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We report here the finding of a new phase in BaTiOj single crystals. High precision x-ray diffraction
investigations of (001) field cooled crystals have shown the presence of a monoclinic M phase for
temperatures below 300 K. This M phase is shown to be stable upon removal of the electric field.
The results demonstrate the presence of structurally bridging low symmetry phases that lie between
tetragonal and rhombohedral ones in this classic perovskite system: indicating a means to achieve
high piezoelectricity in Pb-free systems via domain engineering. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3073716]

Monoclinic (M) ferroelectric phases have been reported
in Pb-based perovskites with morphotropic phase boundaries
(MPBs)."™"! These low symmetry phases are sandwiched be-
tween rhombohedral (R) and tetragonal (7) ferroelectric
ones. Such structurally bridging states are believed to be im-
portant to the high piezoelectricity of Pb-based perovskites12
and have been reported in Pb(Mg;3Nb,,3)05-x%PbTiO; or
PMN-x%PT,"” Pb(Zn,;;Nb,/3)03-x%PT or PZN-x%PT,*"!
and Pb(Zr,Ti;_,)O5 or PZT."? Various types of monoclinic
structures have been reported in these Pb-based systems in-
cluding M,/Mp and M, which belong to the space groups
C, and P,, respectively. The M,/Mp unit cells have a
unique b,, axis along the [110] direction and are doubled and
rotated 45° about the c-axis with respect to the pseudocubic
cell. The M, and My unit cells are similar except with re-
spect to the magnitudes of the components of the polariza-
tion corresponding to the pseudocubic unit cell: for M,, P,
=P,<P,, whereas for My, P.=P,> P,. The M unit cell is
primitive having a unique b,, axis that is oriented along the
psuedocubic [010].

This monoclinic symmetry allows the polarization vector
to be unconstrained within a plane rather than constricted to
a particular crystallographic axis as for the higher symmetry
R, T, or O (orthorhombic) phases. According to the polariza-
tion rotation theory,n’15 the high electromechanical proper-
ties of ferroelectric monoclinic phases are due to the rotation
of the polarization vector within the symmetry allowed
plane. An alternative adaptive ferroelectric phase theory has
proposed that the M phase is a structurally heterogeneous
state'®" consisting of conformably miniaturized stress ac-
commodating tetragonal nanotwins. This adaptive state is
heterogeneous on the nanoscale but homogeneous on the
macroscale; it cannot be resolved due to limitations of the
diffraction optics. Recent transmission electron microscopy
experiments have shown the presence of 7' nanotwins within
the M phase of PMN-x%PT 2021 for compositions close to
the MPB.

Enhanced piezoelectricity in Pb-free materials is of
much interest for environmental reasons. However, a
suitable replacement for PZT piezoceramics remains elusive.
Notable progress has been made in chemically modified
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(Ko sNay s)NbO;-based piezoelectric ceramics™> > and in do-
main engineering BaTiO; crystzlls.26’27 BaTiOj; is the classic
perovskite and is a lead-free ferroelectric. It undergoes a se-
quence of ferroelectric transitions: C—T— O—R upon
cooling with the polarization oriented in the [001], [110], and
[111] directions in the T, O, and R phases, respectively. Un-
der an electric field (E) applied along orientations that are
different than that of the spontaneous polarization (P,) direc-
tions, enhanced piezoelectricity has been reported by Wada
et al***® This enhancement is similar to that found in
domain-engineered PMN-x%PT and PZN-x%PT crystals.'?
Interestingly, a domain size effect for piezoelectricity has
been reported in BaTiO; crystals for E I[111],%° where the
piezoelectric coefficient notably increases with decreasing
domain size. Furthermore, investigations of BaTiO; under
EIl[111] by polarized light microscopy have indicated the
presence of monoclinic phases.28 However, there have yet to
be any reports of ferroelectric monoclinic phases in its se-
quence of phase transformations.

Here, we performed high resolution x-ray diffraction
(XRD) studies on BaTiOj5 single crystals with E[I[001] in the
field-cooled or FC condition. We find that BaTiO5 has signa-
tures of the M, phase on (001) FC, where the sequence of
phase transformations is C— 7 — M . Furthermore, we find
that the M, phase is stable once domain engineered. The
findings demonstrate the presence of structurally bridging
phases in non-Pb ferroelectrics that are similar to those of
PMN-xPT and PZN-xPT crystals: opening an approach to
high piezoelectricity in Pb-free materials.

Crystals of BaTiO; with dimension of 3 X3 X3 mm?
were obtained from Shanghai Institute of Ceramics, Chinese
Academy of Sciences. All surfaces were oriented along the
(100) pesudocubic faces and were polished to 0.25 wm.
Gold electrodes were deposited on one pair of opposite sur-
faces of the cube by sputtering—we designate here the elec-
troded faces as (001). XRD studies were performed using a
Philips MPD high-resolution system equipped with a two
bounce hybrid monochromator, an open three-circle Eulerian
cradle, and a domed hostage. A Ge (220)-cut crystal was
used as an analyzer, which had a resolution of 0.0068°. The
x-ray wavelength was that of Cu Ka=1.5406 A and the
x-ray generator was operated at 45 kV and 40 mA. Measure-
ments made under zero-field cooling are designated as ZFC,

® 2009 American Institute of Physics
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FIG. 1. (Color online) Mesh scans taken around (002) and (200) reflections
of BaTiO; with E=1 kV/cm applied along the [001] at 300 and 263 K in
the FC condition.

whereas those made under field cooling are designated as
FC. At 450 K, the lattice constant of cubic BaTiO; was
a=4.011 A, correspondingly the reciprocal lattice unit
(or 1 rlu) was a*=2m/a=1.566 A~!. All mesh scans of
BaTiO; shown in this study were plotted in reference to this
reciprocal unit.

Upon ZFC, BaTiOj5 is known to have the sequence of
phase transitions of C—T— O— R, which occur at 393,
283, and 183 K, respectively. In the ZFC state, BaTiO; has a
multitude of domain states with a complicated domain con-
figuration in area or mesh scans of reciprocal space. How-
ever, application of electric field E can simplify the domain
configurations, as the field can fix an axis. Figure 1 shows
mesh scans taken around the (002) and (200) reflections at
300 and 263 K for (001) BaTiO; under E=1 kV/cm in the
FC condition. In the tetragonal or T phase region, E[[001]
fixes the c-axis stabilizing a single-domain 7 state, as can be
seen in the mesh scans of Figs. 1(a) and 1(b). At 300 K, both
the (200) and (002) scans exhibit a well-defined sharp con-
tour: the (200) peak at higher H has a lattice parameter of
a,=3.992 A and the (002) peak at lower L of ¢,=4.038 A.
These data clearly demonstrate that upon cooling under
E=1 kV/cm applied along the (001) that the system trans-
forms from a cubic phase into a single domain tetragonal
one.

Upon further cooling below room temperature under an
EN(001) of 1 kV/cm, the crystal undergoes a secondary
phase transition near the 7— O phase boundary of the ZFC
state. Figures 1(c) and 1(d) show mesh scans taken about the
(200) and (002) at 263 K, respectively. The (200) reflection
at 263 K was found to split into three peaks: two (200) peaks
and a single (020) one, whereas the (002) reflection remained
as a single peak. Clearly, the (200) and (002) mesh scans at
263 K have the signature of the M phase, similar to that
previously reported for PMN-x%PT and PZN-x%PT for
compositions close to the MPB. The lattice parameters of
this monoclinic phase of BaTiO; were (a,,,b,,Cpm; Bm)
=(4.167 A,3.988 A,4.168 A;89.8°). The limiting case of
this M phase is the orthorhombic (O) phase, which has been
known for many years in Be.Ti03.29
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FIG. 2. (Color online) Mesh scan taken around (200) of BaTiO; at
263 K under an electric field of E=0 kV/cm after a prior FC under
E=1 KV/cm.

2.02

Figure 2 shows a mesh scan taken about the (200) re-
flection at 263 K upon removal of the electric field after field
cooling. This scan reveals that the signatures of the M,
phase remained after removal of field; the M - phase is stable
once induced. Our findings are exciting, demonstrating a
new phase in BaTiOs: a classic material known for over half
a century that serves as the foundation of the capacitor in-
dustry. The M cell is primitive having a unique b,, axis that
is oriented along the pseudocubic [010]. The M phase is a
domain engineered state, which consists of four monoclinic
domains. This is an important finding because domain engi-
neered states are key to enhanced piezoelectricity in Pb-
based crystals. It opens up the possibility that many classic
perovskite systems may have intermediate structurally bridg-
ing phases, by which enhanced piezoelectricity can be
achieved.

In Fig. 3, we show the temperature dependence of the
lattice parameters for BaTiO; under E=1 kV/cm applied
along the [001] direction. At 450 K, a sharp change in the
lattice parameter can be seen on cooling, corresponding to
the C— T transition. Below this temperature, the lattice con-
stant c,(a,) gradually increased (decreased) as the tempera-
ture was decreased in the tetragonal region. Near 283 K, a
sharp change was found corresponding to the 7— M trans-
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FIG. 3. Temperature dependence of lattice parameter for BaTiO; with
E=1, kV/ em applied, along, [001];
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formation where c,, was decreased with respect to c,, a,,
increased with respect to a,, and b,, was nearly equal to a,.
The temperature dependent lattice parameters are quite simi-
lar to the corresponding one in the ZFC condition, which
exhibits a T— O transition. The main difference for M was
that c,,>a,, under E=1 kV/cm. This indicates that applica-
tion of ElI[001] results in a slight polarization rotation away
from the [110] toward the [001], which is the pathway of
O—T, as previously reported for PZN-0.08PT."

Please note that special crystallographic relationships
were followed between the T and M lattice parameters, as
illustrated in Fig. 3. In this figure, it can be seen on crossing
the T— M phase boundary that a,=~b,, and a,+c,=~a,,+c,,
Both b,, and a, were calculated from the same (200) reflec-
tion; the continuity of these parameters demonstrates that
one of the d-spacing in the unit cell of BaTiO; remains un-
changed by the T— M transition. These are the same geo-
metrically invariant conditions of the lattice parameters re-
cently predicted by the adaptive phase theory and
experimentally reported at the 7— M transition for
PMN-xPT and PZN-xPT '®! crystals. This model is based
on the concept that the M phase consists of conformably
miniaturized tetragonal nanodomains with very low domain-
wall energies. It is interesting to note that enhanced piezo-
electricity has also recently been reported in [111] field
BaTiO; crystals, where the value of the transversal piezo-
electric coefficient (d3;) and electromechanical coupling co-
efficient (k3;) was shown to increase dramatically with de-
creasing domain size.?

In summary, we report a monoclinic M, phase in
BaTiO; crystals when FC under E=1 kV/cm applied along
the (001) direction. The phase transformational sequence is
C—T— M. This monoclinic phase is stable upon removal
of electric field. Our findings suggest a way by which to
develop enhanced piezoelectricity in Pb-free systems via
domain engineering of structurally bridging phases of low
symmetry.
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