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Abstract

Solid solutions of Sr9+xCo1.5�x(PO4)7 were found in the compositional range of 0:05pxp0:30. The structure of Sr9.2Co1.3(PO4)7
(x ¼ 0:2) was determined from single crystal X-ray diffraction (space group R3m (No. 166); Z ¼ 3; a ¼ 10:6100ð5Þ Å and

c ¼ 19:6960ð5Þ Å; V ¼ 1920:17ð14Þ Å3; rcal ¼ 4:014 g cm�3; m ¼ 20:377mm�1) and refined to R1 ¼ 0:0343 and wR2 ¼ 0:0633 for 586

reflections with I42sðIÞ. Sr9.2Co1.3(PO4)7 is structurally related to b-Ca3(PO4)2 and Sr3(PO4)2 and has disordered arrangements of some

Sr2+, Co2+, and PO4
3� ions. Sr2+ ions at a 9e site are statistically disordered among four positions near the center of symmetry. Co2+

and Sr2+ ions are split along the c-axis to occupy a 6c site that is 75% vacant. The P1O4 tetrahedra are orientationally disordered. Sr2+

ions at an 8-fold coordinated 18h site, Co2+ ions at an octahedral 3a site, and the P2O4 tetrahedra are ordered in the structure of

Sr9.2Co1.3(PO4)7. Features of Raman spectra are discussed in relation to the crystallographic structure of Sr9.2Co1.3(PO4)7 and in

comparison with Raman spectra of b-Ca3(PO4)2-type and Sr3(PO4)2-type compounds. Sr9.2Co1.3(PO4)7 is paramagnetic between 2 and

300K with an effective magnetic moment of 4.98mB per Co2+ ion.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Tricalcium phosphate, Ca3(PO4)2, and solid solutions
including it as the end member have been extensively
studied as (a) biomaterials [1,2], (b) luminescence materials
[3], and (c) catalysts [4,5].

Ca3(PO4)2 has several modifications. b-Ca3(PO4)2 [6,7],
which is the most studied in biomaterials, is stable above
room temperature (RT) up to 1193K [8–11]. b0-Ca3(PO4)2
was observed above 1193K up to 1408K and this
modification is not quenchable [8]. a-Ca3(PO4)2 [12],
thermodynamically stable between 1408 and 1703K, is
quenchable to RT [10]. a0-Ca3(PO4)2 occurs above 1703K
e front matter r 2005 Elsevier Inc. All rights reserved.
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[9,11]. a00-Ca3(PO4)2 was observed by heating a-Ca3(PO4)2
above 485K [13]. Experimental evidence for low-tempera-
ture phase transitions was reported in the literature for the
doped b-Ca3(PO4)2, e.g., Ca3�xMx(PO4)2 (M ¼ Cu and Sn)
[14,15]. Temperatures of the phase transitions in Ca3(PO4)2
strongly depend on the kind and amount of dopant [11,16].
In addition to the above-mentioned properties, com-

pounds, which are isotypic with b-Ca3(PO4)2 (space group
R3c; Z ¼ 21; a ¼ 10:439 Å and c ¼ 37:375 Å [6]) or have
structures closely related to b-Ca3(PO4)2, exhibit interest-
ing dielectric properties and large second-harmonic gen-
eration (SHG). For example, Ca3(VO4)2 [17] and
Sr9M(VO4)7 (M ¼ Tm, Yb, and Lu) [18] show a ferro-
electric phase transition and Sr9In(PO4)7 and Sr9Fe(PO4)7
[19] exhibit an antiferroelectric phase transition. Ca9Bi
(VO4)7 demonstrates a SHG signal of 140 times that of
quartz [20].

www.elsevier.com/locate/jssc
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Even b0-Ca3(PO4)2 is not quenchable to RT, it can be
stabilized at RT by doping with Sr2+ ions, Ca3�xSrx(PO4)2
with 13/7pxp16/7 [8,16], e.g., Ca5/7Sr16/7(PO4)2. The
crystal structure of Ca5/7Sr16/7(PO4)2 (space group R3m;
Z ¼ 10:5; a ¼ 10:702 Å and c ¼ 19:579 Å [8]) is very similar
to that of b-Ca3(PO4)2; they differ in different degree of
disordering of some structural elements. Ca2+ ions in Ca5/7
Sr16/7(PO4)2 can be further replaced by (M2+, Sr2+) ions to
give Sr9+xM1.5�x(PO4)7 (M ¼Mg, Fe, Ni, Cu, Zn, and
Cd) that keeps the b0-Ca3(PO4)2-type structure [16,21].
Note that high-temperature paraelectric phases of anti-
ferroelectric Sr9In(PO4)7 and Sr9Fe(PO4)7 [19] and ferro-
electric Sr9M(VO4)7 (M ¼ Tm, Yb, and Lu) [18] appeared
to have the b0-Ca3(PO4)2-type structure. The crystal
structure of Sr9.3Ni1.2(PO4)7 was investigated using syn-
chrotron X-ray and neutron powder diffraction data [21].
Some structural elements were found to be highly
disordered in the structure of Sr9.3Ni1.2(PO4)7. Strontium–
nickel phosphates have recently been investigated as
catalysts [22]. Note that the structurally related Ca3�xNix
(PO4)2 is an industrial catalyst [4].

The Sr9+xCo1.5�x(PO4)7 system has not been investi-
gated yet. Because the structurally related Ca3�xCox(PO4)2
system has catalytic activity [4], strontium–cobalt phos-
phates may also be interesting as catalysts. The problem
related to the identification of active sites and components
of catalysts requires detailed information about the crystal
structure. For example, in Ca3�xCux(PO4)2, the catalyti-
cally active Cu2+ ions were found to locate at the M4 site
[5].

In this work, we have investigated solid solutions with
nominal compositions of Sr9+xCo1.5�x(PO4)7 (0pxp0:5)
and obtained single crystals of Sr9.2Co1.3(PO4)7 (x ¼ 0:2).
For the first time, the crystal structure of the b0-Ca3(PO4)2-
type materials was determined from single-crystal X-ray
diffraction data. Properties of Sr9.2Co1.3(PO4)7 were
studied with magnetization measurements and Raman
spectroscopy.

2. Experimental

Samples in the system Sr9+xCo1.5�x(PO4)7 with x ¼ 0,
0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, and 0.5 were synthesized
by the solid-state method from stoichiometric mixtures of
SrCO3 (99.999%), Co3O4 (99.8%), and NH4H2PO4

(99.999%). The mixtures were placed in alumina crucibles,
heated in air while raising the temperature very slowly from
RT to 873K, reground, and then annealed at 1273K for
120 h. They were reground every 30 h and finally quenched
from 1273K to RT. The samples were light-violet.

X-ray powder diffraction (XRD) data of the products
were measured at RT on a SIEMENS D500 Bragg–Bren-
tano-type powder diffractometer. The diffractometer was
equipped with an incident-beam quartz monochromator to
obtain Cu Ka1 radiation (l ¼ 1:5406 Å) and a BRAUN
position-sensitive detector. Si (NIST Standard Reference
Material 640b) was used as an external standard material
for diffraction angles. For phase identification, XRD data
were collected in a 2y range from 101 to 801 with a step
interval of 0.021. The resultant XRD data were analyzed by
the Rietveld method with RIETAN-2000 [23]. We refined
only lattice parameters of Sr9+xCo1.5�x(PO4)7, Sr3(PO4)2
[24], and Sr2Co(PO4)2 [25], fixing their structure parameters
at those reported in the literature (or in this work). Mass
fractions of constituent phases were calculated from the
refined scale factors.
Polycrystalline single-phased sample Sr9.2Co1.3(PO4)7

(x ¼ 0:2) was then annealed at 1523�1573K for 50 h in a
Pt crucible. Single crystals of Sr9.2Co1.3(PO4)7 with an
average size of ca. 0.10mm were found in the product
obtained. XRD showed the crushed product to be
monophasic. Single crystals of Sr9.2Co1.3(PO4)7 were
polished in a special setup to form spherical particles.
One crystal (among many twinned crystals) with radius of
0.069mm was found to be suitable for X-ray diffraction
experiments.
X-ray single-crystal diffraction data were obtained at RT

on a four circle diffractometer (CAD-4) with graphite
monochromatized Mo Ka radiation (l ¼ 0:71073 Å). Lat-
tice parameters were refined using 17 reflections. The
intensities measured were corrected for absorption, polar-
ization, and the Lorentz effects. Intensities of three
reflections taken as standards were periodically recorded
to check the stability of the data acquisition. Reflection
conditions derived from the observed reflections were �hþ

k þ l ¼ 3n (hexagonal axes, obverse setting). Further
details of data collection and refinement results are listed
in Table 1.
The structure of Sr9.2Co1.3(PO4)7 was successfully solved

by the direct method in space group R3m and refined with a
full-matrix least-squares program SHELXL-97 [26] (F2

against all unique reflections) using atomic scattering factors
for neutral atoms provided by this package. For disordered
atoms, we refined isotropic atomic displacement parameters
(Uiso). Anisotropic atomic displacement parameters, Uij,
were assigned to all sites with occupancy (g) of unity.
Table 2 lists the fractional atomic coordinates and Ueq

and Uiso parameters. Uij parameters are presented in
Table 3. For Sr9.2Co1.3(PO4)7, we used site names similar
to those of Sr9.3Ni1.2(PO4)7 [21].
SHG responses of the powder samples were measured in

a reflection mode using 1064-nm radiation. A detailed
description of the equipment and the methodology
has been published elsewhere [8,21]. No SHG signals
were observed in monophasic Sr9+xCo1.5�x(PO4)7
(0:0oxp0:30). Therefore, they can be considered as
centrosymmetric in structure solution and refinement.
Magnetic susceptibilities, w ¼M=H, of Sr9.2Co1.3(PO4)7

were measured on a DC SQUID magnetometer (Quantum
Design, MPMS XL) between 2 and 300K in an applied
field of 1000Oe (1Oe ¼ (103/4p) Am�1) under both zero-
field-cooled (ZFC) and field-cooled (FC) conditions.
Isothermal magnetization curves of Sr9.2Co1.3(PO4)7 were
recorded at 1.8K between 0 and 70 kOe.
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Specific heat, Cp(T), of Sr9.2Co1.3(PO4)7 was measured
between 1.9 and 30K (on cooling) at zero magnetic field by
a pulse relaxation method using a commercial calorimeter
(Quantum Design PPMS).
Table 2

Fractional coordinates and atomic displacement parameters for Sr9.2Co1.3(PO

Atom Wyckoff position g x

Sr1 18h 1 0.18980(3

Co5 3a 1 0

P1 3b 1 0

P2 18h 1 0.49222(8

O21 18h 1 0.5345(3)

O22 36i 1 0.2651(3)

O24 18h 1 0.9100(2)

Sr31 18h 0.302(7) �0.5130(3)

Sr32 18h 0.196(7) �0.5351(4)

Sr4 6c 0.108(10) 0

Co4 6c 0.144(12) 0

O11 18h 0.333 �0.5903(11

O12 36i 0.167 �0.664(4)

g is occupation factor.

Ueq ¼ (1/3) SiSj Uij a�i a�j ai aj.

Uiso: the isotropic Debye–Waller factor is computed as exp(–8p2Uiso sin
2 y/l2).

Table 1

Parameters of single-crystal X-ray diffraction data collection and

refinement for Sr9.2Co1.3(PO4)7

Formula Sr27.6Co3.9P21O84

Temperature (K) 293(2)

Radiation, l Mo Ka, 0.71073 Å
Crystal habit Spherical

Crystal radius (mm) 0.069

Crystal system Trigonal

Space group R3m (No. 166)

a (Å) 10.6100(5)

c (Å) 19.6960(5)

Volume (Å3) 1920.17(14)

Z 1

Calculated density (g cm�3) 4.014

Linear absorption coefficient

(mm�1)

20.377

F(000) 2140

Data range y (1); h, k, l 2.45�34.94; 0php17, �8pkp0,

�31plp31

Scan type o�y
Total reflections; unique 3028; 1066

Number of reflections with

I42s(I)
586

Number of variables 58

Max./min. residual electron

density (e Å�3)

2.23/�2.60

R1
a/wR2

b (for unique reflections) 0.1296/0.0819

R1
a; wR2

b (I42s(I)) 0.0343; 0.0633

GooF (Goodness of fit) 1.024

Extinction coefficient 0.00089(6)

w ¼ 1/[s2(Fo
2)+(0.0194*P)2+23.5058*P], where P ¼ (Max(Fo

2, 0)+

2*Fc
2)/3.

aR1 ¼ S[|Fo|�|Fc|]/S|Fo| (with |Fo| set to zero for negative Fo
2).

bwR2 ¼ (S[w(Fo
2
�Fc

2)2]/Sw(Fo
2)2)1/2.
Unpolarized Raman spectra of powder samples,
Sr9.2Co1.3(PO4)7, Sr3(PO4)2, and Ca9Fe(PO4)7, were col-
lected at RT with a micro-Raman spectrometer (Horiba
Jobin-Yvon T64000) in backscattering geometry with a
liquid-nitrogen-cooled CCD detector. Raman scattering
was excited using an Ar+�Kr+ laser at a wavelength of
514.5 nm. A 90� long working distance objective was used
to focus the laser beam onto a spot of about 2 mm in
diameter. The laser power on the samples was about 2mW.
3. Results and discussion

3.1. Structural properties

The samples with nominal compositions of
Sr9+xCo1.5�x(PO4)7 (0:05pxp0:30) were monophasic
whereas those with x ¼ 0:4 and 0:5 contained Sr3(PO4)2
and that with x ¼ 0 contained Sr2Co(PO4)2 as impurity
phases. Fig. 1 displays the dependence of lattice parameters
against the x value. These results indicate that solid
solutions of Sr9+xCo1.5�x(PO4)7 are formed in a composi-
tional range of 0:05pxp0:30.
Single-crystal X-ray diffraction data confirmed the

trigonal system for Sr9.2Co1.3(PO4)7 with lattice parameters
of a ¼ 10:6100ð5Þ Å and c ¼ 19:6960ð5Þ Å (hexagonal set-
ting) and the disordered structural model for
Sr9+xM1.5�x(PO4)7 deduced from X-ray powder diffrac-
tion data of Sr9.3Ni1.2(PO4)7 [21]. That is, the single-crystal
data revealed the orientational disorder of the P1O4

tetrahedra and the positional disorder of Sr2+ ions at a
9e site (M3) and Co2+ and Sr2+ ions at a 6c site (M4).
Note that a special investigation was performed to find a

possible superstructure in the c and a directions in
Sr9.2Co1.3(PO4)7. However no superstructure reflections
were detected. Electron diffraction and high-resolution
electron microscopy studies also revealed no superstructure
4)7

y z Ueq or Uiso(Å
2)

) ¼ �x 0.53760(3) 0.01387(14)

0 0 0.0105(4)

0 1/2 0.0429(14)

) ¼ �x 0.39760(7) 0.0127(3)

¼ �x 0.6758(2) 0.0275(11)

0.0122(3) 0.2345(2) 0.0194(6)

¼ �x 0.0678(2) 0.0164(8)

¼ �x 0.00871(11) 0.0116(6)

¼ �x 0.0144(2) 0.0120(11)

0 0.3478(6) 0.013(2)

0 0.3645(11) 0.050(6)

) ¼ �x 0.1193(10) 0.040(4)

0.788(3) 0.129(2) 0.061(9)
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Table 3

Anisotropic atomic displacement parameters (Å2) for Sr9.2Co1.3(PO4)7

Atom U11 U22 U33 U12 U13 U23

Sr1 0.0127(2) ¼ U11 0.0128(2) 0.0039(2) �0.00108(11) ¼ �U13

Co5 0.0101(5) ¼ U11 0.0112(8) ¼ 0.5U11 0 0

P1 0.042(2) ¼ U11 0.044(3) ¼ 0.5U11 0 0

P2 0.0146(5) ¼ U11 0.0095(6) 0.0078(5) �0.0002(3) ¼ �U13

O21 0.036(2) ¼ U11 0.010(2) 0.019(2) �0.0026(10) ¼ �U13

O22 0.0159(14) 0.0140(14) 0.0199(14) 0.0013(12) �0.0010(11) �0.0046(12)

O24 0.0127(14) ¼ U11 0.022(2) 0.005(2) 0.0029(8) ¼ �U13

The anisotropic Debye–Waller factor is computed as exp[–2p2(h2a*2U11+k2b*2U22+l2c*2U33+2hka*b*U12+2hla*c*U13+2klb*c*U23)].

x

c
 
(Å
)

a
 
(Å
)

10.58

10.60

10.62

19.66

19.70

19.74

0 0.1 0.2 0.3 0.4 0.5

Fig. 1. Lattice parameters of solid solutions of Sr9+xCo1.5�x(PO4)7
(0:0pxp0:5) plotted against the x value.

Fig. 2. (a) Disordered structural elements in Sr9.2Co1.3(PO4)7: the P1O4

tetrahedron and the Sr31, Sr32, Sr4, and Co4 sites. The Co4�O21 bonds

and ordered P2O4 and Co5O6 polyhedra are also shown. (b) Projection of

the structure of Sr9.2Co1.3(PO4)7 along the c-axis. The P2O4, Co5O6, and

M3O8 polyhedra are given where the M3 is the ideal site (9e) for the Sr31

and Sr32 sites.
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in the case of Sr9.3Ni1.2(PO4)7 [21]. Therefore the apparent
static disorder cannot arise from lower true symmetry or
missed supercell.

Sr2+ ions at the M3 site were found to be statistically
distributed among four positions (two 18h sites: Sr31 and
Sr32) near the center of symmetry (Fig. 2). We refined
distribution of Sr2+ ions between the Sr31 and Sr32 sites
without any constraints. The occupancy of the M3 site was
unity within standard deviations. Sr2+ and Co2+ ions were
found to be split along the (001) direction at the M4 site
with coordinates (0, 0, 0.3478) for Sr4 and (0, 0, 0.3645) for
Co4. Such relative shifts of the Sr4 and Co4 atoms are
explained in terms of the large difference between the
effective ionic radii of Co2+ and Sr2+ ions, 0.745 and
1.18 Å, respectively, for six-fold coordination [27]. Because
the Sr4 and Co4 sites are separated only by 0.33 Å and
these sites are partially occupied, the correlation between
the g and Uiso parameters was observed. Therefore, the g

and Uiso parameters of the Sr4 and Co4 sites were refined in
different cycles (that is, not simultaneously), and g(Sr4)
and g(Co4) were fixed on the last stage of our structure
analysis. The refined composition was close to the nominal
formula Sr9.2Co1.3(PO4)7 within standard deviations.
The large Ueq(P1) and Uiso(Co4) parameters may

indicate that these atoms are located slightly off the
three-fold rotational axis. But our attempts to move them
from the 3b (for P1) and 6c (for Co4) sites failed because
the x coordinate and U parameter are strongly correlated.
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Ni2+ and Sr2+ ions in Sr9.2Ni1.3(PO4)7 [21] and Cu2+ and
Sr2+ ions in Sr9.1Cu1.4(PO4)7 [28] were also found to be
split at the M4 site. Ni2+ ions in Sr9.2Ni1.3(PO4)7 and Cu2+

ions in Sr9.1Cu1.4(PO4)7 were located slightly off the three-
fold rotational axis.

U11(O21) is larger by a factor of ca. 3 than U33(O21).
Because the O21 atoms are bonded to the highly disordered
Sr31, Sr32, Co4, and Sr4 atoms, they are disordered to
some extent as well. Such static positional disorder of O21
is absorbed into the Uij parameters.

In Sr9.2Co1.3(PO4)7, oxygen atoms around the P1 site
were localized at two sites from the difference Fourier
synthesis, O11 (18h) and O12 (36i). The disordering of the
four oxygen atoms covalently bonded to the P1 atom is
rather complex. This fact is reflected in the large Uiso(O11)
and Uiso(O12) parameters obtained using single-crystal
X-ray diffraction data (as for Sr9.2Co1.3(PO4)7) or neutron
powder diffraction data (as for Sr9.3Ni1.2(PO4)7 [21]).

Sr9.2Co1.3(PO4)7 (space group R3m; Z ¼ 3; a ¼

10:6100 Å and c ¼ 19:6960 Å) is structurally related to b-
Ca3(PO4)2 (space group R3c; Z ¼ 21; a ¼ 10:439 Å and
c ¼ 37:375 Å) [6,7]) and a-Sr3(PO4)2 (space group R3m;
Z ¼ 3; a ¼ 5:3901 Å and c ¼ 19:785 Å [24]). Sr9.2Co1.3
(PO4)7 has a doubled a parameter in comparison with a-
Sr3(PO4)2 while b-Ca3(PO4)2 has a doubled c parameter as
compared with Sr9.2Co1.3(PO4)7. Structural relationships
among b-Ca3(PO4)2, a-Sr3(PO4)2, and Sr9+xM1.5�x(PO4)7
were discussed in details in Ref. [8].

3.2. Magnetic properties of Sr9.2Co1.3(PO4)7

Fig. 3 presents plots of w and w �1 (ZFC curves) against
temperature, T, for Sr9.2Co1.3(PO4)7. No noticeable differ-
ence was found between the curves measured under the
ZFC and FC conditions. Between 100 and 300K, the w�1

vs T curve shows almost linear behavior and can be fitted
by the simple Curie–Weiss equation:

wðTÞ ¼
C

T � y
, (1)

where C ¼ 3:101ð8Þ cm3 K/Co-mol is the Curie constant
and y ¼ �13:7ð6ÞK is the Weiss constant. The negative
Weiss constant implies antiferromagnetic interactions
between Co2+ ions. The effective magnetic moment
(meff ¼ ð8CÞ1=2) was calculated to be 4.98mB per a Co2+

ion. This value is typical for this ion which usually has a
large orbital moment contribution in octahedral coordina-
tion [29,30]. Below 100K, the deviation from the linear
behavior was observed. Note that the w�1 vs T data fit to
Eq. (1) between 2 and 10K resulted in meff ¼ 4:04mB per
Co2+ ion and y ¼ �0:15K.

Fig. 4 depicts the isothermal magnetization curve, M vs
H, at 1.8K. At low magnetic fields below 10 kOe, the M vs
H curve almost followed to the Brillouin function with S ¼

3=2 and g ¼ 2. However above 10 kOe, the deviation from
the Brillouin function was observed. The experimental M

vs H curve saturated very slowly above about 30 kOe. Such
behavior of the M vs H curve suggests the presence of
interaction between Co2+ ions. The Co5 site occupied by
Co2+ ions is surrounded by six M4 sites (Fig. 2). The M4
site is occupied by Co2+ with gðCoÞ ¼ 0:15. Therefore, a
part of Co2+ ions at the M5 site may interact antiferro-
magnetically with Co2+ ions at the M4 site through super-
superexchange interactions Co�O?O�Co, where the
O?O is an edge of a PO4 group. Super–superexchange
interactions can be rather strong [31].
Temperature dependence of the specific heat divided by

temperature, Cp/T vs T, of Sr9.2Co1.3(PO4)7 is given in
Fig. 5 together with the Cp/T vs T curve of Sr9.1Cu1.4(PO4)7
for comparison [31]. Above about 8K, the Cp/T vs T curves
of Sr9.2Co1.3(PO4)7 and Sr9.1Cu1.4(PO4)7 coincide with each
other. Therefore, it seems that there is only lattice
contribution to the specific heat above 8K. An increase
of the Cp/T values was observed below 3K for Sr9.2Co1.3
(PO4)7. This increase is probably due to the Schottky-type
contribution to the specific heat from Co2+ ions.

3.3. Vibrational properties of Sr9.2Co1.3(PO4)7

The internal vibrational modes of a free PO4
3� tetra-

hedron with Td symmetry are decomposed as A1+E+2T2
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[32]. The mode with the A1 symmetry type is the symmetric
stretching mode (n1) of the P�O bonds. The modes with
the E and T2 symmetry types are bending O�P�O modes
(n2 and n4, respectively). The second mode with the T2

symmetry is the asymmetric stretching mode (n3). For a
free PO4

3� tetrahedron, n1 ¼ 938 cm�1, n2 ¼ 420 cm�1,
n3 ¼ 1017 cm�1, and n4 ¼ 567 cm�1 [32].

Because Sr9.2Co1.3(PO4)7 has the structure which is
intermediate between those of b-Ca3(PO4)2 and
a-Sr3(PO4)2, it is interesting to compare vibrational
properties of these three compounds. Vibrational
properties of b0-Ca3(PO4)2-type compounds have not been
investigated yet. As a b-Ca3(PO4)2-type compound, we
selected Ca9Fe(PO4)7 because there are no disordered
structural elements in Ca9Fe(PO4)7 [33] in comparison
with b-Ca3(PO4)2, where one site (M4) is half-occupied by
Ca2+ ions [6].
The Raman spectra of a-Sr3(PO4)2, Sr9.2Co1.3(PO4)7, and

Ca9Fe(PO4)7 are given in Fig. 6. The Raman bands are
distributed in five distinct wavenumber ranges, 20�350,
350�530, 530�680, 800�990, and 990�1400 cm�1. The
first range corresponds to the lattice vibrations. The other
ranges correspond to the internal modes n2, n4, n1, and n3 of
a free PO4

3� ion, respectively. The strongest band in all
three compounds is derived from the n1 stretching mode of
a free PO4

3� tetrahedron.



ARTICLE IN PRESS

Table 4

Factor group analysis of the internal modes of PO4
3� tetrahedra in palmierite, Sr3(PO4)2, and b-Ca3(PO4)2-type compound, Ca9Fe(PO4)7

Free PO4
3� tetrahedron Sr3(PO4)2 D5

3d space group; Z ¼ 1 Ca9Fe(PO4)7 C6
3v space group; Z ¼ 2

Internal mode Td symmetry 2 PO4
3� at C3v 2 PO4

3� at C3 12 PO4
3� at C1

n1 A1 A1g+A2u A1+A2 2A1+2A2+4E

n2 E Eg+Eu 2E 4A1+4A2+8E

n3 T2 A1g+A2u+Eg+Eu A1+A2+2E 6A1+6A2+12E

n4 T2 A1g+A2u+Eg+Eu A1+A2+2E 6A1+6A2+12E

Total A1+E+2T2 3A1g+3Eg+3A2u+3Eu 21A1+21A2+42E

Note. Modes marked by bold type are Raman active.

Table 5

Factor group analysis of the internal modes of PO4
3� tetrahedra in Sr9.2Co1.3(PO4)7

Free PO4
3� tetrahedron Sr9.2Co1.3(PO4)7 D5

3d space group; Z ¼ 1

Internal mode Td symmetry 6 PO4
3� at Cs ‘‘1 PO4

3� at D3d’’

2 PO4
3� at C3v

n1 A1 A1g+Eg+A2u+Eu A1g+A2u

n2 E A1g+2Eg+A2u+2Eu+A2g+A1u Eg+Eu

n3 T2 2A1g+3Eg+2A2u+3Eu+A2g+A1u A1g+A2u+Eg+Eu

n4 T2 2A1g+3Eg+2A2u+3Eu+A2g+A1u A1g+A2u+Eg+Eu

Total A1+E+2T2 6A1g+9Eg+6A2u+9Eu+3A2g+3A1u

Note. Modes marked by bold type are Raman active.
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The results of group analysis of the internal stretching
and bending modes of PO4

3� groups in the three
compounds are given in Tables 4 and 5. Some comments
should be given for the group analysis of Sr9.2Co1.3(PO4)7.
The P1O4 tetrahedron is disordered and the P1 atom is
crystallographically located at the 3b site with the D3d

symmetry. However, D3d is not a subgroup of Td. There-
fore the disordering should be artificially removed to
perform group analysis. The simplest way to remove
disordering is to consider the doubled unit cell in the c

direction with the P1 atom at the C3v site. The results of
this analysis are given in Table 5. In reality, none of the
oxygen atoms lay on the three-fold rotation axis while the
P1 atom is located crystallographically on the three-fold
rotation axis (Fig. 2a). Therefore, it is difficult to do the
correct group analysis for the P1O4 tetrahedron using its
real orientation. Because of the highly disordered arrange-
ment of P1O4, we can assume that Raman bands due to
vibration of P1O4 should be rather weak and broad.
Vibration of P2O4 will be taken into account in the analysis
of the Raman spectrum of Sr9.2Co1.3(PO4)7.

In a-Sr3(PO4)2, six Raman modes are expected with only
one mode derived from the n1 mode of a free PO4

3�

tetrahedron. All six modes were experimentally observed
(Fig. 6). Note that in palmierite-like Sr3(VO4)2 and
Ba3(VO4)2, only five bands were observed experimentally
in the frequency ranges corresponding to the V�O
stretching and O�V�O bending modes [34].
In Ca9Fe(PO4)7, 63 Raman modes are expected with
seven modes derived from the n1 mode of a free PO4

3�

tetrahedron. The number of Raman bands observed
experimentally was much smaller than expected. Some
bands were broadened because many bands overlap with
each other. However, in the range of 800�990 cm�1 (n1),
six bands were observed close to the predicted number.
Note that in b-Ca3(PO4)2, only four bands were found in
this range using high-resolution measurements [32].
The Raman bands of Sr9.2Co1.3(PO4)7 are much broader

compared with those of Ca9Fe(PO4)7 and especially
a-Sr3(PO4)2. The broadening is due to the presence of
many disordered structural elements in Sr9.2Co1.3(PO4)7.
Fifteen Raman bands should be present in the wavenumber
range corresponding to the P�O stretching and O�P�O
bending modes with two modes derived from the n1 mode
of a free PO4

3� tetrahedron, three modes from the n2 mode,
five modes from the n3 mode, and five modes from the n4
mode. Experimentally we observed 14 Raman bands (two
bands for n1, three bands for n2, five bands for n4, and only
four bands for n3) in good agreement with the prediction
which considers only the P2O4 tetrahedra.

4. Conclusion

In conclusion, we found solid solutions Sr9+xCo1.5�x

(PO4)7 in the compositional range of 0:05pxp0:30.
Structure of Sr9.2Co1.3(PO4)7 was determined from single
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crystal data. Some structural elements are highly disor-
dered in Sr9.2Co1.3(PO4)7. Especially the complex orienta-
tional disorder of P1O4 is difficult to describe adequately
using spit atom models even by analyzing the single crystal
data. Sr9.2Co1.3(PO4)7 was characterized with Raman
spectroscopy and magnetization measurements.

Supporting information

Further details of the crystal structure investigation
(cif-file and tables with bond lengths and angles) can be
obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: (49)
7247-808-666; e-mail: crysdata@fiz.karlsruhe.de) on quot-
ing the depository number CSD 415800.
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