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Abstract

A newly discovered phase transition in Ca9Fe(PO4)7 is studied by high-temperature X-ray powder diffraction (XRD) and elec
diffraction (ED), high-resolution electron microscopy, second-harmonic generation (SHG), differential scanning calorimetry, diele
electrical conductivity measurements. The phase transition temperature,Tc, is 890± 10 K. Dielectric measurements reveal the ferroelec
nature of the phase transition. A spontaneous polarization of about 2–3 µC cm−2 is estimated from SHG. The phase transition from
polar ferroelectric formβ (space groupR3c), to a centrosymmetric paraelectric formβ′ (space groupR3c), is reversible and of first orde
The evolution of the crystal structure and lattice parameters is studied by high-temperature XRD and ED. The structural para
β′-Ca9Fe(PO4)7 are refined by the Rietveld method from XRD data at 923 K in the space groupR3c (Z = 6) with lattice parameter
a = 10.3878(2) Å andc = 37.8387(4) Å (Rwp = 1.48% andRI = 2.16%). Bothβ- andβ′-Ca9Fe(PO4)7 are related to the whitlockite-typ
structure. Theβ → β′ phase transition in Ca9Fe(PO4)7 is accompanied by a disordering of the Ca2+ ions at the Ca3 sites and orientation
disordering of the P1O4 tetrahedra.
 2003 Elsevier SAS. All rights reserved.
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1. Introduction

Calcium orthophosphate, Ca3(PO4)2, and its variations
have been extensively studied as bioceramic [1] and lu
nescent [2] materials. Solid solutions Ca3−xMx (PO4)2 (M =
Ni [3], Co [4] and Cu [5]) with theβ-Ca3(PO4)2-type struc-
ture (space groupR3c, Z = 21) have catalytic activity, e.g
in propan-2-ol [4] and butan-2-ol [5] dehydrogenation. R
versible redox reactions without destroying the fundam
tal structure occur in Ca9Fe(PO4)7 [6,7], Ca9.5Cu(PO4)7 [8]
and Ca9Na1.5Fe0.5(PO4)7 [9] (Z = 6). Materials in which
redox reactions do not cause destruction of their struc
can be used as sensor materials [10], intermediators for
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stage oxidation of hydrogen [11] and materials for purifi
tion of gas mixtures by removing O2 or H2 [12].

Calcium orthophosphate at room temperature (TR) can be
obtained in two forms,α- andβ-Ca3(PO4)2. β-Ca3(PO4)2

[13] has the whitlockite-type structure [14,15].α-Ca3(PO4)2

[16] has the distorted glaserite orβ-K2SO4-type struc-
ture [15].β-Ca3(PO4)2 is a thermodynamically stable pha
below 1408 K [17,18].α-Ca3(PO4)2 is thermodynamically
stable between 1408 and 1703 K, but it is quenchable f
high temperatures (ca. 1500 K) toTR. The equilibrium tem-
perature for theβ ↔ α transformation is estimated to b
(1408± 5) K [18]. The temperature of theβ ↔ α phase
transition strongly depends on the kind and amount of
purities. Divalent cations with a radius less than ca. 0.
(e.g., Zn2+, Ni2+ and Co2+) or Sr2+ raised the temperatur

of theβ ↔ α phase transition up to 1623–1723 K [19]. The

http://www.elsevier.com/locate/ssscie
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replacement of Ca2+ or PO3−
4 for Ba2+, Cd2+ or SiO4−

4 re-
sults in a decrease of the phase transition temperature.
α′-Ca3(PO4)2, stable above 1703 K and with a structu

closely related toα-Ca3(PO4)2 [20], and α′′-Ca3(PO4)2,
obtained fromα-Ca3(PO4)2 above 485 K [21], have bee
discovered and characterized. We have recently found a
modification,β ′, of Ca3(PO4)2 in the temperature rang
from 1190 to 1400 K [22].β ′-Ca3(PO4)2 is structurally very
similar to β-Ca3(PO4)2. A polar-to-centrosymmetric phas
transition at ca. 770 K is detected by infrared spectrosc
in β-Ca3(PO4)2 stabilized by Ni2+ and Cr3+ ions [23].
There is experimental evidence for a low-temperature ph
transitions in Ca3(PO4)2 [24–26]. A high-pressure form o
Ca3(PO4)2 is also described in the literature [27].

Solid solutions Ca10.5−1.5xFex (PO4)7 has been prepare
in a composition range of 0� x � 1 [28] and structure pa
rameters of Ca9Fe(PO4)7 has been refined from X-ray pow
der diffraction (XRD) data measured atTR [7]. Ca9Fe(PO4)7
and the solid solutions Ca10.5−1.5xFex (PO4)7 were found to
be isotypic withβ-Ca3(PO4)2 atTR.

Earlier we have discovered and studied a new h
temperature ferroelectric phase transition in Ca9In(PO4)7
with Tc = 902 K [29]. The present work is devoted to t
study of a high-temperature phase transition in whitlock
type calcium–iron phosphate and the refinement of
structure parameters of Ca9Fe(PO4)7 at 923 K. Using a
variety of physicochemical methods, we have clarified
nature of the phase transition and found it to be first or
and to have an order–disorder ferroelectric type.

2. Experimental

2.1. Synthesis

Ca9Fe(PO4)7 is synthesized by the solid state meth
from stoichiometric mixtures of Fe2O3, CaCO3 and Ca2P2-
O7 at 1273 K for 100 h with several intermediate grindin
After annealing, the sample is cooled in the furnace. X
data show the resultant light-red product to be monop
sic [30].

2.2. X-ray diffraction (XRD) experiments and structure
refinements

High-temperature XRD patterns were obtained with
SIEMENS D500 powder diffractometer (Cu-Kα radiation)
equipped with a BRAUN position-sensitive detector. F
lattice-parameter refinements, XRD data were collecte
a 2θ range from 20◦ to 80◦ with a step interval of 0.02◦.
For structure refinements, XRD data were collected at 92
in a 2θ range between 10◦ and 110◦ with a step interva
of 0.02◦. The powdered sample was mixed with cellulo
nitrate varnish and pasted on a Pt plate. The Pt plate
used as a sample heater. Structure and lattice-param

refinements were performed by the Rietveld method [31]
r

with RIETAN-2000 [32]. The split pseudo-Voigt function o
Toraya was fit to each reflection profile, and an 8th or
Legendre polynomial was fit to the background. Coefficie
for an analytical approximation to atomic scattering fact
for Ca, Fe, P and O were taken from Ref. [33]. 2θ regions
containing reflections from the Pt plate were excluded fr
the refinement. Preferred orientation was corrected w
the March–Dollase function on the assumption of a (0
cleavage plane. The preferred-orientation parameter,p, was
0.790(2).

2.3. Second-harmonic generation (SHG)

A Q-switch pulsed Nd:YAG laser operated at a wa
length,λω, of 1064 nm was used as a radiation source wi
repetition rate of 4 pulses per second and a duration of a
12 ns. The laser beam was split into two beams to excite
radiation at half the wavelengthλ2ω = 532 nm, simultane
ously in the sample under investigation and in a refere
sample (polycrystallineα-SiO2). The peak power of the in
cident beam was about 0.1 MW on a spot 3 mm in diam
on the surface of the sample. SHG signals were meas
betweenTR and 1200 K. Intensities of the SHG signals fro
the sample,I2ω, and those fromα-SiO2, I2ω(SiO2), were
registered in a reflection mode in order to make the sig
independent of the thickness of the sample.

Both α-SiO2 and Ca9Fe(PO4)7 were prepared with on
and the same crystalline particle size,L, of ca. 3000 nm.
The small size of the crystalline particles made it po
ble to eliminate the influence of the coherence lengthlc,
on the second-harmonic intensities,I2ω andI2ω(SiO2), be-
causeL appeared to be less thanlc (in oxides,lc is usually
larger than 3000–5000 nm). Therefore,L represented th
only spatial limitation for theω + ω = 2ω nonlinear con-
version process [34,35]. Under such conditions, the sec
harmonic intensity ratio,I2ω/I2ω(SiO2), became a numer
cal quantity for the direction-averaged optical nonlinea
coefficient,〈d〉:

〈d〉 =Ad11(SiO2)
(n+ 1)3

(nSiO2 + 1)3
√
I2ω/I2ω(SiO2),

wheren andnSiO2 are the refractive indices for the samp
and α-SiO2, respectively, andA is a geometrical factor
In the present study, we assumedn = nSiO2 and A= 1.
Therefore, the ratioI2ω/I2ω(SiO2) directly represented th
〈d〉 value squared. Being intimately related to any chan
of the crystal noncentrosymmetry, variations in〈d〉 and
I2ω/I2ω(SiO2) give reliable information about the cryst
structure evolution in early stages of polar-to-centrosymm
ric phase transformation.

2.4. Differential scanning calorimetry (DSC), dielectric
and electrical conductivity measurements

Specific heat capacities,cp, were measured with a Se

taram DSC-111 difference-scanning calorimeter from 293
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to 1088 K at a heating rate of 5 K min−1. To measure the
electrical conductivities,σ , we used samples in the form
pellets 4 to 5 mm in length and 5 to 6 mm in diameter. T
pellets were obtained by pressing at 1 kbar and sinterin
1320 K for 10 h (cooling rate: 4 K min−1). The densities
of the resultant pellets rose up to 90% of theoretical de
ties. Pt electrodes were put on the flat surfaces of the
lets. All the conductivities were measured by the impeda
spectroscopy method in a frequency range from 1 to 106 Hz
with a Solatron 1260 frequency response analyzer. In o
to characterize the dielectric properties of Ca9Fe(PO4)7, we
used the same ceramic samples. We measured the diel
constant,ε, the dielectric losses tangent, tanδ, and the spe
cific electrical conductivity between 293 and 1000 K w
computer-controlledac-bridges R5083 and E7-12 at ele
tric field frequencies of 10 kHz, 100 kHz and 1 MHz. Go
reproducibility of theσ versusT curves in heating–coolin
cycles served as an indicator of quasi-equilibrium conditi
during our measurements.

2.5. Electron diffraction (ED) and high-resolution electro
microscopy (HREM)

ED and HREM investigations were made on crush
Ca9Fe(PO4)7 samples deposited on holey carbon grids.
patterns in the temperature range from 293 to 1123 K w
obtained with a Philips CM20 microscope equipped wit
double-tilt heating holder. Energy Dispersion X-ray (ED
spectra were registered with a LINK-2000 attachment. E
measurements were obtained using beam probe diam
varying between 60 and 300 nm. HREM was perform
on a JEOL 4000 EX microscope operating at 400
The Scherzer resolution of the microscope was ca. 1.
Simulations of the HREM images were performed with
MacTampas software.

3. Results

3.1. Determination of local composition

The local chemical composition in Ca9Fe(PO4)7 crystal-
lites is evaluated by EDX analysis performed inside the e
tron microscope. EDX measurements show that the Ca/Fe
ratio for different crystallites is 9.5 ± 0.5 (the ideal ra-
tio is 9.0). The elemental analysis gives 5.2 ± 0.3 at%
for Fe, 49.3 ± 0.3 at% for Ca and 45.4 ± 0.4 at% for P.
This measurement deviates from the theoretical 5.9,
and 41.2 at% for Fe, Ca and P, respectively. Theref
the element content in calcium phosphate, Ca5(PO4)3OH
(ALDRICH, 99.9%), has been studied as a standard.
found experimentally 57.95± 0.63 at% for Ca and 42.05±
0.63 at% for P, different from the nominal 62.5 at% Ca a
37.5 at% P. This deviation is of the same order of magnit
as our findings for Ca9Fe(PO4)7. We can, therefore, believ

that we have prepared the nominal composition.
ic

s

An important measure is the Ca/Fe ratio. Measurement
of the Ca/Fe ratio vary from 8.9 to 10.1 for a probe d
ameter of 200–300 nm. However, when the probe dia
ter is decreased in the range 60–90 nm, the Ca/Fe ratio is
found to vary from 8.9 to 13.1. This variation in compo
tion may be explained in terms of formation of a solid s
lution Ca10.5−1.5xFex (PO4)7 (0 � x � 1) [28]. Note that in
Ca9In(PO4)7 isotypic with Ca9Fe(PO4)7, the ideal Ca/In ra-
tio equal to 9 was observed without any significant devia
from this value [29].

3.2. Phase transition

Fig. 1a shows the temperature dependence of the S
signal for Ca9Fe(PO4)7. Disappearance of the SHG si
nal during heating indicates the presence of a pola
centrosymmetric phase transition. This phase transitio
reversible because the SHG signal reappears during
ing. A temperature hysteresis in theI2ω/I2ω(SiO2) versus
T curve is clearly observed for Ca9Fe(PO4)7. This fact sug-
gests a first-order phase transition. Slight differences in
SHG signals before and after heating–cooling cycles
caused by different thermal treatments of the samples.
example, Fig. 1a (curve 1) presents the temperature de
dence of the SHG signal for Ca9Fe(PO4)7 quenched from
873 K toTR. This sample shows a step-like increase of
SHG signal at ca. 770 K and then a sharp decrease o
SHG signal near the phase transition temperature,Tc, of ca.
890 K.

Fig. 1b displays the results of the DSC measureme
The shape of thecp versusT curve for Ca9Fe(PO4)7 also
indicates a first-order phase transition withTc = 886 K. The
weak peak at ca. 770 K coincides with the beginning of
sharp changes of the SHG signal (Fig. 1a, curves 1 an
Apparently the anomalies detected in thecp(T ) curve are
responsible for the restructuring of the domain struct
preceding the polar-to-centrosymmetric phase transition

The phase transition in Ca9Fe(PO4)7 is also accompanie
by step-like changes in the electrical conductivity (Fig. 1
Jumps on the temperature dependence of the elec
conductivities are observed during heating and cooling w
a temperature hysteresis.

Theε versusT curve for Ca9Fe(PO4)7 (Fig. 1d) clearly
demonstrates sharp maxima at 900 K on heating (curv
and at 880 K on cooling (curve 2) for all the frequenci
Such electric-field frequency behavior is characteristic
proper or pseudo-proper ferroelectrics [36]. The less dist
maximum on the tanδ versusT curve just belowTc obvi-
ously reflects the increase of mobility of the polar dom
structure, thus being in accordance with the ferroelectric
ture of the phase transition. According to the dielectric m
surements, the phase transition in Ca9Fe(PO4)7 has a ferro-
electric nature and, therefore, only a phase transition f
space groupR3c to R3c is possible [37]. The unit-cell di
mensions should not change in this type of phase trans

(see Section 4).
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Fig. 1. Evidence of the phase transition in Ca9Fe(PO4)7: (a) temperature
dependence of the SHG signal; (b) specific heat capacity,cp , versusT ;
(c) temperature dependence of the dc electrical conductivity, lgσ ; (d) tem-
perature dependence of the dielectric constant,ε, and loss tangent, tanδ, at
1 MHz. (1) and (3): heating curves; (2): cooling curve.

3.3. High-temperature XRD study

Fig. 2 shows the XRD patterns of Ca9Fe(PO4)7 at differ-
ent temperatures and the disappearance of reflections
l odd. Reflections of Ca9Fe(PO4)7 at temperatures betwee
293 and 1273 K can be indexed on the basis of space gr
R3c andR3c (Z = 6) with lattice parametersa ≈ 10 Å and

c ≈ 37 Å. However, examination of the list of the observed
s

Fig. 2. Temperature dependence of the XRD patterns for Ca9Fe(PO4)7.
(hkl) reflections withl = 2n + 1 in the space groupR3c (a ≈ 10 Å and
c≈ 37 Å) are marked by arrows.

reflections reveals that alll indices were even for the XRD
patterns taken aboveTc. This fact allows us to halve thec
parameter of the high-temperature phase. The lattice tr
formationa′ = −a, b′ = −b and 2c′ = c gives supergroup
R3m (Z = 3) with lattice parametersa ≈ 10 Å andc≈ 19 Å
of the space groupR3c (see a group–subgroup diagram
Fig. 3). Because of the close similarity of the two forms
Ca9Fe(PO4)7 to the whitlockite-typeβ-Ca3(PO4)2, the high-
temperature and low-temperature forms will be referred
asβ ′-Ca9Fe(PO4)7 andβ-Ca9Fe(PO4)7, respectively. Note
that the observed reflection conditions of−h+ k + l = 3n
for hkil, h+ l = 3n for hh0l, andl = 3n for hh2hl (hexag-
onal axes, obverse setting) allow possible space groupR3
andR3m with a ≈ 10 Å andc≈ 19 Å for β ′-Ca9Fe(PO4)7.

Fig. 4 displays the temperature dependence of the la
parameters for Ca9Fe(PO4)7. The phase transition is accom
panied by a discontinuity in the temperature dependenc
thea, c/Z andV/Z parameters.

3.4. Electron diffraction study

ED patterns atTR for Ca9Fe(PO4)7 along [0001]∗,
∗ ∗ ∗
[1100] , [1101] and [1120] are shown in Fig. 5. Reflec-
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Fig. 3. Group–subgroup diagram forβ- and β′-Ca9Fe(PO4)7. Arrows
present subgroups.

Fig. 4. Temperature dependence of the lattice parametersa, c/Z andV/Z
for Ca9Fe(PO4)7. Z is the number of formula units per unit cell.

tions on the ED patterns can be indexed in space groupR3c

with the lattice parameters determined from XRD data [7].
Fig. 5. Electron diffraction patterns along the main zone axes
β-Ca9Fe(PO4)7 at room temperature.

Spots on the[0001]∗ pattern obey the reflection conditio
of −h + k = 3n imposed by the space groupR3c. The
[1100]∗ pattern exhibits the 000l reflections withl = 3n
(n odd) forbidden in space groupR3c. Intensities of these
reflections, however, are systematically lower than th
of the 000l reflections with l = 6n. The appearance o
these forbidden reflections has been attributed to do
diffraction. On tilting the specimen around the(000l) axis,
intensities of the 000l reflections withl = 3n (n odd) further
weaken and finally vanish. The 000l reflections withl = 3n
(n odd) are absent in the[1120]∗ zone since the condition
for double diffraction are absent in this zone. The[1120]∗
diffraction pattern exhibits a rhombohedral shift of the s
rows along c∗ by hc∗/3. Thus, the observed reflectio
condition,−h+k+ l = 3n for hkil, with the extra condition
l = 6n for 000l leads to only one space group,R3c, for β-
Ca9Fe(PO4)7 (taking into account the results of SHG).

Heating of the sample from 293 to 1133 K does
change the ED patterns. Intensities of thehh2hl reflections
with l = 3n (n odd) only decrease but these reflections
not disappear with increasing temperature between 778
1133 K (Fig. 6) in contrast to the XRD data, where
reflections withl odd were not observed aboveTc. In the
case of a phase transition from space groupR3c to R3m
with halving thec parameter from∼ 38 to ∼ 19 Å, all
hh2hl reflections on these ED patterns withl = 3n (n is odd)
should disappear. Thus, the ED data evidenced that on
phase transition from space groupR3c to R3c was possible
because space groupsR3c andR3c have the same reflectio
conditions. These findings are in good agreement with

dielectric data but in contradiction with the XRD data.
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Fig. 6. [1100]∗ electron diffraction patterns of Ca9Fe(PO4)7 at different
temperatures.

3.5. HREM studies

HREM studies have been performed atTR along [0001]
and [1100]. The structure ofβ-Ca9Fe(PO4)7 can be inter-
preted in terms of cation and oxygen columns in these
rections. The contrast interpretation of the HREM ima
is based on a comparison between the experimental im
and the calculated ones. We calculated the HREM ima
using fractional coordinates forβ-Ca9Fe(PO4)7 in the space
groupsR3c [7], R3m andR3 (see Fig. 3). Images calculate
on the basis of space groupsR3m andR3 did not differ from
each other. As mentioned above, the bulkβ-Ca9Fe(PO4)7
crystallizes in the space groupR3c.

Fig. 7 shows the [0001] HREM image. The brighter d
in the HREM image correspond to columns of Fe ato
while the less bright dots represent Ca atoms. The calcu
image shows a good agreement with the experime
one. The calculated images along this zone are sim
to each other for different structure models (space gro
R3c and R3m), which makes it impossible to disce
them.

In the [1100] HREM images of Fig. 9 clearly region
with a different contrast can be discerned; the two ima
are taken from the same crystallite, but at different pla
When compared with the calculated images of this sec
(Fig. 8); the contrast in Fig. 9a can be associated w
a R3c symmetry, while the contrast in Fig. 9b can
explained assuming aR3m symmetry. In the latter the
(1210) planes are straight, in the former they are wa
This waviness appears for all focus values for a model w
R3c symmetry and never for aR3m symmetry (Fig. 8). In
the Fourier transform (FT) of Fig. 9a, given as an ins

the 000l reflections with l = 3n (n is odd) forbidden in
s

Fig. 7. HREM image ofβ-Ca9Fe(PO4)7 along [0001] atTR. A calculated
image for the!f = −65 nm andt = 11.1 nm is shown as inset.

Fig. 8. Matrix of simulated[1100] high-resolution images for differen
defocus (!f ) and thickness (t) values assuming theR3c andR3m structure
models ofβ-Ca9Fe(PO4)7, respectively.

R3c are only weakly observed. The periodicity along t
c-axis is ≈ 6 Å in Fig. 9a but 12 Å in Fig. 9b. This
12 Å periodicity is related to the presence of the (00
reflection. We, therefore, have to assume that in the ro
temperature phase ofβ-Ca9Fe(PO4)7 both (closely related
structures with symmetries theR3c andR3m occur within
the same crystallite. Note that theR3m symmetry was no
found in Ca9In(PO4)7 (where the Ca/In ratio is ideally equa
to 9) [29].

A similar phase transition (β ↔ β ′) has been detecte
in Ca9In(PO4)7 using almost the same experimental te

niques [29]. Intensities of reflections withl odd dropped
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Fig. 9. [1100] HREM images of different regions inβ-Ca9Fe(PO4)7.
(a) shows theR3c symmetry while (b) shows theR3m symmetry. The
calculated images for theR3c (!f = −50 nm andt = 2 nm) andR3m
(!f = −50 nm andt = 10 nm) models are presented in inset in t
corresponding images. The Fourier transform is given in the left u
corner.

noticeably on the XRD patterns atTc, but these reflection
did not disappear in Ca9In(PO4)7. The invisibility of re-
flections with l odd in β ′-Ca9Fe(PO4)7 can be because o
their very small intensities related to the worse signal
noise ratio for Ca9Fe(PO4)7 compared to Ca9In(PO4)7. We
analyzed the intensities of thel odd reflections calculate
with RIETAN-2000 (Table 1). In Ca9Fe(PO4)7, the intensi-
ties of these reflections decreased largely in theβ ′-phase.
In Ca9In(PO4)7, the intensities of these reflections also d
creased but to a less extent. Because ED is more sensit
comparison with XRD, these weak reflections are obse
on the ED patterns ofβ ′-Ca9Fe(PO4)7 but not on the XRD
patterns. The apparent contradiction between the XRD
ED data is, therefore, related to the sensitivity of both me

ods.
n

Table 1
Intensities (counts) of some separately located reflections withl = 2n + 1
for β- andβ′-Ca9R(PO4)7 (R = Fe and In)

hkl Ca9Fe(PO4)7 Ca9In(PO4)7

300 K 923 K 300 K 973 K

Iobs Ical Iobs Ical Iobs Ical Iobs Ical

211 3345 3254 372 376 2506 2581 698 6
119 2828 2814 17 17 1898 1961 472 4
223 4590 4700 751 757 3718 3724 157 1
131 2598 2652 91 92 2078 2072 299 2

All the intensities were calculated with RIETAN-2000 [32].Iobs= 100000
counts for the 100% reflection (0210).

3.6. Structure ofβ ′-Ca9Fe(PO4)7 at 923 K

For the initial fractional coordinates in the Rietveld ana
sis ofβ ′-Ca9Fe(PO4)7, we used those ofβ-Ca9Fe(PO4)7 at
TR (space groupR3c, a = 10.339 Å andc = 37.130 Å) [7].
In the structure ofβ-Ca9Fe(PO4)7, the Fe3+ ions occupy
the M5 site of theβ-Ca3(PO4)2 structure, Ca2+ ions oc-
cupy the M1–M3 sites, while the M4 and M6 sites are vac
(Fig. 10a and 10b).

The arrangement of the majority of the atoms inβ-
Ca9Fe(PO4)7 is close to centrosymmetric with pseudoce
ters of symmetry at the M3 and M5 sites. Only the P14
tetrahedra and, therefore, cavities M4O15 and M6O13 are
not connected by the pseudocenters of symmetry (Fig.
and 10b). To introduce centers of symmetry inβ-Ca9Fe-
(PO4)7, half of the P1O4 tetrahedra should change their o
entation (Fig. 11). In that way, half of the M4O15 cavities are
transformed into M6O13 cavities and vise versa. The ide
centrosymmetric structure (see also Fig. 3) should have
types of M3 sites and two types of M5O6 polyhedra sur-
rounded by two M4O15 cavities or by two M6O13 cavities.

In theR3c model, the Ca1 (= M1) and Ca2 (= M2) sites
and the P2O4 and P3O4 tetrahedra of theβ-Ca9Fe(PO4)7
structure are equivalent, while the Fe5 (= M5; 6b) and Ca3
(= M3; 18d) sites are situated at centers of symmetry;
P1 atom lies at site 6a; the O11 and O12 atoms are locat
at sites 12c and 36f , respectively, withg = 1/2, whereg
is occupancy. The Rietveld refinements with these ato
arrangements lead to unreasonably large isotropic ato
displacement parameters,B, for Ca3 (B = 7.4(2) Å2), P1
(B = 6.7(2) Å2) and O11 (B = 35(2) Å2) atoms. A dis-
placement of these atoms from their ideal positions to s
ones (from 18d to 36f for Ca3, from 6a to 12c for P1,
and from 12c to 36f for O11) lowered theirB parameters
considerably.

Table 2 lists experimental and refinement conditions,
tice parameters,R factors and so forth. Table 3 gives the fin
fractional coordinates andB parameters and Table 4 prese
the main bond lengths. Fig. 12 displays observed, calcula
and difference XRD patterns forβ ′-Ca9Fe(PO4)7.

TheB parameters for the Ca1, Ca3, Fe5, P2, O21, O
O23 and O24 atoms are enlarged (B = 0.9–3.1 Å2) due to

the high-temperature XRD experiments. TheB parameters



192 B.I. Lazoryak et al. / Solid State Sciences 6 (2004) 185–195

the

rger
ilar,
f

or

)
4)

)

)
)

t
n the

nal
in
Fig. 10. (110) projections of the structure of (a, b)β-Ca9Fe(PO4)7 (space
groupR3c) and (c)β′-Ca9Fe(PO4)7 (space groupR3c): Layer I (a) and
Layers II (b, c). ColumnsA andB are indicated by thick marks.β- and
β′-Ca9Fe(PO4)7 have the same Layer I. Arrows present elements of
structure ofβ-Ca9Fe(PO4)7 connected by pseudocenters of symmetry.

Table 2
Conditions of the XRD experiment and part of refinement results forβ′-
Ca9Fe(PO4)7

Temperature (K) 923 Space group R3c (No. 167)
2θ range (deg) 10–110 Lattice parameters:
2θ step width (deg) 0.02 a (Å) 10.3878(2)
Imax (counts) 63036 c (Å) 37.8387(4)
Variables: Z 6

Structural 39 Rwp 1.48%
Background 9 Rp 1.14%
Profiles 10 RI 2.16%

Lattice parameters 2 RF 2.32%
Zero shifts+ scale+ texture 3+ 1+ 1 S 1.45

for the P1, O11 and O12 atoms are about 2–3 times la
than for the other atoms due to their disordering. Sim
B parameters were obtained in the structure analysis oβ ′-

Ca9In(PO4)7 at 973 K [29].
Fig. 11. ColumnsA in (a) polar (space groupR3c) and (b) ideal centro-
symmetric (space groupR3) whitlockite-type structures.

Table 3
Fractional coordinates and isotropic atomic displacement parameters fβ′-
Ca9Fe(PO4)7

Atoma Site g x y z B (Å2)

Ca1 36f 1 0.7099(2) 0.8554(9) 0.43467(5) 2.19(8
Ca3 36f 1/2 0.1441(27) 0.2853(6) 0.32868(12) 1.90(1
Fe5 6b 1 0.0 0.0 0.0 1.26(11
P1 12c 1/2 0.0 0.0 0.2572(5) 3.9(5)
P2 36f 1 0.6498(3) 0.8340(10) 0.03123(8) 1.91(9
O11 36f 1/6 0.937(18) 0.057(18) 0.2878(9) 5.3(1.4
O12 36f 1/2 0.030(2) 0.895(2) 0.2650(3) 3.7(7)
O21 36f 1 0.7337(6) 0.864(3) 0.1742(1) 3.1(2)
O22 36f 1 0.7434(15) 0.7514(16) 0.1208(3) 2.5(4)
O23 36f 1 0.7270(15) 0.9859(16) 0.1152(3) 0.9(4)
O24 36f 1 0.5049(5) 0.748(2) 0.13207(9) 2.2(2)

a Atom numerations retain the same as those inβ-Ca9Fe(PO4)7 [7]. In
β′-Ca9Fe(PO4)7: M1≡M2=Ca1, M3=Ca3, M5=Fe5, P2≡P3, O21≡O34,
O22≡O32, O23≡O31 and O24≡O33. In oxygen numeration, the firs
number is for the P atom and the second number is for the O atom i
tetrahedron.

Disordering of cations at the M3 sites and orientatio
disordering of the P1O4 tetrahedra is also observed
other structurally related compounds, Sr9Fe1.5(PO4)7 [38],

′
Sr9.1Cu1.4(PO4)7 [39] and β -Ca5/7Sr16/7(PO4)2 (refined
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Table 4
Bond lengths (Å) inβ′-Ca9Fe(PO4)7

Bonds d (Å) Bonds d (Å)

Ca1–O21 2.403(5) Ca3–O22 2.39(2
–O23 2.42(2) –O22a 2.39(2)
–O11 2.43(3) –O21 2.47(3)
–O23a 2.50(2) –O21a 2.50(3)
–O24 2.51(2) –O23 2.57(2)
–O22 2.54(1) –O23a 2.60(2)
–O12 2.54(2) –O11 2.69(15
–O24a 2.60(2) –O11a 2.75(16
–O12a 2.60(2) –O12 2.79(1)
–O22a 2.70(1) –O21b 3.04(4)

–O21c 3.12(4)
Fe5–O24 (×6) 2.025(5) Ca3–Ca3aa 0.934(9)
P1–O11 1.60(4) P2–O21 1.539(

–O12 (×3) 1.52(2) –O22 1.55(2)
P1–P1aa 0.55(4) –O23 1.46(1)

–O24 1.618(6)

a Distances between split positions.

from XRD data) [22], Sr9.2Co1.3(PO4)7 (refined from single
crystal X-ray diffraction data) [40] and Sr9.3Ni1.2(PO4)7

(refined from neutron powder diffraction data and studied
a MEM-based pattern fitting of synchrotron XRD data) [4
Their structure parameters were refined with space g
R3m and lattice parametersa ≈ 11 Å and c ≈ 19 Å. In
all the above-mentioned compounds, theB parameter for

disordered atoms is 2–5 times larger than for the other atoms
4. Discussion

Using XRD, ED, HREM, SHG, DSC, dielectric an
electrical-conductivity measurements, we have found a h
temperature ferroelectric phase transition in Ca9Fe(PO4)7

with Tc = (890± 10) K. β- andβ ′-Ca9Fe(PO4)7 are both
based on the whitlockite-type structure.β ′-Ca9Fe(PO4)7
is stable only at temperatures aboveTc and cannot be
obtained by quenching toTR. The DSC, SHG, dielectric an
electrical-conductivity data indicate that the phase transi
in Ca9Fe(PO4)7 is first order. Theβ → β ′ phase transition
is accompanied by a disordering of Ca2+ ions at the Ca3
sites and orientational disordering of the P1O4 tetrahedra
as revealed by the structure refinements independent o
structural model used. According to the obtained struct
data theβ → β ′ phase transition should be classified as
order–disorder ferroelectric phase transition [36].

The (110) projection of the structures ofβ- and β ′-
Ca9Fe(PO4)7 are shown in Fig. 10. The structures c
be constructed from two types of layers, termed I and
(Fig. 10a and 10b) [15]. Layer I consists ofB columns
(Fig. 10a), while layer II consists ofA and B columns
(Fig. 10b). TheB and A columns have a different a
ternation of cations and PO4 tetrahedra. Layers I are a
most similar forβ- and β ′-Ca9Fe(PO4)7. The main dif-
ferences between them are in layer II (Fig. 10b and 1

.and in columnA. The observed disordering of the P1O4

arks
Fig. 12. Observed, calculated and difference XRD patterns forβ′-Ca9Fe(PO4)7 at 923 K. Bragg reflections are indicated by thick marks. Short thick m
present reflections withl odd. 2θ regions containing reflections from the Pt plate were excluded from the refinement.
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tetrahedra inβ ′-Ca9Fe(PO4)7 can be explained by the fa
that columnsA in the ideal centrosymmetric whitlockit
structure (Fig. 11b), [P1O4–M4O15–M5O6–M4O15–P1O4–
M6O13–M5′O6–M6O13–]∞, are not located according t
the translation symmetry of aR-centered lattice,(1/3,2/3,
2/3)+ and(2/3,1/3,1/3)+.

The transition fromβ-Ca3(PO4)2 (space groupR3c) [13]
to α-Ca3(PO4)2 (space groupP21/a) [16] is also a phase
transition of the ‘polar-to-centrosymmetric’ type. In co
trast to theβ → β ′ transition in Ca9Fe(PO4)7, theβ → α

transition in Ca3(PO4)2 is accompanied by significant shif
of cations and anions in the whitlockite-type structure
form aβ-K2SO4-type one [42]. Because the structure ofβ-
Ca9Fe(PO4)7 has many features common to K2SO4-related
compounds, it is interesting to compare the dielectric pro
ties of Ca9Fe(PO4)7 with those of K2SO4 and its analogues
An aptitude of SO2−

4 tetrahedra for rotation produces a r
markable number of related structures [43]. Neverthel
little is known to date about the ferric behavior in the K2SO4
family. β-K2SO4 undergoes a distortion-type phase tran
tion at 56 K, which was shown to be nonferroelectric or f
roelastic [44]. K2SeO4 demonstrates two phase transitio
at 129.5 and 93 K. The phase transition at 93 K leads to
roelectricity with a very small spontaneous polarization,Ps,
of 0.06 µC cm−2 [45,46].Ps is larger by an order of mag
nitude (0.6 µC cm−2) in NH4KSO4 below its ferroelectric
phase transition withTc = 223 K [47]. A weak anomaly in
ε at Tc, a temperature hysteresis of 10 K, and the Cu
Weiss constant,CC–W, as small as 40 K were observed
NH4KSO4. Submillimeter spectra of NH4KSO4 contained a
relaxor mode due to rotation movements of the SO2−

4 tetra-
hedra [47].

Structures of ferroelectric phosphates AIAII PO4 (AI =
Na, K, Rb and Cs and AII = Co, Zn, Ca, Sr, Ba and Pb
[48,49] in some aspects are close to that of Ca9Fe(PO4)7.
In AIAII PO4, Ps and anomalies inε did not exceed sev
eral units, e.g.,ε changed from 4 to 6 nearTc in CsZnPO4
[48]. A phase transition in NaPbPO4 with Tc = 1063 K
led to Ps = 3.4 µC cm−2 at TR [49] which is less by an
order of magnitude than thePs value expected from th
Abrahams–Kurtz–Jamieson formalism [50] for proper f
roelectrics with the sameTc. On the other hand, a consi
tent classification of ferroelectrics as a ‘pseudo-proper’
roelectric implies special relationships between the sym
try of ferroelectric (belowTc) and paraelectric (aboveTc)
phases.

The symmetry of a ferroelectric phase must be relate
the symmetry of a paraelectric phase by imposing the s
taneous polarization vector symmetry [37]. This condit
is fulfilled for Ca9Fe(PO4)7 with its symmetry transforma
tion fromR3c toR3c in theβ → β ′ phase transition. More
over, since the vector symmetry does not affect the tra
lation symmetry, unit-cell dimensions should not change
this type of phase transitions. Unit-cell dimensions do
change in Ca9Fe(PO4)7 during theβ → β ′ phase transition

−2
Taking into account a smallPs value of 2–3 µC cm , esti-
mated from the SHG data [35], and the small anomalie
ε nearTc for Ca9Fe(PO4)7, we have enough arguments
consider Ca9Fe(PO4)7 as a new pseudo-proper ferroelect
with a high Curie temperature and a small spontaneous
larization.
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