
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

2:
10

:1
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Sr9In(VO4)7 as a m
aResearch Center for Functional Materials,

Namiki 1-1, Tsukuba, Ibaraki, 305-0044, Ja
bDepartment of Chemistry, Moscow State Un

deynekomsu@gmail.com

† Electronic supplementary informa
10.1039/c9ra10336h

Cite this: RSC Adv., 2020, 10, 10867

Received 9th December 2019
Accepted 28th February 2020

DOI: 10.1039/c9ra10336h

rsc.li/rsc-advances

This journal is © The Royal Society o
odel ferroelectric in the
structural family of b-Ca3(PO4)2-type phosphates
and vanadates†

Alexei A. Belik, a Dina V. Deyneko, *b Oksana V. Baryshnikova,b

Sergey Yu. Stefanovichb and Bogdan I. Lazoryak b

Sr9In(VO4)7 was prepared by a solid-state method at 1270 K in air. This vanadate has the b-Ca3(PO4)2-type

structure and crystallizes in polar space group R3c. The structural parameters of Sr9In(VO4)7 were refined by

the Rietveld method from laboratory powder X-ray diffraction data (XRD): the lattice parameters are a ¼
11.18016(9) �A and c ¼ 39.6170(3) �A with Z ¼ 6. In3+ cations occupy the octahedral M5 site, Sr2+ cations

occupy the M1, M2, and M3 sites of the b-Ca3(PO4)2-type structure, and the M4 site remains vacant.

Sr9In(VO4)7 was characterized by differential thermal analysis (DTA), optical second-harmonic generation

(SHG), high-temperature XRD, and dielectric measurements. All these methods prove the existence of

a ferroelectric–paraelectric phase transition at Tc ¼ 974 K. This transition is compared with a similar

transition in Ca9In(PO4)7 with lower Tc ¼ 902 K. The polar-to-centrosymmetric phase transition in such

compounds has a quite unique mechanism of the order–disorder type. The structural transition involves

slight shifts of the M1, M2, M3 cations and the E2O4, E3O4 tetrahedra, while half of the E1O4 tetrahedra

(E ¼ P or V) statistically reverse their orientation along the three-fold axis, so that the centre of symmetry

appears in the structure as a whole. To invert the E1O4 tetrahedron, one oxygen anion should pass

a large neighbouring cation (Sr2+ or Ca2+) that is only possible when intense rotational vibrations of the

tetrahedra are excited at high temperatures. The lower Curie temperature in Ca9In(PO4)7 corresponds to

the smaller rotational vibration amplitude of the P1O4 tetrahedron required to reverse this tetrahedra at

Tc in comparison with V1O4 in Sr9In(VO4)7.
1 Introduction

Phosphates and vanadates with the b-Ca3(PO4)2-type (b-TCP-
type) structure1 are of great interest now mainly due to their
potential use as efficient phosphors in light-emitting diode
(LED) devices.2–6 They also have other interesting properties,
such as being ferroelectric,7–9 antiferroelectric,10,11 nonlinear
optical,12–14 and catalytic,15,16 and have properties related to bio-
applications due to their biocompatibility.17,18 They were sug-
gested to be host materials for Tm3+ and Yb3+ luminescent ions
in lasers including those with self-doubling frequency.19,20

Ca2+ ions in b-TCP-type structure are located in ve quite
different positions. The M1, M2, and M3 sites are large sites
with eight-to-nine oxygen coordination, the M5 site is a small
octahedral site, and the M4 site is a very extended site or a cavity
formed by 15 oxygen atoms.21 This unique structure allows
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different isovalent and aliovalent substitutions, including the
introduction of a large strontium cation.22 The b-TCP-type
materials with two- and three-valent luminescent ions,
substituting for calcium in various positions, are very promising
to be used together with light-emitting diodes (LED) in spectra-
controlled luminous sources. As the incorporation of Sr2+

cations into the structure is usually accompanied by noticeable
changes of luminescence spectra it is interesting to design Sr-
based b-TCP-type structural analogues and compare their
basic properties with known ferroelectrics, non-linear optical
materials, calcium-ion conductors, and luminophores in the
family of calcium-containing b-TCP-type phosphates and
vanadates. The attempt is encouraged by the fact that in the
solid solutions of b-Ca3�xSrx(PO4)2, Sr

2+ replaces Ca2+ in a wide
range of compositions with 0# x# 16/7,23 and this substitution
leads to noticeable changes of the luminescent properties and
symmetry. For example, emission color in Ca3�xSrx(PO4)2:Eu

2+

changes from blue to green and to green-yellow.24 In addition,
as a result of changes in symmetry (R3c 4 R�3m) ferroelectric
properties change to paraelectric.23 In some cases, the lumi-
nescence intensity noticeably increases with strontium content,
for example, in (Ca,Sr)10Li(PO4)7:Ce

3+, Mn2+, Eu2+.25,26
RSC Adv., 2020, 10, 10867–10872 | 10867
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Fig. 1 A fragment of the experimental (black crosses), calculated (red
line), and difference (blue line) XRD patterns for Sr9In(VO4)7 at room
temperature.
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In case of b-TCP-type phosphates, Ca- and Sr-containing
phosphates are known with small substituting cations
M2+/M3+, for example, Ca9M(PO4)7 and Sr9M(PO4)7 (where M ¼
Al, Sc, Cr, Fe, Ga, and In),27,28 Ca9+xM1.5�x(PO4)7,23

Sr9+xNi1.5�x(PO4)7,29 Sr9+xCo1.5�x(PO4)7,30 and Sr9Fe1.5(PO4)7,31

and also with large rare-earth R3+ cations, for example,
Ca9R(PO4)7 (R ¼ RE).32 On the other hand, in case of b-TCP-type
vanadates, Ca- and Sr-containing vanadates are known only
with large dopant rare-earth R3+ cations or Bi3+, for example,
Ca9R(VO4)7,33 Ca9�xSrxBi(VO4)7,21 and Sr9R(VO4)7 (R ¼ Tm, Yb,
and Lu).34 These compounds are noncentrosymmetric and
shows ferroelectric and non-linear optical properties. In this
paper, we describe the rst b-TCP-type vanadate containing
small In3+ cation, Sr9In(VO4)7. Calcium phosphates with
a similar composition with small cations (Fe3+ or In3+) were
previously obtained.37,41 Phosphates Ca9R(PO4)7 (R ¼ Fe3+ or
In3+) are ferroelectrics and a reversible ferroelectric/paraelectric
phase transition is realized in their crystal structures. However,
the phase transition mechanism in these phosphates has not
been discussed. In present work we report on the synthesis,
crystal structure renement and description of new Sr9In(VO4)7,
its ferroelectric phase transition, and a detailed structural
analysis of the order–disorder mechanism of the phase
transformation.

2 Experimental section

Sr9In(VO4)7 was prepared by a conventional solid state method
from a stoichiometric mixture of SrCO3 (99.99%), V2O5 (99.9%),
and In2O3 (99.9%). All reagents were purchased from Sigma-
Aldrich. The mixture was placed in an alumina crucible and
rst heated in 15 h to 923 K and annealed at 923 K for 30 h. Then
the mixture was reground and annealed at 1073 K for 200 h with
several intermediate grindings. Finally, the mixture was pressed
into pellets and annealed on Pt foil at 1273 K for 100 h with
several intermediate grindings. The obtained hard pellets and
crashed powder were light yellow.

Laboratory powder X-ray diffraction (XRD) data for phase
analysis and structure renements were collected at room
temperature (RT) and high temperatures (from 360 to 1190 K)
on a Rigaku RINT 2500 diffractometer (40 kV, 300 mA) using
CuKa radiation (2q range of 8–100�, a step width of 0.02� and
a counting time of 1 s per step for phase analysis and high
temperatures; 2q range of 8–150�, a step width of 0.02�, and
a counting time of 12 s per step for the structure analysis).
Structure parameters were rened with the Rietveld method
using Jana-2006.35

Thermogravimetry (TG) and differential thermal analysis
(DTA) were carried out in air on a MacScience TG-DTA 2000
instrument between 290 and 1273 K at a heating–cooling rate of
10 K min�1 using a Pt holder. Three runs were performed to
check the reproducibility. Aer TG-DTA experiments, the
sample remained single-phased as examined with XRD.

Second-harmonic generation (SHG) responses of powder
samples (grain size of about 3 mm) weremeasured in a reection
scheme using a Q-switch pulsed YAG:Nd laser operated at
a wavelength, lu, of 1064 nm. The SHG signals were registered
10868 | RSC Adv., 2020, 10, 10867–10872
in reference to a-SiO2 (grain size 3–5 mm) kept at RT. Temper-
ature dependence of the SHG signals of the sample was
measured between 300 and 1000 K.

To measure the dielectric permittivity (3) and loss tangent
(tan d) we used ceramic disks of Sr9In(VO4)7, approximately
1 mm thick and 5 mm in diameter. Commercial Pt paste was
put on both at surfaces of the disks, and then they were heated
to 923 K to produce metal electrodes. Temperature depen-
dences of 3 and tan d were registered between 300 and 1070 K
with computer-controlled ac-bridges R5083 and E7-12 at
electric-eld frequencies between 1 kHz and 1 MHz.

3 Results
3.1. XRD studies

The X-ray diffraction study at T ¼ 293 K was carried out on the
powder and ceramic samples. The XRD data on the powder and
ceramic samples did not differ from each other. The structural
parameters of Sr9Lu(VO4)7 with space group R3c34 were used as
the initial ones in the structural renement of Sr9In(VO4)7. It
has been conrmed that the M1, M2, and M3 sites are occupied
solely by Sr2+ cations, the M5 site is occupied by In3+ cations,
and the M4 site is vacant. A fragment of the experimental,
calculated, and difference XRD patterns for Sr9In(VO4)7 are
given in Fig. 1. This gure also illustrates that the sample was
single-phase. The nal fractional coordinates and U values, nal
R factors, lattice parameters, and other renement parameters
are listed in Table S1 of the ESI.† Main interatomic distances,
bond valence sums (BVS)36 for Sr9In(VO4)7 are listed in Table S2
of the ESI.†

Fig. 2 shows the temperature dependence of the lattice
parameters for Sr9In(VO4)7. The phase transition is marked by
discontinuity in all temperature dependences of a, c and V. The
a lattice parameter demonstrates a drop at the phase transition
temperature, while the c parameter shows a jump. The resultant
unit cell volume shows a small drop at the phase transition
temperature. In general, there is a slight increase in the cell
volume of Sr9In(VO4)7 (2.5%) upon heating from 297 K to 970 K.
A similar increase in cell volume was also observed in
Ca9In(PO4)7 (2.7%).37
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Temperature dependence of the a and c lattice parameters of
Sr9In(VO4)7. The inset shows temperature dependence of the unit-cell
volume. aV is the volumetric coefficient of thermal expansion.

Fig. 4 Temperature dependence of the SHG signal from Sr9In(VO4)7
on heating and cooling.
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3.2. DTA and TG measurements

A fragment (between 900 and 1000 K) of the heating/cooling
DTA curves of Sr9In(VO4)7 are given in Fig. 3. One peak was
observed at 972 K (the position of the peak maximum) on
heating and at 960 K (the position of the peak maximum) on
cooling (Fig. 3), and a very good reproducibility was observed on
heating/cooling cycling. This indicates that the phase transition
is of the rst order, and fully reversible. No other anomalies
were detected on the DTA and TG curves between 290 and 1273
K.
3.3. Second-harmonic generation (SHG)

At room temperature, the SHG response from Sr9In(VO4)7
powder was 8 times that of the SiO2 standard powder sample,
thus reliably indicating a noncentrosymmetric structure. Also,
a noncentrosymmetric and polar structure was earlier estab-
lished in Ca9In(PO4)7.37 The temperature dependence of the
SHG signal of Sr9In(VO4)7 is shown in Fig. 4. During heating up
to�950 K the SHG signal decreases twofold almost linearly with
temperature, and then it drops rapidly to null in between 950
and 970 K. Disappearance of the SHG indicates that above 970 K
the structure becomes centrosymmetric. On cooling the SHG
appears again and reaches the initial intensity with small
Fig. 3 Fragments of heating/cooling DTA curves of Sr9In(VO4)7 (the
heating/cooling rate was 10 K min�1). Three heating/cooling cycles
were run to verify the reproducibility.

This journal is © The Royal Society of Chemistry 2020
temperature hysteresis. These results indicate the reversible
nature of the phase transition in Sr9In(VO4)7. One may conclude
that gradual weakening of the SHG on heating indicates
progressive changes in the crystal towards the centrosymmetric
structure. The step-like disappearance of the SHG at T ¼ Tc
indicates an abrupt change in the crystal structure, that corre-
sponds to the rst-order phase transition between structures
with- and without center of symmetry, respectively, in the high-
and low-temperature regions.

3.4. Dielectric measurements

The temperature dependence of dielectric permittivity (3) for
Sr9In(VO4)7 is shown in Fig. 5. Sharp peaks were observed on the
3(T) curves at 972 K (on heating) and 961 K (on cooling). The
positions of maxima on the 3(T) curves were frequency inde-
pendent. The positions of the anomalies on the 3(T) curves were
close to the temperature positions of the DTA anomalies and to
the temperature of the disappearance of the SHG signal. Similar
maxima on dielectric constant are known to appear in both
Fig. 5 Temperature dependence of dielectric constant (3) at 300 kHz
frequency and dielectric loss tangent (tan d) in Sr9In(VO4)7.

RSC Adv., 2020, 10, 10867–10872 | 10869
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ferroelectric37 and antiferroelectric10,11 compounds. In the case
of Sr9In(VO4)7, the results of the dielectric measurements
coupled with the results of the SHG measurements unambig-
uously prove that a ferroelectric-type phase transition takes
place.

A further classication of ferroelectric phase transitions is
possible using the Curie–Weiss law as discussed in ref. 38. With
this approach, the inverse dielectric constant in a ferroelectric
material can be approximated by a straight line above Tc, as it
was done for Sr9In(VO4)7 in Fig. 6. The slope of this linear
approximation denes the Curie–Weiss constant, CC–W. Values
of CC–W vary between 103–105 K for different ferroelectric
materials. The lower values of CC–W are typical for ferroelectrics
with the “order–disorder” type of a ferroelectric transition,
while the larger values of CC–W (�105 K) are usually observed in
ferroelectrics with the “displacive”mechanism of a ferroelectric
transition. In case of Sr9In(VO4)7 the estimated value of CC–W ¼
1.35 � 103 K corresponds to the “order–disorder” type of
a ferroelectric transition. It means that a structural unit in
Sr9In(VO4)7 should have a strictly dened non-centrosymmetric
position below the temperature transitions, while above this
temperature it is ambiguously distributed in a number of
positions. According to the available structural data, only the
oxygen tetrahedral group E1O4 (E ¼ P or V) meets this
requirement in the b-TCP-type ferroelectrics. The O11 atoms of
the E1O4 tetrahedra lie on the polar c axis and are all oriented
along one direction below Tc, while above Tc half of the E1O4

tetrahedra are randomly turned in the opposite direction.37
4 Discussion

In Sr9In(VO4)7 vanadate a reversible ferroelectric phase transi-
tion was detected at Tc ¼ 974 K. In the isostructural phosphate
Ca9In(PO4)7 a similar, but less pronounced transition, was
previously detected at Tc ¼ 902 K.37 Using high-temperature X-
ray powder diffraction, electron diffraction and high-
resolution electron microscopy it was shown that the
ferroelectric-type transformation in Ca9In(PO4)7 was realized
between polar and centrosymmetry phases (R3c 4 R�3c).37 As
crystal structures and properties of Ca9In(PO4)7 and Sr9In(VO4)7
Fig. 6 Reciprocal dielectric constant in Sr9In(VO4)7 on heating and
cooling with the Curie–Weiss fit in the high-temperature region
(broken line).

10870 | RSC Adv., 2020, 10, 10867–10872
are very similar, we can assume that the symmetry change
R3c4 R�3c also occurs in Sr9In(VO4)7 at Tc ¼ 974 K.

In the detailed consideration of structure–properties corre-
lations in the b-TCP-type substances it is necessary to keep in
mind that in the group of isostructural compositions
Ca9R(XO4)7 (X ¼ P or V, and R – trivalent metal) the ferroelectric
Curie temperatures, Tc, are 200–300 K regularly higher in the
vanadates (1000–1220 K) in comparison with the phosphates
(800–892 K).8,9,39,40 This correlates with larger size of the V5+

cation and VO4
3� tetrahedron as a whole against the P5+ cation

and PO4
3� tetrahedron, respectively. Evidently, the smaller size

of PO4
3� tetrahedra favors the decrease of the transition

temperature in calcium phosphates versus calcium vanadates
but does not explain the comparable transition temperatures in
Ca9In(PO4)7 and Sr9In(VO4)7 (Tc ¼ 902 and 974 K, respectively).
Starting from the comparison of the crystal structure of Ca9-
In(PO4)7 at room temperature and above Tc and the similarity of
its RT crystal structures with that of Sr9In(VO4)7 it is naturally to
suppose that in these compounds all cations and anions (except
oxygen atoms O11) are close to the centrosymmetric positions.37

During the ferroelectric–paraelectric transition, all cations and
V2O4

3� and V3O4
3� ions should only slightly shi. The largest

changes occur in the V1O4
3� position. The half of V1O4

3�

tetrahedra changes their orientation to the opposite.37 Such
overturn of the voluminous oxygen tetrahedron without
changing the rest of the crystal lattice meets spatial obstacles
which require more detailed consideration.

In b-TCP-type structure, the O11 oxygen atom (hereinaer the
apical oxygen atom on the three-fold c axis) and E cation (E ¼ P,
V) are located in 6a site on the three-fold axis. Three other O12
oxygen atoms of the E1O4 tetrahedron are connected by the three-
fold axis (Fig. 7). In Sr9In(VO4)7 structure, V1O4

3� tetrahedron
forms bonds with nine strontium cations (3Sr1 + 3Sr2 + 3Sr3) at
distances dSr–O ¼ 2.488–2.68 �A (Fig. 7). The apical O11 oxygen
atom is connectedwith three Sr3 cations at distances 2.69�A. Each
O12 atom is connected with two strontium cations: Sr1 (dSr1–O12
¼ 2.68 �A) and Sr2 (dSr2–O12 ¼ 2.488 �A). Also, there are three Sr3
cations at a longer distance (dSr3–O12 ¼ 3.01 �A) from the O12
atom. A similar position of calcium cations around the P1O4

3�

tetrahedron is also realized in the structure of Ca9In(PO4)7.37
Fig. 7 The environment of V1O4
3� tetrahedron by Sr1, Sr2 and Sr3

cations in Sr9In(VO4)7. Tetrahedron V1O4
3� before (upper) and after

(lower) rotation during the ferroelectric–paraelectric phase transition.

This journal is © The Royal Society of Chemistry 2020
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From the analysis it follows that the V1O4
3� tetrahedron in b-

TCP-type structure has a symmetric environment from the alka-
line earth element cations in Sr3, Sr2 and Sr1 sites (Fig. 7).

Nevertheless, with increasing temperature, such a tetrahe-
dron changes its orientation to the opposite at ferroelectric–
paraelectric phase transition temperature (Fig. 7). The distance
between the two extreme positions of oxygen atoms on the
three-fold axis in the polar O11 and nonpolar O011 phases is
�3.2�A. Reversal of the V1O4

3� tetrahedron may be achieved by
simultaneous moving the O11 atom to the O012 position, and
the O012 atom to the O011 atom position (Fig. 8a). In this case, as
a result of thermal vibrations, bonds between the Sr3–O11, Sr2–
O12, and Sr1–O12 atoms should be broken. In any case, the O12
oxygens of V1O4

3� tetrahedron have to overcome the bottleneck
between the two neighboring cations Sr21–Sr22 (d ¼ 3.8 �A)
(Fig. 8b). If the O012 oxygen atom moves in the direction of the
O011 position, then the Sr21 cation, which is slightly lower than
the O012 atom (Fig. 8a), impedes this movement. To overcome
this obstacle, the O012 atom must rst shi toward the Sr22
cation and then toward the O011 position (Fig. 8a). Aer such
a shi, there are no obstacles to the movement of the O012 atom
to the O011 position, and the O11 atom to the O012 atom posi-
tion (Fig. 8a). Such a displacement becomes possible only at
high temperature, when the rotational vibrational mode of the
oxygen tetrahedron rotates its base by some angle (a) (Fig. 8b).
This angle will be sufficient for the passage of the oxygen
between the two neighboring Sr2 cations (Fig. 8b). Similar
transitions are also realized in the structure of Ca9In(PO4)7.
Fig. 8 The O1 and O12 oxygen atom displacement scheme of the
V1O4

3� tetrahedron during a ferroelectric/paraelectric phase transi-
tion (a). Inside the atoms, their z-axis heights are given. The arrows on
the circle indicate the possible movement of oxygen atoms O12. The
required angle of rotation (a) of theO12–O12–O12 basis of the V1O4

3�

tetrahedron during phase transition (b).

This journal is © The Royal Society of Chemistry 2020
The rotation through this angle a is sufficient to allow the
oxygen O012 atom of the tetrahedron to move in O011 position.
Its value depends on the crystal chemical sizes of the ions
constituting the structure. At 297 K it is 38.1� for Ca9In(PO4)7
and 38.9� for Sr9In(VO4)7. Rotation at such an angle can be
performed only with the accumulation of sufficient thermal
energy of the tetrahedron: Wv � kBT. With increasing tempera-
ture, the amplitude of the rotational vibration of the tetrahe-
dron is also rising. Moreover, the proximity of the a angles of
phosphate and vanadate is consistent with their close values of
the phase transformation temperatures, Tc. A little bit lower
Curie temperature in the case of Ca9In(PO4)7 agrees with
slightly smaller angle of rotation of P1O4 tetrahedron required
to turning over this tetrahedra at Tc in comparison with V1O4 in
Sr9In(VO4)7.

5 Conclusions

A new ferroelectric Sr9In(VO4)7 was obtained, and its crystal
structure was rened by the Rietveld method. It exhibits
a ferroelectric–paraelectric phase transition at Tc ¼ 974 K. In3+

cations occupy the octahedral M5 site, Sr2+ cations occupy the
M1, M2, and M3 sites of the b-TCP-type structure, and the M4
site remains vacant. Sr9In(VO4)7 was characterized by differen-
tial thermal analysis (DTA), optical second-harmonic genera-
tion (SHG), high-temperature XRD, and dielectric
measurements. All these methods prove the existence of
a reversible ferroelectric–paraelectric phase transition at Tc ¼
974 K. It has been suggested that a ferroelectric transition of the
“order–disorder” type is realized in Sr9In(VO4)7. A structural
model of ferroelectric–paraelectric phase transition has been
proposed.
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