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The electric field induced structural transformation in (Nag 5:K¢ 45)(Nb; _,Sby)O3 ceramics near the
rhombohedral (R)-orthorhombic (O) phase boundary was investigated by means of ex-sifu and
in-situ synchrotron x-ray diffraction and dielectric measurements. An intermediate monoclinic (M)
phase was irreversibly induced from the O phase by poling, leading to a modified polarization
rotation path along R-M-O. By comparison, the reversibility of R-M phase transition would cause
the phase instability. Both aspects were believed to be responsible for the high piezoelectric
activity near the R-O phase boundary. Moreover, enhanced piezoelectric properties were also
found to correlate with the thermal stability of the induced M phase. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4828713]

It is generally recognized that the phase coexistence
(phase boundary) in ferroelectric materials should play a sig-
nificant role in enhancing piezoelectric and electromechani-
cal properties.'” The relevant studies have been reported in
conventional Pb-based piezoelectric materials such as
Pb(Zr,Ti)O3 (PZT) and Pb(Mg;3Nb,,3)O3-PbTiO5.>* Some
intermediate phases (IPs) were observed by means of
high-resolution x-ray diffraction,” for example, the mono-
clinic (M) phase in PZT suggested by Noheda er al.'® The
finding of these intermediate phases provided a new method
of viewing the rhombohedral (R)-tetragonal (T) (or T-R)
phase transition.

(Na,K)NbO3; (NKN) based lead-free materials have
attracted much attention in the last ten years. Their excellent
properties were believed to originate from the complex and
tunable phase boundaries such as the classical morphotropic
phase boundary (MPB) in NKN binary system'"'? and
the polymorphic phase boundary (PPB) in modified NKN
systems.'*™'> The NKN ceramics were reported to own a
successive polymorphic phase transition, which can be
appropriately tuned,'*™® such that the phase coexistence
zone can be formed near room temperature. It is indicated
that the addition of a small amount of Sb could help generate
R-orthorhombic (O) phase coexisted NKN based lead-free
ceramics, in which the piezoelectric constant ds3 and me-
chanical coupling factor k;, reached their maxima.'® It would
be of much interest to know what is the mechanism of
achieving significantly enhanced piezoelectric properties for
Sb-doped NKN ceramics, although a few works have been
initiated on other NKN-based compositions with initial O-T
or R-T phase coexistence.”* >

In the present work, ex-situ and in-situ synchrotron
x-ray diffraction measurements were carried out on unpoled
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and poled (Nags,Kg48)(Nb;_ySby)O3 (NKNS,) ceramics.
Experimental evidences of the electric field induced irrevers-
ible O-M phase transition and reversible R-M phase transi-
tion (phase instability) were provided in combination with
the dielectric measurements on unpoled and poled samples.

The detailed experimental procedure for preparing
NKNS, was reported elsewhere.'® The samples were poled
under a dc electric field of 3kV/mm for 15 min at room tem-
perature. Temperature dependent dielectric properties of
unpoled and poled samples were measured using a LCR
meter (E4980A, Agilent, Santa Clara, CA). For ex-situ x-ray
measurements, the conductive adhesives were screened on
two polished surfaces and then dried. These samples were
then poled under the same conditions as mentioned above. In
addition, gold electrodes were sputtered onto two major sides
for in-situ x-ray measurement. Both ex-sifu and in-situ x-ray
measurements were taken at beam line 14B1 (1=1.2378 A)
at Shanghai Synchrotron Radiation Facility in a symmetric
reflection geometry. Measurements were performed
by high-resolution 6-20 step-scans using a Huber 5021
six-circle diffratometer with a Nal scintillation detector. The
angle between the detector and the sample surfaces is 0. For
in-situ diffraction measurement, the sample surface was per-
pendicular to the applied electric field. The beam size at
the sample position is about 0.3 x 0.3 mm. The grain size of
the samples for the synchrotron radiation is about 1-5 um.
Therefore, the collected diffraction data would disclose the
statistical average structure information.

Figure 1 shows the variation of (200), (220), and (222)
pseudocubic reflections for NKNS, ceramics before and after
electric poling by means of synchrotron x-ray diffraction. As
seen from Fig. 1(a), the unpoled pure NKN (y =0) sample
exhibits obvious features of an O symmetry, as characterized
by the (202),/(020), doublet, (004),/(400),/(222), triplet,
and (024),/(420), doublet. These features are similar to the
O phase observed in BaTiO3 and Pb(Zn, /3Nb2/3)03—PbTiO3.6
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FIG. 1. Synchrotron x-ray diffraction patterns on (200), (220), and (222)
pseudocubic reflections for (a) unpoled and (b) poled NKNSy ceramics.

With increasing the Sb content, the orthorhombicity becomes
weak gradually as denoted by two arrows. In addition, the
initial three peaks around the (220), reflection corresponding
to the orthorhombic (004),/(400),/(222), triplet gradually
merge into two peaks when the Sb content (y) is beyond
0.07, implying that the phase structure tends to transform
into an R symmetry. It is known that the R phase is charac-
terized of a single peak corresponding to the (200), reflec-
tion, and two double-peaks on the (220). and (222). planes
corresponding to the (220), and (2-20), reflections and (222),
and (22-2), reflections, respectively. However, no single R
phase can be distinctly observed even in the sample with
y=0.12, as demonstrated by the presence of the diffraction
peaks corresponding to the O phase (as denoted by red
arrows in Fig. 1(a)). According to our previous results,'® the
Sb content (y) cannot be further increased because its solu-
bility limit has been reached. Nevertheless, the above results
indicate that the coexistence of the O and R phases occurs in
a wide composition range of 0.07 <y <0.12 for unpoled
samples. By comparison, both the peak intensity and position
of the diffraction profiles show significant changes for all
compositions after electric poling, as shown in Fig. 1(b).
Compared with unpoled samples, it is found that the inten-
sity ratio of lower to higher angle diffraction peaks of all
reflection lines increased, suggesting that electric poling
induces a considerable domain reorientation along the elec-
tric field direction. Besides, an obvious phase structural tran-
sition can be discerned once y >0.07, as characterized by
the appearance of the additional diffraction peaks denoted by
black arrows in Fig. 1(b). This new phase can be regarded as
neither an O symmetry nor an R symmetry. The result sug-
gests that an IP between R and O phases was irreversibly
induced by electric poling. In addition, It is worthy of note
that the y=0.07 sample is just located at the O-rich phase
zone near the R-O phase boundary before poling (Fig. 1(a)).
Therefore, it can be believed that this IP phase should be
irreversibly transformed from the initial O phase. Moreover,
the characteristic of the induced IP becomes weak gradually
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with further increasing the Sb content. No obvious difference
of the diffraction peaks can be found for the y =0.12 sample
before and after poling, further confirming that the IP was
induced by the O phase rather than the R phase. As a result,
the R-O phase boundary prior to poling in NKNS, ceramics
can be identified in the composition range of y =0.09-0.12,
which becomes an R-IP-O phase boundary after poling. For
the x =0.07-0.08 samples, their phase boundary becomes an
IP-O phase boundary after poling.

Figure 2(a) shows the temperature dependence of the
dielectric constant of poled NKNS, samples (y = 0.05-0.12)
measured at 1 MHz. It is found that, similar to the unpoled
samples, three obvious dielectric anomalies can be observed
for y =0.05, at temperatures denoted by T;, T, and T, from
low to high temperatures. It can be easily deduced that the
dielectric anomaly at ~290 °C for the y = 0.05 sample corre-
sponds to the ferroelectric T-paraelectric cubic (C) phase
transition temperature (T.). The other two dielectric anoma-
lies at ~150°C and ~0 °C should correspond to the O-T and
R-O polymorphic phase transitions. There is no detectable ir-
reversible phase structural transition induced by poling in the
y=0.05 sample. As the Sb content is larger than 0.07, in
addition to the above-mentioned, three peaks at Ty, T3, and
T., one more dielectric anomaly at T, can be also distinctly
recognized. This abrupt change occurs between y =0.05 and
y=0.07, keeping good agreement with the XRD results in
Fig. 1. To clearly identify the possible phase transition and
the implication of the Ty, T,, and Tj after poling, the temper-
ature dependence of the dielectric constant and loss tangent
of the unpoled and poled sample with y=0.09 at 1 MHz is
shown in Fig. 2(b) for comparison. From Fig. 1, one can find
that only part of the O phase was transformed into the IP
phase. Therefore, between T, and T, should be the IP and O
zone (Fig. 2(b)). Therefore, four temperatures Ty, T, T3, and
T, can be unambiguously assigned to the R-IP, IP-O, O-T,
and T-C phase transition temperatures. It is interesting to
note that the O phase zone was evidently shrunk in the poled
sample. Moreover, the O-T phase transition temperature was
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FIG. 2. (a) Dielectric constant of poled NKNSy (y =0.05-0.12) ceramics
measured at 1 MHz as a function of temperature and (b) dielectric constant
and loss tangent of unpoled and poled NKNS0.09 samples at 1 MHz as a
function of temperature. The inset of Fig. 2(a) is the locally magnified
dielectric constant versus temperature curves near T2 and T3 denoted by
black and red arrows, respectively.
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definitely shifted to higher temperature from the T, denoted
for the unpoled y =0.09 sample to the Tj for the poled one.
By comparison, one could clearly find that the poling process
has almost no effect on the temperature range of
low-temperature R phase and high-temperature C phase.
That is to say, Ty (T,,) and T, were hardly changed by elec-
tric poling. From the inset of Fig. 2(a), T, and Tj for differ-
ent samples were designated by a few black and red arrows,
respectively. It is obvious that T, undergoes an increase till
the y =0.09 sample and then starts to decrease with further
increasing the Sb content, indicating that the induced IP
becomes most stable in the y=0.09 sample. However, T3
exhibits a monotonous decrease with increasing the Sb con-
tent. In addition, it can be found from Fig. 2(b) that the T,
value is nearly independent of the electric poling, meaning
that the R phase stability can gradually increase with an
increase of the Sb content for both poled and unpoled sam-
ples (Fig. 2(a)). Another thing to be noted is that the change
of the peak intensity at T, shows a similar tendency to the
peak position as mentioned above. The peak intensity should
be related to the thermal evolution during the phase transi-
tion, and is also dominated by the ratio of the induced IP to
the remaining O phase. The maximum peak intensity for the
poled y =0.09 sample, which owned the optimum piezoelec-
tric and electromechanical properties,'® implies that IP and
O phases reach an appropriate ratio, which leads to the
strongest thermal effect during the IP-O phase transition.
The in-situ x-ray diffraction results on (200), (220), and
(222) pseudocubic reflections of NKNS, (y = 0.07, 0.09, and
0.12) ceramics are shown in Fig. 3. Considering the coercive
field value of the samples (0.6-0.4 kV/mm as y = 0.07-0.12)"®
and the used poling field value (3kV/mm), the applied
in-situ fields were selected between 1kV/mm and 3 kV/mm.
As the applied electric field is zero, the phase structure of
the y=0.07 sample is dominated by an O phase, as dis-
cussed above. A significant variation of the (200), (220),
and (222) pseudocubic diffraction lines can be observed
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FIG. 3. Evolution of (200), (220), and (222) pseudocubic reflections for the
NKNSy (y =0.07, 0.09, and 0.12) samples under different external electric
fields. The inset is the sketch of the crystallographic relationship between R
and O phase.
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with increasing the external electric field. Although other
diffraction lines also exhibit changes with varying the elec-
tric field, the relatively serious peak overlapping would go
against the identification of different phases. It can be seen
that as the electric field is applied, additional Bragg peaks
start to appear and also become more and more obvious
with increasing the electric field. These peaks seem to con-
form to the feature of an M phase with Cm symmetry due to
its unique (111), triplet instead of the initial R or O phases
or the M phase with Pm symmetry, because all these three
phases should exhibit an obvious (111), doublet.®7+10:20
Moreover, one can further deduce that the electric field
induced M phase might be an Mg phase with a C,;, symme-
try on the basis of the relationship between the O, M, and R
phases proposed by Vanderbilt and Cohen by using
higher-order Devonshire theory,23 as sketched in the inset of
Fig. 3. That is to say, the aforementioned IP could be
referred to as an My phase. According to the proposed My
phase model, the peak positions of the induced phase can be
calculated by the Bragg law 2dpsinf = A, where 4 is the
wavelength of the X-ray radiation and dy is the interplanar
spacing of (hkl) plane. The dyy is calculated by an M
model®* in which the lattice parameters can be achieved by
the peak fitting analysis using a pseudo-Voigt peak shape
function and a cell refinement model in Jade 6 software. It
can be seen that the calculated peak positions are in good
coincidence with the measured ones by using the y=0.07
poled sample as a case study, as shown in Fig. 3.
Nevertheless, it is worth noting that the domain texture can
be induced by the domain reorientation during poling and
the degree of the domain texture increases with increasing
the amplitude of the electric field, as indicated by the grad-
ual increase in the intensity of the lower-angle-side peaks in
Fig. 3. This means that poling favors the ferroelectric
domain orientations with longer c-axis more closely aligned
with the electric field direction.”> However, the intensity of
these peaks cannot be completely sustained after removal of
the electric field, indicating that the domain texture should
not be a saturated state after removal of the electric field
(poled state), as seen from the peak intensity change in
Fig. 3. Therefore, a precise identification of the new phase
structure may need more work using an appropriate scatter-
ing geometry setting to minimize the effect of the domain
texture.® Compared to the diffraction lines of the y=0.07
poled samples, one may find that the featured peaks of the
Mg phase could be sustained after removal of the electric
field. This further confirms that the electric field induced
O-M phase transition is irreversible. Similar changes can be
observed in the y=0.09 sample before and after poling,
although the virgin samples of y=0.09 and y =0.07 may
have different ratios of O and R phases. Compared with the
above two samples, the phase structure of the y =0.12 sam-
ple prior poling should be composed of an R phase (domi-
nantly) and a small quantity of O phase. As an external
electric field is applied on the sample, additional Bragg
peaks for an M symmetry can be also induced, as indicated
in Fig. 3. However, these peaks cannot be maintained after
removal of the electric field (for the poled sample). This
means that the electric field induced R-M phase transition
is reversible. This point can also be judged from Fig. 2
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FIG. 4. Phase diagram of poled and unpoled NKNSy ceramics and the inset
is the composition dependent piezoelectric properties of NKNSy ceramics.

because the R phase zone was not changed in poled samples
(The T,., value before poling is almost the same as the T, ,
(T) value). In other words, the O phase instead of R phase
tends to be destabilized by an external electric field.

The phase diagram of NKNS, compositions can be
modified after poling, as shown in Fig. 4. The phase zone
was indicated by shading for poled samples. It can be seen
that the initial R-O phase coexistence around room tempera-
ture does not occur any more after poling. Instead, the M-O
or R-M-O phase coexistence can be identified near room
temperature in the poled ceramics in the composition range
of y=0.07-0.12, depending on the sample composition.
Compared with an irreversible M-O phase transition, the re-
versibility of R-M phase transition tends to cause the phase
instability such that the free energy profile in the R-M phase
coexistence becomes shallow and flat. Theoretical and exper-
imental studies have suggested that the phase instability and
the enhanced piezoelectric response be closely related.’*°
Most importantly, the electric field induced M phase could
allow an easier polarization rotation between the [101]o and
[111]g polar axes along the (10-1) plane, resulting in the
enhancement of the piezoelectric properties and electrome-
chanical properties for NKNS, ceramics in the proximity of
R and O phase coexistence zone, as shown in the inset of
Fig. 4. It is interesting to note that the trend of the piezoelec-
tric property in this studied composition range well agrees
with the change of the T,,_, (T,), both of which reach the
maxima approximately at y =0.09. This result strongly indi-
cates that the enhancement of the piezoelectric property
should be also correlated with the stability of the electric
field induced M phase. It is known that the ferroelectric tran-
sition sequence in Pb-based ferroelectric single crystals
strongly depends on the composition and poling orientation.
This finding seems also applicable in NKN-based lead-free
ferroelectric ceramics, in which the phase coexistence as
well as the electric field induced IP play a basic role in opti-
mizing the path of polarization rotation.>"?
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In summary, the phase structural transformation in Sb-
substituted NKN ceramics was investigated. An intermediate
phase with an obvious feature of the M phase was irreversi-
bly induced from the initial O phase under an external elec-
tric field. By comparison, the reversibility of the R-M phase
transition would induce the phase instability which will
make an active contribution to the improved piezoelectric
activity as well. Most importantly, the induced M symmetry
provides the possibility for optimizing the polarization
rotation between the [101]p and [111]g polar axes along the
(10-1) plane. Moreover, it is also found that the enhanced
piezoelectric properties should be also correlated with the
stability of the induced M phase.
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