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Abstract

A single crystal of a new sodium calcium iron (III) phosphate, Na4CaFe4(PO4)6, has been synthesized by a flux method and

characterized by X-ray diffraction, Mössbauer spectroscopy and magnetic susceptibility measurements. The compound crystallizes

in the monoclinic space group C2=cða ¼ 12:099ð5Þ Å, b ¼ 12:480ð5Þ Å, c ¼ 6:404ð2Þ Å, b ¼ 113:77ð3Þ�, Z ¼ 2; R1 ¼ 0:022;
Rw2 ¼ 0:066). The crystal structure belongs to the alluaudite type, characterized by the X (2)X (1)M(1)M(2)2(PO4)3 general formula.

The open framework results from Fe2O10 units of edge-sharing FeO6 octahedra, which alternate with M(1)O6 octahedra

(M(1)=1
2
Na+1

2
Ca) that form infinite chains. These chains are linked together through the common corners of PO4 tetrahedra

yielding two distinct tunnels of sodium cation occupation. This compound is antiferromagnetic with a Néel temperature of 35K.

Mössbauer parameters are consistent with the structural results.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Among the variety of A3M2ðXO4Þ3 compounds, a
large number exhibit M2ðXO4Þ3 three-dimensional
frameworks built up by corner-sharing MO6 octahedra
and XO4 tetrahedra, in which each tetrahedron is
connected to four octahedra and each octahedron to
six tetrahedra, the A cations occupying large sites in the
interstitial space [1]. Suitable cationic replacements
within such compounds may induce a transformation
into several structural types and such evolutions can be
correlated to the sizes of the substituting cations and the
available sites of the involved structures. This phenom-
enon has already been observed in the case of the garnet-
like arsenate Na3Fe2(AsO4)3 [2] in which the replace-
ment of Na+ by Ca2+ transforms its structure into the
well-known alluaudite structure type [3,4].
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The present work reports the synthesis and chara
cterization by X-ray diffraction, Mössbauer spectro-
scopy and magnetic susceptibility measurements of
Na4CaFe4(PO4)6. The alluaudite type structure of this
compound shows that replacement of Na+ by Ca2+ in
the NASICON type iron phosphate Na3Fe2(PO4)3 [5]
can also induce a transformation to the alluaudite type.
2. Experimental section

2.1. Synthesis

Crystals of Na4CaFe4(PO4)6 were grown in a flux of
sodium molybdate. A mixture of 3.67 g of Fe(NO3)3 �
9H2O, 0.15 g of CaCO3, 1.43 g of Na2HPO4 and 2.89 g
of MoO3 was introduced in a platinum crucible and
subjected to the following thermal treatment: the
mixture was heated at 400�C for 12 h to evolve the
volatile decomposition products (NH3, CO2, H2O) and
then melted at 900�C for 1 h. The melted product was
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Table 1

Crystallographic data and structure refinement parameters for

Na4CaFe4(PO4)6

Crystal data

Formula unit Na4CaFe4(PO4)6
SCD number 412964

Crystal system Monoclinic

Space group C2=c

a/Å 12.099(5)

b/Å 12.480(5)

c/Å 6.404(2)

b/deg 113.77(3)

V/Å3 884.9(6)

Z 2

Dcal; Dmes/g cm

3 3.47; 3.45(5)

Intensity measurements

Crystal dimensions/mm 0.20� 0.16� 0.12
Apparatus CAD4 (Enraf–Nonius)

Wavelength l(MoKa)=0.7107 Å
Monochromator Graphite

m/mm
1 4.28

Scan mode o=2y
Scan speed Variable

2ymax/deg 60

Background measuring time tmax=2

Unique reflections, Rint 1277, 0.036

Retained reflections

½Fo44sðFoÞ	
1268

Indices 
16php15, 
17pkp0, 0plp9
F (000) 900

Structure solution and refinement

Intensities correction Lorentz-polarization effect

Resolution method Direct method

Transmission factors 0.527–0.653

Agreement factors R1 ¼ 0:022; Rw2 ¼ 0:066; S ¼ 1:281
½F2o44sðF2o Þ	

Number of parameters 95

Extinction parameter 0.0054(4)

ðDrÞmax; min/e Å

3 1.068,
0.397

Weighting scheme W ¼ 1=½s2ðF2o Þ þ ð0:021PÞ2 þ 5:97P	
where

P ¼ ½maxðF2o ; 0Þ þ 2F 2c 	=3

Table 2

Atomic coordinates and equivalent isotropic temperature factors in Å2 (ESD

Atom Occupation x=a

Fe 1 0.2240(1)

Na1/2Ca1/2 1/2,1/2 0

Na (1) 1 1/2

Na(2) 1/2 0

P(1) 1 0

P(2) 1 0.2456(1)

O(11) 1 0.0525(2)

O(12) 1 0.0962(2)

O(21) 1 0.3767(2)

O(22) 1 0.1812(2)

O(23) 1 0.1788(2)

O(24) 1 0.2340(2)

aUeq is defined as one-third of the trace of the orthogonalized Uij tensor.
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cooled down to 500�C with a 10�C/h rate and then to
room temperature with a 50�C/h rate. The crystals,
obtained after washing with hot water to remove the
flux, were brown with elongated forms. Qualitative
elemental analysis on crystal samples using electron
microprobe analysis indicated the presence of Na, Ca,
Fe and P with no significant impurities.

2.2. Structure determination

A crystal of dimensions (0.20� 0.16� 0.12)mm was
selected for X-ray diffraction analysis. Data collection
was performed with an Enraf–Nonius CAD4 X-ray
diffractometer, equipped with graphite monochromated
MoKa radiation (l ¼ 0:7107 Å). A total of 3 1 0 8
reflections were collected (2ymax=60�) using the o=2y
scan mode. Of these 1277 are unique and 1268 were
considered observed ½F2o44sðF2o Þ	: The intensity data
were corrected for Lorentz and polarization effects. An
analytical absorption correction was applied after
indexing the crystal faces (Tmin ¼ 0:527; Tmax ¼ 0:653).
On the basis of lattice parameters, systematic absences
and statistics of intensity distribution, the space group
was determined to be the non-standard I2=a; the
structure was however solved in corresponding standard
space group C2=c: The iron atom positions were located
by direct methods, using SIR-92 program [6] and the
remaining atoms were found from successive Fourier
difference maps. Atomic positions were refined by full-
matrix least-squares method using SHELXL-97 pro-
gram [7]. A final cycle refinement including atomic
coordinates and anisotropic thermal parameters con-
verged at R1 ¼ 0:022 and Rw2 ¼ 0:066 for the observed
reflections. Crystal data, experimental conditions for
intensity measurement, and refinement parameters are
given in Table 1. Final atomic coordinates and
equivalent isotropic temperature factors are reported
in Table 2.
s in parentheses)

y=b z=c Ueq
a

0.1559(1) 0.1400(1) 0.007(1)

0.2650(1) 1/4 0.015(1)

0 0 0.010(1)

0.0070(4) 3/4 0.035(1)

0.2752(1) 3/4 0.005(1)


0.1034(1) 0.1335(1) 0.006(1)

0.2038(2) 0.9632(3) 0.009(1)

0.3498(2) 0.7284(3) 0.010(1)


0.0869(2) 0.1825(3) 0.015(1)

0.0043(2) 0.1209(3) 0.012(1)


0.1620(2) 
0.0953(3) 0.009(1)


0.1738(2) 0.3263(3) 0.008(1)
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2.3. Magnetic and Mössbauer measurements

Magnetic susceptibility measurements were obtained
using a Quantum Design SQUID MPMS-5S magnet-
ometer operating at a constant applied magnetic field of
0.5 T in the temperature range 2–380K.
Mössbauer measurements were performed using a

constant acceleration HALDER-type spectrometer with
a room temperature 57Co source [Rh matrix] in
transmission geometry. The polycrystalline absorbers
containing about 10mg/cm2 of iron were used to avoid
the experimental widening of the peaks. The spectra at
4.2 and 293K were recorded using a variable tempera-
ture cryostat. The velocity was calibrated using pure
iron metal as the standard material. The refinement of
the Mössbauer spectra showed an important and
abnormal widening of the peaks, so that the spectra
have been fitted assuming a distribution either of
quadrupolar splittings (T ¼ 293K) or/and of hyperfine
fields (T ¼ 4:2K).
Fig. 1. A perspective view of the Na4CaFe4(PO4)6 structure along the

[001] direction.

Fig. 2. (a) Polyhedral environment of Fe in Na4CaFe4(PO4)6. (b) View of
3. Results and discussion

3.1. Structural description

The Na4CaFe4(PO4)6 structure as viewed along the
c-axis is shown in Fig. 1. This structure is built up from
Fe2O10 units of edge-sharing FeO6 octahedra, which
alternate with M(1)O6 octahedra (M(1)=1

2
Na+1

2
Ca)

that form infinite chains running along [10
1] direction
(Fig. 2b). Equivalent chains are linked together through
the corners of PO4 tetrahedra. The P(1)O4 tetrahedron
connects two chains by sharing each pair of its oxygen
with one chain. The P(2)O4 tetrahedron links three
adjacent chains and thus two of its oxygen atoms belong
to the same chain. In this way the three-dimensional
framework leads to two types of tunnels at x ¼ 1

2
; y=0

and x ¼ 0; y ¼ 0 which are occupied by the sodium
atoms Na(1) and Na(2), respectively.
Table 3 lists interatomic distances around various

coordination environments in Na4CaFe4(PO4)6. The
iron coordination environment has a very distorted
octahedral geometry, as shown by the Fe–O bond
distance values between 1.953(2) and 2.175(2) Å. The O–
Fe–O bond angles vary between 79.71(7) and 105.70(8)�

and between 161.97(8) and 176.71(7)� for the cis and the
trans angles, respectively. This distortion is probably
due to the rigidity of PO4 units surrounding the Fe atom
(Fig. 2a). The average Fe–O bond length of 2.031 Å is
however in a good agreement with the predicted value of
2.03 Å for Fe3+ in an octahedral environment [8].
The two crystallographic distinct PO4 tetrahedra

contained in this structure have an identical P–O mean
distance of 1.538 Å which is in a good agreement with
those typically observed in phosphates without hydro-
gen bonding [9–14]. Atom P(1) sits on a 2-fold axis and
thus it has a more symmetric environment than P(2)
which sits in a general position.
The coordination number of each cationic site was

determined assuming a cation-oxygen distances below
3.0 Å. The coordination polyhedron of the (Na1/2,Ca1/2)
site is a distorted octahedron with three cation-oxygen
bond lengths ranging from 2.303(2) to 2.363(2) Å. The
the infinite chains of alterning Fe2O10 units and Mð1ÞO6 octahedra.
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Table 3

Selected interatomic distances (Å) in Na4CaFe4(PO4)6

Fe–O(22) 1.953(2) P(1)–O(11) 1.537(2)� 2 P(2)–O(21) 1.502(2)

Fe–O(23) 1.981(2) P(1)–O(12) 1.540(2)� 2 P(2)–O(22) 1.539(2)

Fe–O(12) 1.992(2) oP(1)–O4 1.538 P(2)–O(23) 1.543(2)

Fe–O(11) 2.013(2) P(2)–O(24) 1.567(2)

Fe–O(24) 2.073(2) oP(2)–O4 1.538

Fe–O(24)0 2.175(2)
oFe–O4 2.031

(Na, Ca) site environments

(Na1/2Ca1/2)–O(11) 2.303(2)� 2 Na(1)–O(21) 2.256(3)� 2
(Na1/2Ca1/2)–O(21) 2.304(2)� 2 Na(1)–O(12) 2.374(2)� 2
(Na1/2Ca1/2)–O(23) 2.363(2)� 2 Na(1)–O(21)0 2.484(2)� 2
oNa1/2Ca1/2)–O4 2.323 oNa(1)–O4 2.371

Na(2)–O(22) 2.501(2)� 2
Na(2)–O(22)0 2.640(2)� 2
Na(2)–O(11) 2.757(4)� 2
Na(2)–O(23) 2.895(4)� 2
oNa(2)–O4 2.698
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Fig. 3. Temperature dependence of the inverse molar magnetic susceptibility of Na4CaFe4(PO4)6.
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Na(1) site environment is also a highly distorted
octahedron, with three Na(1)–O bond distances scatter-
ing from 2.256(3) to 2.484(2)Å. Na(2) site environment
is a distorted cube with Na(2)–O bond distances
between 2.501(2) and 2.895(4)Å.
The crystal structure of Na4CaFe4(PO4)6 is closely

related to the alluaudite type structure of the synthesized
mixed valent iron phosphates: NaFe3(PO4)3 [10],
Na2Fe3(PO4)3 [11] and NaFe3.67(PO4)3 [12] with one
main difference being the presence of separated Fe2O10
units of edge-sharing FeO6 octahedra.
In terms of the X (2)X (1)M(1)M(2)2(PO4)3 general

formula of the alluaudite, the Mð1Þ and Mð2Þ environ-
ments have both an octahedral geometry. These
octahedra share their edges with each other to form
infinite chains running along the [10
1] direction. In the
alluaudite iron phosphates, synthesized so far either
Mð1Þ andMð2Þ are occupied by iron atoms and thus the
chains are formed by iron octahedra only [10–12]. In the
title compound structure theMð2Þ site is occupied by Fe
while Mð1Þ contains a statistical distribution of Na and
Ca. The chains characterizing the alluaudite structure
are then built up from Fe2O10 units alterning with
(Na1/2,Ca1/2)O6 octahedra.

3.2. Magnetic susceptibility

A plot of the inverse molar magnetic susceptibility
1=wM of Na4CaFe4(PO4)6, for the temperature range
(2–380K) is shown in Fig. 3. This compound exhibits
an antiferromagnetic behavior with a Néel temperature
of 35K and a Curie–Weiss parameter y of 
61.5K. The
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Fig. 4. Room temperature Mössbauer spectrum.

Table 4

Mössbauer parameters for Na4CaFe4(PO4)6 at 293K

Distribution d (mm/s) oD4 (mm/s) G (mm/s) % population

DS(1) 0.432 0.436 0.280 49.6

DS(2) 0.430 0.611 0.280 50.4

Table 5

Mössbauer parameters for Fe2(SO4)3, Na3Fe2(PO4)3, Na4CaFe4
(PO4)6, Fe2(MoO4)3 and FeAsO4

Compound d (mm/s) D (mm/s) G(mm/s) Ref.

Fe2(SO4)3 0.49 0.32 0.43 [15]

Na3Fe2(PO4)3 0.45(1) 0.31(1) 0.28(1) [16]

Na4CaFe4(PO4)6
Distribution 1 0.432 0.436 0.28 This study

Distribution 2 0.430 0.611 0.28

Fe2(MoO4)3 0.41(1) 0.20(1) 0.28 [17]

FeAsO4 0.30 0.54 [18]
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Curie constant C and the effective magnetic moment per
Fe center (3.93 emuK
1 and 5.61mB, respectively) are
slightly low but consistent with the assignment of high-
spin Fe3+(d5) in octahedral environment.

3.3. Mössbauer spectroscopy

3.3.1. Room temperature

A Mössbauer characterization was performed at
room temperature for Na4CaFe4(PO4)6 phase (Fig. 4).
The Mössbauer spectrum consists of a symmetric single
quadrupole doublet which was fitted to two lorentzian
profile lines by the least-squares method. This first
mathematical treatment shows only Fe3+ ions in the
high-spin state when octahedral environments are
present. Nevertheless, the large value of the line width
suggests the existence of a distribution of quadrupolar
splittings and therefore of local iron environments.
According to the structural study, Mð1Þ site is occupied
by Na+ or Ca2+ cations which induces the existence of
two different iron neighborhoods. In those conditions,
the Mössbauer spectra was fitted by considering two
distributions of quadrupolar splittings with a constant
value of the line width (G ¼ 0:28mm s
1) for the 57Fe
isotope and the isomer shift fixed at the value
preliminary determined in the first mathematical treat-
ment. The hyperfine parameters for each distribution are
listed in Table 4. This shows that the difference in
surrounding due to the distribution of Na+ and Ca2+

within Mð1Þ is detected by Mössbauer spectroscopy in
agreement with the X-ray study. For the two distribu-
tions (DS(1) and DS(2)), these hyperfine parameters are
typical of iron (III) in a distorted octahedral environ-
ment. Since average quadrupolar splitting D1 is clearly
smaller than D2, we can deduce that the environment
corresponding to DS(1) is more regular than that the
environment relating to DS(2). Moreover their popula-
tions are nearly equal as predicted by X-ray diffraction
study.
The value of the paramagnetic isomer shift of
Na4CaFe4(PO4)6 can be compared to that of related
compounds Fe2(SO4)3 [15], Na3Fe2(PO4)3 [16],
Fe2(MoO4)3 [17] and FeAsO4 [18] (Table 5) whose
structures are build up from corner-sharing FeO6
octahedra and XO4 tetrahedra (X ¼ S; P, Mo, As). An
increase is observed in the sense dAsodMoodPodS: This
trend likely corresponds to an increase of the ionic
character of the Fe–O bond as a consequence of
increasing covalence of the antagonistic bond X–O from
arsenate to sulfate.

3.3.2. T=4.2 K

The Mössbauer spectrum at T ¼ 4:2K shows clearly
a sextuplet characteristic of the magnetic ordered
compound (Fig. 5) in agreement with the magnetic
susceptibility results. Due to the line width broadening
of the peaks the refinement was done using only one
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Table 6

Mössbauer parameters for Na4CaFe4(PO4)6 at 4.2K

d (mm/s) G (mm/s) e (mm/s) B (T)

0.539 0.40 +0.008 55.0

(a)

(b) 
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Fig. 5. Mössbauer spectrum (a) and corresponding hyperfine field

distribution (b) for Na4CaFe4(PO4)6 at 4.2K.

M. Hidouri et al. / Journal of Solid State Chemistry 177 (2004) 55–6060
hyperfine field distribution. The results are given in
Table 6.
The values of the average hyperfine field (B ¼ 55T)

and the isomer shift [d ¼ 0:539mm s
1) are in a good
agreement with the values observed for a–Li3Fe2(PO4)3
(B ¼ 54:9T, d ¼ 0:546mm/s) [19]. However, this result
seems to contradict the interpretation proposed for
T ¼ 293K where two quadrupolar splitting distribu-
tions have been considered. Nevertheless, if one consider
such distribution, the values of the two hyperfine fields
B1 ¼ 54:5T and B2 ¼ 55:6T are close and of same
intensity (Fig. 5b) which is in good agreement with the
results at T ¼ 293K and confirms the existence of two
very close iron environments.
The difference between the low temperature and

the room temperature isomer shifts (DðdÞE0:12mm/s)
is due in part to the second order Doppler effect.
4. Conclusions

Na4CaFe4(PO4)6 has been prepared and crystallizes
with the alluaudite type structure. Its main feature,
compared to other synthetic alluaudite-like phosphates
is the existence of isolated Fe2O10 units of edge-sharing
FeO6 octahedra alternating with (Na1/2,Ca1/2)O6 octa-
hedra to form infinite chains. Magnetic susceptibility
measurements have shown that the studied compound is
antiferromagnetic with a Néel temperature of 35K. The
Mössbauer spectroscopy confirms the trivalent state for
Fe and the highly distortion in the FeO6 octahedron,
predicted by the X-ray study.
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