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Abstract

CagFe(POs4)7 is a member of the double phosphate family having polar whitlockite-type
crystal structure. The phase transition from the room temperature polar R3c to the high
temperature non-polar R3c phase has been called a ferroelectric phase transition using
complementary experiments such as temperature dependent second harmonic generation and
dielectric constant measurements however no ferroelectric hysteresis measurement has been
reported. In order to be able to call these polar materials ferroelectric, measurement of a
saturated ferroelectric hysteresis loop is necessary to demonstrate that the electrical
polarization of these materials is switchable. In order to realize this goal, we have
synthesized CagFe(PO4)7 as well as structurally identical CagMn(PO4); using solid state
synthesis. Crystal structure of the ceramics were confirmed using Rietveld refinement of the
x-ray diffraction (XRD) patterns. Differential scanning calorimetry (DSC) measurements
revealed phase transition temperatures of 848 and 860 K for CagFe(PO4)7 and CagMn(PQOy4)7,
respectively. Our ferroelectric hysteresis measurements and current electric field loops (I-E)
derived from the hysteresis loops showed that the loops cannot be saturated and the direction
of the electrical polarization of both materials cannot be switched up to the largest applied
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electric field of 100 kV/cm. Possible origins of this behaviour are discussed.

1. Introduction

Calcium phosphate and vanadate compounds have
been studied a lot as biomaterials [1-2] or for their
luminescence properties [3-6]. Among them, double
phosphates CagR**(PQOs); (R*=Al, Fe, Cr, Ga, Sc, In)
are known to crystallize in polar whitlockite structure
with R3c space group [7-9]. There have been quite a
few studies that focus on the ferroelectric nature of
the phase transition between the polar low
temperature and non-polar high temperature phases in
both phosphates and vanadates [7-10]. Ferroelectric
nature of this phase transition has been shown
indirectly using x-ray diffraction, second harmonic
generation, DSC, dielectric constant and electron
diffraction experiments for example for CagFe(POa,);
[8] among others. All these experiments on
CagFe(PO4)7 point out to a phase transition from room
temperature polar R3c phase to a non-polar R3c.
However, strictly speaking, in order to be able to call
these materials ferroelectric, switching of the
electrical polarization of these samples must be
demonstrated using  ferroelectric  hysteresis
measurements. Otherwise, they can only be called

pyroelectric. In polar CagsFe(POas)7 structure, which is
based on the whitlockite-type structure, there are six
sites that Ca?" and Fe** can occupy. M1-M3 sites are
occupied by Ca?* ions, Fe** occupies the M5 site of
the whitlockite structure and M4 and M6 sites are
unoccupied”™®. A phase transition was reported to
occur from polar R3c phase to non-polar R3c phase at
890 K as shown by DSC measurements [8]. A peak in
the dielectric constant was also reported around the
same temperature. And the second harmonic
generation signal disappears above the same
temperature. All these experiments provide evidence
to a polar-nonpolar phase transition. The phase
transition into the non-polar phase was reported to
involve disordering of the Ca?* ions and orientational
disordering of the PO, tetrahedra [8]. No literature on
CasMn(PO,)7 could be found. As Mn*" has a very
similar ionic radius to other R** ions already studied
in the family of CagR**(PO.); (R**=Al, Fe, Cr, Ga, Sc,
In), we have attempted to synthesize CagMn(POs);
and study its structural and ferroelectric properties as
a comparison to CagFe(PO4)7.

In this manuscript, following the synthesis and
structural  characterization of the  samples,
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ferroelectric hysteresis loops of CagFe(PO.); and
CasMn(PO.); are reported for the first time in order to
clarify whether the polarization is switchable in these
polar materials with a high temperature polar-non
polar phase transition.

2. Materials and Methods

CagFe(PO4)7 was synthesized using solid state
synthesis following the method in [8]. Fe.0s;, CaCOs
and Ca,P>O7 powder were mixed using a mortar and a
pestle in acetone medium and pressed into pellets of
13 mm diameter using a hydraulic press. The pellets
were placed in alumina crucible and sintered at
1000°C for 6 hours in air. In order to obtain a pure
phase, resulting pellets were crushed, ground,
pelletized and sintered again under the same
conditions. CasMn(PO.)7 was also synthesized using
the same process from Mn,0O3;, CaCO; and CayP.07
precursors. X-ray diffraction (XRD) patterns of the
samples were collected using a Panalytical Empyrean
diffractometer employing Cu K, source. Rietveld
refinements of the collected XRD data were carried
out using GSAS [11]. Differential Scanning
Calorimetry (DSC) measurements were done using a
Shimadzu DSC-60 Plus between room temperature
and 600°C in the nitrogen atmosphere and using
5°C/min heating rate. Ferroelectric hysteresis
measurements were done at room temperature using
an Aixacct TF Analyzer 1000. Dielectric properties
were measured at room temperature using a Keysight
E4980AL LCR Meter. For the electrical
measurements, both surfaces of the pellets were
coated with Ag epoxy and cured at 120°C for 20
minutes.

3. Results and Discussion

In Fig.1, refined XRD patterns of both CagFe(POas);
and CayMn(PQ.); collected at room temperature are
shown. For the refinements, crystallographic
information files from the Materials Project [12] were
used as the reference structure. All peaks belong to
the whitlockite-type structure with the space group
R3c and no impurity peaks could be detected. Good
quality of the fits can be observed from the difference
curve and low Ry, values for the samples: Ry =5 %
and 7.73 % for CagFe(PO.); and CasMn(PO.),
respectively. Refined lattice parameters are
a=10.3461(1) A, c= 37.191(1) A and a= 10.3704(2)
A, c= 37.2166(9) A and for CasFe(PO.); and
CagMn(POs)7, respectively. Slightly larger lattice
parameters of the CagMn(PQ.); might be due to the
presence of Mn?* in the samples, in addition to the

expected Mn®*. Mn?* has a larger ionic radius [13]
compared to Mn®" and Fe®*.
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Figure 1. Refined x-ray diffraction patterns of (a)
CagFe(PO.); and (b) CasMn(POs4);. Black triangular
symbols represent the collected data from the experiments,
red solid lines show the calculated intensity, green lines
show the background fits and light blue lines show the
difference of experimentally observed and calculated
intensities. Peak positions are marked with ticks.

In Figure 2, DSC curves of CagFe(PO4); and
CasMn(PO.); are shown. In both materials, clear
endothermic peaks are observed which correspond to
the ferroelectric to paraelectric phase transition [9].
Estimated transition temperatures from DSC
measurements are 848 and 860 K for CasFe(PO.)7 and
CagMn(PO.)7, respectively. Transition temperature
measured for CasFe(PO.)7 is slightly lower than the
previously reported value (886 K) [8] whereas no
previous studies could be found for CasMn(PO.).
Dielectric constant and dielectric loss measured at RT
and 1 kHz are tabulated in Table 1. Both samples
have relatively low dielectric constant and loss,
similar to the polar double phosphates with
whitlockite-type structure reported in the literature [7-
8]. Dielectric loss of CasgMn(PO.); is slightly lower

560



Adem / Cumhuriyet Sci. J., 41(2) (2020) 559-564

than that of CasFe(POs); which is reflected in the
hysteresis loop measurements as we discuss below.
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Figure 2. Temperature dependence of heat flow of
CagFe(PO4)7 and CagMn(POs)s.

Figure 3 shows the ferroelectric hysteresis loops of
CagFe(PO4)7 as a function of applied voltage collected
at 100 kHz. The loops show no saturation up to the
largest applied electric field and preserve its linear
behaviour with increasing voltage. Polarization value
reaches around 0.5 uC/cm? at the highest applied field
of =85 kV/cm which is smaller than the predicted
value (2-3 pC/cm?) based on the second harmonic
generation experiments [8]. In the inset of Figure 3,
frequency dependence of the hysteresis loop recorded
at the highest applied voltage is shown. Significant
frequency dependence could be observed: the loops
transform from cigar-like shape at 1 Hz to almost
linear shape at 100 kHz. Such relatively strong
frequency  dependence  suggests  conductivity
contribution to the electrical polarization [14].

Table 1. Dielectric constant and dielectric loss
values of CagFe(PO4)7 and CagMn(PQO4)7 measured

at room temperature and 1 kHz.

Material Dielectric Dielectric loss
constant (tand)
CagFe(PO4)7 13 0.03
CagMn(POa)7 7 0.023
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Figure 3. Ferroelectric hysteresis loops of CagFe(PO4)7 as

a function of applied voltage at 100 Hz. Inset shows the

frequency dependence of the polarization.

In Fig.4(a), hysteresis loops of CasMn(PO.); as a
function of applied voltage are shown. Similar to
CagFe(PO4)7, the loops measured at 10 kHz are not
saturated and the polarization increases linearly with
increasing voltage. In the inset of Fig.4(a), hysteresis
loops measured at 1 and 10 Hz at the largest applied
electric field are compared. Again similar to
CagFe(PO4)7, electrical polarization is frequency
dependent. Hysteresis loop has a cigar-like shape at 1
Hz, which changes to a slim linear behaviour at 10
Hz. Since the loops of CasFe(PO4); reach linear
behaviour at lower frequencies compared to those of
CasMn(PO,); (at 100 vs 10 Hz, respectively), we can
conclude that the conductivity contribution to the
electrical polarization is lower in CasMn(PO4)7 [14].
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Figure 4. (a) Ferroelectric hysteresis loops of

CagMn(PO4)7 as a function of applied voltage at 10 Hz.
Inset shows the frequency dependence of the polarization
compared at 1 and 10 kHz. (b) Current-electric field (I-E)
curves of CagMn(POy); at three different voltage values
and 1 Hz.

In Fig.4(b), current-electric field (I-E) curves at three
different voltage values are plotted. These curves can
be extracted from hysteresis measurements and can be
used together with the hysteresis loops, to assess
switching of the electrical polarization and thus
ferroelectricity. When the direction of the electric
field changes, electrical polarization changes sign and
this gives rise to a current peak for a ferroelectric.
However, dielectric permittivity and electrical
conductivity also contribute to the electrical current
and may mask any peaks due to switching of the
electrical polarization [15]. In our measurement, no
current peaks can be observed in the curves obtained
under 3 and 6 kV. In contrast, at 9.9 kV, which is the
highest applied voltage, an emerging peak can be
observed at the highest voltage. This emerging peak
cannot be used as evidence for ferroelectricity as a
proper peak is expected before the maximum electric
field is reached for ferroelectric switching, but might
still indicate that possible switching could be
observed if larger electric field/voltage could have
been applied [15].

Lack of ferroelectric switching is quite common in
polar insulators. Two most common causes that
prevent the observation of switching are (1) high
activation energy for switching [16-18] and (2) large
conductivity contribution masking the switching, due
to the poor insulating nature of the material [15]. The
former cause i.e. crystallographic switching path(s)
for the ion(s) requiring a lot of energy typically leads
to a very large coercive field and might cause
dielectric breakdown to occur before the switching
takes place. The latter cause is also quite common
especially in multiferroic materials, most of which are
poor electrical insulators [19-21]. In the case of
calcium phosphates that we study here, both causes
might be playing a role. Strong frequency dependence
of the hysteresis loops points out that conductivity
contribution is significant in these materials as we
discussed above. Nevertheless, the emerging peak at
the highest possible applied electric field/voltage for
CasMn(PO.); might be a sign for possible switching
at even larger electric fields, suggesting that the
switching path is energetically costly. Further
experiments on ceramics at higher fields or
measurements on thin films (no thin films of double
phosphates or vanadates have been reported so far)
might be useful to clarify. In the literature of polar
phosphates and vanadates, only one report showing
hysteresis measurements can be found for Cas(VOs).
[22], which is also isostructural to polar double
phosphates and vanadates according to an early report
[23]. Reported hysteresis loops are not saturated and
hence no switching could be demonstrated. The lack
of switching was attributed to the high coercive field
of the material [22], similar to our case.

4. Conclusion

In conclusion, we attempted to clarify the
ferroelectricity of polar double  phosphates
CagFe(PO4)7 and CagMn(PQO4); with the whitlockite-
type structure. Refined XRD patterns confirmed the
crystal structure of the materials and DSC
measurements yielded phase transition temperatures
of 848 and 860 K for CasFe(PO4)7 and CagsMn(PO.),
respectively. Ferroelectric hysteresis measurements
showed that the electrical polarization of both
materials cannot be saturated up to the highest
possible applied field and the polarization is also not
switchable which can be evidenced from the lack of a
peak in current-electric field (I-E) loops. Based on
these results, strictly speaking, polar double phoshates
CagFe(PO4)7 and CagMn(PO.)7 are pyroelectric rather
than ferroelectric.
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