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Abstract

Antiferroelectrics are of interest due to their high potential for energy storage. Here, we report the discovery of
pinched, polarization-vs.-electric field (P-E) hysteresis loops in the lead-free tungsten bronze ferroelectrics
Ba,Sm,TisNbgO3q and BasEu,TisNbgOs, while a broad, single P-E hysteresis loop was observed in the analogue
compound BayNd,TisNbgOsq. Pinched P-£ loops are similar to antiferroelectric hysteresis loops, but in perovskites, they
are mostly caused by an extrinsic, internal bias field due to defects, which block domain wall motion. We show that
the pinched P-E loops are caused by an intrinsic effect, i.e, by the electric-field-induced phase transition from a non-
polar incommensurate to a polar commensurately modulated crystal structure. The in situ electron diffraction results
show the coexistence of commensurate polar structural modulation and incommensurate non-polar modulation
during the ferroelectric transition and within the ferroelectric phase below the transition temperature. This phase
coexistence is the reason for the small remanent polarization. An external electric field transforms the incommensurate
component into a commensurate one, and the polarization increases. This new mechanism for pinched P-E hysteresis
loops in ferroelectrics not only indicates a new direction for the development of Pb-free ferroelectric materials for
energy storage but also significantly contributes to the physical understanding of ferroelectricity in materials with a

tungsten bronze structure.

Introduction

Ferroelectrics are a very important family of functional
materials, and they have received attention from a variety
of fields, including material science, condensed matter
physics and electric engineering'~®. Applications of fer-
roelectric materials are primarily governed by their
polarization response to external stimuli. Due to the
nature of domains, ferroelectrics exhibit hysteresis
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phenomena with respect to an external electric field.
Classic ferroelectrics have a single P-E hysteresis loop,
which represents field-controlled transitions between two
equivalent ferroelectric states with different polarization
directions’. Switchable polarizations under an electric
field allow ferroelectrics to be used in memory and logic
devices'®. In antiferroelectric compounds, two opposite
polarizations arrange into two crystalline sub lattices, and
the polarization vs. the electric field possesses the feature
of a double P-E hysteresis loop, corresponding to the
field-induced transition between the antiferroelectric and
ferroelectric states''. Recently, this specific double P-E
hysteresis loop has received attention due to its advantage
for energy storage applications’*™**. A double P—E hys-
teresis loop can also be observed at temperatures slightly
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above the Curie temperature of the first-order ferro-
electric transition, indicating the electric field-induced
paraelectric-ferroelectric phase transition'>'®. However,
in the development of ferroelectric materials, a type of
“pinched” P-E hysteresis loop with a constrained rema-
nent polarization (P,) value has been observed in various
perovskite materials, e.g., Pb(Zr,Ti)Oj solid solutions'”~>*,
BiFeOs-based ceramics®* 2%, and (BigsNag5)TiOs-based
ceramics® >, The main feature of the pinched P-E
hysteresis loop is that the polarization, P,, for a zero
electric field is small but finite, unlike ferroelectrics (large
P,) and antiferroelectrics (zero P,)°. Generally, the exis-
tence of pinched P-E hysteresis loops is attributed to
strong domain wall pinning due to the diffusion of
charged defects'’~>>*°, However, pinched P-E hysteresis
loops can also be observed in defect-free ferroelectric
materials, such as BiFeOs-based ceramics®*** and
(BipsNags5)TiO3-based ceramics®®. In some cases of
BiFeOj3-based ceramics, the observed pinched P-E hys-
teresis loops are “simply” interpreted as the double P-E
hysteresis loops of antiferroelectrics, and the concomitant
enhancement in the piezoelectric response is attributed to
an electric-field-induced transformation from a para-
electric orthorhombic phase to a polar rhombohedral
phase®®. According to simulations by Xu et al.*, the
pinched P-E hysteresis loops in defect-free ferroelectric
materials are a result of intermediate modulated phases
with an inhomogeneous dipolar pattern, which leads to
the coexistence of both ferroelectric and antiferroelectric
orders. Liu et al.*” reported the observation of a fine-scale
intergrown microstructural phase (IGMS) within the R3¢
rhombohedral average structure matrix of (BigsNags)
TiOs3, and the IGMS regions form local, isolated, polar
nanoregions, resulting in the high piezoelectric response
and pinched P-E hysteresis loops observed in (BigsNags)
TiO;. The pinched P-E hysteresis loops in defect-free
ferroelectrics are often linked to a high piezoelectric
response, but the mechanisms of these phenomena are
diverse. Therefore, searching for pinched P-E hysteresis
loops in more ferroelectric materials and revealing their
mechanisms are of high scientific interest and importance

Pb-free ferroelectric materials have attracted increasing
scientific and commercial interests due to serious envir-
onmental concerns. The structural flexibility of tungsten
bronze oxides offers more opportunities for exploiting
new Pb-free ferroelectric materials. The tetragonal tung-
sten bronze structure is composed of ten distorted octa-
hedral sharing corners in such a way that three different
interstices (2 tetragonal A1, 4 pentagonal A2, and 4 tri-
angle C) are available for cations in the general formula
(A1)5(A2)4(C)4(B1)2(B2)s030>5. In recent years, a number
of Pb-free ferroelectrics with tetragonal tungsten
bronze structures have been determined®*’. For
MR, TiyNbOs, and MsRTisNb,Os, (M =Ba, Sr; R=

72

rare earth), their phase transition nature and ferroelectric
properties strongly depend on the cation occupation and
the difference in the radius between the A2 and Al
cations®”*°. MR, TisNbsOs5o (M = Ba, Sr; R =Nd>", Sm?
*, Eu®") tends to exhibit normal ferroelectric phase
transitions due to its ordered structure. M>"occupies the
pentagonal A2 site, and R*" is in the tetragonal A1 sites®'~
. For compositions with larger R cations, a relaxor
nature is observed in BayBi;TiuZNbgOs9 and Bagla,-
TiuNbgO30>>?%.  For MsRTisNb,O59 (M =Ba, Sr;
R = rare earth), relaxor ferroelectric behavior is generally
observed, and it is ascribed to the cross distribution of
M>" and R®' cations at Al (tetragonal) sites®”*’., A
detailed structural study indicated that the relaxor nature
is always associated with incommensurate superlattice
modulation. The decrease in the R cation size increases
the driving force for commensurate superlattice modula-
tion, which dominates the normal ferroelectric nature®*~
32

Here, we report the first observation of pinched P-E
hysteresis loops in two new lead-free ferroelectrics with a
filled tungsten bronze structure, Ba;Sm,TisNbsO3 and
Ba,Eu,TiyNbgO3g, together with the analogue Ba,Nd,-
TiygNbgO3q (ferroelectric with single hysteresis loop) for
comparison. The first-order ferroelectric phase transitions
were confirmed by a thermal analysis and dielectric/fer-
roelectric characterization of all the compositions, and the
ferroelectric domain structures were studied using pie-
zoresponse force microscopy (PFM). The second har-
monic generation (SHG) study reveals an on
centrosymmetric structure below the Curie temperature
(T.) for all the compositions. O,-atmosphere annealing
did not change the shape of the P—E hysteresis loops for
all the compositions. Therefore, oxygen vacancies (the
main defects that can occur during the formation of oxide
ceramics) have no significant effect on the mechanism of
the pinched P-E hysteresis loops. To understand the
origin of the pinched P-E hysteresis loops, in situ selected
area electronic diffraction (SAED) was performed, and the
coexistence of commensurate modulation (polar) and
incommensurate modulation (non-polar) during the fer-
roelectric transition and within the ferroelectric phase far
below the transition temperature were detected in
Bay,Sm,TiygNbgO39 and BasEu,TiuNbgO3, but not
Bay,Nd,TiyNbgO3g. The pinched P-E hysteresis loop is a
consequence of the electric-field-induced transition
between a non-polar incommensurately modulated
structure and a polar commensurately modulated phase.

Materials and methods
Materials preparation

BayR,TiyNbO3 (R =Nd, Sm, Eu) ceramics were pre-
pared from reagent-grade BaCO5(99.93%, Sinopharm
Chemical Reagent Co., Shanghai, China), Nd,O3 (99.5%,
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Fig. 1 First-order ferroelectric transition of tungsten bronze Ba4R,Ti;NbsOs, ceramics. a-c Temperature dependence of the dielectric
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cooling cycles at 1 kHz. d—f Results of the DSC heating and cooling cycles for d Ba;Nd,Ti;NbgOs0; € BasSm,TisNbgOs; f BasEu,TizNbsO3q
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Sinopharm Chemical Reagent Co., Shanghai, China.),
Smy03 (99.5%, Sinopharm Chemical Reagent Co.,
Shanghai, China), Eu;O3 (99.5%, Sinopharm Chemical
Reagent Co., Shanghai, China.), TiO, (99.9%, Sinopharm
Chemical Reagent Co., Shanghai, China) and Nb,Os
(99.99%, Sinopharm Chemical Reagent Co., Shanghai,
China) raw powders by a standard solid-state reaction and
sintering process. The raw powders were mixed and ball-
milled in a polyethylene jar with ZrO, media in alcohol
for 24h. The mixtures were calcined in a high-purity
alumina crucible at 1500K for 3h. After the second
grinding, the powder achieved a homogeneous granulo-
metric distribution. Organic binders were added (10 wt%
polyvinyl alcohol), and the reground powders were pres-
sed into cylindrical compacts 12 mm in diameter and 1-2
mm thick under a pressure of approximately 98 MPa.
Dense ceramics with a relative density above 96% were
obtained by sintering at 1650K for 3h for all the
compositions.

Structure and microstructure evaluations

The crystal structure was identified by powder X-ray
diffraction (XRD) analysis with Cu Ka radiation (D/max
3B, Rigaku Co., Tokyo, Japan) at room temperature. The
XRD analysis indicated a single phase for BayR,-
TiygNbgO30 (R = Sm, Eu), and a very minor second phase
of BagTi;NboO,, (5.03 wt%) was observed in BayNd,-
TigNbgO3. Piezoelectric force microscopic (PFM) ima-
ges were obtained at room temperature by an atomic

force microscope (Innova Microscopic, Veeco Instru-
ment Inc., Plainview, NY, USA). The ceramic pellets were
ground to a size below 0.1 mm. After surface polishing,
the samples were thermally etched at 1523 K for 15 min.
The bright/dark-field (BEF/DF) images and the selected
area electron diffraction (SAED) patterns were obtained
by transmission electron microscopy (TEM, FEI Tecnai
F30) operated at 300 KV and equipped with an EDAX
energy dispersive spectrometer (EDS) and a Gatan image
filter (GIF). The in situ TEM measurement was con-
ducted between room temperature and 1073 K using a
heating/cooling sample holder. The SAED patterns were
taken when the temperature was stable at the setting
temperature. The TEM equipment could not control the
heating/cooling rate. The specimens for the TEM
observation were prepared as follows. The EDM cutting
disks were 3 mm in diameter and polished to a thickness
of approximately 60—80 pm.Then, the central portions of
these disks were mechanically dimpled to be approxi-
mately 10 pm thick. Finally, these specimens were pre-
cision Ar ion milled to be transparent for the TEM
observation.

Second harmonic generation (SHG)

The SHG analysis was performed for the present cera-
mics in the temperature range from 350 to 625 K, and the
heating and cooling rate was 2 K/min. The light source
was a Q-switched Nd-YAG laser (7 ns pulses, 20 Hz, 1 =
1064 nm). The filtered second harmonic signal behind the
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sample was detected by a photomultiplier and boxcar
average.

Dielectric and ferroelectric characterization

The dielectric characteristics were measured with a
broadband dielectric spectrometer (Turnkey Concept 50;
Novocontrol Technologies, Hundsangen, Germany) over
a broad temperature range (133-623 K) and frequency
(10 Hz—1 MHz) range with a heating and cooling rate of
2 K/min. The thermal analysis was performed using a
differential scanning calorimetry (DSC) (204F1, Netzsch,
Phoenix, Arizona, USA) at a heating rate of 20 K/min in
Ar. The polarization-field (P-E) hysteresis loops were
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evaluated at different temperatures by a Precision Mate-
rials Analyzer (RT Premier II, Radient Technologies, Inc.,
Albuquerque, NM, USA). The samples were immersed in
silicon oil to protect the samples from breakdown due to
edge discharge.

Results and discussion

The frequency dependence of the dielectric constant
over a broad temperature range is shown in Fig. 1la—c. For
all the compositions, the dielectric constant increases to a
frequency independent maximum, indicating the ferro-
electric transitions at T, (the Curie temperature) upon
heating, i.e.,~420K for Bay,Nd,TisNbsO3, ~560K for

Ba,Eu,TisNbgO30 at 300 K under different electric fields at 10 Hz
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Fig. 2 Polarization response to an applied electrical field. a—c Hysteresis loops and J-£ curves for a BasNd; TizNbgOs0, b Ba;Sm,TisNbgO34, and ¢
BasEu,TisNbsOsq at different temperatures. d—f Hysteresis loops and J-E curves for d BasNd,TisNbgOs at 193K, @ Ba,Sm,TisNbsOso at 300K, and f
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Ba,Sm,TiyNbgO3p, and ~590K for BayEu,TigNbgOsg.
Meanwhile, the dielectric constant vs. temperature curves
follow the Curie-Weiss law above 7. (Supplementary
Figure S1). In the equation &' = C/(T—T,), C is the Curie
constant and T; is the Curie-Weiss temperature. A
positive Ty (100.1 K) is indicated in BayNd,TiyNbgOs3,
while negative T, (—522 and —318 K) values are obtained
for Ba,Sm,TiyNbgO3( and BasEu, TiyNbgO3g, respectively.
The low temperature dielectric dispersions shown for
BayNd,TiyNbgO3 below 400 K have been reported before
and attributed to the domain wall motion and structure
fluctuations associated with the coupling between the
polarization in the ab plane and the c axis displacement as
well as the remaining random field effects®***, The insets
in Fig. la—c show the dielectric constant peaks tested in a
heating and cooling cycle at a rate of 2 K/min, and hys-
teresis is observed at 31 K for BayNd,TizNbgO3p, 48.1 K
for Ba,Sm,TiuNbgO3p, and 37.2 K for BasEu, TiyNbgOs5.
The observed thermal hysteresis suggests a first-order
phase transition. In the present ceramics, the tetragonal
A1 sites are fully occupied by small R*" cations, which is
thought to be an important cation configuration for
normal ferroelectrics®. Figure 1d—f shows the DSC
curves measured for both the heating and cooling pro-
cesses, and endothermic and exothermic peaks with
obvious thermal hysteresis are observed for all composi-
tions, confirming the first-order transition nature. Slightly
larger hysteresis values, 37.7K for BayNd,TiyNbgOs3,
73.5K for Ba,Sm,TizNbgOs3p, and 59.6 K for BayEu,-
TigNbgO30, are detected by the DSC measurement com-
pared with those obtained from the dielectric constant
curves due to the faster heating and cooling rate (20 K/
min) during the DSC measurement.

Figure 2a—c shows the P-E hysteresis loops with the
current-electric field (J-E) curves for BayR,TiuZNbgO3o (R
=Nd, Sm, Eu) under different conditions. For Ba,Nd,-
TiyNbegOso (see Fig. 2a), a linear P-E dependence is
observed at 473K (above T,.), corresponding to the
paraelectric phase, and a saturated P—E hysteresis loop is
observed at 293 K with a pair of J-E peaks, suggesting a
classic ferroelectric nature. Upon cooling down to 193 K,
the P—E hysteresis loop shrinks, while the saturated P-E
hysteresis loop recovers under higher electric fields at the
same temperature (see Fig. 2d). That is, the double
potential wells in the free energy vs. electric field curve
become deeper with the decreasing temperature, leading
to the increased coercive field. Therefore, a higher field is
occasionally required to switch the ferroelectric domains
at lower temperatures. In Ba,Sm,TiyNbsO3zq and
BasEu,TiyNbgO3g, the situation is apparently different
from that of Bay,Nd,TiysNbgOso. At 473 K (below the T(),
obvious pinched P-E loops are observed with two pairs of
J-E peaks. For Ba,Sm,TiyNbgOso(Fig. 2b), the polariza-
tion in a zero electric field (Py) increases from near zero
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(0.06 uC/cm® to 0.55uC/cm® as the temperature
decreases from 473 to 293 K. Meanwhile, the maximum
polarization (P,,,) decreases from 4.0 to 1.7 uC/cm? When
the applied electric field increases (Fig. 2e), increased Py
and Py, values are obtained, reflecting a similar increased
polarization switching potential with the decreasing
temperature, which is similar to the situation in
BayNd,TizNbgO3o. Similar behaviors are determined for
BasEu, TigNbgO3g and shown in Fig. 2¢,f. The synchro-
nous increase in Py and P, at low temperatures causes the
P-E loops to be less pinched and closer to the saturated
loop, suggesting that the pinched P-E hysteresis loops
become less stable and the ferroelectric phase gradually
becomes stable as the temperature decreases further
below Tc.

For ferroelectrics with a first-order phase transition,
paraelectric and ferroelectric phases coexist in the tem-
perature range near 7, and double P—E hysteresis loops
are observed, as reported for BaTiO;'". Nevertheless, in
the present tungsten bronzes, we discovered double P-E
loops below the ferroelectric transition temperature.
Double P-E hysteresis loops can arise from the pinning of
ferroelectric domain walls by structural defects*'. For
example, in aged and lower valence-substituted lead zir-
conate titanate (PZT), double P-E hysteresis loops have
been observed, and the polarization switching is strongly
dependent on the thermal history21. However, in BagR,-
TizNbgOs3o (R = Sm, Eu), no volatile elements (like Pb, Bi,
K,...) exists, and according to our XRD structure refine-
ment, the Bj,, values for all the cations in Ba,R;Tiu,NbgOs
(R=Sm, Eu) can be scaled to a low level (Supplementary
Table II). This indicates that the cation occupation fol-
lows the stoichiometry, and no cationic defects exist in the
present materials. If there is a cation deficiency in the
structure, a much higher Bjy, value will be obtained for
the corresponding cation site. Therefore, cationic defects
are unlikely to contribute to the polarization switching in
BayR,TiyNbO3p (R =Sm, Eu). As shown in the supple-
mentary Figure S2, pinched P-E hysteresis loops still exist
in BagR,TigNbgO3, (R = Sm, Eu) after annealing in an O,
atmosphere, and thus, the influence of the oxygen
vacancies can be neglected.

Carl and Hadtl'” studied the defect-induced pinching of
P-FE loops in doped PZT and explained it was due to an
internal bias field Ej(f) caused by defects. According to
their results, this field increases with doping, but the
hysteresis-loop distortion disappears after repeated
cycling. This so-called “hysteresis relaxation” obeys a time
law in the form E;(f) x exp(—#/7) and is both a field acti-
vated and thermally activated process'’. In our case, the
pinched loops open at lower temperatures, which
excludes a thermally stimulated process.

The surface topography and room-temperature domain
structure were detected by piezoelectric force microscopy
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Fig. 4 Second harmonic generation (SHG) study of the phase
transitions. The temperature dependences of the SHG signal for a
Ba4Nd2Ti4Nb603o, b Ba4Sm2Ti4Nb6030, and ¢ Ba4EU2Ti4Nb6030,
indicating the phase transitions from the high-temperature
centrosymmetric nonpolar phase to the a centric polar phases for all
the compositions

(PEM). In Fig. 3a—c, the irregular grain size (approxi-
mately several micrometers) can be observed in all com-
positions. For one large Ba;Nd,TiyNbgO3y grain of ~4
um, the dark and bright stripes contrast with the width of
approximately 50 nm, indicating a ferroelectric domain

structure with 180° domain walls (see Fig. 3d). For
Ba,Sm,TiyNbgO34 and BasEu,TiyNbgO3, dark and bright
contrast patterns can also be detected in some grains, as
shown in Fig. 3e, f. Since antiferroelectric domains should
not have a piezo-response, these patterns correspond to
the ferroelectric domain structure and confirm the fer-
roelectric nature of BayR,TiuNbgO3y (R=Sm, Eu). In
Fig. 3e, {, the distribution of the ferroelectric domain size
is not uniform. In some areas, the domain stripes are
hundreds of nanometers in width, while in other areas, the
widths of the domain stripes are less than 20 nm. More-
over, some broken domains with fragmented pieces could
be observed, indicating destruction of the ferroelectric
domain structure.

The general room-temperature crystal structure for
BayR,TiyNbgO30 (R=Nd, Sm, Eu) is a tetragonal tung-
sten bronze structure with the space group P4bm or P4/
mbm, as determined by the Rietveld refinement of the
powder X-ray diffraction data using the FULLPROF
program. For tetragonal tungsten bronzes, it is not pos-
sible to distinguish between the P4bm and P4/mbm space
groups using XRD data since they have nearly the same
best fit. However, considering their ferroelectric nature,
the non-centrosymmetric P4bm space group is chosen for
the structure refinement of BasR,Tiu2NbgOs3o (R = Nd, Sm,
Eu) below Tc. The experimental data, calculated data, and
difference are shown in supplementary Figure S3, and the
refined structural parameters are summarized in Tables
SI-II.
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[110] zone axis
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Fig. 5 TEM images and SAED patterns for the superlattice modulations in Ba;Sm,TizNbgO30. @ TEM image of a single grain with obvious 180°
ferroelectric domains at room temperature. b—d Three types of SAED patterns observed along the [110] zone axis from a single grain at room
temperature; b the basic tetragonal tungsten bronze structure with the space group P4bm without extra satellite reflections; ¢ patterns with
commensurate reflections; d patterns with coexisting commensurate and incommensurate reflections. The commensurate or incommensurate
reflections are indicated by arrows in (c) and (d). e Schematic diffraction patterns in a [110] projection. Shaded circles are the satellite reflections of
the commensurate modulation, and the open circles are the reflections of the incommensurate modulation. f-h and i~k show the variations of
patterns (b) and (c), respectively, during the phase transition (7. ~ 563 K) at (f) and (i) 523K, (g) and (j) 553K, and (h) and (k) 573K

To confirm the structural symmetry of the present
compounds, we studied the temperature dependence of
the SHG on the reflection geometry. The results are
shown in Fig. 4. The intensities of the SHG signal plotted
in arbitrary units are not the same for the different sam-
ples. In fact, the differences among them are large. At

room temperature, the SHG signal from Ba,Sm,-
TigNbgOg3o is several times higher than that from
Bay,Nd,TiyNbgO3g, and the SHG signal from BagEu,-
TigNbgO3q is another order of magnitude larger. The
results suggest that BayNd,TigNbgO3p and BayR,-
TiyNbgO30 (R = Sm, Eu) are polar (probably ferroelectric,
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not antiferroelectric) below the transition temperature
with a considerably large nonlinearity. A very high SHG
signal in BayEu,TigNbgO3, shows either because of large
nonlinear optic coefficients or due to the possibility of
phase matching in this material.

In situ TEM was conducted over a wide temperature
range from room temperature up to 1073 K. The results
are summarized in Fig. 5 and Supplementary Figures S4-
S6. In BaySm,TigNbgO5o, obvious ferroelectric domain
structures can be observed at room temperature (Fig. 5a).
The domains predominantly feature spike-like shapes that
are parallel to the polar axis (¢ axis of the tetragonal
tungsten bronze structure) according to the SAED pat-
terns (Fig. 5c¢), indicating ferroelectric 180° domains.
However, the size of the domains ranges from approxi-
mately 10 nm to more than 200 nm, and they are unevenly
distributed, which agrees with the PFM observations. As
shown in Fig. 5b—d, three types of SAED patterns are
observed for Bay;Sm;TiyNbgO3, along the [110] zone axis
at room temperature. The first SAED pattern exhibits
fundamental Bragg reflections of a Tetragonal Tungsten
Bronze (TTB) phase without extra reflections (Fig. 5b).
The second pattern shows satellite reflections related to
the commensurate superlattice modulations (Fig. 5c),
while the third pattern shows the coexistence of both
commensurate and incommensurate satellite reflections,
indicating the intermediate modulated phase (Fig. 5d).
The commensurate or incommensurate superlattice
reflections are located on the (00k) [k=+1/2, +3/2, ...]
planes. The wave vector for the commensurate super-
lattice modulation can be expressed as g=1/2a, +
1/2by +1/2¢c,, while that for the incommensurate
superlattice modulation can be expressed as g = (1/4 + 9)
aop +(1/4 + )by +1/2¢o, where aqy, by, and co are the
vectors in reciprocal space®*®*, and § is the measure of
the deviation from commensurate periodicity that is
defined as § = (x — y)/(x + y), where x and y are the dis-
tance of the neighboring incommensurate superlattice
spots®. The schematic diffraction patterns along the
[110]rp direction are shown in Fig. 5e.

Different SAED patterns undergo different variations
with temperature. In some areas with the first type of
SAED patterns (Fig. 5b), as shown in Fig. 5f-h, incom-
mensurate satellite reflections gradually arise with the
increasing temperature and are obvious at 573 K, i.e., the
temperature just above the phase transition temperature
(T.(R=Sm) ~560K on heating). The incommensurate
superlattice reflections exist up to the highest temperature
we measured (~1073 K). After cooling down to room
temperature, the SAED patterns for some areas return to
their initial state, i.e., the fundamental Bragg reflections of
the TTB phase without extra reflections. However, in
some other areas (see Supplementary Figure S4), com-
mensurate superlattice reflections appear upon heating up
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to approximately 573 K, and then, gradually change into
incommensurate superlattice reflections between 573 and
673 K. Upon cooling, the incommensurate to commen-
surate superlattice modulation transition occurs between
573 and 473K, and the commensurate superlattice
reflections exist until room temperature.

For the second type of SAED pattern (Fig. 5¢), as shown
in Fig. 5i—k, the commensurate superlattice reflections are
stable from room temperature up to 523 K. Upon heating,
the incommensurate superlattice reflections appear from
~533 K and coexist with the commensurate superlattice
reflections. With further increasing temperature, the
commensurate superlattice reflections gradually wea-
kened and finally disappear at ~573 K, but the intensity of
the incommensurate superlattice reflections increases. In
the temperature range of 533-573 K, an intermediate
phase appears on heating and is the coexistence of the
commensurate and incommensurate modulations. After
cooling down to room temperature, the SAED patterns
for some areas return to the initial state with only com-
mensurate superlattice reflections, but for some other
areas, the coexistence of the incommensurate and com-
mensurate modulations is observed down to room tem-
perature (Fig. 5d). Similar SAED patterns and variation
features are observed in BajEu,TiyNbgOsq (Supplemen-
tary Figure S5). In BayNd,;TiyNbgO3, commensurate and
incommensurate modulations do not coexist, and only
one type of SAED pattern is observed with a transition
from commensurate to incommensurate reflections at
approximately T, ~ 420 K (see Supplementary Figure S6),
which is consistent with the results reported by Levin
et al.>'. Another phenomena is that the incommensurate
modulation reflections are stable until very high tem-
peratures (~1073 K) for all the Sm and Eu samples. This is
different from that in BayLa;TiyNbgOso and BayNd,-
TiuNbgOs3o in which the incommensurate modulations
disappear at higher temperatures and manifest as an
incommensurate—P4/mbm transition®* ', Levin et al.*!
combined the room-temperature ferroelectric response
and SAED patterns and suggested an orthorhombic
Ima2 unit cell with the Ilattice parameters
V2ar11E X V/2brTe X 2¢7T8 and antiphase rotations of the
octahedra along the ¢ axis for compositions with com-
mensurate superlattice reflections and the Ama2 unit cell
with the lattice parameters 2v/2a1rgx v/2br1p X 2CTTB
and no antiphase tilting about the ¢ axis for the incom-
mensurate phase with § = 0. Even if the incommensurate
structure is nonpolar, SHG shows that a polar structure
exists up to T.. This is further evidence for the coex-
istence of both commensurate (i.e., polar) and incom-
mensurate (i.e., nonpolar) phases up to 7, and that only
their concentrations change with the temperature.

The ferroelectric or relaxor nature of the phase transi-
tion in filled tungsten bronzes is highly connected to the
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commensurate or incommensurate superlattice modula-
tions. Meanwhile, the structure modulation type in the
tungsten bronze BayR,TigNbgO3q (R = rare earth cations)
is generally determined by the radius difference between
the Ba®" and R*" cations** ™!, When larger cations such
as La®" and Bi*'are in the smaller Al sites, a relaxor
phase transition is observed in BayLa,TiyNbgO3y and
BayBi, TigNbgO3y, and incommensurate superlattice
modulations exist from high temperatures down to very
low temperatures®**%, For small cations (R = Nd), a first-
order phase transition is indicated in ferroelectric
Bay,Nd,;TiyNbgO3p, and incommensurate superlattice
modulations exist at 7> T, and an abrupt incommensu-
rate to commensurate transition occurs at Tc31’32. That is,
the onset of the commensurate superlattice modulation
dominates the long-range polar order in filled tungsten
bronzes. In BasNdTizNb,O3, with a diffuse ferroelectric
transition, a low-temperature commensurate modulation
changes to a high-temperature incommensurate mod-
ulation in a gradual region®, reflecting the competition
between the two structural modulations, which is related
to the complex configuration and random occupancy of
the A sites. According to this logic, increasing the radius
difference between the Ba>" and R*" cations should result
in a more stable commensurate modulation and stronger
ferroelectricity with a higher ferroelectric transition
temperature. Therefore, Bas;R,TiyNbgO39 (R =Sm, Eu)
exhibits a higher T, than BayNd,TiyNbgO3,, but the
appearance of an intermediate modulated phase weakens
the ferroelectricity and dominates the pinched hysteresis
loops.

The questions are why Bay,Nd,TiyNbgO3, which also
exhibits a large thermal hysteresis, does not show a pin-
ched hysteresis loop and why the intermediate modulated
phase appears in BayR,TiyNbgO3 (R = Sm, Eu) but not in
Bay,Nd,TiyNbgO3y. We attempt to understand this phe-
nomenon by considering the structure stabilities. Com-
pared with BayNd,TiyNbgO3g, the smaller Sm and Eu
cations in Ba,Sm,TizNbgO3, and BasEu,TigNbgOsq
decrease the tolerance factor of the Al site (occupied by
lanthanide cations) and induce larger structural distor-
tion, resulting in a less stable tungsten bronze structure.
In contrast, the appearance of incommensurate super-
lattice modulations in tungsten bronzes can reduce the
structural energy. Therefore, the intermediate modulated
phase with coexisting polar commensurate modulations
and non-polar incommensurate modulations appears in
Ba,Sm,TiuNbgO3 and Ba,Eu,TiuNbgO3o below T, to
reduce the structural energy and stabilize the tungsten
bronze structure. Under an applied electric field, the non-
polar incommensurate modulations can change into polar
commensurate ones, and the field-induced ferroelectric
transition can result in a double hysteresis loop. Mean-
while, the polar commensurate modulation in the

79

intermediate phase provides a small finite polarization in a
small electric field for BasSmyTizNbgOs, and BagEu,-
TizgNbgOsg. BayNd,TisNbgO3y does not exhibit the
incommensurately modulated (i.e., nonpolar) phase below
the T, and its ferroelectric loops are not pinched.

Comparing our results with the pinched P-E hysteresis
loops reported for BiFeOs-based and (BigsNags)TiO3-
based systems reveals some mutual features. The pinched
hysteresis loops are intrinsic in nature and can be
attributed to the intermediate modulated phases involving
oxygen octahedral tilting. In BiFeOs-based perovskites,
the intermediate modulated phases are composed of fer-
roelectric and antiferroelectric phases, while in tungsten
bronze BayR,TisNbgO3y (R =Sm, Eu), the intermediate
modulated phases are formed by the polar commensurate
and non-polar incommensurate modulations.

The relationship between the pinched hysteresis loops
and the coexistence of the two structural modulations can
also be understood by comparing them with the field-
induced phase transition occurring in the first-order fer-
roelectric transition at 7> T; i.e., where the double P-E
hysteresis loops can be detected, and the existence of
metastable ferroelectric states with long lifetimes are
known to create pinched hysteresis loops'. Actually, the
intrinsic origin of the double P—E hysteresis loops in first-
order ferroelectric transitions is thermal hysteresis, which
means metastable states exist during the phase transition.
Normally, the thermal hysteresis of first-order ferro-
electric transition is very small (several Kelvin), and Tj is
also very close to T.. This is why, in real cases (such as
BaTiO3), the double P-E hysteresis loops can only be
observed in a very narrow temperature region. Never-
theless, in the tungsten bronze BayR,TisNbgOsz (R = Sm,
Eu), a thermal hysteresis over tens of Kelvin is observed
during the ferroelectric transition, and negative T, values
are obtained. Both factors provide good conditions for a
wide temperature range of the metastable phases. More-
over, the ground states in the low electric field are para-
electric phases with zero polarization for the double P-E
hysteresis loops above the T, while the ground states in a
low electric field have a finite polarization in tungsten
bronze BayR,TisNbgO3¢ (R = Sm, Eu). Therefore, instead
of a double P-E hysteresis loop, the pinched loops are
observed.

The opening of pinched P-E hysteresis loops in high
fields can be explained by the electric-field-induced
transition of non-polar incommensurately modulated
phases in ceramics to commensurately modulated phases.
This type of phase transition is well known in other
incommensurate crystals, such as thiourea®, K,SeO,, and
(NH),BeF,*, but in these materials, the incommensurate
structure exists only in very narrow temperature regions,
and moreover, this phase transition was never used for the
explanation of the pinched hysteresis loops.
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Conclusion

In summary, we reported pinched P-E hysteresis loops
below the first-order ferroelectric transition temperature
in the tungsten bronzes BaySm;TiyNbgO3¢ and BasEu,-
TisNbgO3 and revealed the intrinsic mechanisms of the
pinched P-E hysteresis loops. A metastable intermediate
modulated phase with coexisting polar commensurate
and non-polar incommensurate modulations appears in
both Ba;Sm,TiuNbgO3o and BasEu, TiuNbsO3o below and
during the ferroelectric transition to reduce the structural
energy due to the smaller Sm and Eu cations. Conse-
quently, the field-induced transition from non-polar
incommensurate modulation to polar commensurate
modulation results in the double P-E hysteresis loop. The
small remanent polarization in the pinched hysteresis
loop is attributed to the phase coexistence. The large
thermal hysteresis of the ferroelectric transition in
Ba,Sm,TigNbgO30 and BasEu,TiyNbgO3y provides good
conditions for the metastable intermediate modulated
phase to have large lifetimes. Moreover, the relatively
higher structural energy is also an important factor for the
appearance of incommensurate modulation. Since the
pinched hysteresis loops are similar to antiferroelectric
loops, our discovery opens up a new avenue for the
development of Pb-free ferroelectric materials for energy
storage.
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