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CuCr, 0,4, which belongs to the family of AB,O, spinels, was recently reported to be a type-I multiferroic
material. The observations of type-I multiferroicity, i.e., where ferroelectricity (FE) arises from a structural
origin, is rare in the AB,O, spinel family, thus this result is significant. The role of both Jahn-Teller (JT) active
Cu* and Cr sublattice magnetic ordering was suggested in the earlier study, and a more careful investigation
to elucidate the origin of the observed FE is required. With the aim to elucidate the origin of the observed FE,
we carried out a detailed investigation of the structural, electrical, and magnetic properties of a Cu;_,Cd,Cr,04
(0 < x < 1) series, that enables an x-dependent controlled tuning of the Cu?* driven structural and Cr-sublattice
driven magnetic transition temperatures. We track and investigate the correlation of the observed pyrocurrent
peaks with the temperature-dependent structural and magnetic transitions in this series for various x members.
From careful investigations, we rule out any intrinsic origin and establish a space-charge or extrinsic origin for
the observed switchable pyrocurrent peaks that point to an absence of ferroelectricity.

DOLI: 10.1103/PhysRevB.109.024104

I. INTRODUCTION

Magnetoelectric multiferroic materials, which are si-
multaneously ferro(antiferro)magnetic and ferroelectric with
a cross-coupling between the two order parameters are
extremely promising as next generation spintronic materi-
als [1-4]. Transition metal oxides crystallizing in the spinel
crystal structure are well established to exhibit a strong
coupling between their structural, magnetic, and orbital de-
grees of freedom [5-8]. Identification of novel multiferroic
materials possessing a spinel structure have, thus, been ac-
tively pursued over the years [9-15]. Multiferroic materials
can be broadly classified into two classes: Type-I and type-
II multiferroic materials. In type-I multiferroic materials,
ferroelectricity arises from the structural origin from the
lack of inversion symmetry of the underlying crystalline
lattice [16—19]. In type-II multiferroic materials, ferroelec-
tricity arises due to the breaking of inversion symmetry by
the emergent magnetic ordering [20-24]. While many type-
II multiferroic materials have been realized in the spinel
family [9-13], identifications of a type-I multiferroic spinel
compound have mostly remained elusive with the excep-
tions of a few recent reports [14,15]. In this regard, a recent
report of realization of type-I multiferroicity in a chro-
mate spinel oxide, CuCr,Qy, is particularly significant [25].
Ferroelectric order is reported in CuCr,O4 well above its
magnetic ordering temperatures. The cubic spinel structure
of CuCr,0y is shown in Fig. 1(a), where the B-site Cr ions
crystallize in a highly frustrated pyrochlore lattice [seen in
Fig. 1(b)]. Driven by the orbitally active Cu’**(3d°) ions
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[while Cr**(3d?) is Jahn-Teller (JT) inactive], as shown in
Figs. 1(c) and 1(d), CuCr,04 undergoes a reduction in sym-
metry from cubic Fd3m to tetragonal I4,/amd (with ¢ < a)
at 853 K [26-28]. This cubic (C) to tetragonal (7 1) structural
transition in CuCr, Oy is then followed by a presumably spin-
orbit coupling driven weak tetragonal (7'1) to orthorhombic
(O) structural transition [29-31] associated with the onset of
long-range ferrimagnetic (FIM) ordering at 125 K [32,33].
Intriguingly, presence of the above structural transition at
125 K was recently ruled out and instead a higher temper-
ature structural transition, from tetragonal /4, /amd to polar
orthorhombic Ima?2 at 170 K associated with the onset of fer-
roelectricity, has been pointed out [25]. Although the role of
JT-active Cu’* ions has been stressed to be important to lead
to the structural transition into the polar phase at 170 K [25],
the proposed scenario is intriguing given that Cu>* electrons
already lose their orbital degree of freedom at much higher
temperatures (~853 K). Further, the role of the Cr-sublattice
magnetic ordering of CuCr,O4, which is observed at much
higher temperatures (~155 K) than the long-range FIM or-
dering at 125 K [34], has also been suggested [25] for the
observed ferroelectricity. Such a sublattice magnetic ordering,
as recently observed for MnCr,O4 [35], can indeed be as-
sociated with important structural modifications and become
critical for the onset of ferroelectricity (FE). Any role of the
Cr-sublattice magnetic ordering in the observed ferroelectric-
ity of CuCr, 04, however, remains to be carefully investigated.

A larger (compared to Cu®>") Cd**-ion doped CuCr,0y,
namely Cu;_,Cd,Cr,O4 series, was synthesized and char-
acterized to shed light on the origin of the ferroelectricity
in CuCr,0Oy4. The dilution of magnetically and orbitally ac-
tive Cu®"(34°) ions with nonmagnetic and orbitally inactive
Cd**(4d'%) is expected to modulate the Cu’* driven transi-
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FIG. 1. (a) Cubic crystal structure of CuCr,O4 spinel, where
Cu®*/Cd*" and Cr** ions are within tetrahedral and octahedral oxy-
gen environments, respectively. (b) The pyrochlore network (corner
shared tetrahedra) of the magnetic B-site ions. Schematic electronic
configurations for the octahedrally coordinated (c) Cr**(3d°) and
tetrahedrally coordinated (d) Cu®*(3d°) and Cd**(4d'?) ions

tions and thereby elucidate any role of Cu>* on the observed
FE order in CuCr,0Oy4. Also the larger Cd>* (jonic radius
~0.78 A compared to 0.57 A of Cu®*) ions are expected to
lead to an increase in the overall Cr-Cr distance, which will
enable controlled modulation of the Cr-sublattice magnetic
ordering temperature and bring out its role in the observed
ferroelectric transition of CuCr,Oy. Intriguingly, in agreement
with the earlier results on CuCr,04 [25], clear and switch-
able pyrocurrent peaks can be identified throughout the series
at temperatures much above the corresponding long-range
FIM ordering temperatures. Due to the expected structural
tunings, as discussed earlier, the magnetic ordering tem-
peratures progressively decrease with increased Cd doping.
The temperatures of the Cu>* JT-distortion driven structural
transition also gets controllably tuned and lead to a rich
magneto-structural phase diagram for the Cu;_,Cd,Cr,0Oq4
series. However, the temperatures at which the pyrocurrent
peaks are observed in Cu;_,Cd,Cr,O4 compounds were sur-
prisingly found to remain nearly similar with Cd doping.
Thus any role of JT-active Cu** and Cr-sublattice magnetic
ordering on the observed pyrocurrent peaks can be conclu-
sively ruled out. Further, temperature-dependent structural
investigations also point towards absence of any structural
transitions associated with the pyrocurrent peaks in this se-
ries. Finally, heating-rate-dependent and four-step pyrocurrent
measurements (which are established to distinguish intrinsic
ferroelectricity from extrinsic space-charge driven pyrocur-
rent signals), help to elucidate an extrinsic origin of the
observed pyrocurrent peaks and thus to an absence of intrinsic
FE in these samples.

II. METHODOLOGY

The well ground stoichiometric mixtures of Cr,03,
CuO, and CdO were sintered inside an evacuated quartz

tubes at 1150°C for 24 h to synthesize polycrystalline
Cu;_,Cd,Cr,O4 samples. Temperature-dependent structural
investigations on the synthesized samples were carried out
using a laboratory x-ray diffraction (XRD) apparatus (with
Cu-Ka) as well as synchrotron-based x-ray diffraction ex-
periments (A = 0.8172 A) at the Indus2 beamline, Indore,
India. Trace quantities of Cr,O3 impurity phase (~1 %) were
detected from the XRD spectra. Structural parameters were
determined from Rietveld refinement of the XRD data us-
ing the FULLPROF package [36]. Chemical homogeneity of
the samples was investigated by employing energy dispersive
x-ray (EDX) analyses. Scanning electron microscopy (SEM)
images of the samples were collected in a secondary electron
mode using the MERLIN apparatus. Temperature-dependent
dielectric and pyrocurrent measurements were carried out
using a Keysight E4990A impedance analyzer and a Keith-
ley 6517B electrometer, respectively. For typical pyrocurrent
measurements, each sample was first cooled to a temperature
below the transition from a higher temperature under the
presence of an applied electric field. To get rid of any surface
charge effect, electrodes were then kept shorted for 2 hours.
The sample was then heated to a higher temperature with
various (fixed) heating rates while the temperature-dependent
pyroelectric current was recorded. Further, to investigate the
presence of any extrinsic contribution in the pyrocurrent sig-
nal, we carried out four-segment thermal cycling pyroelectric
measurements by adapting the following steps [37-39]. Step
1: After poling the sample to a lower temperature and shorting
the electrodes for 2 h, heat the sample to a temperature (Ty )
just below the transition temperature. Step 2: Wait for 1 h
at Ty . Step 3: Cool the sample to the lowest temperature.
Step 4: Heat the sample again to the higher temperature
above the transition. Temperature-dependent magnetization
measurements were performed by a superconducting quantum
interference device (SQUID) magnetometer from Quantum
Design. Differential scanning calorimetric (DSC) measure-
ments were also performed both in heating and cooling cycles
to investigate the phase transition temperatures.

III. RESULTS AND DISCUSSIONS

Room-temperature XRD spectra and refined lattice param-
eters of Cu;_,Cd,Cr,0y4, as shown in Fig. 2(a), the inset of
Fig. 2(b), and Fig. S1 of the Supplemental Material [40],
clearly elucidate an x-dependent structural phase transition
from tetragonal (7'1) for x < 0.6 to cubic (C) for x > 0.6.
In agreement with earlier reports on CuCr,O4 [26-28], the
tetragonal /4 /amd space group (with ¢ < a) was found to
account well for the room-temperature structure of compo-
sitions with x < 0.6 and similarly cubic Fd3m space group
was found adequate for x > 0.6. Rietveld refinements (refined
parameters of all the samples are depicted in Table S1 of [40])
of the representative samples, x = 0.2 and x = 0.8, are shown
in Fig. 2(b) and Fig. S2 of [40], respectively. Notably, the in-
crease in average Cr-Cr distance with x, as shown in Fig. 2(c),
is consistence with the larger size of the doped Cd** ion (ionic
radii ~0.78 A) in place of the smaller Cu®* ion (ionic radus
~0.57 A) in the Cu;_,Cd,Cr, 04 series. EDX analyses reveal
the presence of ~5% Cu deficiency, likely arising from unin-
tentional weighing of less Cu due to the hygroscopic nature
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FIG. 2. (a) (200) and (112) tetragonal Bragg peaks, observable
up to x < 0.6, merge into a single cubic Bragg peak (220) from
x = 0.6. (b) Rietveld refinement of the XRD spectrum of x = 0.2
considering the /4, /amd space group. The inset of (b) highlights the
variations of lattice parameters with x. (c) Variation of average Cr-Cr
distance with x. The inset of (c) shows a pair of corner-shared CrO4
tetrahedra in the tetragonal /4,/amd phase with two different (in-
plane and out-of-plane) Cr-Cr distances. SEM images of (d) x = 0,
(e) x = 0.2 and (f) x = 0.6.

of CuO, as shown in Table S2 of [40]. The microstructures of
the samples, investigated using SEM, as shown in Figs. 2(d)
and 2(f), suggest a more dominant role of the grain-boundary
regions with increasing x in the series. Analyses of the as-
sociated dielectric relaxations [41-44] (included in Sec VI,
Figs. S3 and S4, and Table S3 of [40]), which also include the
contributions from grain and grain-boundary regions, indicate
a similar trend.

In order to examine the role of the structural modifi-
cations in Cu;_,Cd,Cr,0O4 on the tuning of the reported
ferroelectricity in CuCr,Oj, temperature-dependent pyrocur-
rent measurements were performed. The obtained results are
shown in Figs. 3(a)-3(e). In agreement with the earlier re-
sults [25], a clear pyroelectric transition is observed at 175 K
for x = 0 (CuCr;0;), as shown in Fig. 3(a). In addition, two
more pyrocurrent peaks are observed at 60 and 140 K for
x = 0. The reversible nature of all the pyro peaks seems
to suggest the presence of ferroelectric order in CuCr,Oy.
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FIG. 3. Temperature-dependent pyrocurrent data, measured with
10 K/min heating rate for (a) x = 0, (b) x = 0.2, (c) x = 0.4, (d) x =
0.6, and (e) x = 0.8. Each sample was poled with poling voltage
of Ep = £8 kV/cm. [(f)—(j)] Highlighted temperature-dependent di-
electric data for different x.

Interestingly, intense broad pyrocurrent peaks [which are
reversible with opposite poling field, as shown in Figs. 3(b)—
3(e)] are also observed at 152, 160, 172, and 213 K for
x =0.2,0.4, 0.6, and 0.8 samples, respectively. Surprisingly,
the corresponding transitions are not observable in the tem-
perature dependence of the dielectric constant data for all
the compositions, as shown in Figs. 3(f)-3(j). Instead, the
dielectric constant values are found to rapidly rise just above
Toyro, the temperatures at which the pyrocurrent peaks are
observed. The compound with x = 1 (CdCr,0,) is reported
to have a zero magnetic field paraelectric state [45], which is
also in agreement with our results. The absence of any clear
pyroelectric peak for x = 1, around the temperatures in which
they are observed for other x members, is also noted from
Fig. S5 of [40].

In order to investigate the origin of the observed pyrocur-
rent peaks and their correlation with any magnetic ordering,
temperature-dependent dc and ac magnetic measurements
were carried out. We note that x = 0 (CuCr,04) exhibits
paramagnetic (PM) to FIM ordering (shown by a green arrow)
at Tep = 125 K [seen in Fig. 4(a)] and a weak Cr-sublattice
ordering at T¢p, = 155 K [later detected clearly through ac
susceptibility data, as shown in Fig. 4(b)], consistent with
earlier reports [32-34]. Progressive doping by nonmagnetic
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FIG. 4. Temperature dependence of dc magnetization (M) of
(a)x =0, (c)x = 0.4, and (d) x = 0.8, obtained after zero-field cool-
ing (ZFC), field-cooled cooling (FCC), and field-cooled warming
(FCW) with an applied magnetic field (H) of 100 Oe. (b) Real part
(x') of the ac susceptibility data of x = 0. The inset of (b) highlights
the low temperature weak glassy magnetic ordering detected from
the imaginary part (x”) of the the ac susceptibility. The plot in the
inset of (a) shows the isothermal M-H curves of x =0 at 2 and
300 K, indicating its FIM character. The ac susceptibility data of
x = 0.4 and 0.8 highlighting the Cr-sublattice ordering above FIM
ordering are shown in the insets of (c) and (d), respectively. Green,
red, and violet arrows indicate FIM ordering, AFM ordering, and
Cr-sublattice ordering, respectively.

Cd**(4d'%) in place of magnetic A-site Cu>*(34°) ions and
also an increase in the Cr-Cr distance with x [as seen in
Fig. 2(c)] lead to a systematic tuning (reduction) of both T¢
and T, with increasing x, as shown in Figs. 4(a)—-4(d) and also
in Figs. S6 and S7 of [40]. Evolution from FIM (for x < 0.8)
to essentially Cr-driven AFM order with a sudden drop in
magnetization for x > 0.8 is evident from Fig. 4 and Fig. S6
of [40]. Also, from the field dependence of magnetization,
shown in the inset to Fig. 4(a) and Fig. S8 of [40], we note that
while x = 0 exhibits soft FIM-like behavior (i.e., saturated
magnetization with small hysteresis loop), M-H loop gets
more pronounced with increasing x up to x = 0.4 (possibly
driven by disorder effects), beyond which it starts to shrink
and becomes almost linear like an antiferromagnet at x = 0.8.
An additional glassy magnetic ordering in CuCr,O4 (not ob-
servable for higher x members) at around 25 K, as shown
in the inset of Fig. 4(b), is also observed. Importantly, we
note that while the Cr-sublattice magnetic ordering temper-
ature (T¢») continues to decrease with increasing x, T¢p is
discernible till x = 0.8 and not observable for x = 1 (as seen
in the ac susceptibility data of x = 1 in the inset of Fig. S6(c)
of [40]). This, however, is in marked contrast with the evo-
lution of the pyrocurrent peak temperature, which continues
to vary gradually up to x = 0.8 [see Figs. 3(a)-3(e)]. The
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FIG. 5. (a) Continuous broadening of the (220) tetragonal peak
below FIM ordering temperature at 125 K for x = 0, observed from
normal XRD data. (b) The coincident (105) and (440) tetragonal
reflections split below 125 K for x = 0, observed from synchrotron
XRD data. The inset highlights the broadening of the (103) peak
below 125 K. (c) The (220) tetragonal peak broadens below FIM
ordering temperature at 90 K for x = 0.2. The same for the (512)
peak is shown in the inset. (d) The (664) cubic reflection broadens
below AFM ordering temperature at 6 K for x = 0.8. The same for
the (620) peak is shown in the inset.

obtained magnetization results thus clearly rule out any role
of the magnetic orderings behind the commencement of such
pyrocurrent peaks in the Cu;_,Cd,Cr,O4 series.

To investigate the role of a temperature-dependent
structural transition in the observed pyrocurrent peaks,
temperature-dependent normal as well as synchrotron-based
XRD investigations were performed. For x = 0 (CuCr,0y),
while XRD spectra between 300 and 150 K overlap, a
clear broadening (opposite to the thermal broadening) of the
(220) tetragonal peak was observed between 150 and 100 K
from normal XRD data, as shown in Fig. 5(a), suggest-
ing the onset of structural modifications only below 150 K.
Our observation is consistent with the reported tetragonal
(T'1) to orthorhombic (O) structural phase transition at the
FIM ordering temperature of 125 K [29-31]. Importantly,
no such XRD spectral broadenings are noticeable across
175 K, i.e., around the temperature at which the pyrocurrent
peak is observed for x = 0. The appearance of a structural
transition at 7¢; is also well supported by the temperature-
dependent synchrotron XRD data, where coincident (105) and
(440) reflections at 300 K are found to get split at 100 K,
i.e., below the FIM ordering temperature of 125 K [30].
These structural results are, thus, notably not consistent
with the claim of a tetragonal (7'1) to polar orthorhombic
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(Ima2) structural transition at 175 K associated with the
pyrocurrent peak. Also, Rietveld refinements of the low tem-
perature (at 7 = 25 K) XRD spectrum (refined spectra are
shown in Figs. S9(a) and S9(c) of [40]) with the Ima2 space
group did not yield a satisfactory fit as compared to the re-
ported Fddd space group (quantitatively in terms of better
fitting parameters and also qualitatively since it reproduces
the experimental XRD peak shapes better), as illustrated in
Figs. S9(b) and S9(d) of [40]. Thus, the obtained structural re-
sults elucidate that CuCr,O4 undergoes a tetragonal 14, /amd
(¢ < a) to orthorhombic F'ddd structural transition at the FIM
ordering temperature at 125 K (instead of Ima2 at 175 K).
A similar T'1-0 transition is illustrated by the broadening of
the (220) peak below 90 K (FIM ordering temperature) for
x = 0.2, as shown in the Fig. 5(c). The cubic (C) to tetragonal
(T'1) structural transition is driven by the Jahn-Teller active
Cu®*(3d°) ions, whereas the T'1 to orthorhombic (0) struc-
tural transition at T¢; is presumably driven by the spin-orbit
coupling. With increasing Cd**(4d'?) doping for Cu**(3d°)
jons, the dilution of JT active Cu®t ionic content leads to
systematic reduction in the C-T'1 structural transition tem-
perature, as probed through temperature-dependent DSC data
(Fig. S10 of [40]). The T 1-0O transition, which accompanies
the FIM transition at 71, is also observed to reduce with in-
creasing x (as shown in Fig. 5(c) and Figs. S11(a) and S11(b)
of [40]). With significant dilution of the JT active Cu?* ions,
i.e., in the range 0.6 < x < 0.8, the cubic to tetragonal struc-
tural transition merges with the long-range AFM transition at
Ty, as shown in Fig. 5(d) and Fig. S11(c) forx = 0.8 and 1, re-
spectively. Beyond this x composition, the nature of the tetrag-
onal phase change to T2 (with ¢ > a) [46,47]. A rich magne-
tostructural phase diagram, as shown in Fig. 6, is thus realized.
Importantly, no structural phase transition is observed to arise
concomitant or even around the pyrocurrent peak tempera-
tures in any of the x compositions, as illustrated in Fig. 6. The
temperatures associated with different transitions and corre-
sponding magnetization values are listed in Table S4 of the
Supplemental Material [40]. Notably, Cu;_,Co,Cr,O4 [25]
exhibits a very different magneto-structural phase dia-
gram than Cu;_,Cd,Cr,04. Interestingly, both Cd** and
Co** are JT-inactive ions; however, while the Cd** ion is

diamagnetic, Co*™ possesses a larger magnetic moment than
the Cu®* ion. The dilution of the A-site magnetic moment in
Cu;_,Cd,Cr,04 against its strengthening in Cu;_,Co,Cr,O4
is expected to lead to varying magnetic and spin-frustration
induced structural properties [48]. Further, Cd** (ionic radius
0.78 A) is a much larger ion than Cu®* (ionic radius 0.57 A),
whereas the Co>* ion (ionic radius 0.58 A) is similar in size
to the Cu®* ion, which is also expected to lead to differences
in strain-energy driven physical properties between the two
series.

The absence of any magnetic, dielectric, and structural
phase transitions associated with the pyrocurrent peaks for all
X suggests a possible extrinsic origin for the observed pyrocur-
rent peaks in the Cu;_,Cd,Cr,Oy4 series. Besides, the role of
microstructures of the polycrystalline samples (as discussed
earlier), i.e., the difference in conductivities between the grain
and the grain-boundary regions (or at the sample-electrode
interfaces) can lead to charge-carrier trapping at low temper-
atures. Subsequent raising of temperature of the sample can
then lead to charge detrapping and to the presence of pyrocur-
rent peaks arising from microstructure effects. The presence
of various kinds of defects, such as oxygen vacancies, can
also lead to formation of defect dipoles. Temperature induced
charge detrapping and conduction between defect dipole pairs
are some notable extrinsic factors that can lead to pyrocurrent
peaks [37,38,49-51]. To investigate such a scenario, four-
segment thermal cycling pyroelectric measurements [37,38]
and heating-rate-dependent pyrocurrent measurements were
performed. The protocol for the former was discussed earlier.
For x = 0 (CuCr,0,), three different wait temperatures Ty,
i.e., below each of the pyrocurrent peak temperatures, were
employed. In regards to the pyrocurrent peaks during cycle 4
of the four-segment check measurement, only two pyrocurrent
peaks were observed, at completely different temperatures
than those obtained without wait [as shown in Fig. 3(a) and
also Fig. 7(b)]. This is in sharp contrast to the scenario of an
intrinsic ferroelectric transition, in which case the pyrocur-
rent peak positions do not change even in cycle 4 [37,38],
unlike the case for x = 0 [as shown in Figs. 7(a) and 7(b)].
The four-segment pyrocurrent measurements also elucidate
an extrinsic origin of the pyrocurrent peaks for the doped
compounds, as seen in Figs. 7(c) and 7(d) for x = 0.4 and
Fig. S12 of [40] for other x members. Also, consistent with an
extrinsic origin for the pyrocurrent peaks, the temperatures of
the pyrocurrent peaks were found to increase on increasing the
heating rate during measurement for all x compositions (the
change was difficult to perceive for x = 0 given the broadness
of the corresponding pyrocurrent peaks), as shown in Fig. S13
of [40]. The sharp increase in dielectric constant just above
the pyrocurrent peak, as seen in Figs. 3(f)-3(j) and discussed
earlier, also provides a vital clue to the likely space-charge
origin for the later. Free charge carriers, which seem to get
delocalized around Ty, thus seem to be the reason behind
the appearance of such broad and intense pyrocurrent peaks
in the investigated series.

IV. CONCLUSIONS

In conclusion, detailed magnetic and structural investiga-
tions have been carried out on the Cu;_,Cd,Cr,O4 series
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FIG. 7. The temperature-dependent pyrocurrent data of x =0
(a) with wait (during four-segment thermal cyclic pyroelectric mea-
surement) and (b) without wait. Pyrocurrent data of x = 0.4 (c) with
wait (during four-segment thermal cyclic pyroelectric measurement)
and (d) without wait. Measurements were done with 6 K/min heating
rate and a poling voltage of 8 kV/cm. Ty is the waiting temperature
during cycle 2.

to probe the origin of the observed ferroelectric order
in CuCr,O4 at 170 K. Our study clearly elucidates that
CuCr,04 does not show any spontaneous ferroelectric order
within the measured temperature range, although three dis-
tinct and reversible pyrocurrent peaks were observed through
temperature-dependent pyrocurrent measurements. While a
transition from FIM ordering to a dominant AFM ordering
occurs beyond x = 0.6, a high temperature pyrocurrent peak
continues to be observed up to x = 0.8. Our temperature-
dependent structural and magnetization investigations rule out
any correlation between observed pyrocurrent peaks with any
structural or magnetic transitions in the whole series. Finally,
through four-segment thermal cycling pyroelectric measure-
ments, we have illustrated the extrinsic nature of the observed
broad and intense pyrocurrent peaks, which likely arise from
free charge carrier detrapping at the high temperature rather
than spontaneous dipole moments.
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