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a b s t r a c t   

Ferroic glass materials, that is, relaxors, spin glasses, and strain glasses attract special attention because of 
their intriguing physical properties and potential for novel technological applications. Here, several char-
acterization techniques are used to demonstrate the occurrence of simultaneous relaxor and strain glass 
states in the ternary lead-free xBi0.5Na0.5TiO3-yBi0.5K0.5TiO3-zBaTiO3 (BNBK) system. Hysteresis and current 
density loops measurements at different temperatures for a BNBK ceramic showed typical characteristics 
observed in BNT based ceramics containing the tetragonal P4bm phase. Above 400 K, slim loops like those of 
ferroelectric relaxors are observed. A phase transition with simultaneous relaxor and strain glass character 
is revealed by the dielectric and anelastic characterizations, which opens up a wide spectrum of possible 
applications. The minimum of elastic modulus shifts to higher temperatures as the frequency increases, 
obeying the Vogel-Fulcher relation, which clearly shows the occurrence of a strain glass state in this ma-
terial. Similar characteristics are observed in the imaginary part of the dielectric permittivity, which de-
monstrates the relaxor character of this phase transition. The origin of this phenomenon was elucidated 
with the help of structural characterizations, such as Raman spectroscopy and high-resolution synchrotron 
X-ray diffraction, at different temperatures. This work provides an in-depth understanding of the structural 
changes that determine the phenomenology behind the observed ferroic glass behavior and the ferro-
electric, dielectric, and mechanical properties of this ternary ceramic composition. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Ferroic materials are relevant due to their strong potential for 
technological applications, such as sensors, actuators, transducers, 
memories, energy harvesting/storage, spintronics, and other multi-
functional devices [1–3]. Ferroic orders, that is, ferroelectricity, fer-
romagnetism, ferroelasticity, and ferrotoroidicity, are characterized 
by physical properties that can be switched between two or more 
states through external stimuli, such as electric and magnetic fields 
or stress [1,4–6]. The coexistence between two or more of these 
orders can enable the emergence of new physical properties [1,7,8]. 
In general, the ferroic states arise from a disorder-order ferroic phase 
transition at a critical temperature (Tc) and they have a long-range 
ordering of electric dipoles in ferroelectrics, for instance, or lattice 
strains in ferroelastics below Tc [1]. Nevertheless, some ferroic sys-
tems can undergo the break of the long-range ordering below Tc, 

with the consequent stabilization of a glassy non-ergodic state. 
These phenomena have been independently observed for ferro-
electrics [9], ferromagnetics [10], and more recently for ferroelastic 
materials [11], and named relaxor, spin glass, and strain glass, re-
spectively. 

Ren et al. [12] proposed the concept of ferroic glass to unify glass 
phenomena in these ferroic systems. The ferroic glass state origi-
nates from a gradual freezing process of the disordered ferroic state, 
resulting in the so-called ferroic glass transition, which has unique 
features absent in a typical ferroic transition [12,13]. For instance, 
the strain glass behavior of materials can be identified by a peculiar 
thermal and frequency evolution of the mechanical response around 
the phase-transition region, measured from their anelastic proper-
ties. This mechanical phenomenon has been reported mainly for 
metallic systems, like Ti-Ni-based [14] and Ti-Pd-based shape- 
memory alloys [15], magnetic shape memory alloys [16], and re-
cently, also in a few ceramics systems [17–19]. 

The origin of ferroic glass orders is still an open issue in most 
materials, so it has attracted the special attention of the scientific 
community. To top it off, materials with ferroic glass orders have 
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exceptional potential for novel technological applications. 
Ferroelectric relaxors, for instance, have high dielectric permittivity 
in a wide temperature range due to their diffuse phase transition, 
which is extremely desirable for ceramic capacitor applications [2]. 
Also, the Invar and Elinvar effects observed in strain glasses of Ti- 
based alloys [20] make these materials relevant for many precision 
device applications [21]. 

In the last two decades, lead-free electroceramics have received 
considerable attention, and stand out those based on Bi0.5Na0.5TiO3 

(BNT) materials [22–28]. BNT is an important base composition for 
various important solid solutions [22,23], such as, the binary 
xBi0.5Na0.5TiO3-yBaTiO3 (BNT-BT) and the ternary xBi0.5Na0.5TiO3- 
yBi0.5K0.5TiO3-zBaTiO3 (BNT-BKT-BT or BNBK) systems. The BNT-BT 
solid solution has been extensively studied because of its techno-
logical potential, mainly for compositions around the morphotropic 
phase boundary (MPB) between rhombohedral and tetragonal 
symmetries [29–31] where high piezoelectric coefficients and rela-
tively high Curie temperatures can be obtained. On the other hand, 
the ternary BNBK system has been less studied despite its possible 
technological applications and the interesting phenomenology be-
hind a more complex system. According to Yao and coauthors  
[18,32], BNT-BT materials show a typical ferroelastic phase transition 
for BT amounts less than 5 %, while for amounts between 5 % and 8 % 
they develop a strain glass transition. In addition, relaxor char-
acteristics have been also reported for several BNT-BT ferroelectric 
compositions [33,34], however, despite ferroic glass states manifest 
mainly in disordered systems, the possible presence of these states 
(relaxor and/or strain glass) in ternary BNBK compositions has not 
been still investigated. 

In this work, the possible emergence of a ferroic glass state in a 
BNBK ceramic, and its physical origin, were studied through the 
analysis of the ferroelectric hysteresis, dielectric, anelastic, vibra-
tional and structural properties as a function of temperature. 

2. Materials and methods 

The BNBK ceramic composition was obtained following the 
nominal formula:  

0.82Bi0.5Na0.5TiO3 − 0.1296Bi0.5K0.5TiO3 − 0.0504BaTiO3                    

and labeled as BNBK82. This composition is located, at room tem-
perature, within the tetragonal region of the ternary phase diagram 
of BNBK [31]. The target material was synthesized by solid-state 
reaction using high-purity Bi2O3 (Acros Organics, >  99.9 %), Na2CO3 

(Acros Organics, >  99.8 %), K2CO3 (Acros Organics, >  99 %), BaCO3 

(Alfa Aesar, >  99.8 %) and TiO2 (Sigma-Aldrich, >  99.8 %) as pre-
cursors, which were weighted according to the nominal composi-
tion, and then mixed in a ball mill for 24 h. The mixture was calcined 
at 1123 K for 3 h, and ball milled again for 24 h to reduce particle 
sizes. Later the powder was uniaxially pressed, at 150 MPa, into 
cylindrical or plate-like thick samples, followed by isostatic pressing 
at 220 MPa. Finally, the resulting pellets were conventionally sin-
tered at 1423 K for 3 h and dense ceramics with a relative density of 
95.5 % were obtained. Apparent density was measured by the Ar-
chimedes method, using a precision balance (AUW220D, Shimadzu) 
and distilled water as medium. The ceramic samples were cut in 
geometries and sizes suitable to the different characterizations and 
then annealed at 900 K for 1 h. For electrical characterizations, 
platinum electrodes were sputtered on both major surfaces of the 
disk- or plate-like shaped samples. 

“In situ” high-resolution synchrotron X-ray diffraction (XRD) 
measurements were performed in a θ–2θ setup at the XRD2 beam-
line at the Brazilian Synchrotron Light Laboratory (CNPEM/LNLS), 
using an energy of 8 keV, from room temperature (298 K) up 
to 773 K. 

Raman spectroscopy measurements were performed using a 
Raman spectrometer (T64000, Jobin Yvon) with resolution of 1 cm-1 

for temperatures between room temperature and 700 K. The line of 
514.5 nm of an Ar+ laser was used as excitation source. The Raman 
spectra evolution between 30 cm-1 and 730 cm-1 was analyzed by 
considering the Raman peaks as Lorentzian functions, related to 
active Raman modes theoretically predicted for the crystalline 
structure [35]. 

Dielectric permittivity was measured from 298 to 875 K using an 
IET 7600 Plus high-precision LCR meter, over the 100 Hz to 1 MHz 
frequency range, with an applied ac voltage of 50 mV. 

Ferroelectric hysteresis and current density loops were mea-
sured, at 100 Hz, using a Sawyer-Tower circuit, in a silicone oil bath, 
from 303 up to 423 K. For this measurement was used a triangular 
waveform provided by a function generator (33210A, Keysight) 
connected to a high voltage power supply (615-10-H-CE, Trek). 

The complex Young’s modulus (M* = M´ + iM´´) was measured 
using two different experimental setups: for frequencies between 
0.5 Hz and 20 Hz – a Dynamic Mechanical Analyzer (DMA), 
PerkinElmer model DMA8000, in a three-point bending geometry 
was used. These measurements were performed from 298 to 870 K, 
with heating and cooling rates of 1 K/min, in air; and at 1 kHz – a 
Flexural Vibration setup, as described in Ref. [36]. In this case, the 
sample is suspended on two thin thermocouple wires and flexural 
resonance is electrostatically excited from 298 up to 850 K, in high- 
vacuum. Silver paint was applied to the sample in correspondence 
with the exciting/measuring electrode and to short the thermo-
couple. The mechanical spectra are displayed in terms of the real 
part of the complex Young’s modulus (M´) and the elastic energy loss 
coefficient Q-1 = M´´/M´, so-called internal friction. 

3. Results and discussion 

Fig. 1a shows the ferroelectric hysteresis loops for a BNBK82 
ceramic measured at several temperatures. At 303 K, the ferro-
electric hysteresis loop has the typical behavior of a normal ferro-
electric with remanent polarization (Pr) and coercive field (Ec) values 
of about 14 μC/cm2 and 1.8 kV/mm, respectively. On the other ex-
treme of temperature, 423 K, a slim and pinched loop can be ob-
served. In BNT-based materials, the occurrence of pinched hysteresis 
loops is common for compositions containing a tetragonal P4bm 
phase [37–39]. This is a weakly polar phase with A and B-site cations 
displacements in opposite directions along the c-axis, and an unu-
sual combination of in-phase a0a0c+ oxygen octahedra tilts, which 
can result in the antiparallel ordering of dipole moments [40,41]. 
Also, the weakly polar P4bm phase can easily transform into a long- 
range polar one (tetragonal P4mm or rhombohedral R3c) under high 
electric fields, and in this case, pinched hysteresis loops are ob-
served [38,42]. 

Inset of Fig. 1a shows the current density loops at different 
temperatures. The density current peak associated with the 
switching of polarization splits into two peaks between 323 and 
343 K, which indicates the presence of the P4bm phase in this 
temperature range. The temperature evolution of the maximum 
polarization (Pm), Pr, and Ec can be observed in Fig. 1b. Note that 
while Pr decreases ~ 13 μC/cm2 in the whole temperature range, Pm 

undergoes a slight decrease of only 3.5 μC/cm2, which reinforces the 
thesis that the P4bm phase exists and transforms into a long-range 
polar phase when electric field is applied. Furthermore, Pm starts to 
decrease between 333 and 343 K, which is the same temperature 
range where an inflection point in the Pr and Ec curves can be ob-
served, and also, where peak splitting occurs in the current density 
loops. These anomalies may be related to the starting of a phase 
transition. Finally, when temperature is increased from ~ 400 K, Pr 

and Ec remain almost constant with small values of 0.5 μC/cm2 and 
0.1 kV/mm, respectively, which results in typical slim loops (see  
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Fig. 1a) like those of ferroelectric relaxors. The occurrence of polar 
nano-regions (PNRs) in BNT-based materials with P4bm and/or R3c 
symmetry has been reported by several authors [34,43–48]. It is 
well-known that the A sites of the perovskite BNBK structure are 
randomly occupied by different ions (Bi3+, Na+, Ba2+ and K+), 
which causes the polar clusters to be locally different in shape 
and composition and, consequently, their temperature evolution 
is also different [49,50]. This is the origin of the relaxor behavior 
in most of the ferroelectric materials [51]. Despite that, at room 
temperature, the hysteresis loop evidences a long-range polar 
ordering, which is a characteristic of the average structure with 
P4mm symmetry, already reported for this material [31]. In this 
way, one can think of a possible scenario where the fraction of the 
P4mm polar phase decreases when temperature is raised, with the 
corresponding increase of any non-polar phase. Thus, at about 400 K 
the phase fraction of P4mm may be zero or small enough to lose 
long-range ordering, and the remaining PNRs of the weakly polar 
P4bm phase are embedded in a non-polar matrix. 

Relaxor ferroelectrics have a peculiar dielectric response with 
high permittivity over a wide temperature range and strong fre-
quency dispersion. Fig. 2a shows the temperature dependence of the 
real (ε´) and imaginary (ε´´) parts of the complex dielectric permit-
tivity at different frequencies for a BNBK82 ceramic. In fact, between 
410 and 450 K, the ε´´ curves show a strong frequency-dependent 
peak, like a typical relaxor ferroelectric. In correspondence with 
these peaks in ε´´, a frequency-dependent anomaly (shoulder) in the 
ε´ curves can be also observed. This anomaly appears to be a fre-
quency-dependent peak superposed with a broad frequency-in-
dependent dielectric peak at about 530 K (Tm). The imaginary 
dielectric constant is not sensitive to the peak at Tm, except for the 
exponential increase starting around Tm, at 100 Hz, which char-
acterizes the increase in DC conductivity. 

The shoulder below Tm has been related to a threshold between 
different dielectric relaxation processes [38,52]. Recently, Fan et al.  
[34] identified the temperature where the shoulder is observed (Ts) 
is directly impacted by rapid cooling, biased cooling, and com-
pressed cooling treatments while Tm is unaffected by these treat-
ments in BNT-based ceramics. They suggested that internal stress 
gradients originating from defect accumulation are responsible for 
the size of PNRs and play a critical role in the dielectric relaxation of 
these materials at Ts. 

On the other hand, the frequency-independent dielectric peak at 
Tm has been associated with a diffuse phase transition by several 
authors [43,53–56]. Nevertheless, recently Diaz et al. [57] demon-
strated the origin of this peak in BNT ceramics is the presence of 
interfacial polarization involving space-charge defects related to 
oxygen vacancies that develop in the grain and grain boundaries and, 
therefore, no phase transition occurs at Tm. Thus, it can be thought 

that the diffuse phase transition with a typical relaxor characteristic 
occurs around Ts for the BNBK82 ceramic. 

Internal stress gradients can be related to the dielectric relaxa-
tion in the BNBK82 ceramic as proposed for some BNT based ma-
terials [57]. In this way, internal friction Q-1 and Young’s modulus M´ 
measurements were performed to verify the relationship between 
the dielectric and mechanical properties. Fig. 2b and c show the 
temperature dependence of Q-1 and M´, respectively, (for a BNBK82 
ceramic at different frequencies. In fact, both the Q-1 and M´ curves 
show strong frequency dependence for temperatures below 450 K 

Fig. 2. Temperature dependence of the dielectric and mechanical responses, at dif-
ferent frequencies, for a BNBK82 ceramic. (a) Real ε´ and imaginary ε´´ parts of di-
electric permittivity, (b) Internal friction Q-1 and (c) Young’s modulus M´ . Insets in the 
Q-1 and M´ graphs show a magnification of the temperature region where the 
anomalies were observed. 

Fig. 1. (a) Ferroelectric hysteresis loops measured at several temperatures and (b) temperature dependence of the maximum polarization (Pm), remanent polarization (Pr), and 
coercive field (Ec) for a BNBK82 ceramic. The inset in (a) represents the current density loops measured at different temperatures. 
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which reinforce the possible correlation between dielectric relaxa-
tion with a mechanical origin, such as internal stresses, as observed 
in other ferroelectric systems were ferroelastic distortions in the 
paraelectric-ergodic temperature regime are the cause of relaxor 
state [58]. For temperatures between 420 and 440 K, the Q-1 curves 
show peaks and M´ undergoes an abrupt inversion (dip) in the elastic 
softening tendency. It is well established that these anelastic 
anomalies are strictly related to structural phase transitions  
[30,57,59–62]. However, the nature of this transition, and especially 
the observed frequency-dependence of Q-1 and M´ must be better 
understood. 

On the other hand, the dielectric (ε´) peak at Tm does not have any 
equivalent mechanical anomaly in the Q-1 and M´ curves. This is one 
more argument to rule out any possible phase transition at that 
temperature. 

Returning discussion to the temperature region between 420 and 
440 K where the phase transition occurs, note that the Q-1 peak and 
M´ minimum are shifted to higher temperatures as the frequency is 
increased. This, together with the frequency dispersion are typical 
characteristics found in materials with strain glass behavior, which 
occurs when long-range ordering transition is suppressed  
[12,13,17,19]. The strain glass is the elastic analogous of spin glass in 
ferromagnets and relaxor in ferroelectrics, being these peculiar 
characteristics unified under the terminology of ferroic glass [12,13]. 
Recently, it has been reported that the increase of point defects 
breaks and gradually suppresses the long-range strain ordering up to 
a critical concentration where a short-range state, i.e., a strain glass 
state emerges [12,13,17,19]. Next, the causes that give rise to such 
dielectric and mechanical behavior in BNBK82 ceramics will be 
carefully investigated. 

Ferroic glass transitions are due the freezing of disordered ferroic 
states. As for other phenomena of glassy dynamics, the key experi-
mental evidence is the existence of a frequency-dependent sus-
ceptibility anomaly at the transition temperature TD, usually 
following a Vogel-Fulcher relation [12]: 

=f T f e( )D o

E
k T T( )

a

B D o (1) 

where f T( )D represents the frequency of the stimulus, fo the fre-
quency pre-exponential factor, Ea the activation energy, kB the 
Boltzmann constant, and T0 the freezing temperature. Note that TD is 
the dip temperature from the M´ curves for the case of a strain glass 
transition. Fig. 3 shows the natural logarithm of the frequency as a 

function of TD and its fitting using Eq.1. Experimental data are in very 
good agreement with the Vogel-Fulcher relation, which is clear 
evidence of the strain glass character of the phase transition. From 
the Vogel-Fulcher fitting, Ea = (0.029  ±  0.004) eV (Ea/kB = 336 K) 
which is very similar to other cases previously reported for strain 
glass transitions [19] and at least one order of magnitude smaller 
than those of the typical relaxation processes in BNT-based ceramics  
[57], T0 = (393.9  ±  2.5) K and f0 = (1.161  ±  0.003) × 105 Hz. Note that 
this transition process thermally activates from 336 K, coinciding 
very well with the temperature range where Pm starts to decrease 
and the peak splitting occurs in the current density loops (see Fig. 1). 
Also, the freezing temperature is in good agreement with the tem-
perature (~ 400 K) where Pr and Ec remain constant and the hyster-
esis curves become typical slim loops (see Fig. 1). 

According to previous analyses, the cause of the observed ferroic 
glass behavior (relaxor and strain glass) must be related to the 
mixture of polar and non-polar phases and/or to internal stresses 
caused by point defects, as already reported for other ferroic 
materials [12,51]. The thermal evolution of the crystalline structure 
was analyzed by Raman spectroscopy and "in situ" high-resolution 
synchrotron XRD measurements to elucidate the physical origin of 
this phenomenon in BNBK82 ceramics. 

Fig. 4a shows selected Raman spectra of the BNBK measured as a 
function of temperature. For each temperature, the Raman spectra 
were reduced by the Bose-Einstein factor [1 + 1/(eħω/kBT − 1)] to 
eliminate the temperature-dependent Rayleigh contribution. The 
spectrum taken at room temperature (on the top) presents a similar 
profile to that found in BNT-based in tetragonal symmetry, with the 
most prominent peaks assigned with their corresponding vibrational 
modes [63–65]. One fingerprint of the P4mm tetragonal symmetry is 
the presence of the right-side shoulder in the band 200–400 cm-1 at 
around 320 cm-1, which arises from the contribution of E(LO2) + B1 
modes related to the Ti–O stretching vibrations [64]. When tem-
perature is increased above 400 K the spectral components of this 
band rearrange, forming a nearly symmetric profile with a well- 
defined maximum. Such remarkable modification in Raman spectra 
occurs over a temperature interval similar to that where a peak in Q- 

1 and a dip in M´ are observed, in addition to being coincident with 
the calculated freezing temperature T0. The band at 400–700 cm-1, 
which is associated with stretching modes related to the TiO6 oxygen 
octahedra [66], is also clearly affected by heating. The splitting of the 
band in two well-defined peaks A1(TO3) and A1(TO8) with similar 
intensities found in the room temperature spectrum is also a typical 
signature of the P4mm symmetry BNT-based systems [67]. The 
modification in such profile when temperature is increased can be 
seen as an additional indication of the loss of P4mm symmetry. 

The effects of temperature on the lattice vibrations can be 
quantitatively evaluated by following the temperature-dependent 
anharmonicity of the phonons, in which a zone-center optical 
phonon decays to acoustic ones in a four-phonon process. The re-
lation between the resulting peak wavenumber and the tempera-
ture T( ) is given by the monotonic function [68]. 

= + + + + +T A

e

B

e e

( ) 1
2

1

1
3

1

3

( 1)
o

kBT kBT kBT
0

2
0

3
0

3 2

(2) 

Where 0, A and B have specific values for each lattice mode. kB and ћ 
are, respectively, the Boltzmann and Planck constants. For these 
analyses we determined the evolution with temperature of the two 
peaks in the region associated with stretching modes of TiO6 oxygen 
octahedra, by fitting the band at higher wavenumbers. In Fig. 4b is 
seen that for temperatures up to 400 K, the wavenumbers of both 

Fig. 3. Natural logarithm of the frequency as a function of TD of M´ and its fitting using  
Eq. (1). for a BNBK82 ceramic. 
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modes smoothly decrease, as expected for the temperature-induced 
softening of the mode. By adjusting Eq. (2) to the experimental data 
in this temperature range, we calculated the parameters 0, A and B 
for each mode. The resulting functions are shown as lines. Re-
markably, for temperatures higher than 400 K, the wavenumbers of 
both modes drastically drop and do not follow the four-phonon 
process model. Such deviations must be caused only by effects other 
than the regular heating-related softening and indicate the occur-
rence of structural modifications. For temperatures higher than 
500 K the evolutions of both modes start to follow again the thermal 
anharmonic shift predicted by Eq. (2). The frequencies in such range, 
however, clearly present different dependence with temperature 
ω(T), as evidence that the anharmonicity parameters are different 
from those calculated for the lower temperatures. The parameters 
for the two ranges of temperature are shown in Table 1. 

The distinct anharmonicities of each mode in the two extreme 
temperature intervals prove that the Raman signal is predominantly 
originated in different structures in these two ranges. It is important 
to consider that no Raman scattering is expected from cubic struc-
tures due to their centrosymmetric character. Then, the analysis of 
data in Fig. 4 are only sensitive to structures with non-centrosym-
metric tetragonal symmetry. The identified changes in the funda-
mental characteristic of the phonons expressed by the parameters in  
Table 1 indicate the predominant presence of two different types of 
tetragonal phases in the two temperature extremes intervals. This is 
especially noticeable through the significant change in 0 value, 
which represents the natural frequency of the phonons. Since 
A1(TO3) and A1(TO8) are stretching modes of oxygen octahedra, the 

changes in 0 can be interpreted as a renormalization of the phonon 
eigenvalues due to the octahedral tilt in P4bm (existing at higher 
temperature range), in comparison with P4mm structure (at lower 
temperature regime) where the octahedra are aligned along the c 
direction. 

The XRD pattern of a BNBK82 ceramic at room temperature 
(298 K) can be seen in Fig. 5a. As expected, the peaks were identified 
as belonging to a perovskite-type structure with P4mm symmetry. 
Identifying the coexistence of P4mm and P4bm phases in BNT-based 
ceramics is sometimes very difficult due to the frequent overlapping 
of the peaks of both phases. Here, the high-resolution synchrotron 
measurement allowed to resolve the overlap of the peaks around 
2θ = 46.5° as shown in the inset of Fig. 5a. A central asymmetric peak 
at 46.55° (composed of two peaks) with shoulders on the left 
(46.10°) and the right (46.70°) can be clearly observed. The central 
peaks were identified as belonging to the P4bm symmetry, while the 
shoulders belong to the P4mm one. This confirms the coexistence of 
the P4mm and P4bm tetragonal phases at room temperature for this 
BNBK82 ceramic. A rough estimate of the fraction of each phase was 
made from a Gaussian fit with four peaks for the observed reflection 
around 2θ = 32.4°, where the highest peaks of both phases are ex-
pected. This can be seen in the inset on the top of Fig. 5a. In this way, 
the BNBK82 ceramic has an approximate fraction of 75 and 25 wt% of 
P4mm and P4bm phases, respectively, at room temperature. 

Fig. 5b. shows the temperature evolution from 298 to 773 K of the 
characteristic diffraction peaks close to 46.5°. The shoulders at 46.10° 
and 46.70°, which are associated with the (002) and (200) planes of 
the P4mm phase, respectively, have their height starting to decrease 
slightly above 330 K until around 448 K, where they disappear. For a 
better view, see the inset on the left of Fig. 5b. Furthermore, between 
330 and 373 K, the height of the intermediate peak begins to in-
crease up to 448 K, where it remains approximately constant. This is 
accompanied by an abrupt shift in the position of the maximum to 
lower values of 2θ. The aforementioned features evidence that in the 
temperature region between 330 and 448 K the P4mm phase fraction 
undergoes a phase transition. The emerging phase was identified 
from the new 2θ value of the peak, being the cubic Pm-3m phase. 

Fig. 4. (a) BNBK82 Raman spectra for selected temperatures, from ambient (top) to 633 K (bottom). (b) Evolution with temperature of the two modes in the higher energy band.  

Table 1 
Anharmonic parameter for the vibrational modes A1(TO3) and A1(TO8) in two tem-
perature ranges.          

Lower temperature Higher temperature 

Mode 0 (cm-1) A (cm-1) B (cm-1) 0 (cm-1) A (cm-1) B (cm-1)  

A1(TO3)  552.0  − 3.3  − 2.4  523.7  − 2.6  − 0.5 
A1(TO8)  639.2  − 3.2  − 2.2  627.5  − 2.3  − 1.6 
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The small fraction (~ 25 %) of a weakly polar phase (P4bm) em-
bedded in a non-polar cubic one is the ideal condition for the long- 
range polar state breakdown with the consequent formation of a 
non-ergodic state with P4bm PNRs. This happens between 400 and 
450 K, being the origin of the relaxor behavior and the slim loops, 
observed in the dielectric and hysteresis measurements, respec-
tively. On the other hand, Ji et al. [19] recently demonstrated a new 
type of strain glass state in LaAlO3 based ceramics, the "tilt" strain 
glass. In that case, the spontaneous strain arises from the coupling 
with the tilt of AlO6 octahedron, which alternately tilted clockwise 
and anticlockwise. This is also the case of the P4bm phase, where the 
in-phase a0a0c+ oxygen octahedra tilts, which results in the anti-
parallel ordering of dipole moments [40,41], and in spontaneous 
strain. In the temperature region where this phase is distributed in 
nano-regions, a state with short-range ordered strain emerges and a 
typical strain glass behavior would be expected. Note, from the inset 
on the left of Fig. 5b, that the height of the intermediate peak re-
mains almost unchanged between 448 and 573 K, while its position 
shifts linearly to the left, as expected due to thermal expansion. This 
is an indication that there are no significant structural changes in the 
material in this temperature range, which is other fingerprint of a tilt 
strain glass transition, i.e., the invariance of average structure over 
the whole transition temperature [19]. 

From 573 to 773 K, the height of the intermediate peak increases 
again (see inset on the left of Fig. 5b). This can only be related to the 
increase in the amount of the Pm-3m cubic phase, which indicates 
that the P4bm phase begins to transform into Pm-3m around 573 K. 
However, at 773 K, this peak has an asymmetrical appearance with 
an elongation on the left (see inset on the right of Fig. 5b), which 
indicates that even at this temperature there is P4bm phase. Thus, 
the phase transition from P4bm to Pm-3m occurs over a wide tem-
perature region that extends from 573 K to temperatures above 
773 K. This is similar to other titanates, especially BaTiO3-based 
ones, where PNRs are observed up to hundreds of Kelvins above the 
Curie temperature [69,70]. 

The physical characterizations performed in this work demon-
strated the BNBK82 ceramic is a ferroic glass at temperatures above 
~ 400 K, where the relaxor ferroelectric and strain glass character-
istics are simultaneously observed. The rigorous analysis of these 
physical characterizations together with additional structural 

characterization techniques, such as Raman spectroscopy and XRD, 
allowed us to clearly elucidate the physical origin of this interesting 
phenomenon. To summarize this, the temperature evolution of 
the structural phases for a BNBK82 material is illustrated in 
the Fig. 6. 

4. Conclusions 

In summary, the hysteresis and current density loops measure-
ments at different temperatures together with the dielectric and 
anelastic characterizations of BNBK82 ceramics demonstrate the 
occurrence of a phase transition with relaxor and strain glass char-
acteristics between 400 and 450 K. This simultaneous occurrence of 
two ferroic glass states opens up broad spectra of possible techno-
logical application for this ternary ceramic composition. The origin 
of this feature was elucidated with the help of Raman spectroscopy 
and "in situ" high-resolution synchrotron XRD measurements. 

Fig. 6. Sketch map illustrating the phase evolution for a BNBK82 material, where the 
arrow together of the P symbol represents the polarization of each phase. 

Fig. 5. (a) XRD pattern of a BNBK82 ceramic at room temperature (298 K). Insets show magnification of the peaks around 2θ = 32.4° and 2θ = 46.5°. Inset on the top also shows a 
Gaussian fit with four peaks for the observed experimental peak. The hkl planes represented with an asterisk in the insets belong to the P4bm symmetry. (b) Temperature 
evolution from 298 to 773 K of the characteristic diffraction peaks close to 46.5°. The inset on the left shows de peak height as a function of temperature for the shoulders at 46.10° 
and 46.70° and for the intermediate peak. The inset on the right shows the asymmetrical peak at 773 K and its fit using three Gaussian peaks. The peaks were identified from the 
ICSD cards 230435, 189275 and 280985 belonging to the P4mm, P4bm and Pm-3m symmetries, respectively. 
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Coexistence of the tetragonal P4mm and P4bm phases occurs at room 
temperature with approximate phase fractions of 75 % and 25 %. As 
the temperature increases, the P4mm tetragonal phase begins to 
transform into cubic Pm-3m near 330 K until about 450 K, where it 
disappears. From this temperature, the material is composed of 
P4bm PNRs embedded in a non-polar cubic matrix, which is the 
origin of the observed relaxor state. The typical octahedra tilts of the 
P4bm PNRs result in spontaneous strain and hence, a tilt strain glass 
state also arises. Knowing the origin of the phenomenon observed in 
this BNT-based ternary system, new lead-free ferroic glass materials 
with improved properties can be designed. 
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