sz]Skl_PSE El] 2 &Ijél,]
ij.kl ij

—a é Uskl+H'+H (10)
i,j.k,l

where J is the coupling coefficient between the neighboring
ferroelectric dipoles, Py the saturation polarization, &, ; the
strain at each cell, « the coupling coefficient between neigh-
boring ferroelastic strain states. The term H' caters for the
effect of anisotropic switching of dipoles through 90°

. 21 .
rotation,” which can be expressed as

(11)

— 2 healepe— IS,
i,j

where hc, is the energy barrier for switching a ferroelectric
dipole from c- to a-domain, ¢ and ¢,=1- ¢, are volume
fractions of c-domains and a-domains, respectively, 71 is a

longitudinal unit matrix, given by 72=| |. The last term in

Eq. (10) H, incorporates the effect of oxygen vacancy, as
discussed in Eq. (5). It is assumed that only oxygen vacancy-
induced stress given by Eq. (10) exists and there is no exter-
nal stress, so that J; j=6';fj. Moreover, this internal stress is
inhomogeneous in space but constant in time. A uniform pe-
riodic external alternating electric field is applied along the
longitudinal direction and the total electric field is given by

E ;= E () +E};. (12)

Finally, the strain in each cell can be divided into three
contributions: ferroelastic strain sF i associated with the rota-
tion of a ferroelastic dipole, elastic strain &; i governed by the
elastic property of the sample, and field-induced strain sg
attributed to the distortion of cell due to the charge separa-
tion. The last strain component is related to the electric field
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FIG. 2. (a) Displacement vector—electric field (D-E) hysteresis loops and (b)
Longitudinal strain-electric field (e;—E) butterfly loops under two different
amounts of oxygen vacancies: Ny=0 (solid curve) and Ny=6000 (dashed
curve).

via the piezoelectric (ds; and d5;) and electrostrictive coeffi-
cients (gs33 and gs3;). The explicit expressions of these strain
components have been discussed before.”!

In the present calculation, it is assumed that the sample
is initially unpoled and divided into a number of domains
randomly aligned with the four different orientations. Fur-
thermore, the vacancy species are immobile. The ensemble

of dipoles {LSA’i,j} then evolves in time according to the Me-
tropolis algorithm. The overall polarization and strain at each
time instance are evaluated by their ensemble averages, such
as

P2 {A"S
i,j
po—H 13
NN, (13
and
=S, - 8 (14)
£3= NN, T B

lll. RESULTS AND DISCUSSION

The double hysteresis loop and the electromechanical
property induced by oxygen vacancies are simulated. The
displacement vector-electric field (D-E) loops and strain-
electric field (e5—F) butterfly loops in the presence and ab-
sence of oxygen vacancies are then compared, as shown in
Figs. 2(a) and 2(b). The presence of oxygen vacancies is
characterized by Ny=6000, while Ny=0 in their absence.
They are denoted by dashed and solid lines, respectively. It is
observed that the double hysteresis loop and the reduction of
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FIG. 3. Effect of the c-domain volume fractions ¢ on (a) D-E hysteresis
loop and (b) e;—E butterfly loop. The values of ¢¢ are 0.1 (solid), 0.3
(dashed), and 0.9 (dotted), respectively. The vacancy profile remains un-
changed among these curves: py=pp=0.10 and p; =pr=0.40.

butterfly loop occur in the presence of oxygen vacancies. The
numerical parameters used for this simulation are magnitude
of the alternating electric field E,=1.0, frequency=400,
temperature 7=1.2, Young’s modulus=2, Poisson ratio
=0.3, P¢=1, piezoelectric coefficients d33=0.02, and d3;=
—0.01, electrostrictive coefficients ¢333=0.05 and g¢33;=
-0.025, E; =15, E;»=0.2, 01=0.5, hcy=1.0, ¢-=0.3, pr
=pp=0.10, and p; =p=0.40.

The effects of the c-domain volume fraction and hence
the anisotropic switching on the hysteresis and butterfly
loops are shown in Figs. 3(a) and 3(b), respectively. The
vacancy profile in these graphs is the same as for Figs. 2(a)
and 2(b). At low ¢, value, most of the ferroelectric dipoles
are preferentially aligned along the transverse (or 100) direc-
tion at small electric field. They can be switched to longitu-
dinal (or 001) direction only when the electric field is very
large, resulting in a double hysteresis loop. Moreover, the
loop area depends on the ability of ferroelectric switching
through 90° rotation of these dipoles. Consequently, the
larger the ¢ value gives rise to the larger loop area as the
switching becomes easier. On the other hand, the strain-
electric field butterfly loop is largest at some moderate ¢
value. At low ¢, most of the ferroelectric dipoles are
clamped along the transverse direction, and only a few of
them can be switched toward the longitudinal direction even
at a very high electric field. It results in a small longitudinal
strain. On the contrary, at a high ¢, value, these dipoles are
automatically aligned along the longitudinal direction. The
application of electric field only flips them from one longi-
tudinal direction to the other. It creates a large change in
polarization but a small change in longitudinal strain.

The vacancy distribution at different faces of a cell, as
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FIG. 4. Effect of probabilities of an oxygen vacancy at different positions of
a cell on (a) D-E hysteresis loop and (b) e;—E butterfly loop. The vacancy
profiles for these curves are (i) p;y=pz=0.05, p;=pr=0.45 (solid), (i) pr
=pp=0.10, p; =pr=0.40 (dashed), and (iii) py=pp=0.45, p;.=pzr=0.05 (dot-
ted). The c-domain volume fraction for all cases is ¢-=0.3.

characterized by the corresponding probabilities, also influ-
ences the alignment of ferroelectric dipoles. Its effects on the
hysteresis and butterfly loops are manifested in Figs. 4(a)
and 4(b), respectively. For small p; and pj values (or equiva-
lently large p; and pgp values), as denoted by solid and
dashed lines, most of the vacancies are on the left or right
faces of the cell, while few of them are on the top or bottom
faces. Consequently, this configuration encourages the trans-
verse alignment for the ferroelectric dipoles. It has a similar
effect as in the low ¢ case, i.e., the emergence of double
hysteresis loops and the downward shifting of the butterfly
loops. At high p; and py values, as denoted by the dotted
line, ferroelectric dipoles are preferentially aligned along the
longitudinal direction. The double hysteresis loop disappears
and is replaced by an ordinary one. Similarly, the butterfly
loop area is also reduced because most of the ferroelectric
dipoles are already along the longitudinal direction, irrespec-
tive of the electric field. The loop area depends on the frac-
tion of dipoles undergoing 90° rotation. A large fraction re-
sults in the large loop area and vice versa. A strong clamping
of ferroelectric dipoles along the transverse direction or their
preferential alignment along the longitudinal direction results
in a small fraction. On the contrary, a large fraction can be
obtained under the following condition. The ferroelectric di-
poles are preferentially aligned along the transverse direction
and are switchable by the application of a longitudinal elec-
tric field. The electromechanical property is governed by the
butterfly loop area. The piezoelectric coefficient can be de-
termined by d3;=Aes/AE, where Aej is the change in lon-
gitudinal strain over a cycle and AE the change in electric
field. The presence of oxygen vacancies does not necessarily

J. Appl. Phys. 104, 064105 (2008)

reduce the area. As introduced earlier, the alignment of these
defect dipoles along the transverse direction dictates the
amount of ferroelectric dipoles that can be switched through
90° rotation. It has been shown before that the electrome-
chanical effect is predominantly contributed by 90°
rotations.'* Thus the vacancy profile can strongly influence
the electromechanical property. Hou et al.'® have carefully
controlled the amount of oxygen vacancies in their experi-
mental  investigation on 0-3 wt%  MnO,-doped
Pb[(Zn,;3Nby3)0.20= (Zrg.50Tig.50)0.80]O3 system and obtained
an optimal electromechanical response by 1% MnO, doping.
Zhang et al.** have also obtained similar enhanced electro-
mechanical properties in MnO,-doped (Bay 95Sry 05) TiO5 ce-
ramics. From both of these experiments, MnO, is an accep-
tor dopant, creating oxygen vacancies.

In this simulation work, it is assumed that oxygen vacan-
cies are symmetrically distributed with respect to the top and
bottom faces, as well as left and right faces. Any asymmetric
distribution of oxygen vacancies over a cell (i.e., py# pg or
pr# pg) or over the sample (i.e., L, # L.,) results in the shift
of the hysteresis loops, which is conventionally known as
imprint effect. However, the asymmetric distribution of oxy-
gen vacancies is beyond our present discussion.

From the simulation results, it can be concluded that the
existence of double hysteresis loop is attributable to the con-
formal alignments of ferroelectric dipoles and the defect di-
poles along the transverse direction. When these two align-
ments are mutually perpendicular, the effect induced by one
of them might be cancelled out by the other and only an
ordinary hysteresis loop can be obtained. This result is con-
sistent with the conclusion drawn by Ren and Zhangg’14 after
their investigation on the aged BaTiO; samples. They sug-
gested that oxygen vacancies were generated by lower va-
lence doping such as MnO. After aging these samples, the
diffusion of oxygen vacancies results in symmetry-
conforming property, in which the alignment of the defect-
dipoles conforms with the direction of the spontaneous po-
larization. Both the measured polarization and driving
electric field are perpendicular to the former alignments.
Even though their system was BaTiO; while our present case
is Pb(Ti,_,Zr,)O3, both of them have identical crystal struc-
ture and of the same displacive-type ferroelectricity. The di-
rection of spontaneous polarization in a tetragonal cell is
along its elongated axis. If this axis is along the transverse
(or 100) direction, then the sample is dominated by
a-domains with a small ¢, value. However, a small ¢, value
alone is not enough to produce the double hysteresis loop, as
depicted by the dotted line in Fig. 4(a). In this case, defect
dipoles are predominately along the longitudinal direction
(with large py and pp values). These defect dipoles encour-
age the longitudinal alignment of ferroelectric dipoles, can-
celing out the effect of small ¢, value. Similarly, the trans-
verse defect dipoles alone do not result in double hysteresis
loop. For instance, the dotted line in Fig. 3(a) represents the
case where most of the defect dipoles are transversely
aligned, the D-FE relation is restored to an ordinary hysteresis
loop under a large ¢, value. In summary, a double hysteresis
loop occurs only when the defect-dipole alignment conforms
with the direction of the spontaneous polarization, which is
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determined by the crystal orientation and structure, consis-
tent with the conclusion drawn by Ren'* and Zhang.8 Warren
et al.® have confirmed the preferential alignment of defect
dipole along the spontaneous polarization direction in
BaTiO; and Pb(Ti,_,Zr,)O; samples upon aging, using elec-
tron paramagnetic resonance investigation.

IV. CONCLUSION

The role of oxygen vacancy in the switching mechanism
of lead titanate zirconate based ceramics is discussed and the
numerical simulation using four-state Potts model is pre-
sented. A defect dipole is induced in the presence of an oxy-
gen vacancy in a cell. Its location in the cell strongly influ-
ences the switching behavior of the ferroelectric dipole. The
latter in turn influences the dielectric and electromechanical
properties. A double hysteresis loop can be generated if the
alignment of defect dipoles conforms with the direction of
spontaneous polarization, which is perpendicular to the di-
rection of measured polarization and driving electric field.
Moreover, enhanced electromechanical properties can also
be obtained by optimizing the orientations of the crystal and
the defect dipoles.
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