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PACS 75.70.Kw – Domain structure (including magnetic bubbles and vortices)

Abstract – Ba(Ti0.80Zr0.20)O3-0.5(Ba0.70Ca0.30)TiO3 (BTZ-0.5BCT) nanofibers (NFs) demon-
strated diffusive phase transition, resulting in an enhanced Curie temperature TC . As a result, it
is scientific significant to probe the variation of ferro/piezoelectricity during such diffusive phase
transition region. In this letter, the ferro/piezoelectricity of BTZ-0.5BCT NF was probed by
piezoelectric force microscopy (PFM) under a series of temperatures revealing the piezoresponse
of BTZ-0.5BCT NF increased with temperatures as the temperature is less than 180 ◦C. The
result shows that the first harmonic piezoresponse initially increased with temperatures, yet two
singularities appeared at 120 and 180 ◦C, and subsequently rapidly decreased to less than room
temperature, demonstrating the corresponding ferroelectric transition process was a diffusive phase
transition. Such a diffusive phase transition is caused by the discontinuous internal nanostructure
of the NF and the size effect of ferro/piezoelectricity originated from the nano-ceramics. More
importantly, the principal ferroelectric phase transition of nano-ceramics during such diffusive
phase transition region was further quantified by principal component analysis (PCA) study. This
indicates that the principal TC of BTZ-0.5BCT nano-ceramics is around 180 ◦C, representing the
TC of the whole BTZ-0.5BCT NF. Such a vivid description of the variated ferro/piezoelectricity
with temperatures allows to provide a scientific method to quantify diffusive phase transition by
PCA study.

Copyright c© EPLA, 2020

Ferroelectrics possess the ability of electromechanical
coupling that enables to convert mechanical energy
into electronical and vice versa, which have a wide
range of application in sensor, actuator, energy stor-
age, and communication technology [1–6]. For half a
century, Pb(Zr,Ti)O3 (PZT)-based ferroelectrics have
had the dominant mainstay of industry because of the
superior ferro/piezoelectricity (piezoelectric coefficient,
d33 = 200–710 pC N−1) [1,4,7–11]. However, very re-
cently, the discovery of lead-free alternatives has become
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urgent because PZT-based materials have received
a global restriction due to the release of toxic PbO
during the sintering process [12–14]. For the purpose
of discovering lead-free ferroelectrics with superior d33

compared to PZT, one representative approach is to
make a ferroelectric contain two ferroelectric phases
in the proximity of a morphotropic phase boundary
(MPB) [1,15–18]. This ferroelectric exhibits an instable
polarization state, enabling it to be easily rotated by an
external electric field or stress, resulting in a superior
piezoelectricity due to the low polarization anisotropy
and low energy barrier for lattice distortion [19–21].
Based on this, the lead-free Ba(Ti0.80Zr0.20)O3-
x(Ba0.70Ca0.30)TiO3 (BTZ-0.5BCT) piezoelectric system
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shows surprisingly high d33 (620 pC N−1) at optimal
composition [15,16,18,22]. As expected, such a high d33

of BZT-0.5BCT is comparable to PZT and is higher than
a series of other lead-free systems such as (K, Na)NbO3-
based (340–407 pC N−1) [23,24], (Bi, Na)TiO3-based
(135–170 pC N−1) [25], BTS-30BCT (530 pC N−1) [26,27],
and BTHf-BCT (550 pC N−1) [28], making it considered
as a promising alternative to partly replace PZT-based
materials [29,30]. However, its low Curie temperature TC

(93 ◦C) limits its further applications due to the instabil-
ity ferroelectric domain at elevated temperature [31]. As
a result, it is necessary to make BTZ-0.5BCT not only
exhibit superior piezoelectricity but also high TC .

Ferroelectric nanomaterials exhibit unique physical
properties associated with size effect, nanoconfinement ef-
fects, and temperature-dependent behaviors [7,17,32–34],
especially for the increased TC originated from the coex-
istence of ferroelectric phases at high temperature [35,36].
For example, Li reported a very high TC (220 ◦C) in
electrospun BaTiO3 nanofibers (NFs) by temperature-
dependent Raman spectrum, because the reduced grain
size leads to larger grain-boundary areas, and further re-
lieved internal stress leads to decreasing the free energy of
the ferroelectric phase [37]. Based on this, we previously
reported the diffusive phase transition in BTZ-0.5BCT
NFs by temperature-dependent Raman spectrum, result-
ing in a very high TC (220 ◦C) because of the coexistence
of ferroelectric tetragonal and cubic phase at relatively
high temperature [38]. Moreover, Datta reported that the
BTZ-0.5BCT nanowire demonstrated increased TC (up to
300 ◦C), which is attributed to the volume reduction in the
template-grown nanowires that modifies the balance be-
tween different structural instabilities [39]. In a word, the
enhanced TC of ferroelectric nanomaterials is commonly
attributed to the porous internal nanostructure and size
effect of nano-ceramics, resulting in diffusive phase tran-
sition. As a result, it is significant to probe the variation
of ferro/piezoelectricity in BTZ-0.5BCT NFs during such
diffusive phase transition region.

Piezoelectric force microscopy (PFM) is a vigorous tool
to probe ferro/piezoelectricity at the nanoscale [17,40–45].
The ferro/piezoelectricity of a single electrospun BiFeO3

NF with dramatically enhanced sensitivity was probed by
PFM in our previously report [46]. Moreover, Jalalian
reported large d33 and ferroelectric domain switching in
BTZ-0.5BCT NFs (d33 = 180 pm V−1) and thin films
(d33 = 140 pm V−1) using dual AC resonance tracking
(DART)-PFM [31,47]. More importantly, Li reported the
thermal variation of microscopically poled P(VDF-TrFE)
film under a series of temperatures (27–120 ◦C) up to the
Curie point using PFM, and it can be estimated that
the d33 ranges from 19.4 to 23 pm V−1 [48]. Herein, the
ferro/piezoelectricity of BTZ-0.5BCT NFs was probed by
temperature-dependent PFM under a series of tempera-
tures ranging from 30 to 220 ◦C. Moreover, the diffusive
phase transition of nano-ceramics was further quantified
by principal component analysis (PCA) study [49–52].

This study could help us understand how to quantify the
diffusive phase transition of ferroelectric nanomaterials by
PCA study.

BTZ-0.5BCT NFs were synthesized by sol-gel elec-
trospinning. All the solvents and raw materials were
analytically pure and used without any further purifi-
cation. First, 1.18 g tetrabutyl titanate (C16H36O4Ti,
99.9%, Alfa, CAS: 5593-70-4), 0.92 g barium acetate
(Ba(CH3COO)2, 98.0%, Alfa, CAS: 543-80-6), 0.21 g zir-
conium isopropoxide (C15H36O5Zr, 99.0%, Alfa, CAS:
2171-98-4) and 0.06 g calcium acetate ((C2H3O2)2Ca,
99.0%, Alfa, CAS: 5743-26-0) were dissolved into 10mL
acetic acid (CH3COOH, 99%, Sinopharm, CAS: 64-19-7)
on a hot platform of 85 ◦C with stirring for 12 h. After
cooling down to the room temperature, a 10mL mixture
solution of acetyl acetone (C5H8O2, 99%, Alfa, CAS: 67-
64-1) and 2-methoxyethanol (C3H8O2, 99%, Alfa, CAS:
109-86-4) with volume ratio of 5:1.3 was added and kept
stirring for 2 h to obtain a 0.2M BTZ-0.5BCT precursor
solution. Next, 2.0 g poly (vinylpyrrolidone) (PVP, K30)
was added into a 5mL BTZ-0.5BCT precursor solution
with stirring for 4 h. The obtained precursor solution was
loaded into a 10mL plastic syringe with a stainless steel
blunt-tip needle. A high voltage of 12 kV was applied
between the needle tip and the aluminium foil current
collector with distance of 12 cm. The feeding rate was
fixed at 0.3mL h−1. Finally, the as-spun precursor NFs
were dried at 120 ◦C for 8 h and subsequently annealed at
750 ◦C for 2 h.

The phase structure was examined by X-ray pow-
der diffraction (XRD, Shimandzu) using a Cu-Kα ra-
diation source (λ = 1.5406 Å). The morphology and
microstructure were detected by field-emission scanning
electron microscope (FE-SEM, JEOL JSM-7500) and
transmission electron microscope (TEM, JEOL ARM-
200F) equipped with selected area electron diffraction
(SAED). The crystallization and lattice vibration modes
were investigated by using Raman spectroscopy (HR800
spectroscope).

The variation of ferro/piezoelectricity during the diffu-
sive phase transition region was further probed by quan-
titative PFM on an Asylum Research Cypher ES. The
sample was placed on a built-in heating stage provided
by Asylum Research with temperature ranging from 30
to 220 ◦C. PFM operated using conductive cantilevers
(FMG01/Pt, ∼60 kHz, and ∼3N m−1) on DART mode
near a frequency range of 280–300 kHz, which could en-
hance the sensitivity of measurement without significant
cross-talk between topography and piezoresponse [53].
The first harmonic PFM measurements were carried out
by recording amplitude responses with AC voltage be-
tween 0.2 and 2.0V. We scanned 1×1μm2 via DART tech-
nique with the scanning rate of 0.5Hz for PFM mappings.
A series of PFM response mappings were acquired under
different temperatures and the data were post-processed
by PCA to enhance signal-to-noise ratio using MATLB.
Under PCA, a set of PFM response images (variables) of
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Fig. 1: (a) XRD, (b) Raman spectrum, (c) SEM and (in-
set) high-magnification SEM image of BTZ-0.5BCT NFs.
(d) TEM, (e) SAED pattern of single BTZ-0.5BCT NF.
(f1)–(f4) HRTEM images obtained from the red boxes of f1–f4
in fig. 1(d), respectively. (g1)–(g4) TEM element mappings of
Ba, Zr, Ca, and Ti elements, respectively.

m-by-n pixels is represented as

Ii(ωj) = aik × vk(ωj),

where aik = ak(x, y) are position-dependent expansion
coefficients known as PCA loadings, Ii(ωj) = I(x, y, ωj)
is the piezoresponse image at discrete temperature ωj ,
and vk are the corresponding eigenvectors. Note that the
eigenvectors vk(ωj) and the corresponding eigenvalues λk

are found from the covariance matrix constructed from
piezoresponse mappings with each column corresponding
to the reshaped grid points (i = 1, . . . , n × m) and the
rows of covariance matrix representing the experimental
variables (j = 1, . . . , p).

Figure 1(a) shows the XRD pattern of BTZ-0.5BCT
NFs, revealing a series of diffraction peaks located at
22.1, 31.4, 38.6, 45.2, 51.0, 56.1, and 65.8◦, ascrib-
ing to the (100), (110), (111), (200), (210), (211), and
(202) crystallographic planes of perovskite (JCPDS: 27-
0530), respectively [54]. The average crystalline size of
BTZ-0.5BCT nanocrystals was calculated from the peaks
broadening of (110) reflection using the Scherrer equa-
tion [55], which was estimated to be 11.7 nm. Fig-
ure 1(b) shows the Raman spectrum of BTZ-0.5BCT NFs.
The strong E(LO+TO), B1 signal at 304.8 cm−1, E(TO),
A1(TO) signal at 518.3 cm−1, and A1(LO), E(LO) signal
at 710.4 cm−1 are ascribed to the tetragonal phase, and
the A1(TO) signal at 175 cm−1 ascribed to the orthorhom-
bic phase, indicating the coexistence of tetragonal and or-
thorhombic phase in BTZ-0.5BCT NFs. Figure 1(c) shows
the SEM image of BTZ-0.5BCT NF, revealing a nonwoven
nanostructure, and the inset high-magnification SEM in-
dicates the ceramic NFs exhibited roughness surface and
predominantly 200 nm in diameter. TEM image of single
BTZ-0.5BCT NF (fig. 1(d)) reveals that the average size of

Fig. 2: 3D DART-PFM images of amplitude signals mapping
on the surface of single BTZ-0.5BCT NF at (a) 30, (b) 120,
(c) 150, (d) 180, (e) 200, and (f) 220 ◦C.

the nano-ceramic is ∼10 nm. The related SAED pattern in
fig. 1(d) displays multiple diffraction rings ascribed to the
crystallographic planes of (100), (110), (111), and (200),
indicating the polycrystalline nature of BTZ-0.5BCT NFs.
HRTEM images of fig. 1(f1)–(f4) are obtained from the red
boxes of f1–f4 in fig. 1(d). These tiny nano-ceramics ex-
hibit interplanar spacing of 2.85, 2.85, 2.00, and 2.85 Å, as-
cribing to the perovskite crystallographic planes of (111),
(111), (211), and (111), respectively. Figure 1(g1)–(g4)
shows the TEM element mappings of Ba, Zr, Ca, and Ti,
respectively. The intensity of Zr and Ca is less than Ba and
Ti, revealing a small amount doping of Zr2+ and Ca2+.
Each of the elements displaying fibrous outline indicates a
homogeneously doping of Zr2+ and Ca2+. These findings
indicate BTZ-0.5BCT NF is composed by nano-ceramics,
which is confined into one-dimensional boundary. Such
size effect of ferro/piezoelectricity and nanoconfinement
effect of one-dimensional boundary are thought to be sig-
nificant effects on the phase transition of the entire NF.

The variation of ferro/piezoelectricity of a single BTZ-
0.5BCT NF was probed by temperature-dependent PFM,
as shown in fig. 2. An AFM tip drives an AC voltage
of 0.8V scanning across the surface of BTZ-0.5BCT NF
with temperatures of 30, 120, 150, 180, 200, and 220 ◦C,
resulting in the point-to-point amplitude signals, as illus-
trated in the three-dimensional (3D) 256 × 256 images of
fig. 2(a)–(f), respectively. It is obvious that all of the
silicon substrates exhibit low-amplitude signals without
obviously changing with temperatures. Initially, the BTZ-
0.5BCT NF demonstrated piezoelectricity with maximum
amplitude of 1.45 pm at 30 ◦C. Subsequently, the mod-
erate (red domain) and high (yellow domain) amplitude
signals alternately appear. Some of the ferroelectric do-
mains span multiple nano-ceramics when the temperature
is increased to 120 and 150 ◦C, because of the strong inter-
granular interaction [46]. The high piezoresponse domains
converge and tend to uniform when the temperature is
further increased to 180, 200, and 220 ◦C, demonstrating
the piezoelectricity of the BTZ-0.5BCT NF increases with
temperatures.

Figure 3(a) shows the first harmonic piezoresponse of
the BTZ-0.5BCT NF at 30, 120, 150, 180, 200, and 220 ◦C
under different drive voltages, and the corresponding
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Fig. 3: (a) Amplitude signal vs. drive voltage curves, (b) the
relationship between the slope of first harmonic piezoresponse
and temperatures of 30, 120, 150, 180, 200, and 220 ◦C.

Fig. 4: (a) Eigenvalues vs. principal components of phase tran-
sition curves, (b) the first two PCA eigenvector of the PCA
coefficient vs. temperature curve, (c) reconstructed by first 2
modes of the BTZ-0.5BCT NF.

variation of the slope with temperature as shown in
fig. 3(b). The initial slope is 2.4 at 30 ◦C, and is sub-
sequently increased to 3.3 at 120 ◦C and decreased to 2.8
at 150 ◦C, it reaches to the maximum value of 4.25 at
180 ◦C, then rapidly decreases to 2.0 even though the tem-
perature was further increased to 200 ◦C, which is less
than that of 2.4 at room temperature (30 ◦C). It is ob-
vious that two singularities (∼120 and 180 ◦C) appear
on the slope of first harmonic piezoresponse vs. temper-
ature curves, revealing a diffusive phase transition with
TC of ∼120 and 180 ◦C. Such diffusive phase transi-
tion with two singularities is attributed to the fact that
different sizes of BTZ-0.5BCT nano-ceramic possess dif-
ferent ferro/piezoelectricity under similar extremal elec-
tronical field or strain field [38]. More importantly, the
principal ferroelectric phase transition associated with
the size effect of nano-ceramics during such diffusive
phase transition region was further investigated by PCA
study.

The PCA eigenvalues drop rapidly after the second one
as shown in fig. 4(a) indicates the first two components are
important and contain most of the information and the
dominant physical properties of the material. The subse-
quent four components are similar and tend to zero, as-
cribing to the low noise signals in the environment during
the PFM probing process [49]. The first two eigenvectors
capture the average spectrum of data as a function of dis-
crete set of temperature, as shown in fig. 4(b), wherein the
first eigenvector exhibits diffusive phase transition dur-
ing the temperature ranging from 120 to 220 ◦C with
a peak of 180 ◦C. The second eigenvector, presenting
a trough at 150 ◦C, coincides with the observation in

fig. 3(b). Compared to the first eigenvector, the sec-
ond eigenvector takes only about 27% variance of data,
demonstrating the dominant diffusive phase transition at
180 ◦C. The component image is reconstructed by the
first two PCA loadings in fig. 4(c), revealing enhanced
signal-to-noise ratio. The PCA study reveals the prin-
cipal tetragonal-to-cubic ferroelectric phase transition of
nano-ceramics during the diffusive phase transition region,
indicating that the principal TC of BTZ-0.5BCT NF is
∼180 ◦C, which is more than its bulk material of 93 ◦C [15].
BTZ-0.5BCT NF exhibits diffusive phase transition be-
cause of the porous internal nanostructure and size effect
of ferro/piezoelectricity [38]. High-temperature solid-state
reaction synthesized BTZ-0.5BCT solid solution exhibits
compact internal structure with the micron-level ferroelec-
tric domain, demonstrating diffusionless phase transition,
which is different from its nanomaterials [15,22].

In summary, the ferro/piezoelectricity of BTZ-0.5BCT
NFs were probed by temperature-dependent PFM with
temperatures ranging from 30 to 220 ◦C, revealing the
piezoresponse increases with temperature. The first har-
monic piezoresponse increases with temperature, yet there
are two singularities at 120 and 180 ◦C, and it subse-
quently rapidly decreases, demonstrating a diffusive phase
transition. Such a diffusive phase transition is attributed
to the porous internal nanostructure of the NF and the
size effect of the ferro/piezoelectricity originated from the
nano-ceramics. Moreover, the principal ferroelectric phase
transition of the nano-ceramics can be quantified by PCA
study, indicating that the principal TC of nano-ceramics is
∼180 ◦C, representing the TC of the whole BTZ-0.5BCT
NF. These findings help us understand how to quantify the
diffusive phase transition of ferroelectric nanomaterials by
PCA study.
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