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Abstract
Thermal stability, precision, and large output are desired for applications of electromechanical materials. However, this
combination has been hardly attained because both the commercially used materials and currently promising
candidates are confronted with a critical challenge: the intrinsic incompatibility among the broad temperature
window, low hysteresis, and high strain. Here we report a re-entrant relaxor–ferroelectric composite that solves this
long-standing challenge: a combination of low hysteresis and large electrostrain over a broad temperature range (i.e.,
a 168-K temperature window for hysteresis <20% and strain >0.1%) in sufficiently disordered (Ba0.925Bi0.05)(Ti1−x/100Snx/
100)O3 ceramics. In situ transmission electron microscopic observations and permittivity measurements reveal the
existence of a re-entrant anomaly that guarantees the relaxor–ferroelectric microstructure over a broad temperature
range and the resulting combination of exceptional properties. Our finding of a re-entrant relaxor–ferroelectric
composite not only solves the incompatibility of the electromechanical properties but may also open a way to
develop thermally stable high-performance materials.

Introduction
Electromechanical materials, which convert electrical

energy to mechanical work, have been widely used in
actuators, ultrasonic imagers, and telecommunications1.
Among them, ferroelectrics and relaxors are mainstays, as
represented by two commercially used materials: ferroelectric
Pb(Zr,Ti)O3 (hard PZT) and relaxor Pb(Mg1/3Nb2/3)O3

(PMN)2,3. For most applications, a combination of large
strain and small hysteresis over a wide temperature range
is always desired3,4. Yet, these two properties do not go
hand in hand since a large strain originates from a large
lattice deformation, which usually makes it difficult to
transform from one state to another (i.e., more energy

dissipation), thereby leading to a large hysteresis2–15. For
example, the actively reported bismuth-alkali titanate-
based (Bi1/2Na1/2TiO3-based) materials generate a large
strain as high as 0.3–0.7% but accompanied by a very large
hysteresis (>50%)5–13. To overcome the incompatibility
between large strain and small hysteresis, an effective
approach has been reported by introducing a relaxor into
ferroelectrics15,16, e.g., the K1/2Na1/2NbO3 (KNN)-doped
0.94Bi1/2Na1/2TiO3-0.06BaTiO3 (BNT-6BT)
relaxor–ferroelectric composite16 exhibiting a strain of
0.12–0.15% with a hysteresis of 20–35%.
However, the relaxor–ferroelectric composites and

even relaxors face a vital problem—the increased hys-
teresis with cooling, which yields a possible overheating
failure due to energy dissipation. The origin of the hys-
teresis increase is that, at low temperatures, the ther-
modynamically favored state is the ferroelectric state
instead of the relaxor state, and the ferroelectric state
generates a large hysteresis, which explains the
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remarkable temperature instable hysteresis of the BNT-
based materials7–10,17 and PMN18 (increasing to >70%
upon cooling), as shown in Fig. 1c. The current ways to
avoid a large hysteresis are limiting the usage tempera-
ture range (e.g., in PMN) or limiting the applied field
below the saturated field (e.g., in hard PZT). In short, to
date, no mechanism has been found to overcome the
intrinsically cooling-driven ferroelectric stabilization and
the associated hysteresis increase, thus causing current
materials not meeting the requirement of a thermal
stability–hysteresis–strain combination (i.e., a broad
temperature window, low hysteresis, and large
electrostrain).
To overcome the initial issue of cooling-driven ferro-

electric stabilization, in this work, we introduce a suffi-
ciently disordered ceramic, viz., the system (Ba0.925Bi0.05)
(Ti1−x/100Snx/100)O3 (BT-5Bi-xSn), which allows a re-
entrant relaxor transition of a coexisting low-
temperature re-entrant relaxor phase19–22 with additional
electromechanical degrees of freedom due to its clustered
glass nature of frozen polar nanoregions (PNRs)23. Here
the disorder induced by heterovalent Bi3+ and Sn4+ dop-
ing plays a crucial role in creating a re-entrant relaxor
phase out of the percolating ferroelectric phase. It should
be noted that the re-entrant phenomenon due to the
disorder has been reported in many magnetic systems, e.g.,
Fe-xAu, where cluster spin glass grows out of the perco-
lating ferromagnetic phase upon cooling, i.e., a transition
from the ferromagnetic state to the cluster spin glass24,25.
Our established phase diagram of BT-5Bi-xSn shows

that the re-entrant transition from the ferroelectric to the

relaxor state indeed exists in the middle composition
regime (3 < x < 7), which resembles the above-mentioned
typical re-entrant spin glass phase diagram of Fe-xAu.
More importantly, an extraordinary combination of low
hysteresis (<20%) and large electrostrain (>0.1%) over a
broad temperature range (168 K) is achieved at a critical
composition (x= 7), where the ferroelectric transition,
relaxor transition, and re-entrant relaxor transition meet
and produce a re-entrant relaxor–ferroelectric composite
(RRFC). In situ transmission electron microscopy (TEM)
shows that a heterogeneous microstructure of ferro-
electric domains embedded into the relaxor matrix at
room temperature persists down to lower temperatures
without significant ferroelectric domain coarsening. The
good temperature stability of the properties and micro-
structures confirms the vital role of the re-entrant relaxor
transition. Our work indicates that introducing the re-
entrant relaxor transition through creating enough dis-
order in ferroelectric systems may become an integral step
toward developing applicable high-performance electro-
mechanical materials.

Materials and methods
BT-5Bi-xSn ceramics were fabricated via a conventional

solid-state reaction method with starting materials of
BaCO3 (99.8%+), Bi2O3 (99.9%+), TiO2 (99.8%+), and
SnO2 (99.9%+). The calcining was performed at 1473 K
for 2 h and the sintering at 1673 K for 2 h. Dielectric
permittivity curves were measured by a HIOKI LCR meter
from 423 to 123 K with a cooling rate of 2 K/min. The
structural evolution through varying the temperature was

Fig. 1 The RRFC has an extraordinary combination of low hysteresis and large electrostrain over a broad temperature range. a Comparison
of the hysteresis and the maximum electrostrain (Smax) under 4 kV/mm at room temperature among the RRFC (both 4 and 6 kV/mm), hard PZT4, 17,
PMN18 (2 kV/mm due to the low breakdown field), and several typical lead-free electrostrictive systems, including BNT-based7–13, SrTiO3-based (ST-
based)15, and BT-based ceramics. Contrasting with the conventional tendency of a larger electrostrain with a larger hysteresis and vice versa, the
RRFC exhibits the long-sought result of small hysteresis and large strain. b Temperature range of a small hysteresis (<20%) with a large strain (>0.1%)
for the RRFC, PMN, and two representative BNT-based ceramics: (Bi1/2(Na0.84K0.16)1/2)0.96Sr0.04Ti0.975Nb0.025O3 (BNT-2.5Nb)

9 and Bi1/2Na1/2TiO3–Bi1/2K1/
2TiO3-K1/2Na1/2NbO3 (BNT-BKT-KNN)

10. c Temperature-dependent hysteresis of the RRFC, PMN, BNT-2.5Nb, and BNT-BKT-KNN, where Tf represents the
freezing temperature (see Fig. 3 for details). Upon cooling, the small hysteresis (<20%) of RRFC can persist to temperatures below Tf (red line),
whereas both PMN- and BNT-based ceramics exhibit drastic hysteresis increases
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detected by an X-ray diffractometer (Shimadzu XRD-
7000). The electrostrain was measured by a photonic
sensor during the polarization electric field (P-E) hyster-
esis loop measurement (Radiant workstation). The
microstructure characterization was performed by a JEM-
2100F TEM with a double tilt liquid nitrogen cooling
holder.

Results and discussion
Thermal stability–hysteresis–strain combination achieved
by the RRFC
Figure 1 shows the property comparison of hysteresis,

strain, and temperature stability among the previously
reported lead-based and lead-free ceramics4–18 and our
results. First, the RRFC stands out for the best combina-
tion of low hysteresis and large strain (most desired) at
room temperature in the hysteresis versus strain plot
(Fig. 1a). The strain of RRFC is larger than that of the
practically used PMN4, and its hysteresis is much smaller
than that of hard PZT4,17, with a similar strain level.
Second, the RRFC exhibits the best temperature stability
compared with that of the PMN-18 and BNT-based
materials9,10 (Fig. 1b, c). Here we plot the temperature
range of a small hysteresis (<20%) with a large strain
(>0.1%) in Fig. 1b and the hysteresis over temperature
curve in Fig. 1c. It is clear that the RRFC possesses a much
better temperature stability of the hysteresis (a slight
increase from ~9.4% at 293 K to ~17% at 183 K, where the
freezing temperature Tf is ~200 K) compared with the
dramatic increase of PMN (from 7% at 333 K to 73% at
213 K, where Tf is ~210 K)18 and BNT-based materials
(from 10% at 423 K to 49% at 298 K for BNT-BKT-KNN;
from 44% at 373 K to 75% at 298 K for BNT-2.5Nb)9,10.

Re-entrant phase diagram and the re-entrant transition
To explain the exceptional thermal stability–hysteresis–

strain combination achieved by the RRFC, we will next
show the unusual composition–temperature phase diagram
of BT-5Bi-xSn (0 < x < 12). Figure 2a shows the phase dia-
gram determined by the dielectric permittivity upon cooling
(Fig. 3 and Supplementary Fig. S1). Different from the
common phase diagrams such as PMN-PbTiO3(PT) and
BNT-BT, it has an additional transition, the re-entrant
transition, which gives rise to the coexistence regime of the
re-entrant relaxor and the ferroelectric. We can find that
our phase diagram resembles the typical re-entrant ferro-
magnetic spin glass phase diagram of Fe-xAu (Fig. 2b)24,25.
With the increasing Sn or Au concentration, the ferro-
electric/ferromagnetic transition gradually vanishes, and a
glass transition appears above the critical composition.
Abnormally, at an intermediate concentration, the system
first undergoes a ferroelectric/ferromagnetic transition and
then a re-entrant transition from the ferroelectric/ferro-
magnetic state to the glass state (forming a coexistence of
the glass and ferroelectric/ferromagnetic states). Specially,
at a critical concentration (BT-5Bi-7Sn and Fe-84Au, indi-
cated by the dashed red arrow), the ferroelectric/ferro-
magnetic, glass, and re-entrant transitions merge and form
a direct transition from the para-state to the re-entrant
composite state. Later, we will show why this unique
transition is the origin of a broad temperature window of
superior properties.
Next, we will show the detailed determination of the

phase diagram and especially the re-entrant transition.
First, the transition in the ferroelectrics (e.g., x= 2,
Fig. 3a) is featured by a sharp frequency-independent
permittivity peak at TC and a structural change

Fig. 2 Re-entrant phase diagram of the ferroelectric BT-5Bi-xSn and the ferromagnetic Fe-xAu [refs. 24, 25], where TB, TC, Tm, and Trg denote
the Burns temperature, Curie temperature, dielectric maximum temperature of the relaxor, and re-entrant glass transition temperature,
respectively. a-b At a low concentration of Sn/Au, the ferroelectric/ferromagnetic transition occurs, whereas the corresponding relaxor/cluster spin
glass transition appears at a high concentration. The coexistence of the glass and ferroelectric/ferromagnetic states at the intermediate
concentration stems from the re-entrant transition. A unique state (see below) forms at the critical composition (indicated by the dashed red arrow)
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manifested by the splitting of the (220) peak in the X-ray
diffraction patterns. Second, the transition in the relax-
ors (e.g., x= 9, Fig. 3c) is featured by a frequency-
dependent permittivity peak at Tm and the invariance of
the average structure. Third, at an intermediate Sn
composition (e.g., x= 4, Fig. 3d, e), upon cooling, it
shows the signatures of a ferroelectric transition and
then a relaxor transition. This subsequent abnormal
relaxor transition at Trg is the so-called re-entrant
relaxor transition19–22. The temperature dependence of
the electrical hysteresis (P-E) loop and saturated rema-
nent polarization (Pr) in Fig. 3f shows the same transition
sequence of a ferroelectric transition, indicated by an
increase in the remanent polarization, and then a re-
entrant relaxor transition, indicated by a decrease in the
remanent polarization (see Supplementary Fig. S2 for
more details and examples).
The in situ microscopic TEM observation (Fig. 4) fur-

ther reveals that, after the re-entrant relaxor transition,
the contrast of the coarse ferroelectric domains becomes

blurred, which is due to the formation of PNRs within
these large ferroelectric domains. Being different from the
normal relaxor, after the re-entrant transition, the ferro-
electric domains still remain, and the average structure
remains tetragonal instead of cubic. To determine the
local symmetry of the re-entrant relaxor and its difference
from the ferroelectric matrix, convergent beam electron
diffraction was performed along the [001], [011], and
[111] beam incidence directions at room temperature and
at a lower temperature (103 K). The local symmetry of the
ferroelectric domain (RT-FE) is determined to be 4mm
(i.e., T phase), while the diffraction symmetry of the re-
entrant relaxor (LT-RE) is m (i.e., O phase), less
symmetric than 4 mm. In short, an unusual re-entrant
relaxor transition occurs from the ferroelectric state to
the re-entrant relaxor state upon cooling (i.e., the re-
entrant transition weakens the ferroelectric stabilization
by a decay into a local random electric-field-stabilized
PNR of variant orientation as approved for standard
relaxor ferroelectrics such as PMN26), which apparently

Fig. 3 Transition behavior of ferroelectric, relaxor, and re-entrant relaxor in BT-5Bi-xSn. a–c Dielectric permittivities of x= 2, x= 7, and x= 9,
respectively. The insets show the in situ XRD profiles at different temperatures of x= 2 and x= 9 and the determination of Tf by Vogel–Fulcher
fitting43 for x= 7 using ω ¼ ω0e�Ea= Tm�Tfð Þ . d–f Evidence of the ferroelectric and re-entrant relaxor coexistence state of x= 4. The permittivity and
loss curves exhibit a frequency-independent ferroelectric transition peak at TC and a frequency-dependent re-entrant transition peak at Trg. The insets
in d show the corresponding structure changes upon varying the temperature. The temperature dependence of the remanent polarization (f) and
P-E loops [insets in f] further confirms the above transition sequence. Note that the transition behavior of x= 7 (b), different from that of x= 4 (d),
shows a weak frequency-dependent RRFC transition at Tm and a sluggish re-entrant-like transition at a lower temperature
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explains the enigma of the low hysteresis and high
electrostrain.

Combination of small hysteresis and large strain of the
RRFC at room temperature
Next, we will present the superior electrostrain prop-

erties of the RRFC over the ferroelectric and relaxor in
BT-5Bi-xSn systems at room temperature. The well-
known hysteresis–strain trade-off in the ferroelectric and
relaxor is vividly demonstrated by the electrostrain
behavior, as shown in Fig. 5a: the ferroelectric (e.g., x= 4)
exhibits large hysteresis (bad) and large strain (good),
while the relaxor (e.g., x= 9) exhibits small hysteresis
(good) and small strain (bad). However, the RRFC (x= 7)
overcomes the trade-off and generates the highest elec-
trostrain (~0.1% at 3 kV/mm, good) together with a slim
hysteresis (~9.4%, good); the strain value is even higher
than that of the typical Pb-based piezoelectric and elec-
trostrictive ceramics (hard PZT and PMN)3,4. Figure 5b, c
reveal the composition dependences of the electrostrain
and hysteresis. The maximum electrostrain (Smax) first
increases and then decreases, i.e., forming a peak at the
RRFC (x= 7) composition. The same composition
dependence of the electrostrain also appears along the
transition temperature TC/Tm (see Supplementary
Fig. S3), ruling out the effect of measuring the tempera-
ture of the RRFC close to TC/Tm. The hysteresis, calcu-
lated by (△S)max/Smax in which (△S)max is the largest
width of the loop3, continuously decreases with the
increasing Sn concentration. The Smax of the RRFC

increases with the electric field and can reach ~0.165% at
6.5 kV/mm, while the slim hysteresis remains even in such
a high field (see Supplementary Fig. S4). In short, at room
temperature, the RRFC exhibits a superior combination of
low hysteresis and large electrostrain over both the fer-
roelectric and the relaxor.
To understand this combination of slim hysteresis and

large strain achieved at the RRFC, microscopic observa-
tions were performed at room temperature on x= 7
(RRFC) as well as the x= 4 (ferroelectric) and x= 9
(relaxor) compositions for comparison. Figure 5d shows
that micron-size ferroelectric domains are observed in the
ferroelectric (x= 4), whereas PNRs appear in the relaxor
(x= 9), as indicated by the splitting of the (121) and (220)
reflections in the fast Fourier transform spectrum.
Uniquely, the RRFC (x= 7) has ferroelectric domains of
size ~350 nm embedded in the relaxor matrix. It should
be mentioned that the conventional mechanism for the
ferroelectric and relaxor coexistence owing to chemical
inhomogeneity27 is ruled out by the element distribution
mapping (see Supplementary Fig. S5).
The slim-hysteretic large strain of the RRFC can be

understood based on this ferroelectric and relaxor coex-
isting microstructure: under the electric field, the rotation
of isolated ferroelectric domains (especially non-180°
domains) contributes to a large strain, and its reversible
rotation with few domain wall motions leads to a small
hysteresis (see more details in Supplementary Fig. S6). In
short, designing a material with a ferroelectric and relaxor
coexisting microstructure is indeed an effective approach

Fig. 4 Microscopic evolution of the re-entrant transition revealed by TEM observations and CBED patterns along the [001], [011], and [111]
beam incidences at room temperature (a) and a low temperature of 103 K (b). Upon cooling, the room-temperature long-range ordered
ferroelectric state (RT-FE) with the zero-order 4-mm symmetry (T phase) undergoes a re-entrant transition, forming short-range ordered polar
nanodomains with zero-order m symmetry (O phase) in the large ferroelectric domains (LT-RE)
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to achieve a superior combination of small hysteresis and
large electrostrain, as reported before28.

Thermal-stable electrostrain properties originating from
the re-entrant transition
Next, we present the temperature stability of the hys-

teresis and electrostrain of the RRFC. Figure 6a shows
that, upon cooling, the bipolar electrostrain curves under
3 and 6 kV/mm have two temperature-dependent regions,
as indicated by the blue and red lines, which correspond
to the temperature windows of the ergodic relaxor and the
RRFC (see below for evidence). The temperature depen-
dence of Smax in the RRFC region is obviously weaker than
that in the ergodic relaxor region. The weaker tempera-
ture dependence of the hysteresis in the RRFC is also
different from that in the conventional relaxor (e.g., PMN,
see Fig. 1b)18. The RRFC only exhibits a slight hysteresis
increase from ~9.4% at 293 K to ~17% at 183 K, which
may be useful for potential low-temperature precise
actuation applications, as in airborne platforms

(~220–330 K) as adaptive structure drives for shape/
position/force control29.
The origin of the above abnormal temperature depen-

dence of the electrostrain and hysteresis is revealed
through in situ temperature-changing TEM observations.
Figure 6b–d show that, upon cooling, the ergodic relaxor
transforms into a relaxor–ferroelectric coexisting state.
This coexisting microstructure seems to be “frozen” over
a broad temperature range, and no obvious ferroelectric
domain coarsening is observed. This explains the tem-
perature insensitivity of the macroscopic property chan-
ges of the hysteresis and electrostrain.
Interestingly, a similar relaxor–ferroelectric coexisting

microstructure has also been found around the sponta-
neous/crystallization transition temperature of the
relaxor30–32, but upon cooling, a very large hysteresis
comparable to that of the ferroelectric is inevitable (e.g.,
PMN, BNT-based materials in Fig. 1b)9,10,18 since the
volume fraction of the ferroelectric domains becomes
larger and larger. These temperature-dependent

Fig. 5 Combination of the low hysteresis and large strain of the RRFC at room temperature. a Electrostrain of ferroelectric (x= 4), RRFC (x= 7),
and relaxor (x= 9), together with the typical Pb-based piezoelectric and electrostrictive ceramics of hard PZT and PMN [refs. 2–4]. b, c Composition
dependences of Smax and hysteresis under an electric field of 3 kV/mm. d TEM images showing the microstructures of a typical ferroelectric (x= 4),
RRFC (x= 7), and relaxor (x= 9). The inset shows the fast Fourier transform spectrum with the spot splitting of (121) and (220)
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differences in both the macroscopic properties and
microstructures clearly reveal the integral role of the re-
entrant transition, which is absent in all the current
electromechanical systems.

Conclusion
In summary, for the first time, we experimentally

demonstrate that the RRFC generates an exceptional
thermal stability–hysteresis–strain combination (i.e., slim
hysteresis and large electrostrain in a broad temperature
range) in a (Ba0.925Bi0.05)(Ti1−x/100Snx/100)O3 system. This
exceptional combination is achieved by the RRFC design
strategy, i.e., introducing sufficient disorder to enable a re-
entrant transition, thereby creating a relaxor–ferroelectric
coexisting microstructure over a broad temperature
range. Because the re-entrant glass transition prefers the
relaxor state instead of the ferroelectric state upon cool-
ing, it can solve the long-standing cooling-driven ferro-
electric stabilization problem (i.e., guaranteeing the
thermal stability). This observation is significantly differ-
ent from the previously reported conventional design
methods based on the conventional ferroelectric, relaxor,
and ferroelectric–relaxor composite, e.g., morphotropic
phase boundaries with the lowest free energy anisotropy
in ferroelectrics (see Supplementary Fig. S7) or PNRs in
relaxor PbTiO3

33–40. Our work suggests that the re-
entrant transition may serve as a general approach not
only to explore more high-performance electrostrain

properties, especially with high operating temperatures,
but also to find high-performance re-entrant magnetos-
trictive materials (e.g., which may be superior to expensive
rare-earth alloys41,42 such as Tb1–xDyxFe2).
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