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Magnetic Structure of Iron(il) Phosphate, Sarcopside, Fe,(PO,),
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Fe,(PO,),, sarcopside, displays unusual magnetic properties which have been investigated using time-of-flight
powder neutron diffraction and magnetic susceptibility measurements. The structure contains chains of three
edge-shared FeOg octahedra with two inequivalent iron sites, the central M(1) site possessing a fairly regular
symmetry and smaller volume compared with the two distorted M(2) sites of the terminal octahedra. In the
absence of an applied field, the compound orders antiferromagnetically, with the M(2) sites in each chain having
opposite spin directions along the [100] direction, leaving the central M(1) cation frustrated with no net spin.
Under applied magnetic fields of <0.7 T, two magnetic phase transitions are observed, a field-induced
ferrimagnetic—antiferromagnetic transition at 38(1) K and an antiferromagnetic—paramagnetic transition at
44(1) K. At fields > 0.7 T, only the bicritical transition from ferrimagnetic to paramagnetic is observed at 44(1) K.
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The recent review of anhydrous iron phosphates and oxyphos-
phates by Gleitzer,! and the Fe-P-O phase diagram at 900 °C
established by Modaressi et al.,> show the enormous scope
available within this system for the investigation of the
magnetic ordering as a function of structure and valence state.
Measurements carried out on compounds in this system
generally reveal antiferromagnetic transitions, although weak
ferrimagnetism, frustration and spin canting have also been
observed.>~7 Previously, we have determined the magnetic
structure of two phases of the mixed valence compound
Fe,POs, in which the face-sharing Fe"™Og octahedra are
aligned ferromagnetically within chains but with opposite spin
directions between chains.®® To further our understanding of
these Fe—-P-O systems, we are now studying Fe;(PO,),, which
adopts two structural forms, graftonite,'® and its high-pressure
modification, sarcopside.!*

A series of transition-metal phosphates isostructural with
the mineral sarcopside have been shown to possess some very
interesting magnetic and site-ordering properties. The struc-
ture consists of chains of edge-shared octahedra, similar to
those of olivine but with every fourth octahedron missing.
This leaves a chain of three octahedra containing two unique
cation sites, the central M(1) site possessing a fairly regular
symmetry and smaller volume compared with the two dis-
torted M(2) sites of the terminal octahedra!? (Fig. 1).
Ni3(PO,), is readily formed in this structure!® by solid-state

Fig. 1 The edge-shared FeOg octahedra in sarcopside, with the M(1)
and M(2) sites depicted by circles

reaction under atmospheric conditions, and Fe3(PO,), forms
under high-pressure hydrothermal conditions. A full range of
solid solutions (Ni,Fe, _,);(PO,), can be prepared.!* The two
end members display antiferromagnetic ordering with tran-
sitions at 18 and 44 K, respectively. In this study we have
used time-of-flight neutron powder diffraction to examine
Fe4(PO,),, sarcopside, to refine the nuclear structure at 60 K
and determine the nature of the magnetic ordering at 10 K.

Experimental

A powder sample of iron sarcopside was prepared via a two-
stage process involving a solution precursor. Stoichiometric
quantities of Fe(NQOj3);-9H,0 and NH,H,PO, were dissolved
in distilled water and the solution heated to dryness in the
fume cupboard. The resulting brown residue was slowly fired
to 800 °C in a tube furnace with 10% H, in N, gas flowing,
to complete the denitration and reduce the iron to form
divalent Fe;(PO,),, graftonite. The pale cream powder was
checked for purity by X-ray diffraction and was found to be
highly crystalline. The sarcopside phase was prepared by
sealing this material in gold tubes and heating them in a
hydrothermal Nimonic-105 autoclave at 800 bar, 570 K for 7
days. The final product was found to be pure and of excellent
crystallinity.

Low-temperature time-of-flight neutron powder diffraction
data were collected with a 0.5 g sample on the high-intensity
powder diffractometer, HIPD, at LANSCE, Los Alamos. Data
from the 153, 90 and 40° detector banks were used in the
analysis, covering a range of d-spacings of 0.4-14 A. The
sample was mounted in a 1/4” diameter vanadium can, cooled
by a Displex closed-cycle refrigerator. Data were collected at
10.1(1) K and above the magnetic transition (Ty=44 K) at
59.7(1) K, for around 2 h each, and normalised to the incident
spectral intensity.

Results

Nuclear and magnetic structure refinements were performed
by the Rietveld!® profile technique using GSAS,'® as modified
for magnetic refinements. The nuclear structure of Fe;(PO,),,
sarcopside, was refined in space group P2,/c using the 59.7 K
data set, and the parameters obtained were used as the basis
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of the 10.1 K structure refinement. To avoid excessive corre-
lation between the refined magnetic moment and the absorp-
tion correction, the absorption values obtained from the
59.7 K data were held constant in the 10.1 K refinement. The
magnetic form factor for Fe?* was calculated from the
Hartree—Fock atomic wavefunctions!” using the Cambridge
Crystallographic Subroutine Library.!®

In the low-temperature profile, all the peaks observed were
consistent with the nuclear symmetry, but increased intensity
was found in some reflections as a result of the magnetic
scattering, with the strongest contribution to the (011) reflec-
tion. The (102) reflection displays considerable magnetic inten-
sity, whilst having almost no nuclear contribution at 60 K.
The possible collinear models for antiferromagnetic, ferrimag-
netic and ferromagnetic structures were tested with a variety
of spin directions. The three antiferromagnetic models are
illustrated in Fig. 2.

The first model produced a number of reflections that are

(i)

Fig. 2 Projection down [100] showing the possible collinear arrange-
ments of spin on the M(l) and M(2) sites for antiferromagnetic
ordering of Fe2*. The black and white circles indicate opposing spin
directions in the ac plane. The grey circles have no net spin
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systematically absent in the observed pattern, and in particular
a strong (010) reflection. It seems unlikely that any collinear
arrangement of spins could produce the conditions in the
structure-factor calculation that would remove intensity from
all of these ‘additional peaks’, and this model was rejected.
The second model is in many ways the most appealing, as
the magnetic structure obeys the nuclear symmetry of P2,/c.
The inter- and intra-chain antiferromagnetic ordering would
appear to offer strong exchange interactions and a stable
magnetic configuration. The major limitation of this model is
its failure to reproduce strong magnetic intensity in the (011)
reflection without also giving greater intensity to other
observed reflections. No single spin direction could reproduce
the observed profile, and a variety of non-collinear orien-
tations for the M(1) and M(2) sites were also examined and
each model was tested with a variety of spin directtons. By
contrast, model (iii) gave convincing agreement with the
observed data, with Ry,, of ca. 11%, compared to ca. 30%
for other two. The optimum spin direction was found to be
parallel to the a axis. Components refined for the b and ¢
directions were found to be statistically insignificant and were
fixed to zero.

An average refined moment of 4.31(2)ug was found for M(2),
with no net moment on M(l) from the zero-field neutron
powder diffraction data. Measurements using a Cryogenic
S600 SQUID susceptometer between 6 K and room tempera-
ture with an applied field of 0.005 T show two magnetic
transitions in this temperature range: a paramagnetic—
antiferromagnetic transition at Ty=44(1)K, 6= —-67(2) K,
and what appears to be a field-induced spin—flop transition
at 38(1)K (Fig. 3). The magnetic moment of Fe2* derived
from the paramagnetic region above Ty was 5.0(1)ug. At fields
>0.7 T, the antiferromagnetic phase is not observed, and a
paramagnetic—ferrimagnetic (spin—flop) transition occurs at
ca. 44 K. Fig. 4 shows the final refined magnetic structure.
Tables 1-4 present the results of the two refinements; atomic
positions, instrumental parameters and the bond distances
and angles obtained from the 59.7(1) K data. Observed, calcu-
lated and difference profiles for the two temperatures are
shown in Fig. 5. For clarity, the background has been sub-
tracted from the normalised data and the nuclear peaks have
been scaled to appear of equal height in each pattern.

Discussion

A number of magnetic exchange pathways are available for
this structure, illustrated in Fig. 6, and the most probable of
these will be discussed to ascertain the relative strengths of
each type of interaction, and thus the structure-directing
mechanism.

Table 1 Details of least-squares refinements from simultaneous Rietveld refinement of time-of-flight powder neutron data collected at the 153,

90 and 40° detector banks on HIPD

detector no. data no. refl. wR, (%) R, (%) Reyp (%) Ry (%) Ry (Y0)

(a) nuclear refinement at 59.7(1) K

153° 5596 12610 3.82 2.64 292 311 -
90° 5226 2836 337 232 2.65 1.66 -
40° 3861 357 3.26 241 248 3.84 -

Reduced y2=1.69 for 59 variables

a=6.0186(4) A; b=4.7768(3) A; c=10.4192(8) A; p=90.952(2)°

(b) nuclear and magnetic refinement at 10.1(1) K

153° 4999 6154 4.01 273 324 3.11 10.26
90° 5223 3546 3.65 2.51 295 1.66 7.22
40° 5076 1063 4.00 2.83 3.15 3.84 3.08

Reduced x?=1.57 for 57 variables
a=60137(4) A; b=4.7727(3) A; c=104052(7) A; f=90.944(2)°
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Fig. 3 (a) Susceptibility data collected on Fe;(PO,),, sarcopside, at 0.005 T from 6 to 240 K using a SQUID susceptometer. (b) Inverse

susceptibility at 0.005 T showing extrapolation of the paramagnetic component [Fe" moment=5.0(1) pg] to the Weiss temperature at

—67(2) K.

(c) Susceptibility at 0.7 T showing the paramagnetic to spin—flop transition at ca. 4 K

® ®

Table 2 Atomic coordinates obtained for Fe,(PQ,),, sarcopside, at
(a) 59.7 and (b) 10.1K

O

[100] @ @
[001]
o | OO
[001]
€ ()
[100] (3 (3

O,

[010]

O,

Fig. 4 Schematic projection of the magnetic structure of Fe;(PO,),,
sarcopside, viewed down the [010], [100] and [001] axes. The dotted
lines connect the iron sites within edge-sharing octahedra

atom x y z U, /A2
M) (@ 0.5 0 0 0.0020(2)
(b 05 0 0 0.0019(3)
MQ2) (@ 0237202 —0.0158(2)  0.2822(1) 0.0016(2)
()  0237502) —~0.0152(2) 0.2821(1) 0.0012(2)

P (a9 0260203) 043303)  0.1004(2) 0.0027(3)
(B)  0.2602(3) 0.4327(3) 0.1005(2) 0.0022(3)
o) (@ 027773) 0.7546(2) 0.1042(2) 0.0005(2)
()  02778(3) 0.7547(2) 0.1042(2) 0.0015(3)
0@ (@ 0253103) 0.1797(3)  0.4640(1) 0.0025(3)
(b) 02533(3) 0.1810(3) 0.4638(1) 0.0021(3)
0@3) (a) 00719(2) 0.3250(3) 0.1821(2) 0.0015(3)
(b  00716(2) 0.3245(3) 0.1820(2) 0.0019(3)
O@) (a) 04684(2) 02851(3)  0.1624(2) 0.0030(3)
()  0.4680(3) 028523)  0.1627(2) 0.0024(3)

(i) M(1)-M(2) cation—cation interactions. When the

octahedra surrounding two neighbouring cations share a
common edge, exchange between their t,, d orbitals is poss-
ible. The strength of this effect is greatest when the t,, orbitals
are half filled, ¢, orbitals are empty and the distance between
the cations is small.!® In this structure the intercation distance
is relatively large {d[M(1)-M(2)]=3.362(2) A} and the €
orbitals are half filled; thus the 1nteract10n is predicted to be
rather weak and antiferromagnetic.2°

(il) M(1)-M(2) superexchange The half-filled, anion-directed
e, orbitals can undergo spin transfer through the oxygen pe
and pr orbitals.2%2! This mechanism is expected to be weak
as the angles involved are 103.98(2)° via O(1) and 114.59(7)°
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Fig. 5 Observed (dots), calculated (full line) and difference normalised time-of-flight, neutron diffraction profiles at 59.7 K and 10.1 K, from
data collected at (i) 153, (i) 90 and (iii) 40 ° detector banks on HIPD. The reflection markers are shown as bars and the principal magnetic

peaks have been labelled. The background has been subtracted

via O(4). The strength of the exchange decreases rapidly as
the angle deviates from 90° and the orbital overlap is reduced.
d®-d® 90° cation—anion-cation superexchange is predicted to
be weakly ferromagnetic.?°

(iil) M(2)-M(2) interchain superexchange. Antiferromagnetic
ordering occurs between M(2) sites in different chains via O(3).
The M(2)-0O(3)-M(2) angle of 127 ° allows the strong antifer-
romagnetic interaction predicted for 180° superexchange to
dominate over the weaker ferromagnetic 90° mechanism.

(iv) M(2)-M(2) intrachain superexchange. The pathways
through M(2)-O-M(1)~O-M(2) have a rather large through-
bond length [8.55(1) A], and will result in very weak ferromag-
netic interactions between M(2) sites. Two symmetric
M(2)-0O(2)-P-O(3}-M(2) pathways [7.20(1) A] related by the
inversion centre link the M(2) sites at either end of a chain.
As this configuration is almost planar, antiferromagnetic
exchange between the d orbitals on M(2) through the molecu-
lar orbitals of the phosphate group will be stronger. This
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Fig. 6 Possible superexchange pathways in Fe;(PO,),, sarcopside.
Phosphorus atoms within the oxygen tetrahedra are shown as small
white circles. The large circles represent Fe sites, with the chains
depicted in grey and white as ca. y=0 and y=0.5, respectively. The
thick solid lines are used for intra- and inter-chain paths between
M(2) sites, and the paths between M(1) and M(2) sites are shown
with a thick dashed line

Table 3 Refined instrumental parameters for each detector bank at
{a) 59.79(1) and (b) 10.1 K

153° 90° 40°
scale (a) 1.08(1) L17(1) 1.19(1)
() 0.881(3) 0.949(2) 0.946(2)
absorption (a) —0.036(1) —0.047(1) —0.029(2)
by —0.036 —0.047 —0.029
peak shape (c') (a) 65(1) 1702) 122(1)
®) 64(1) 170(2) 120(1)
difA (a) —2.75(12) —2.18(8) —0.96(3)
(b) —213(10)  —1.76(7) —131(3)
zeto (a) —0.7(3) ~3.70) ~89(2)
* 0.6(3) -3.12) —11.2(2)
back 1° (a) 0.0484(4) 0.0692(6) ~0.0354(2)
) 0.0337(3) 0.0458(4) 0.0385(4)
back 2 {a) —00137(6)  —0.0391(9) 0.0698(1)
(b) —0.0055(5) —0.0199(7) —0.0052(7)
back 3 (a) 0.0026(5) 0.0118(7) —0.0458(8)
(b) 0.0023(4) 0.0072(6) —0.0048(6)
back 4 (a) 0.00024)  —0.0063(5) 0.0190(9)
) —0.0001(3)  —0.0029(4) 0.0019(4)
back 5 (a) 0.0059(2) 0.0074(2) —0.0045(4)
(b) 0.0043(2) 0.0048(2) ~0.0021(2)

Neutron scattering lengths from Koster and Yelon.?® ® A cosine
Fourier series background function. ® Fixed to avoid excessive corre-
lation with the refined magnetic moment,
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effect may be further enhanced since the P-O distances of
the participating bonds are significantly shorter than the
others and the angle is close to the tetrahedral angle.?? Weak
Fe—-O-P-O-Fe superexchange has been studied by Battle
et al.®® in KBaFe,(PO,); between 4.2 and 3.9 K. Stronger
interactions have been observed in NaFeP,0,*7 and in
Na;Fe,(PO,);,* where the FeOg octahedra are linked by PO,
tetrahedra, with Neéel temperatures of 29 and 47K,
respectively.

To understand the observed ordering (+0—) within the
chains, the antiferromagnetic interactions between M(2) sites
must be dominant. Weak interactions through the phosphate
group, coupled with the stronger inter-chain superexchange
between M(2) sites would explain the frustration of the
moment on M(1) which has no net spin direction owing to
the highly symmetric magnetic field. This can be rationalised
crystallographically, as the centre of inversion at this site
allows two possibilities for the magnetic moment, either zero
or the full moment depending upon the magnetic symmetry.
To maintain the same reflection conditions as the nuclear
structure (P2,/c) and provide a collinear antiferromagnetic
arrangement of the spins, the magnetic structure must possess
an anti-inversion centre. Our model requires the application
of time reversal to the symmetry operator related to the ¢
glide. Under these conditions (magnetic space group P2,/c"),
the spin contribution from each operator would cancel at the
M(1) site. This reflects the observed paramagnetic moment
on M(1), which has no net spin direction in the absence of
an applied field, owing to frustration.

Although the lack of spin ordering on the M(1) site is an
unusual result, it is consistent with a Mdssbauer study** of
this material at 5.2 K which found that whilst the signal from
the M(2) site is magnetically ordered, the M(1) cation is
paramagnetic. In the Mssbauer spectrum at 1.6 K, the para-
magnetic M(1) doublet is decreased by 40%, indicating a
second magnetic transition below 2.4 K.

The magnetic susceptibility measurements indicate a ferri-
magnetic transition at 44 K. A ferromagnetic component
could not be successfully incorporated into our model using
the neutron data, and we feel that the ferrimagnetism observed
at 10 K in the susceptibility data may be due to a spin—flop
phase transition induced by the field in the SQUID, or
indicate the lack of sensitivity of the neutron experiment,
which is limited by the resolution and nature of the powder
data. A single-crystal neutron study of this material, and
particularly its field-dependent effects, would be of great
interest.

Table 4 Interatomic distances and angles in Fe;(PO,),, sarcopside at 59.7 K

atoms distances/A
M(1)—O(1) (x2) 2.095(2)
M(1)—O0(2) (x 2) 2.161(2)
M(1)—O0() (x2) 2.183(2)
M()—M(2) 3.363(2)
M(2)—O(1) 2.17202)
M(2)—0(2) 2113(2)
M(2)—O0(3) 2.05002)
M(Q2)—0(3") 2.166(2)
M(2)—O(4) 2.084(2)
M(2)—O@") 2.370(2)
P—O(1) 1.540(2)
P—O(2) 1.519(2)
P—0O(3) 1.51902)
P—O(4) 1.569(2)

atoms angle/degrees

O(1)—M(1)—0(2) 87.55(5)
O(1)—M(1)—0@4) 96.73(5)
O4)—M(1)—0(2) 67.94(5)
0(2)—M(2)—O0(3) 91.66(7)
0O(2)—M(2)—04) 85.86(6)
0O(3)—M(2)—0(4) 123.42(8)
M(2)—O(3)—M(2)* 127.21(8)
M(1)—O04)—M(2) 114.49(8)
M(1)—O(1)—M(2) 104.00(6)
M(2)—O0(2)—P" 132.99(9)
M(2)—O@3)—P 131.58(10)
O(1)—P—0(2) 112.2(1)
O(1)—P—0(3) 112.1(1)
O(1)—P—0(4) 112.6(1)
0O(2)—P—03) 113.3(1)
0(2)—P—0(4) 103.6(1)
O(3)—P—0(4) 102.4(1)

“ Interchain connection; * symmetry transformations: ' x, 12—y, 1/2+z, " —x, 1/2+y, 1/2—z," —x, —y, —z.
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