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C+Fe(PO3)3 has been synthesized using H3PO4 and
Fe(NO3)3 ' 9H2O as starting compounds. Single crystals were
grown under vacuum with a trace of FeCl2. Fe(PO3)3 crystallizes
in the monoclinic space group Cc, with a 5 13.148(4)As ,
b 5 19.076(2)As , c 5 9.410(3)As , b 5 127.00(2)3, and Z 5 12. Its
structure has been determined through direct methods and di4er-
ence Fourier synthesis and has been re5ned to R 5 0.0405
(RW 5 0.047). Fe(PO3)3 belongs to a series of isotypic M(PO3)3
trimetaphosphates (M 5 Al, V, Sc, In, Ti, Mo, Rh, Cr) which are
characterized by a tridimensional network of isolated MO6 oc-
tahedra connected through PO4 tetrahedra. Fe(PO3)3 is antifer-
romagnetic below TN 5 10 K. The magnetic structure has been
determinated by means of powder neutron di4raction: each iron
atom is linked to six iron nearest neighbors of opposite spin,
through six single Fe+O+P+O+Fe superexchange pathways.
The moment direction lies in the (010) plane, making an angle of
&323 with the a axis (l&4.4 lB). MoK ssbauer spectra are 5tted
with two doublets and three sextuplets in the paramagnetic and
the antiferromagnetic states, respectively. Their rather high isomer
shifts are explained by the inductive e4ect. ( 1999 Academic Press

INTRODUCTION

Monoclinic C-type Fe(PO
3
)
3

compound is one of six
polymorphic modi"cations reported in the literature for this
phosphate (1, 2). According to Durif (3), this compound is
a member of a series of isotypic trimetaphosphates M(PO

3
)
3

with M"Al (4), V (5), Sc (6), In (7), Ti (8), Mo (9), Rh (10), Cr
(11); up to now, only characterization from powder data was
available. On the other hand, Fe(PO

3
)
3

exhibits an antifer-
romagnetic behavior below ¹

N
"10 K (12). In these com-

pounds, M atoms are isolated from each other and are only
connected by PO

4
groups yielding, in the case of Fe(PO

3
)
3
,

to Fe}O}P}O}Fe super-exchange as only magnetic interac-
tions.

In the course of an investigation of mixed-valent iron
phosphates (13) and silico-phosphates (14), we decide to
reinvestigate the physical properties of this compound. In
this paper we report on its structural and magnetic proper-
455
ties by means of single-crystal X-ray di!raction, bulk mag-
netization, powder neutron di!raction, and MoK ssbauer
spectroscopy measurements.

EXPERIMENTAL

Fe(PO
3
)
3

has been prepared by evaporation of a solution
of Fe(NO

3
)
3
) 9H

2
O and H

3
PO

4
with the ratio Fe : P"1 : 3

and annealing at 4003C under nitrogen, then at 9003C under
oxygen for 24 h. Single crystals were grown by long anneal-
ing (1 month), in sealed silica tubes, within a gold crucible,
under vacuum, at 9003C, with traces of FeCl

2
as mineralizer

agent. A single crystal (&100 lm) was selected for the struc-
ture determination. The data were collected on a Nonius
CAD 4 automatic di!ractometer at the Service Commun de
Di!ractomeH trie de l'UniversiteH Henri PoincareH -Nancy I.

Magnetic measurements were performed (between 4.2
and 300 K) on a MANICS magneto-susceptometer in "elds
up to 1.6 T.

Neutron di!raction experiments were carried out at the
Institut Laue Langevin, Grenoble. Several di!raction pat-
terns were recorded with the one-dimensional curved multi-
detector D20 using a neutron wavelength of 2.410As , in the
temperature range 300}2 K. The analysis of the patterns
was performed by Rietveld pro"le re"nements using the
software Fullprof (15).

The MoK ssbauer data were collected with a constant accel-
eration spectrometer with 1024 channels. Isomer shifts are
reported with respect to a-iron at room temperature. The
MoK ssbauer e!ect data were analyzed by using least-squares
minimization techniques (16) to evaluate the hyper"ne spec-
tral parameters.

CRYSTAL STRUCTURE

a. Structure Determination

The cell parameters (Table 1) were determined by least-
squares re"nements of the 2h values of 25 independent
re#ections}antire#ections, measured for 2h'203. The
0022-4596/99 $30.00
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TABLE 1
Summary of Data Collection and Structure Re5nement

for Fe(PO3)3

Molar mass (g mol~1) 292.76
Crystal size (lm) u&100
Symmetry monoclinic
a (A_ ) 13.148(4)
b (A_ ) 19.076(2)
c (A_ ) 9.410(3)
b (3) 127.00(2)
< (A_ 3) 1884.9
Z 12
o
#!-

(g cm~3) 3.10
o
.%4

(g cm~3)a 3.06(5)
Space group Cc
Radiation MoKa
Monochromator graphite
Scanning h}2h
Takeo! (3) 3.53a
Record limits (3) h(25
Linear absorption coe$cient k (cm~1) 32.5
Recorded intensities 1961
Recorded intensities with p(I)/I(0.33 1037
F(000) 1716
Index ranges 0fhf15, 0fkf22,!11flf8
Number of parameters 155
Final R value 0.0405
Final R

8
value 0.0472

aPycnometer (decalin).

TABLE 2
Fractional Atomic Coordinates and Thermal Agitation Factors

Atom x y z B (A_ 2)

Fe(1)a 0.8439 0.0784(2) 0.0717 0.0045(7)
Fe(2) 0.8250(4) 0.2443(2) !0.4623(5) 0.0057(11)
Fe(3) 0.3477(5) 0.0890(2) !0.4260(7) 0.0053(8)
P(1) 0.7110(8) !0.0306(3) !0.2506(10) 0.0065(15)
P(2) 0.6990(8) 0.3017(3) !0.2756(10) 0.0071(16)
P(3) 0.6946(8) 0.3633(4) 0.2269(10) 0.0064(15)
P(4) 0.1115(7) 0.0209(3) !0.1523(9) 0.0052(13)
P(5) 0.5976(7) 0.1865(3) !0.1744(10) 0.0030(14)
P(6) 0.4905(7) 0.0263(3) !0.5923(9) 0.0039(14)
P(7) 0.5698(8) 0.1459(4) !0.7213(11) 0.0085(16)
P(8) 0.4764(8) 0.3048(3) !0.1240(10) 0.0075(16)
P(9) 0.9772(8) 0.1354(3) !0.1162(10) 0.0030(14)
O(1) 0.6130(20) 0.0930(10) 0.1980(26) 0.0146(43)
O(2) 0.6830(15) 0.1318(7) 0.9562(19) 0.0041(31)
O(3) 0.8773(16) 0.1078(8) 0.9007(22) 0.0068(36)
O(4) 0.6865(15) 0.1739(8) 0.4364(21) 0.0014(34)
O(5) 0.2984(14) 0.2092(8) 0.2005(18) 0.0011(30)
O(6) 0.3987(16) 0.0346(8) 0.4478(20) 0.0077(36)
O(7) 0.4992(16) 0.0982(8) 0.3318(20) 0.0026(35)
O(8) 0.8199(15) 0.0547(8) 0.2512(19) 0.0012(35)
O(9) 0.4753(16) 0.1919(8) 0.1384(21) 0.0081(40)
O(10) 0.6794(15) 0.2301(8) 0.7877(19) 0.0094(35)
O(11) 0.3016(15) 0.1357(8) 0.7137(20) 0.0044(31)
O(12) 0.2125(14) 0.0230(8) 0.5036(19) 0.0053(32)
O(13) 0.6265(18) 0.0248(9) 0.5971(21) 0.0089(40)
O(14) 0.4782(15) 0.1617(8) 0.6517(22) 0.0074(34)
O(15) 0.5635(15) 0.2413(7) 0.9225(20) 0.0023(30)
O(16) 0.0612(14) 0.1452(7) 0.5355(19) 0.0048(32)
O(17) 0.0615(14) 0.1896(7) 0.0424(18) 0.0038(31)
O(18) 0.2244(15) 0.1430(7) 0.3486(19) 0.0066(31)
O(19) 0.4738(15) 0.0327(7) 0.7892(19) 0.0001(30)
O(20) 0.8645(17) 0.2121(9) 0.3740(22) 0.0120(39)
O(21) 0.7444(17) 0.0015(9) 0.9199(22) 0.0094(42)
O(22) 0.9453(15) 0.1649(7) 0.2116(19) 0.0053(33)
O(23) 0.9365(13) 0.1671(7) 0.7139(18) 0.0035(31)
O(24) 0.1999(15) 0.1879(7) 0.8497(20) 0.0065(30)
O(25) 0.1770(14) 0.0614(8) 0.7731(18) 0.0042(31)
O(26) 0.0755(15) 0.0776(7) 0.9318(19) 0.0003(30)
O(27) !0.0033(16) 0.0160(9) 0.1928(21) 0.0115(35)

aAtom chosen for "xing the origin.
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conditions for the data collection and re"nement of the
structure are listed in Table 1. Absorption was neglected
(kr;1). Atomic scattering factors for Fe3`, P0, and
O~ were taken from Ref. (17). All computer programs used
were taken from Ref. (18). The space group is Cc or C2/c; the
structure determination has shown the "rst to be correct.
The iron and phosphorus atomic positions were obtained
using the direct methods procedure of the Shelx program
(18). The oxygen atomic positions were determined, step by
step, by di!erence Fourier synthesis. Final re"nement with
individual and isotropic temperature factors leads to the
residual R"0.0405 (R

8
"0.047). The atomic parameters

are listed in Table 2, and the main interatomic distances and
angles are given in Table 3.

b. Description

The structure of Fe(PO
3
)
3

is built up from isolated FeO
6

octahedra linked through in"nite chains of PO
4

tetrahedra
(Figs. 1}3).

There are three distinct FeO
6

octahedra which are very
similar, and their geometry is almost regular (Table 3). The
average value of the Fe}O distances (1.98As , Table 3) is
comparable with those reported for other phosphates
(e.g., II-NaFeP

2
O

7
, Fe}O"1.99 As (19); KBaFe

2
(PO

4
)
3
,

Fe1}O"1.99As and Fe2}O"2.01As (20)).
FeO
6

octahedra are aligned along the [010] direction
(Fig. 2). Each FeO

6
group is bridged to six FeO

6
octahedra

by six PO
4

tetrahedra, the Fe}Fe distances varying from 5.3
to 5.82As (see Fig. 1, see also Fig. 9).

The phosphorus atoms P1, P6, and P7 are linked to each
others via P1}O1}P7}O7}P6}O13}P1 creating in"nite
chains of tetrahedra PO

4
(three-membered). In the same

way P2, P5, P8, P3, P4, and P9 are linked via
P2}O10}P5}O15}P8}O16}P3}O25}P4}O26}P9}O17}P2
forming an in"nite chain (six-membered) isolated from the
former. Both chains run along the c axis (Fig. 3). The
smallest and largest angles P}O}P are 137(1)3 and 149(2)3,
respectively. In each chain, the diphosphate groups are



TABLE 3
Main Interatomic Distances (A_ ) and Angles (3)

Fe(1)}O(21) 1.91(2) Fe(2)}O(5) 1.97(2) Fe(3)}O(12) 1.94(2)
}O(8) 1.95(2) }O(4) 1.99(2) }O(11) 1.96(2)
}O(2) 1.98(2) }O(20) 1.99(3) }O(6) 1.97(2)
}O(3) 1.99(2) }O(24) 2.00(1) }O(14) 1.97(2)
}O(27) 2.00(2) }O(9) 2.01(2) }O(19) 1.99(1)
}O(22) 2.03(1) }O(23) 2.04(1) }O(18) 2.01(1)

P(1)}O(8) 1.49(2) P(2)}O(18) 1.46(2) P(3)}O(24) 1.48(2)
}O(21) 1.52(2) }O(5) 1.47(2) }O(11) 1.48(3)
}O(13) 1.58(2) }O(10) 1.57(2) }O(25) 1.56(2)
}O(1) 1.60(2) }O(17) 1.58(1) }O(16) 1.60(1)

P(4)}O(27) 1.50(1) P(5)}O(2) 1.48(1) P(6)}O(6) 1.47(3)
}O(12) 1.51(1) }O(14) 1.51(1) }O(19) 1.50(2)
}O(26) 1.57(2) }O(10) 1.56(2) }O(7) 1.58(2)
}O(25) 1.60(2) }O(15) 1.62(2) }O(13) 1.60(1)

P(7)}O(9) 1.44(1) P(8)}O(22) 1.46(2) P(9)}O(23) 1.48(2)
}O(4) 1.45(1) }O(20) 1.50(3) }O(3) 1.51(3)
}O(1) 1.56(3) }O(15) 1.54(2) }O(26) 1.55(2)
}O(7) 1.58(2) }O(16) 1.55(1) }O(17) 1.59(1)

O(21)}P(1)}O(8) 116(1) O(5)}P(2)}O(18) 115(1) O(11)}P(3)}O(24) 118(1)
O(13)}O(8) 111(1) O(10)}O(18) 110(1) O(25)}O(24) 110(1)

}O(21) 107(1) }O(5) 107(1) }O(11) 109(1)
O(1)}O(8) 112(1) O(17)}O(18) 111(1) O(16)}O(24) 108(1)

}O(21) 107(1) }O(5) 113(1) }O(11) 111(1)
}O(13) 103(1) }O(10) 99.2(9) }O(25) 99.3(8)

O(12)}P(4)}O(27) 117.9(9) O(14)}P(5)}O(2) 117.0(8) O(19)}P(6)}O(6) 119(1)
O(26)}O(27) 112(1) O(10)}O(2) 106(1) O(7)}O(6) 108(1)

}O(12) 104(1) }O(14) 109(1) }O(19) 109(1)
O(25)}O(27) 107(1) O(15)}O(2) 108(1) O(13)}O(6) 105(1)

}O(12) 108(1) }O(14) 111(1) }O(19) 112(1)
}O(26) 107(1) }O(10) 104(1) }O(7) 100.6(9)

O(4)}P(7)}O(9) 121(1) O(20)}P(8)}O(22) 115(1) O(3)}P(9)}O(23) 119(1)
O(1)}O(9) 108(1) O(15)}O(22) 108(2) O(26)}O(23) 108(1)

}O(4) 105(1) }O(20) 113(1) }O(3) 110(1)
O(7)}O(9) 107(1) O(16)}O(22) 111(1) O(17)}O(23) 110.2(9)

}O(4) 110(1) }O(20) 106(1) }O(3) 107(1)
}O(1) 104(1) }O(15) 103.2(8) }O(26) 101.5(8)
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condensed in both nearly staggered and eclipsed conforma-
tions, in the ratio two staggered for one eclipsed.

Bearing these observations in mind, each PO
4

tetrahed-
ron shares corners with two FeO

6
and two PO

4
polyhedra
FIG. 1. Projection of the structure of Fe(PO
3
)
3

along the b axis.
leading to two sets of P}O distances. The "rst ones involve
P}O}Fe bonds with a mean d

P}O
value of &1.48As while the

second ones correspond to P}O}P bridges with a classical
mean d

P}O
value of &1.58As (13). This yields an average

P}O distance of 1.53As (Table 3), which is comparable to the
1.536As value given by Corbridge (21). Furthermore, as
shown in Table 3, one observes that shorter d(P}O) bonds
involve wider O}P}O angles: (Fe)}O}P}O}(Fe)'(Fe)}
O}P}O}(P)'(P)}O}P}O}(P). This point has been largely
discussed in Ref. (13).

It is noteworthy that similar features have been encoun-
tered in all the other C-form polyphosphates (4}11).

MAGNETIC STUDY

a. Susceptibility Measurements

The thermal variations of s and 1/s are shown in Fig. 4.
There is a paramagnetic}antiferromagnetic transition at



FIG. 2. Projection of the FeO6 octahedra along the a axis.

FIG. 4. Thermal variation of the direct and reciprocal susceptibility.

458 ELBOUAANANI, MALAMAN, AND GED RARDIN
¹
N
"10 K in agreement with the previously reported data

(12). In the paramagnetic state, immediately above ¹
N
, the

Curie}Weiss law is obeyed and the apparent e!ective mag-
FIG. 3. Projection on the (100) plane, the polyphosphate chains undu-
lating along the c axis.
netic moment is k
%&&
&6.1 k

B
, close to the value expected for

Fe3` in the high-spin ground state. The extrapolate Curie
temperature is negative: h

1
"!16 K.

b. Neutron Diwraction Study

Neutron di!raction patterns recorded at 100 and 2 K are
shown in Fig. 5. At 100 K, the neutron di!raction pattern is
characteristic of the only nuclear scattering. At 2 K, addi-
tional lines, characteristic of an antiferromagnetic ordering,
appear. These magnetic re#ections can be indexed on the
basis of the crystal unit cell and obey the rules (hkl ) with
h#k"2n (i.e., the C-centered mode remains) and (h0l )
with l"2n#1 (i.e., forbidden by the c glide plane). It must
be noted that some of the nuclear re#ections have magnetic
contributions to their intensities.

A model in agreement with the loss of the c glide plane
was used to analyze the low-temperature neutron di!rac-
tion pattern. The "nal re"nement is shown in Fig. 5. The
low-angle region of the 100 and 2 K patterns are shown in
Fig. 6; the magnetic re#ections are labeled for the low
temperature.

It should be noted that a full re"nement is not possible
due to the lack of experimental information as there are 125
variable parameters to determine from 49 independent neu-
tron data (219 line observations, Fig. 5). Therefore, using the
set of nuclear parameters de"ned during the single-crystal
X-ray study (Table 2), only the scale factor, the lattice and
halfwidth parameters, and the magnetic moment compo-
nents, constrained to be equal for the three independent iron
sites, were re"ned. The best "t to the data (R

NUC
"2.86%;

R
MAG

"5.08%) gives k
F%3`

"4.42(3) k
B
. The moment direc-

tion lies in the ac plane, making an angle of 323 with the
a axis, almost coinciding with the [1021 ] direction. As shown



FIG. 5. Observed and calculated neutron pattern pro"les of Fe(PO
3
)
3

at 100 and 2 K.
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FIG. 6. Low angle of the neutron di!raction patterns at 2 and 100 K with magnetic peaks labeled (j"2.410 A_ ).
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in Fig. 7, the iron atom network may be considered a de-
formed rock salt structure type where the iron magnetic
moments formally replace the # and ! charges: each iron
atom is antiferromagnetically coupled with its six iron
neighbors.

c. MoK ssbauer Spectrometry

Paramagnetic state. As shown on Fig. 8a, the spectra
recorded at 295 and 11 K were "tted with two quadrupole
doublets d1 and d2. The half-widths (!) and the isomer
shifts (d) were constrained to be equal. All the spectral
parameters are listed in Table 4.

The isomer shift values are characteristic of high-spin
Fe3` in an octahedral oxygen environment (22). Their rela-
tively high amplitudes probably originate from the rather
high ionicity of the Fe}O bond: the high polarizing P atom
withdraws electronic density on the P}O bond. This is in
agreement with the previous structural information: the
(P}O)}Fe distances are shorter than the (P}O)}P ones
(Table 3). The room temperature values are closed to those
observed for another phosphates (e.g., d"0.45 for
NaFeP

2
O

7
(23) and Na

3
Fe

2
(PO

4
)
3

(24)).
According to Brown and Altermatt (25), the oxidation

state of the Fei cation <
F%*

is related to s
ij

(the valence of
the bond between the cation Fei and the anion O

j
) by the
expression

<
F%*

"

6
+
j/1

s
ij
"

6
+
j/1

exp[(r
0
!r

ij
)/B], [1]

where r
ij

is the Fei}O
j
bond length, r

0
and B are empirically

determined parameters, r
0
"1.759 for Fe3`}O2~, and

B"0.37 (25).
For the present compound, Eq. [1] yields to <

F%1
"

3.350, <
F%2

"3.133, and <
F%3

"3.367 for the three in-
equivalent iron atoms.

This result allows us to attribute the d1 and d2 quadru-
pole doublets to the Fe1, Fe2, and Fe3 atomic sites. Then,
since the intensity ratio I(d1)/I(d2)&2, we conclude that d2
corresponds to the Fe2 iron atom.

As shown in Fig. 2, the crystal structure of C}Fe(PO
3
)
3

may be described as a stacking of (010) sheets made on
FeO

6
octahedra. Hence, it is worth noting that Fe2 atoms

are alone in their sheets, unlike the Fe1 and Fe3 atoms
which occupy the same sheets in a 1 : 1 ratio.

Antiferromagnetic state. The transition to the magneti-
cally ordered state is observed at &10 K, in agreement with
the previous bulk magnetization measurements. The inter-
nal magnetic hyper"ne "eld (H) increases rapidly when the
temperature decreases as shown in Fig. 8b. At 4.2 K we



FIG. 7. Magnetic structure of Fe(PO
3
)
3
. The moments lie in the (010)

plane. Only Fe atoms are shown and referenced as ij with i"1 to 3 for the
three irons' crystallographic sites; j"1 to 2 corresponds to equivalent
positions x, y, z and x, !y, z#1/2, respectively, and 3 to 4 refer to the
corresponding C}translation. (a) Each iron is antiferromagnetically
coupled to six iron neighbors. Dark and light iron atoms are of opposite
spin; . corresponds to iron atoms in the unit cell (see (b)). (b) Only iron
atoms in the unit cell are shown for clarity.
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observe one sextet with large linewidths, whereas, at 6 K,
the spectrum clearly displays three magnetic sextets, in fair
agreement with the three independent iron sites of the non-
centrosymetric space group Cc used in the X-ray di!raction
study.

Each spectrum was "t with three magnetic sextets with
equal isomer shifts. Since *

1
(Fe1)"*

1
(Fe3) in the para-

magnetic state, this property remains true in the ordered
magnetic state. Consequently we have also constrained the
corresponding quadrupole splittings *

0
to be equal. Bearing

these preliminary remarks in mind, the spectra are
"tted with a least-squares method program using the full
Hamiltonian. The program gives the hyper"ne "eld H, the
quadrupole splitting *, the isomer shift d, the asymmetry
parameter g, and the polar angles h, u of the H direction in
the EFG (electric ,eld gradient) tensor principal-axes frame
FIG. 8. (a) Paramagnetic MoK ssbauer spectra. (b) Ordered MoK ssbauer
spectra (asterisks indicate Fe

4
(P

2
O

7
)
3

as impurities).



TABLE 4
MoK ssbauer Spectral Parameters of Fe(PO3)3 in

the Paramagnetic state

Site 1 (d1) Site 2 (d2)

¹ (K) d *
P

! I (%) d *
P

! I (%)

298 0.443 0.390 0.31 65 0.443 0.213 0.31 35
70 0.578 0.420 0.33 66 0.578 0.205 0.33 34
11 0.576 0.425 0.29 64 0.576 0.189 0.29 36

Note. !, d, *
P
are given in mms~1, d$0.002, *

P
$0.002, !$0.01, I$1.

FIG. 9. The magnetic paths between Fe1 and its six neighbors.

TABLE 6
Magnetic Superexchange Pathways (See Fig. 8)

Interaction

Number
total of
bridges

Exchange
type

Length of
pathway

(A_ )
Angle on

P (3)

Distance
Fe..Fe

(A_ )

Fe1}O21}P1}O8}Fe1 1 AF 6.87 116 5.57
Fe1}O8}P1}O21}Fe1 1 AF 6.87 116 5.57
Fe1}O2}P5}O14}Fe3 1 AF 6.94 117 5.28
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(16). Once the optimal solution is obtained, the Karyagin
method (26) is applied to determine g, h, and u for each iron
site.

At 4.2 K, the three magnetic hyper"ne "elds are re"ned
to 510, 524, and 534 kOe. These values are quite similar
and coherent with Fe3` high-spin atoms nearly at the
saturation state (H4!5 (a-Fe

2
O

3
)"550 kOe). Moreover, the

best "t to the data allows us to assume that h1"
h2"h3"903. In conjunction with the orientation of the
magnetic moments of the iron atoms deduced from neutron
data, one can conclude that <

ZZ
is along [010] for each iron

site.

Remark. It is worth noting that, in the case of the s3 site
(Table 5), as g is relatively small ((0.1), it is unreasonable to
attribute a meaning to the u angle values (27).

DISCUSSION

In C}Fe(PO
3
)
3
, the magnetic interactions arise from

Fe}O}P}O}Fe superexchanges only (Fig. 9), which are
characterized by the angle on phosphorus and by Fe}O
TABLE 5
MoK ssbauer Spectral Parameters of Fe(PO3)3 in

the Antiferromagnetic State

¹ Site I (%) ! d *
0

H g h u

6 Ka s1 25 0.30 0.575 0.35 471 0.4 90 &0
s2 34 0.35 0.575 0.18 450 0.8 90 90
s3 31 0.35 0.575 0.35 425 &0.05 90 90}0

4.2 K s1 33 0.32 0.585 0.35 534 0.4 90 &0
s2 33 0.35 0.585 0.18 510 0.8 90 90
s3 33 0.31 0.585 0.35 524 &0.05 90 0}90

Note. !, d, *
0

are given in mms~1, the internal magnetic "eld in kOe
(accurate ca. $1 kOe). *

0
"eQ<

zz
/2.

aFe
4
(P

2
O

7
)
3

as impurities (&10%).
bonds. As regards its strength, this superexchange is more
e!ective the shorter the exchange pathway and the closer
the angle at the phosphorus atom to the tetrahedral angle
(28). The angles around the phosphorus are greater than
Fe1}O27}P4}O12}Fe3 1 AF 6.95 118 5.36
Fe1}O22}P8}O20}Fe2 1 AF 6.98 115 5.53
Fe1}O3}P9}O23}Fe2 1 AF 7.02 119 5.82
Average 6.94 117 5.52

Fe2}O4}P7}O9}Fe2 1 AF 6.89 121 5.32
Fe2}O9}P7}O4}Fe2 1 AF 6.89 121 5.32
Fe2}O20}P8}O22}Fe1 1 AF 6.98 115 5.53
Fe2}O23}P9}O3}Fe1 1 AF 7.02 119 5.82
Fe2}O24}P3}O11}Fe3 1 AF 6.92 118 5.82
Fe2}O5}P2}O18}Fe3 1 AF 6.91 115 5.55
Average 6.93 118 5.56

Fe3}O6}P6}O19}Fe3 1 AF 6.93 119 5.80
Fe3}O6}P6}O19}Fe3 1 AF 6.93 119 5.80
Fe3}O11}P3}O24}Fe2 1 AF 6.92 118 5.82
Fe3}O18}P2}O5}Fe2 1 AF 6.91 115 5.55
Fe3}O14}P5}O2}Fe1 1 AF 6.94 117 5.28
Fe3}O12}P4}O27}Fe1 1 AF 6.95 118 5.36
Average 6.93 118 5.60



STRUCTURE AND MAGNETIC PROPERTIES OF C}Fe(PO
3
)
3

463
1093, due to the existence of P}O}P bonds, and this
weakens the interactions (28).

Each iron atom is connected to six surrounding iron
atoms through six Fe}O}P}O}Fe links which are antifer-
romagnetic. The lengths of these pathways and the angles
around P (Table 6) are slightly di!erent, leading probably to
discriminate between the values of the internal magnetic
hyper"ne "eld.

If we consider that the superexchange interaction deter-
mines the long-range order, and calling this interaction J,
we can estimate its value from the equation investigated by
Goodenough (29),

¹
N
"!2J (S#1)S n/3 k"10 K,

where S"2.5 and n is the number of such interactions per
iron atom (here, n"6); hence, we obtain J"!2.5
10~5 meV"!0.20 cm~1, which may be compared with
J"!0.37 cm~1 (¹

N
"29 K) in NaFeP

2
O

7
(23) and

!0.36 cm~1 (¹
N
"18 K) in Fe

3
(P

2
O

7
)
2

(30).

CONCLUSION

The C}Fe(PO
3
)
3

structure is re"ned using X-ray single-
crystal data. In the [010] direction, a subcell structure is
present with a period b/3, as generally found in other C-
form long-chain polyphosphates. The three distinct FeO

6
octahedra, observed through the crystallographic re"ne-
ment, are also pointed out through MoK ssbauer spectro-
metry. In this compound, the magnetic interactions arise
from the antiferromagnetic Fe}O}P}O}Fe superexchange
mechanism, only.
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