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We have used high-pressure synthesis to synthesize samples of Ca,_,Mn,Ti,Og double perovskite, where

x varies between 0.2 and 1. The synthesized materials were structurally characterized with powder X-ray

diffraction (XRD). Rietveld refinement of the XRD patterns was used to study the change from CaTiOsz (x =

0) to the composition CaMnTi,Og (x = 1) where half of the Ca(u) ions are replaced by smaller Mn(i) ions.

We analyzed the peak shapes in the XRD patterns, as well as lattice parameters, and it appears that

Received 5th February 2024,
Accepted 9th March 2024

DOI: 10.1039/d4dt00360h

rsc.li/dalton measurements.

1. Introduction

Ferroelectric materials show spontaneous polarization which is
switchable by a sufficiently high electric field. When the polariz-
ation of a material is measured with respect to the applied elec-
tric field, ferroelectric materials show a hysteresis behaviour
where the polarization does not reach zero when the electric
field is switched off. The remaining polarization and the electric
field needed to bring the polarization down to zero characterize
the ferroelectric material. Especially for energy storage pur-
poses, ferroelectrics are a promising option.”” The storage of
energy provided by renewable sources to guarantee on-demand
energy supply is a pressing issue and ferroelectric materials
could be used in the transformation towards a more sustainable
energy infrastructure. Additionally, owing to their symmetry pro-
perties, ferroelectrics show by definition also pyroelectricity and
piezoelectricity. Such materials have a whole set of interesting
properties which can be tuned and optimized for different pur-
poses such as sensors and energy harvesting.**
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smooth symmetry change from the centrosymmetric space group Pbnm to the non-centrosymmetric
space group P4,mc occurs between x = 0.3 and x = 0.5. We also confirmed the centrosymmetric to non-
centrosymmetric transition by characterizing the dielectric properties of the materials with ferroelectric

Perovskites are a wide class of compounds that are known
for their various functionalities such as piezoelectricity, ferroe-
lectricity, multiferroicity, superconductivity, and pyroelectri-
city.” The ideal perovskite structure has the composition ABX;
with a cubic unit cell in the space group Pm3m. The X-anions
form an octahedron around the B-cation, which sits in the
center of the cube. The A-cation occupies the corners. While
an ideal perovskite does not have a polarspace group and thus
cannot exhibit pyroelectricity, at room temperature perovskites
often are distorted, the X-octahedra can be tilted and cations
displaced.*” The variety of properties is further increased
when considering double perovskites, also called complex per-
ovskites. In double perovskites, either the A-site or the B-site is
occupied by two different elements, A-site (ordered) double
perovskites (AA'B,Xs) and B-site (ordered) double perovskites
(A,BB'X;), respectively. While there has been a lot of research
on B-site ordered double perovskites, A-site ordered double
perovskites are much less researched. The cations can order in
three different ways, columnar, planar or in a rock salt
pattern.? The cations can also be disordered and form a solid
solution.’

Unfortunately, the most common and efficient ferroelectric
and thus pyroelectric (double) perovskites contain lead or
bismuth which are toxic and harmful. The most well-known is
Pb(Zr,Ti)0;.'° Lately, attention has been drawn to lead-free
alternatives like BaTiOs;.""™ As for double perovskites, Aimi
et al. used in 2014 high-pressure methods to synthesize a non-
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harmful A-site ordered double perovskite CaMnTi,O¢ with a
columnar cation ordering (see Fig. 1). Due to tilting of the
oxygen octahedra, the A-site cation coordination deviates from
the 12-fold coordination of an ideal perovskite. In the case of
CaMnTi,0g, the Ca(u) cations are ten-fold coordinated, while
half of the Mn(u) cations are tetrahedrally coordinated and the
other half are square-planar coordinated. Aimi et al. also
characterized the ferroelectric properties of the material,
which arise from the displacement of the square-planar co-
ordinated Mn(u) cations out of the plane."* In 2018, Li et al.
proposed a new synthesis method for CaMnTi,Og, not using
high pressure but spark plasma sintering. They also postulated
a new mechanism for ferroelectricity in Ca,_,Mn,Ti,O¢ (x <
0.6)."® Since its first synthesis, there has been more and more
research on the material and its piezoelectric and ferroelectric
properties.'®"® Recently, we studied the proposed cation
ordering and Glazer tilt system®® of CaMnTi,0, Systematically
with quantum chemical methods.>!

Because CaMnTi,O¢ is ferroelectric, it must also exhibit
pyroelectric behaviour which has yet not been reported. To
find the optimal composition range for the study of pyroelec-
tricity, we investigate here the structural and ferroelectric
behaviour of Ca,_Mn,Ti,Og with x = 0, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8 and 1. We aim to understand the phase transition
from centrosymmetric space group Pbnm (x = 0) to the non-
centrosymmetric space group P4,mc (x = 1) and the connected
change in the ferroelectric properties.

Fig.1 Columnar A-site ordered double perovskite CaMnTi,Og¢
(P4,mc).** Ca(i) cations are in dark grey-blue, Mn(i) cations and their
coordination polyhedra in purple, Ti cations and their coordination poly-
hedra in blue and O anions in red. The crystal structure illustration has
been prepared with the VESTA program.22
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2. Experimental

X-ray diffraction measurements, as well as dielectric measure-
ments were performed on Ca,_,Mn,Ti,O¢ samples with 0 < x
< 1. Samples were prepared under high pressure and at high
temperatures.

2.1. High-pressure synthesis

CaTiO; (Alfa Aesar, 99+% purity), MnO (Sigma Aldrich, 99%
purity), and TiO, (Alfa Aesar, 99.5% purity) were used as pre-
cursors in a ratio according to x. The precursor powders were
ground together in ethanol using an agate mortar and pestle.
The dried powder mix was lightly pressed into a gold capsule.
A cubic anvil geometry was used, for details on the high-
pressure setup and sample preparation for the pressing, see
ref. 23. The samples were synthesized at 4 GPa pressure. The
synthesis temperature was limited by the melting point of the
Au capsules at the given pressure, and therefore we aimed at a
temperature right below the melting temperature. At tempera-
tures of over 1000 °C, our calibration is not that accurate
anymore, and the synthesis temperature of around 1250 °C is
an estimate. The samples were held at the high pressure and
temperature for 30 minutes, after which they were quenched
to room temperature and the pressure was released.

2.2. Preparing samples for characterization

For the ferroelectric measurements, smaller discs were cut
from the as-synthesized samples with a razor blade. To
decrease the thickness of the samples further and to get a
smooth and flat surface, the discs were ground with a sand-
paper to a thickness between 0.23 mm and 0.55 mm. Disc dia-
meters varied between 2.4 mm and 2.69 mm. In order to
release the internal stress from the high pressure synthesis,
the sample discs were annealed at 600 °C in oxygen atmo-
sphere for 10 h. DuPot 5065 silver ink electrodes were painted
on the discs and cured for 20 minutes between 110 and
120 °C. The part of each sample that was not used for making
the discs was ground in an agate mortar to fine powder which
was used for powder X-ray diffraction experiments.

2.2.1. Powder X-ray diffraction (XRD). Powder XRD
measurements were performed by a PANalytical X’Pert Powder
XRD with a Cu Koy source. Rietveld refinements were done
using the FullProf Suite.>*??

2.2.2. Ferroelectric measurements. Polarization (P-E)
measurements were performed using a Radiant RT6000HVS
ferroelectric tester. The measurement signal period was 50 ms
(20 Hz) and the samples were measured at room temperature.
Electric fields of up to 15 kv mm™" (V pm ") were applied. The
hysteresis loops were centered around the origin by adding an
offset. The polarizations at zero electric field as well as the
fields at zero polarization given here are the average of the
absolute values of the positive and negative zero-field polariz-
ations and zero-polarization fields, respectively.

2.2.3. Density measurements. For density determination, a
sample of Ca,_,Mn,Ti,O¢ with x = 0.5 was prepared and its
volume measured by gas pycnometry using a Quantachrome
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Ultrapyc 1200e. Afterwards, the sample was prepared for XRD
measurement and the unit cell volume was determined by Le
Bail fitting and Rietveld refinement.

3. Results and discussion

Samples of Ca,_,Mn,Ti,Os with 0 < x < 1 were successfully
synthesized, being close to phase pure. Some of the samples
showed small (less than 2%) amounts of impurities (TiO,,

MnTiO;, CaCO3).

3.1. Structural analysis

For the series of compositions Ca,_,Mn,Ti,0 from x = 0
(CaTiOs) to x = 1 (CaMnTiyOg), the unit cell volume was
expected to decrease as a function of x since the Mn(u) ions
gradually replacing the Ca(u) ions are significantly smaller
compared to Ca(u) ions (the ionic radius of 12-coordinated Ca
() is 1.34 A, and the ionic radius of 4-coordinated Mn(n) is
0.66 A*®). The powder XRD patterns of all samples together
with their Rietveld refinements are given in the ESI (Fig. S1-
S8t). An explanation for the relatively large y* values is the
high pressure synthesis method and the internal strain
induced by it. The lattice parameters obtained from the XRD
analyses are also given in Table S1 of ESI.T Samples with x = 0
to 0.3 were refined in space group Pbnm, while samples with x
= 0.4 to 1 could be refined in space group P4,mc. The used
space group was decided based on a comparison of each diffr-
action pattern with those of the end members of the series,
CaTiO; (x = 0, Pbnm) and CaMnTi,Og (x = 1, P4,mc), which will
be discussed later.

In order to compare unit cell volumes, the volume of the
unit cells refined in Phnm was scaled to fit the volume of unit
cells refined in space group P4,mc. The c lattice parameter is
comparable in both space groups, Pbnm and P4,mc, but the a
and b parameter differ by a factor of about 1/2. Hence, a total
scaling factor of 2 is applied to the volumes of the unit cells
refined in Phnm to match the volumes of the unit cells refined
in P4,mc. For x = 0.3 and x = 0.4, the Rietveld refinement was
carried out in both space groups as parallel refinements. The
double unit cell volume for x = 0.3 refined in Phnm is
443.18 A® and the volume in P4,mc is very close to it with a
value of 443.29 A®. For x = 0.4, the volumes are 442.39 A® and
442,53 A® for space groups Pbnm and P4,mc, respectively.
However, a closer look at the powder X-ray diffraction patterns
clearly showed the sample with x = 0.3 to adopt the ortho-
rhombic crystal structure while the sample with x = 0.4 shows
features of a tetragonal crystal structure. Fig. S9 in the ESIT
shows an example for 26 around 47.6° where the transition
becomes visible. Fig. S10 in ESIf indicates how the ordering in
the samples starts at x = 0.4, where a peak around 26 = 28.5°
starts to appear. It is an example of a peak related to A-site
cation ordering in space group P4,mc.

Fig. 2 shows the resulting relation between the unit cell
volume and the increasing amount of Mn(u) substitution
described by x in Ca,_,Mn,Ti,Os. With an increasing amount
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Fig. 2 Relation between the unit cell volume and the amount x of Mn(i)
substitution in Ca,_,Mn,Ti,Og¢. The unit cell volume of phases refined in
space group Pbnm has been scaled with a factor 2 to fit the volume of
unit cells refined in P4,mc.

of Mn(u), the unit cell volume becomes smaller, as expected
from the smaller Mn(u) ions replacing the larger Ca(u) ions.
Since the lattice parameter ¢ spans over two oxygen octahe-
dra in both space groups Pbnm and P4,mc, its behavior as a
function of x was expected to resemble the behaviour of the
unit cell volume. Interestingly, the ¢ lattice parameter was not
found to strictly shrink with respect to x. As shown in Fig. 3,
the length of the c-parameter decreases as expected in general
when moving from x = 0 to x = 1 but suddenly increases
between x = 0.3 and x = 0.5, after which the parameter
decreases again as expected. No evidence was found in the
XRD patterns for a mixed phase of CaTiO; and CaMnTi,O¢
being responsible for the behavior of the c-lattice parameter.
The range in which the lattice parameter deviates from the
expected behavior indicates the phase transition and is prob-
ably connected to the appearance of polarization along the
c-axis. As a comparison, Fig. S11 in the ESI{ shows the change
of the a and b lattice parameters with respect to x. The change
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Fig. 3 Relation between the lattice parameter ¢ and the amount of Mn
(1) substitution in Cas_,Mn,Ti>Og.
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could also be observed from the changes seen in the diffrac-
tion patterns (Fig. S2 and S3 in the ESI{). Li et al.™® found the
intensity of the second harmonic generation to be close to the
background for x < 0.3'> which indicates the loss of non-cen-
trosymmetry and therefore polarity in the unit cell. This is in
line with our observations on the phase transition. Even in the
overall unit cell volume in Fig. 2, a slight irregularity is
observed around x = 0.4. As discussed above, samples of x =
0.3 and x = 0.4 were refined in both space groups Pbnm and
P4,mc. The c-parameters of x = 0.3 are 7.623 A and 7.628 A,
respectively and for x = 0.4 they are 7.635 A and 7.636 A,
respectively. Even though the difference in space group results
in larger differences in the c¢ lattice parameter compared to
unit cell volume, still the overall trend of the series remains
the same.

The phase transition is evident in the change of the main
peak area in the powder diffraction patterns, around 26 = 33°
(Fig. 4). When x changes from 0 to 1, the position of the main
peak shifts only slightly due to the change in lattice para-
meters but the two neighboring peaks in CaTiO; first vanish
and then the side peak of CaMnTi,O emerges. With the unit
cell, also the Miller indices of the peak change from (112) in
CaTiO; (Pbnm) to (202) in CaMnTi,O¢ (P4,mc). From Fig. 4 it is
clear that the phase transition must occur between x = 0.3 and
x = 0.4 where there are no distinct peaks visible. As discussed
above, another example of a clear change in the XRD patterns
indicating the phase transition is the appearance of the (112)
and (121) peaks around 26 = 28.6° in the sample with x = 0.4
(Fig. S10 in the ESIY).

3.2. Density

The average density of an as-synthetized Ca;sMngsTi,Og
sample from ten volume measurements is 4.09 g cm ™ which
corresponds to a relative density of over 97%. The high density
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Fig. 4 Changes in the main peak area, around 20 = 33° in the powder
diffraction pattern of Ca,_,Mn,Ti,Og from CaTiO3 (x = 0) to CaMnTi,Og¢
(x = 1). The Miller indices of the main peak of x = 0 (Pbnm) are (112) and
the ones on the side (020) and (200), depending on the orientation. For
x =1 (P4,mc), the main peaks are (202) and (220).
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is to be expected for samples synthesized under high pressure
and due to the robustness of the synthesis method we assume
all samples in the studied series to have a similarly high
density. The density measurement provides no information of
possible pores in the sample since the gas of the pyctometric
measurement penetrates into these.

3.3. Ferroelectric analysis

The samples in general were rather unstable under electric
field and had a tendency to break down during measurements
before saturation was reached. An explanation of the weak re-
sistance against breakdowns can be found in the synthetic
approach. Even though the samples have been heat treated
afterwards, there is a possibility of remaining stress due to the
high pressure during the synthesis process. Additionally, the
samples are rather brittle which makes them even more sus-
ceptible towards a breakdown in medium to high electric
fields. In those cases where the sample was able to withstand
higher electric fields, saturation in the hysteresis polarization
curve was not reached because of the sample thickness and
the maximum voltage of the measurement setup was limited
to 4 kV. Samples were too brittle to be prepared thinner in
order to achieve higher fields. The numbers mentioned in the
following discussion are for the purpose of comparison and
neither the true remanent polarization nor the true coercive
field.
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Fig. 5 Hysteresis curves of Ca,_,Mn,Ti,Og with x = 0.2 (upper) and x =

0.4 (lower) at maximum electric field of 5V pm™.
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As expected from the structural data, the sample with x =
0.2 basically shows linear behavior in a P-E measurement.
Since the sample still adopts the centrosymmetric structure of
CaTiOz, no remanent polarisation can be measured. The
sample with x = 0.4, which was refined in the non-centro-
symmetric space group P4,mc still exhibits more or less linear
behaviour but with a slight hysteresis starts to emerge. This,
again, indicates a smooth structural transition around this
composition rather than a sudden switch between space
groups Pbnm and P4,mc. Both P-E measurements for x = 0.2
and x = 0.4 are shown in Fig. 5. For comparison, they are both
shown with a maximum field of about 5 V pm™'. The hyster-
esis curve of the x = 0.4 sample with a maximum field of 15 V
pm™ is available in ESI as Fig. $12.1

Samples with x between 0.5 and 1 adopt the non-centro-
symmetric CaMnTi,O¢ structure based on the XRD analysis
and therefore a ferroelectric hysteresis loop should be
detected. However, this is only the case for x = 0.5 and x = 0.6.
The hysteresis curves are shown in Fig. 6. The measurement
with x = 0.6 has a higher zero-field polarization P, = 3.11 uC
em™> as well as a higher zero-polarization field E. = 4.78 V
pum™". P, for the sample with x = 0.5 is determined to be only
1.62 uC ecm™2 and E, = 3.17 V pm™". Because the sample x =
0.6 had a breakdown after 12 V um™, the comparison in Fig. 6
is shown for a maximum field of 12 V pm™", even though it
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Fig. 6 Hysteresis curves of Ca,_,Mn,Ti,Og with x = 0.5 (upper) and x =

0.6 (lower) at maximum electric field of 12 V pm™.
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was possible to measure the x = 0.5 sample up to the device
limit of 15 V pm™.

Interestingly, the polarization measurements of the
samples with x = 0.7, x = 0.8, and x = 1.0 all display large
leakage currents and respond like a highly leaking capacitor
(slight linearity in polarization).(Fig. 7). Especially for the x =
1.0 sample, which is pure CaMnTi,0Og, the result differs from
literature reports where ferroelectric hysteresis loops for fields
up to 20 V um™" were measured.'* However, our samples with
x = 1.0 always contained at least a small amount of single crys-
tals which were loosely packed together with the bulk material.
The sample seemed more crumbly than those with smaller x.
The single crystals were detected amongst the regular powder

o

&
W
T

Polarization [uC/cm?]
o
o

N
ANy

-0.5
_1.0 1 1 |
-1.5 -1.0 -0.5 0.0 05 1.0 1.5
Electric field [V/pm]
& 6.0
E 40 [X=08
g 0.0
820 | &//
S-40 F
o
~-6.0 ! ' ' !
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Electric field [V/um]
— 3.0
g 0 | x=1.0
210 ¢
§ 00
g-1.0 t Q//
820
o
~ _3.0 1 1 1 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Electric field [V/pum]

Fig. 7 Hysteresis curves of Ca,_,Mn,Ti,Og with x = 0.7 (upper), x = 0.8
(middle), and x = 1.0 (lower) at maximum electric field of 1 V pm™. Note
that the polarization axes have different scales.
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particles after grinding the sample as preparation for XRD
measurements. Aimi et al. do not report any single crystals in
the samples used for polarization measurements. While the
pressed bulk sample has a high relative density, the connec-
tion of single crystals to the bulk is rather loose. This leads to
resistor-like behaviour. However, the x = 1.0 sample showed a
mixture of hysteresis and resistor-like behaviour at smaller
maximum fields (Fig. S13 in ESIY).

4. Conclusions

We have synthesized samples of Ca,_,Mn,Ti,O¢ with x = 0.2;
0.3; 0.4; 0.5; 0.6; 0.7; 0.8; and 1.0. A structural analysis of
these samples identified the phase transition between the
centrosymmetric space group Pbnm of x = 0 (CaTiO;) and the
non-centrosymmetric space group P4,mc of x = 1
(CaMnTi,Of) to be around x = 0.4. This has been shown in
the change of the XRD pattern around the main peak at a 20
of about 33° and the non-linear change in the c¢ lattice para-
meter. While the lattice parameters are expected to shrink
from x = 0 to x = 1 due to substitution of the larger Ca(u) ions
by the smaller Mn(u) ions, the ¢ lattice parameter increases
between x = 0.3 and x = 0.5. P-E measurements also con-
firmed a linear behaviour for x = 0.2 and a clear hysteresis
and therefore ferroelectricity for x = 0.5 and 0.6. However, for
x = 0.7 and higher, no hysteresis was measured but rather
resistor-like behaviour. With our synthesis and characteriz-
ation methods, a composition of Ca,_,Mn,Ti,0 with x = 0.6
appears to lead to the strongest ferroelectricity. However, it
can be expected that the zero-field polarization and the zero-
polarization field further increase in samples of x = 0.7 to 1.0.
Therefore, no final conclusion can be made about the
optimal composition of Ca,_,Mn,Ti,O¢ for ferroelectric pur-
poses. The samples with x > 0.7 behave like resistor and do
not show their whole ferroelectric and therefore pyroelectric
potential due to a poor coupling between formed single crys-
tals and the bulk sample. It was not possible to completely
avoid the formation of single crystals during the synthesis of
samples with large x. A detailed investigation on the formed
single crystals will be provided elsewhere.
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