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Normal to Relaxor Ferroelectric Transition and Domain Morphology
Evolution in (K,Na)(Nb,Sb)O;-LiTaO;-BaZrO; Lead-Free Ceramics
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A normal to relaxor ferroelectric transition was induced by
the substitution of BaZrO; for LiTaO; in a typical lead-free
(K,Na)(Nb,Sb)O3-LiTaO3-BaZrO; system and this was found
to accompany a tetragonal to rhombohedral phase structural
transformation. The typical relaxor behavior characterized by
diffuse phase transition and frequency dispersion was identified
by the measurement of frequency-dependent dielectric permit-
tivity. The transmission electron microscopy studies demon-
strated that the above phenomenon would be closely related to
the domain morphology evolution from normal micron-sized
lamellar domains, to tweed-like domains and finally to polar
nanodomains. Selected area and convergent beam electron
diffraction patterns further confirmed that the composition
(2.5 mol% BaZrO3) exhibited rhombohedral and tetragonal
phase coexistence. The evolution of domain morphology with
temperature also disclosed the diffuseness of ferroelectric phase
transition.

L

T HE (Nag 5Ky s)NbO; (NKN) based lead-free piezoelectric
ceramics have been widely investigated in the past few
years, particularly for Li, Ta, and Sb-modified NKN compo-
sitions.'™” These lead-free ceramics have exhibited advantages
such as relatively high Curie temperatures (7.) and good
piezoelectric properties over other lead-free piezoelectric cera-
mic systems, for example, BaTiO; (BT)- or (BigsNags)TiO3
(BNT)-based compositions.> ' Enhanced piezoelectric per-
formances of these compositions were generally considered to
originate from the coexistence of the orthorhombic and
tetragonal ferroelectric phases''™'* or the rhombohedral and
orthorhombic ferroelectric phases.!>'® The formation of the
two-phase coexistence zone was achieved simply by shifting
the polymorphic phase transitions in NKN close to room
temperature. We recently reported modified NKN composi-
tions with coexisting rhombohedral and tetragonal ferroelec-
tric phases at room temperature,'’ which is similar to the
traditional phase boundary in conventional lead-based
piezoelectric ceramics such as Pb(Zr,Ti)O5.'"® It was found
that the substitution of BaZrO; for LiTaO; tends to shrink
the orthorhombic phase zone by increasing the temperature
range of the rhombohedral phase at low temperature side.!”
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Furthermore, the dielectric permittivity variation against
temperature for the above composition was found to be
more and more diffuse with an increase in the substitution.
The pure NKN ceramic was generally considered to be a
normal ferroelectric as can be judged from its dielectric
behavior.'” However, the diffuse phase transition behavior
or relaxation behavior was often induced as some dopants
were introduced into NKN lattices.”** In lead-based
piezoelectric compositions,” it has been found that the
normal to relaxor ferroelectric phase transition usually
corresponded to the structural phase transformation from
tetragonal to rhombohedral phase. It was also suggested
that the above structural phase transformation and normal-
relaxor ferroelectric transition would accompany the
domain morphology evolution.?*?” To a better under-
standing of the dielectric and ferroelectric behavior of
NKN-based ceramics from the viewpoint of domain config-
urations, it is necessary to investigate the ferroelectric
domains for which a lot of work in the past was focused
on lead-based piezoelectric systems®=° and some lead-free
piezoelectric such as BT- and BNT-based compositions.>'
To the knowledge of the authors, so far little work has
been done on the domain morphology evolution in NKN-
based lead-free ceramics. Particularly, the correlation
between the domain configuration, the phase structural
transformation, and electrical properties was not yet stud-
ied in these compositions.

The objective of this work is thus to explore the effect of
the substitution of BaZrO; for LiTaO; on the domain mor-
phOlOgy evolution in (Nao‘52K0,40)(Nb0,84Sb0'08)037(0.08—x)
LiTaOs—xBaZrO; (NKNS-LT-xBZ) lead-free piezoelectric
ceramics by means of transmission electron microscopy, and
to give an in-depth understanding of the transition from nor-
mal to relaxor ferroelectric at the microscopic domain level.
Special attention was paid to the rhombohedral and tetrago-
nal phase boundary composition where the coexistence of
normal and relaxor ferroelectric phases was demonstrated.

II. Experimental Procedure

The NKNS-LT-xBZ ceramics (x = 0, 0.025, and 0.05) were
prepared by a solid-state reaction method. The detailed
experimental procedure was reported previously.!” The
room-temperature crystal structures of all three sintered
specimens were examined by an X-ray diffractometer (XRD,
D/MAX2500VL/PC; Rigaku, Tokyo, Japan). The dielectric
permittivity of unpoled samples sintered at optimal tempera-
tures was measured as function of temperature (25°C-350°C)
and frequency (0.1-1000 kHz) by means of an LCR meter
(E4980A; Agilent, Santa Clara, CA). After silver paste was
fired on major surfaces at 550°C for 30 min, polarization vs
electric field (P-E) hysteresis loops were measured using a
ferroelectric-measuring system (Precision LC, Radiant Tech-
nologies Inc., Albuquerque, NM). The domain morphology
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observation and selected area electron diffraction (SAED)
were performed on a transmission electron microscope
(TEM, Phillips CM-20, Hillsboro, OR) operated at 200 kV
with a charge-coupled device camera. In addition, convergent
beam electron diffraction (CBED) patterns were recorded at
120 kV. For TEM examination, samples were first mechani-
cally polished to a thickness of ~20 um and then ion-milled
on a Gatan Dual Ion Mill unit (Model 600) at 5 kV. All
specimens were annealed at 80°C for at least one day to
release the stress.

III. Results and Discussion

The dielectric permittivity of NKNS-LT-xBZ ceramics with
changing temperature and frequency is shown in Fig. 1(a). It
can be seen that a relatively sharp dielectric peak corre-
sponding to the ferroelectric-paraelectric phase transition
appears at ~250°C for the sample with x = 0.01. Moreover, a
weak frequency dependence of the temperature (7))
corresponding to the dielectric maximum (g,,) can be seen.
However, with increasing BZ concentration, the dielectric
peaks become more and more diffuse. In particular, the
frequency dispersion becomes more distinct, because €,, obvi-
ously decreases and T, shifts toward higher temperatures
with increasing frequency. The XRD patterns of all three
specimens [Fig. 1(b)] indicate typical perovskite structures
with different crystal symmetry. The transition from rhombo-
hedral to tetragonal phases can be identified with decreasing
BZ content x. The composition with x = 0.025 may have a
coexistence of rhombohedral and tetragonal phases, as
manifested by split (200) diffraction peaks [inset in Fig. 1(b)].
The detailed analysis about phase transformation was
reported previously.!’

The relaxor ferroelectrics are known to have the diffuse
phase transition (DPT) and the frequency dispersion of the
dielectric permittivity. For a normal ferroelectric, the dielec-
tric permittivity above T, obeys the Curie—Weiss law,
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Fig. 1. (a) Curves of dielectric permittivity vs temperature and
frequency for NKNS-LT-xBZ samples as indicated, and (b) the
corresponding X-ray diffraction patterns (insets are the magnified
(200) diffraction peaks).

Intensity (a.u.)
%
~
B
e

Normal to Relaxor Ferroelectric Transition in (K,Na)(Nb,Sb)O3-LiTaO3;BaZrO; 4353

1 T-T.
- = T>T, 1
= ¢ (I>T) (1)

where C; is the Curie-Weiss constant. The inverse dielectric
permittivity measured at 100 kHz was plotted as a function
of temperature, as shown in Fig. 2. It is found that the
dielectric permittivity of NKNS-LT-xBZ ceramics more
obviously deviates from the Curie-Weiss law with increasing
BZ content. The deviation degree from the Curie-Weiss law
can be defined by AT, as follows:

ATy = Tew — T 2

where T,,, denotes the temperature from which the dielectric
permittivity starts to deviate from the Curie—Weiss law.
When T < T, the paraelectric phase transforms into the
ergodic relaxor state and thus forms the polar nanoregions
(PNRs).%° It is found that the calculated AT, increases from
34°C to 106°C, and finally to 127°C with an increase in the
BZ content x from 0.01 to 0.05, indicating that the DPT
behavior was enhanced gradually with increasing BZ content.
For a ferroelectric with DPT, the diffuseness of the paraelec-
tric—ferroelectric phase transition can be more effectively
described by a modified Curie-Weiss law,>’

1 1 (T—-Tw)
L ToD) e 3)
&  &m C,

where C, is the Curie constant, and <y is the indicator of the
diffuseness degree, ranging between 1 for a normal ferroelec-
tric and 2 for a complete DPT ferroelectric. The plots of log
(1/e—1/ey) as a function of log (T—Ty,) at 100 kHz are also
shown in Fig. 2 (see insets). The vy value can be determined
from the slope of the fitted lines. It can be seen that the y
value increases from 1.51 to 1.92 with an increase in the BZ
content. Large values of y and AT, reveal that all studied
compositions exhibit obvious DPT behavior. Particularly, the
NKNS-LT-0.05BZ sample shows nearly complete DPT.
However, this feature cannot confirm whether NKNS-
LT-xBZ samples are the relaxor ferroelectrics because many
nonrelaxor ferroelectrics also have DPT.?®

The parameter AT ..x Was often introduced to investigate
the relaxation degree of ferroelectric ceramics,® which is
defined as the difference between two T, values measured at
100 kHz and 100 Hz, respectively. Based on the experimental
data, the value AT, Was calculated to be about 1.5°C for
x = 0.01, indicating a very weak frequency dispersion. How-
ever, the value increases to ~10°C for x = 0.05, meaning that
the frequency dispersion was significantly increased owing to
the substitution of BZ for LT. Moreover, the relaxor ferro-
electrics were found to be similar to spin glass systems in
magnetism. As a result, the relaxation behavior follows an
empirical Vogel-Fulcher relation, which can be also
employed to determine the dielectric relaxation feature.™
According to this relationship, the frequency f was described
as follows:

S=toexp[—Ea/k(Tm — Tt)] 4)

where f; is the Debye frequency, E, is the activation energy
(the barrier between equivalent polarization state), k is the
Boltzmann constant, and 7% is the freezing temperature of
the dynamics of PNRs. The values of the inverse (T,—7}) for
NKNS-LT—xBZ ceramics were plotted as a function of /nf
and linearly fitted with the Vogel-Fulcher law, as shown in
Fig. 2(d). The values of E,, Ty, and f, can be then deter-
mined from the slope and intercept of the fitted lines, as
listed in Table I. It can be seen that there is only a slight
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Fig. 2.

Inverse dielectric permittivity at 100 kHz as a function of temperature for NKNS-LT-xBZ samples: (a) x = 0.01, (b) x = 0.025, and (c)

x = 0.05 (insets are the corresponding curves of log(1/e—1/e,,) against log(T—7T,,) at 100 kHz), and (d) the inverse (7,,,—7T¢) vs /nf curves linearly

fitted with the Vogel-Fulcher law.

Table I. The Various Physical Parameters Calculated
from Vogel-Fulcher Analysis for NKNS-LT-xBZ
Ceramics as Indicated

x E, (eV) T; (°C) Jo (Hz)

0.01 0.021 244.2 2.04 x 10°
0.025 0.024 175.4 2.55 x 10°
0.05 0.087 91.3 5.22 x 108

increase for E, as the BZ content changes from x = 0.01 to
x = 0.025, but a rapid increase from x = 0.025 to x = 0.05.
Moreover, it is also noted that T} is near T,, for x = 0.01
and 0.025, but far below T3, for x = 0.05. Both changes of
E, and Ty mean that NKNS-LZ-xBZ composition with high
BZ content is a typical relaxor ferroelectric.’® These results
reveal that the NKNS-LZ-xBZ ceramics show a “relaxor-
like” characteristic at low BZ concentration (x = 0.01) but a
typical relaxor behavior at high BZ concentration (x = 0.05),
indicating that the composition with x = 0.025 should lie
close to the transitional zone between normal and relaxor
ferroelectric states. Similar phenomenon was found in (Pb,
La)(Zr, Ti)O; with a critical La content where the relaxor and
normal ferroelectric behaviors coexist.*

From the above results, it is clear that the addition of BZ
has induced a spontaneous normal tetragonal to relaxor
rhombohedral ferroelectric phase transformation. This kind
of phase transition behavior may be accompanied by the
corresponding change of domain switching behavior and
domain morphology. Electric field-induced polarization
hysteresis loops were measured at 1 Hz for all three NKNS—
LT—xBZ samples, as shown Fig. 3. A saturated square
hysteresis loop was observed for the sample with low BZ
concentration, showing a relatively large spontaneous polari-
zation (Ps) and remnant polarization (P.). This is a typical
characteristic of the phase that contains long-range interac-
tion between dipoles and owns micron-sized ferroelectric

a0
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&— x=0.025 1
x=0.05
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Fig. 3. Polarization vs electric field hysteresis loops of NKNS-
LT-xBZ samples as indicated.

domain state,*! indicating that NKNS-LT-xBZ ceramics
with low BZ content belongs to a normal ferroelectric. With
an increase in the BZ content, the loops become much slim-
mer, particularly for the x = 0.05 sample with a rhombohe-
dral relaxor ferroelectric state. Compared to the P, value, the
saturated polarization (P,,,) for the sample with x = 0.05 is
only slightly less than the value for samples with x = 0.01
and x = 0.025. The results indicate that the polarization of
rhombohedral phase can be aligned to the saturated state but
cannot be maintained when the applied electric field is
removed. The relaxor behavior of ferroelectrics was generally
considered to originate from the local order—disorder of the
crystal structure which causes the formation of PNRs and
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local electric field, owing to the heterovalent occupation of
A-site and B-site by Ba®" and Zr*", respectively. The pres-
ence of the random field can hinder the long-range dipole
alignment and thus suppress the ferroelectric interaction,
resulting in a lower Pg value. Although the normal ferroelec-
tric state with long-range dipoles in a relaxor ferroelectric
can be excited by electric field (i.e., larger Ppay),* yet it can-
not be maintained after the external electric field is released.
As a result, the sample finally exhibits a lower P,. In addi-
tion, it is also believed that the absence of long-range dipoles
restricts not only the polarization but also tends to induce
the formation of polar nanodomains.*

The domain morphology of NKNS-LT-xBZ ceramics was
observed by TEM, as shown in Fig. 4. It can be seen that
normal micron-sized lamellar domain structures are domi-
nant in the sample with x = 0.01 [Fig. 4(a)]. However, the
domain morphology becomes tweed-like for the composition
with x = 0.025, illustrating the coexistence of the normal fer-
roelectric phase with minor relaxor phase.*® With further
increase in the BZ content, the micron-sized domains disap-
peared and only polar nanodomains can be found [Fig. 4(c)],
which are typical of relaxor ferroelectrics.””***> Therefore,
the transition from normal tetragonal to rhombohedral
relaxor ferroelectric phases was found to correlate with the
domain morphology evolution from normal micro-sized

(a) 1

200 nm _

Fig. 4. Bright-field images of NKNS-LT-xBZ samples: (a)
x =0.01, (b) x = 0.025, and (c) x = 0.05.
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domains, to tweed-like domains and finally to polar
nanodomains. The results keep good agreement with the
feature of the dielectric response (Figs. 1 and 2).

The observation of domain morphology simply indicates
that the x = 0.025 composition may be at the critical point
from tetragonal to rhombohedral phase transitions. This con-
clusion can be strongly supported by further TEM studies.
As shown in Fig. 5(a), the SAED pattern was taken along
the <001> zone axes in which the <1/2, 1/2, 0> superlattice
was observed, indicating the presence of the rotation of the
oxygen octahedra according to the a’a’c™ in-phase octahe-
dral tilting. The phenomenon is similar to that in (BigsNag s)
TiO; where the a’a’c™ was related to the high-temperature
tetragonal phase.®® Therefore, it was suggested that the
tetragonal phase should exist in NKNS-LT-0.025BZ sample.
However, <1/2, 1/2, 0> superlattice was found in SAED pat-
terns along the <001> zone axes but not along the <110>
zone axes in the in-phase octahedron-tilt system.** As a
result, no <110> zone axes-forbidden reflection can be seen,
as shown in Fig. 5(b). The CBED was thought of as a popu-
lar technique for determining the point group of a crystal
because it is possible to obtain the symmetry information
from very small regions in a specimen (two CBED patterns
were obtained within a single domain in present study).*® It
can be seen from Fig. 5(c) that the fourfold rotation axis was
parallel to the [001] and the two mirror planes were parallel
to the [100] and [110] between which the angle is 45°. This
symmetry pattern is typical of the tetragonal structure with
4mm point group. However, only one threefold rotation axes
parallel to the [001] and one mirror plane parallel to the
[110] can be observed in Fig. 5(d). It can be believed that the
projection of [111] cation displacements in rhombohedral
phase onto the cubic (111) plane would lead to a single
mirror plane parallel to the [110] axis as viewed along the
[001] axis.*” Therefore, the pattern in Fig. 5(d) usually corre-
sponds to a typical rhombohedral ferroelectric phase with
3 m point group. These results also demonstrate that the
rhombohedral and tetragonal phase coexistence occurs in the
sample with x = 0.025.

The domain morphology of the NKNS-LT-0.025BZ sam-
ple changing with temperature was investigated by hot-stage
TEM, as shown in Fig. 6. The images were first taken upon
heating and then cooling from approximately the same

Fig. 5. Selected area electron diffraction patterns for NKNS-
LT-0.025BZ samples taken along: (a) < 001 > and (b) < 110 > zone
axes and (c, d) convergent beam electron diffraction patterns taken
along < 001 > zone axes.
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Fig. 6. Temperature-dependent domain structures for NKNS-LT-
0.025BZ observed during heating and subsequent cooling: (a) 25°C,
(b) 50°C, (¢) 175°C, (d) 180°C, (e) 220°C, (f) 180°C, (g) 50°C, and
(h) 25°C.

region in the sample. Room-temperature bright-field image
[Fig. 6(a)] shows dominant tweed-like domain structures
owing to the coexistence of normal and relaxor ferroelectric
states. It can be seen that the domain morphology gradually
changes with temperature. On the one hand, during heating
it starts to become a lamellar domain because the phase
structure first changes from the phase coexistence to a single
tetragonal phase [Fig. 6(b)].!” Further heating resulted in a
continuous reduction in the domain size, as shown in
Fig. 6(c). However, the fine domain striations disappeared
and only polar nanodomains were observed when the sample
was heated 180°C. This probably results from the existence
of PNRs near the ferroelectric phase transition zone. All visi-
ble contrast did not completely disappear until 220°C (much
higher than the 7}, value for this sample), meaning that there
exists DPT behavior. On the other hand, it is found that only
tweed-like domains were observed during subsequent cooling,
as shown in Figs. 6(f)—(h). This phenomenon seems different
from that observed in Pb-based relaxor ferroelectrics,?’” where
the nanodomains appeared during heating and then could be
maintained during subsequent cooling.

1V. Conclusions

The normal to relaxor ferroelectric transition and the corre-
sponding domain morphology evolution for lead-free
NKNS-LT-xBZ ceramics were investigated by means of
XRD, dielectric measurement, and TEM. The results
indicated that the substitution of BZ for LT tends to induce
a tetragonal to rhombohedral phase transformation, which
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was accompanied by a normal to relaxor ferroelectric transi-
tion. TEM observation confirmed that the normal to relaxor
ferroelectric transition was attributed to the domain
morphology evolution from normal micron-sized lamellar
domains to polar nanodomains. In addition, the NKNS-
LZ-0.025BZ with a tweed-like domain morphology was
found to exhibit rhombohedral and tetragonal phase coexis-
tence.
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