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Abstract. An unusual feature of the mixed-valence compound &-Fe,(PO,)O is the presence
of zig-zag chains of face-sharing octahedra running parallel to [010] and containing, alter-
nately, Fe* and Fe® ions. These chains form sheets with the composition (FeQ,), and,
because of the presence of face-sharing octahedra, have a very short Fe?*~Fe®* distance of
2.92 A. The magnetic properties of a-Fe;(PO,)O have been studied by powder neutron
diffraction between 4.2 and 280 K and by the Mdassbauer effect between4.2and 295 K. Below
the Néel temperature of 218(3) K, the neutron diffraction data indicate a magnetostriction
predominantly along the c-axis, magnetic moments at 4.2K of 3.82(4)up for Fe** and
4.26(5)ug for Fe’* oriented parallel to [010], and the presence of ferromagnetic sheets,
containing the zig-zag chains, which are coupled into an overall antiferromagnetic structure,
The net antiferromagnetic coupling is the result of a dominant 134° Fe**-0Q(1)-Fe**
intersheet superexchange pathway. Ferromagnetic coupling dominates within the sheets
and, as a result, the entire magnetic structure avoids any spin frustration. Above 220 K, the
Mossbauer effect spectra are paramagnetic and show two quadrupole doublets with hyperfine
parameters corresponding to the discrete Fe?* and Fe®* valence states. Below 220X, the
Massbauer effect spectra show two magnetic components with hyperfine parameters charac-
teristic of discrete Fe** and Fe** ions and in agreement with the corresponding paramagnetic
values and the magnetic structure.

1. Introduction

The structure of a-Fe,(PO,)O, which has been prepared and described by Modaressi ez
al [1}, has several interesting features which lead to unusual electronic and magnetic
properties. Although the PO, tetrahedra are isolated, the Fe** ions occupy octahedra
which form edge-shared chains parallel to [010] or the b-axis of the orthorhombic unit
cell. The Fe®* containing octahedra are connected through face sharing to this chain and
alternate with the PQ, tetrahedra, as shown in figure 1. As a result of the face sharing
of the iron containing octahedra, the Fe?*—Fe®* distance is a remarkably short 2.92 A,
Even in the presence of this very short Fe**-Fe>* distance, the minority-spin electrons
are strongly localized on the Fe?* jons, as was demonstrated {2] by the lack of fast
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< Figure 1. The structure of a-Fe,(PO,)O.

electron exchange even at 870 K. The strong electron localization apparently results
because the Fe?* and Fe®* ions are located on non-equivalent crystallographic sites.

Although a Néel temperature of 220 K has been reported [1] for a-Fe,(PO,)O, its
properties have not been thoroughly investigated below 220 K. The inverse magnetic
susceptibility [1] versus temperature for a-Fe,(PO,)O shows a2 mimimum at approxi-
mately 250 K, a value somewhat higher than the 220 K Néel temperature obtained from
the Mdssbauer spectra. The antiferromagnetic coupling in a-Fe,(PO,)O is believed to
result from the rather strong superexchange through the 134° Fe**-Q(1)-Fe** exchange
pathway, which is comparable to that found in various spinels [3].

In general, the octahedral face-shared structure is not favourable for electron
delocalization in a mixed-valence material because of the poor 3d orbital overlap.
In contrast, the octahedral edge-shared structure is more amenable to electron
delocalization in a mixed-valence material because of the better 3d orbital overiap [4-
6]. Itisinteresting to note that &-Fe,(PO,)O has a metastable isomeric low-temperature
modification [7, 8], 8-Fe,(PO,)O, which has face-sharing octahedra connected by PO,
tetrahedra [7]. This structure resuits in an extremely short Fe?*—Fe** distance 0f 2.66 A,
which leads to fast electron exchange [9]. Because a-Fe,(PO,)O contains discrete
valence octahedral face-shared Fe?* and Fe3* jons which are located on non-equivalent
crystallographic sites, we have undertaken additional low-temperature studies of its
magnetic properties by neutron diffraction and the Mssbauer effect.

2. Experimental details

a-Fe,(PO,)O was prepared by a previously described method [1] and characterized
by x-ray diffraction and chemical analysis. The neutron diffraction experiments were
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Table 1. Room temperature atomic positions in @-Fe,(P0O,)Q structure (from 1]},

x ¥ z
Fe?* 0 0 0
Fe* 0.3437(2) 0.75 0.2123(1)
p 0.3784(2) 0.25 0.1296(2)
o 0.0982(4) 0.75 0.1422(5)
0(2) 0.7896(5) 0.75 -0.0051(1)
0(3) 0.0520(5) 0.25 0.4772(5)
o(4) 0.8682(3) 0.4403(3) 0.2475(3)

Table 2. Neutron diffraction reflections and their observed and calculated intensities,
magnetic moments, and reliability factor at 4.2 K. upz+ = 3.82(4)pep, pp>+ = 4.26(5)ug

and R = 3.2%.

hkl A Foate
001 100 774 772
010 0 . 0
101 480 483
110 D11 272 279
111 207 227
002 200 107 108
102 201 274 281
012 020 210 535 560
021 120 112 211 1100 1063
121 2196 2203
202 348 ' 860
003 300 395 410
022 212 220 743 754
103 523 417
301 157 176
013 310 122 221 2103 2091
311 113 2867 2492
030 0 0
031 203 302 130 4950 4924
222 697 697

carried out at the Institut Laue Langevin, Grenoble, France. The diffraction patterns
were recorded with the one-dimensional curved multidetector D1b instrument with a
wavelength of 2.5239 A. Several patterns were collected within the temperature range
4.2-275 K, namely above and below the Néel ordering temperature of 218(3) K. The
Méssbauer spectra were obtained on a Harwell constant acceleration spectrometer
which utilized a room temperature Rh matrix Co-57 source and was calibrated at room
temperature with natural abundance a-iron foil, The paramagnetic spectra were fitted
with symmetric Lorentzian doublets. The magnetic spectra were fitted with a super-
position of one sextet assigned to Fe>* and one octet assigned to Fe**. These magnetic
components were calculated [10] from the eigenvalues and eigenvectors of the nuclear
ground and excited state Hamiltonians for the combined puclear quadrupole and mag-
netic interaction. The accuracy of the hyperfine parameters is ca. 0.002 mm s™! for the



5600 M Ijjaali et al

-1
g
8 ]
N
42 K : R
' Ao ]
- ) g
gﬁgg gg;!-g A
" B 8 s )y BERS
275 K =3 ,:_§ 8
e AU AN JL
L

o
ol
[=]
-
Q
[~1]
(=]
&
[=]

20
Figure 2. Neutron diffraction patterns of a-Fe,{PO}O obtained at 4.2 and 275 K.

isomer shift, ca. 0.005 mm s~' for the quadrupole interaction, ca. 0.01 mm s™! for the
linewidth, better than 2 kOe for the hyperfine field, ca. 2° for 8, and ca. 0.02 for 5.
The Wigner—Seitz cell volume was calculated for each crystallographic site in a-
Fe,(PO,4)O by using the program [11] BLOKIJE, the room temperature unit cell lattice
parameters and atom positions obtained from the single-crystal x-ray study [1], and the
ionic radii [12] 0.92, 0.79, 0.31 and 1.28 A for the Fe?*, Fe**, P** and O?" ions,
respectively. The cell volumes were also calculated for the antiferromagnetic low-
temperature phase by using the room temperature atomic positions [1] and the 4.2K
lattice parameters obtained from the neutron diffraction results reported herein.

3. Magnetic structare

a-Fe,(PO,)O crystallizes [1]in the orthorhombic Prmaspace group witha = 7,378(1) A,
b=6.445(3) A, c =7.471(1) A and Z = 4, The Fe** ions are located at a symmetry
centre with point symmetry 1 and the Fe** ions are located on a mirror plane with point
symmetry m (tables 1 and 2). Asisillustrated in figure 1, the structure may be described
as sheets of face-sharing octahedra oriented parallel to {010] and including the PO,
tetrahedra. These sheets are connected by the O(1} oxygen ions and by the PQ,
tetrahedra,

Two powder neutron diffraction patterns recorded at 275 and 4.2 K are shown in
figure 2. The neutron diffraction pattern at 275X is quite characteristic of nuclear
scattering alone. A full refinement is not possible because there are 14 parameters to be
determined from 15 independent reflections and 26 observed lines. Nevertheless, by
using the scattering lengths {13] bp, = 9.54, bp = 5.13 and by = 5.80 X 107 m, the
nuclear intensities were calculated [14] with the atomic positions determined in the
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earlier single-crystal x-ray structure study and yielding a satisfactory reliability factor,
R=4.1%. At 4.2 K, additional lines appear in the neutron diffraction pattern (figure
2) characteristic of an antiferromagnetic ordering, in agreement with the magnetic
measurements. All of the observed reflections can be indexed on the basis of the crystal
unit cell as 0kl with &k + 7/ =2n + 1 and Ak0 with & = 2n 4 1, i.e. reflections forbidden
by the nuclear glide planes # and g respectively. It must be noted that some of the nuclear
reflections have magnetic contributions to their intensity. The refined lattice parameters
measured at 4.2K are 7.404(5), 6.435(5) and 7.443(5) A for the @, b and ¢ axes,
respectively.

Because the structure of a-Fe,(PO,)O consists of sheets of octahedra expected
to have internal ferromagnetic coupling [1], a model in which these sheets are anti-
ferromagnetically coupled, asshownin figure 3, was used to analyse the low-temperature
neutron diffraction pattern. Such a model is in agreement with the observation of the
loss of the nuclear glide planes # and a. Once more, a full refinement is not possible due
to the lack of experimental information, 16 variable parameters for 20 independent
neutron reflections and 39 observed lines (tables 1 and 2). Therefore, by using the set of
nuclear parameters previously defined and the magnetic form factor of iron {15], only
the scale factor and the magnetic moments of Fe?* and Fe** were refined. The best fit
tothe data was obtained for yp.2+ = 3.82(4)ug and pig.3+ = 4.26(5)uy with the moments
in the [010] direction, with a reliability factor of 3.2% (tables 1 and 2).

The magnetic moment value observed for the Fe®* site is very typical. For instance,
it is 4.0 and 4.4up for the two crystallographic Fe* sites [16] in Fey(PO,);(OH),.
However [17], in Fe;(P0O,)Oj3, which contains five coordinate Fe**, the moment is only
3.9ug. Sherman [18] has carried out a molecular orbital calculation on the (FeOg)*"
cluster and found an effective moment of 4.69u5. The magnetic moment value observed
for the Fe?* site is in the range expected and agrees rather well with the value of 4.1up
found for the isolated discrete valence Fe®* in ilvaite [5].

The thermal dependence of the magneticintensity measured at various temperatures
between 275 and 4.2 K yields a classical thermal variation of the iron magnetic moments
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(see figure 4) and an ordering temperature of 218(3) K; a value which is in fair agreement
with the Mdssbauer spectroscopy measurements {1].

The temperature dependence of the unit cell parameters is shown in figure 5. An
abrupt change in the b and ¢ lattice parameters and a less pronounced change in the 2
lattice parameter are observed at the Néel temperature. The antiferromagnetic tran-
sition is thus accompanied by a rather anisotropic magnetostrictive effect which is
fairly common in antiferromagnetic compounds [19]. It should be noted that the major
variation of the lattice parameters occurs between 150 and 220 K.
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Figure 6. The Mossbauer spectra of a-Fe,(PO,)O obtained between 220 and 295 K.

4. Masshauer spectra

The Méssbauer effect spectra have been measured from 4.2 to 295 K. Between 221 and
295 K, the spectrum consists of two quadrupole doublets as shown in figure 6. Upon
slow cooling below 221 X the first indication of ordering is observed at 220.5K as a
broadening and the appearance of shoulders. At 220 K, as shown in figure 6, there is a
clear indication of magnetic ordering.

Itis possible to obtain two different quadrupole doublet fits[1, 2] of the paramagnetic
spectra because of the overlap of the two doublets at approximately zero mm s~!. Both
doublet combinations have been tried and cannot be distinguished on the basis of the
misfit. The temperature dependence of the isomer shifts between 295 and 873 K, was
used by Iraidi et af [2] to choose the coupling (1,3) and (2,4) of the four lines. Because
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we have obtained a large number of spectra from 4.2 to 295 K, the temperature depen-
dence of all hyperfine parameters may be followed in detail, in both the magnetic and
paramagnetic regions. We expect a smooth temperature dependence of the isomer shifts
in each region, in agreement with the second-order Doppler shift [20. 21]. A small
discontinuity in the isomer shifts at the Néel temperature would not be abnormal, in view
of the lattice parameter variation observed in the neutron diffraction measurements. The
relative Jattice contraction of ca. 0.7% below the Néel temperature would lead to an
increase in electron density of about 0.7% which, if entirely converted into an increase
in the 4s electron density, would lead [22] to a decrease of ca. 0.005 mm s™! in both
isomer shifts. Such a small decrease would be extremely difficult to observe and we thus
do not expect to see any discontinuity in the temperature dependence of the isomer
shifts at the Néel temperature. As discussed below, there is no ambiguity in the values
of the isomer shifts in the magnetic spectra. If the coupling (1,4) and (2,3) of the four
lines of the paramagneticspectra in figure 6is chosen, a smooth temperature dependence
of the isomer shifts, as shown in figure 7, is observed through the antiferromagnetic
transition. If the alternate (1,3) and (2,4) coupling is chosen, a discontinuity of
+0.05 mm s™! for the Fe?* site and —(0.05 mm s~} for the Fe** site is observed with
increasing temperature at the magnetic transition. Such large discontinuities are not
realistic and their different signs are an artefact of the incorrect coupling of the lines.
Hence, the fits shown in figure 6 result from the (1,4) and (2,3) coupling of the lines,
and the corresponding hyperfine parameters are given in table 3. The temperature
dependence of the quadrupole interactions from 4.2 to 873 K will be discussed below.
The isomer shift for the inner doublet is very characteristic of high-spin Fe’* in a
pseudo-octahedral oxygen environment [23] in which the Fe®* is bonded to oxygen ions
which are also part of a PO, tetrahedron. Indeed, the observed room temperature
isomer shift of 0.466 mm s™! agrees well with the value of 0.44 mm s™', the average of
the isomer shifts for Fe* in seven compounds [23] in which the Fe* js bonded to a PO,
group through an oxygen. However, the quadrupole interaction for the Fe’* is rather
large because of its rather distorted octahedral environment [1]. The isomer shift and
the quadrupole splitting of the second doublet are very characteristic of high-spin Fe?*
in a distorted octahedral oxygen environmeant [24]. At this point it is useful to introduce
the 295 K Wigner—Seitz cell volume for the two iron sites in a-Fe,(PO,)O. The cell
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Table 3, Mossbauer effect hyperfine parameters for @-Fe,(PQ,)O in the paramagnetic phase.
The isomer shift, 8, is reported relative 10 Toom temperature natural abundance v-tron foil.

Iron (I1I) Iron (II)

T 8 AEq T Area & AEq T Area
(K) (mms™) (mms™?) (mms)) (%) (mms™Y) (mms™") (mms') (%)

220.5 0.487 1.029 0.28 311 1.148 2.583 0.28 48.9
21 D433 1.025 0.27 536 1147 2,584 0.25 46.4
222 0.484 1.026 0.26 53.8  1.146 2.581 0.25 46.2
225 0479 1.018 0.26 524 1144 2.579 0.26 47.6
230 0477 1.019 027 531 1138 2.564 0.27 46.9
240 0.474 1.020 0.26 52.8 1131 2.532 0.26 46.2
250 0.473 1.016 0.27 535 1121 2.515 0.27 46.5
260 0475 1.009 0.28 53.1 1109 2.497 0.28 46.9
270 0.467 1.003 0.27 531 1.099 2.461 027 46.9
280 D.469 0.980 0.30 529 1079 2.445 0.30 47.1
290 0.467 0.973 0.30 52.7 1062 2.407 0.30 47.3
205 (.464 0.981 0.28 52.8 1.060 2.336 0.28 47.2
315 0.469 0.567 0.28 544 1019 2.320 0.26 45.6
423+ (.326 1.100 0.26 48.3  0.995 1.890 0.24 51.7
573 0.245 1,180 0.27 50.4  0.905 1.560 0.30 49.6
725 0.105 1.165 0.32 504  0.795 1.170 0.33 49.6
873  0.025 1.180 0.33 523 0.635% 0.980 0.36 47.7

* Pata from [2].

volume is 5.94 A3 for the Fe** site and 3.59 A® for the Fe’* site. The cell volumes are
0.25, 15.06, 15.44, 17.27 and 15.63 A3 for the P, O(1), O(2), O(3) and O(4) sites,
respectively. The cell volume for the Fe?* site is very similar to the 5.91 A® value found
[23] for the divalent Fe(3) in Feo(PO,)Oy. Hence it is not surprising to find that the Fe**
sites both have the same 295 K isomer shift of 1.07 mm s™*. A similar comparison of the
Fe®* sites in a-Fe,(PO,)O and Fey(PO,)Oy4 is less useful because the trivalent Fe(2) in
Feg(PO,)O; is not bonded to a PO, group. However, the Wigner—Seitz cell volume of
3.59 A3 for the Fe?* in a-Fe,(PO,)O is substantially smaller than the 4.10 A? value
found [21] for the trivalent iron in Fe4(PO,)Os.

The areas of the two quadrupole doublets in a~Fe,(PO,}O are not in a 1:1 ratio but
on average the Fe®* doublet contains 53.8% of the Massbauer spectral absorption area.
This indicates that the Fe** site has a slightly higher recoil-free fraction than does the
Fe?* site, in agreement with the smaller thermal parameter found [1] for the Fe**. This
also agrees with the Wigner-Seitz cell volume for the two iron sites, especially when the
ratio of the Wigner—Seitz cell volume is compared to the volume of the spherical ion of
the radius used in the cell calculation. The ratios are 1,74 for the Fe®* site and 1.82 for
the Fe?* site. It would appear that the Fe** has more volume for recoil and hence a
smaller recoil-free fraction. The opposite is the case in Feg(PO,)Ogin which the trivalent
Fe(2) site has the largest ratio and the smallest recoil-free fraction [23].

At 220 K, the Méssbauer spectrum of a-Fe,(PO,)O shows evidence of long-range
magnetic ordering, see figure 6, and from 4.2 to 217.5 K the Mdssbauer spectra clearly
show evidence for two magnetic components, as is illustrated in figure 8 at several
different temperatures. Modaressi et af [1], bave reported the Massbauer spectrum
of a-Fe,(PO4)O at 100K, but did not fully analyse its hyperfine parameters. More
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specifically, they did not relate the Fe** quadrupole shift in the magnetic spectrum to
the quadrupole splitting in the paramagnetic spectrum. In this work, by solving the
ground and excited state Hamiltonians [10], a complete analysis of the magnetic spectra
is possible and the resulting hyperfine parameters are given in table 4. This analysis for
the Fe?* site was based on the values reported by Modaressi et a/[1]. We used their two
sets of parameters with ¢, the angle between the projection of the hyperfine field onto
the plane normal to the principal axis of the electric field gradient, equal to zero in order
to avoid complex terms in the Hamiltonians [10]. The parameters given in table 4 provide
a better fit to the experimental data than the alternate set reported by Modaressi et al
{11.

The three parameters describing the quadrupole perturbation, 1, the asymmetry
parameter, 8, the angle between the principal axis of the electric field gradient and the
hyperfine field, and eQV,,/2, the quadrupole interaction for the Fe* site, are strongly
correlated. Hence in the fits shown in figure 8, we have kept the quadrupole interaction
constant and equal to —1.12 mm s}, assuming that any temperature dependence of the
quadrupole perturbation would be reflected in the temperature dependence of 7 and 8.
ForanFe?* ion, the temperature dependence of the quadrupole perturbation is expected
to be due to the temperature dependence of the lattice parameters shown in figure 5.
Hence, the quadrupole interaction is expected to be nearly temperature independent
between 4.2 and 180 K and to perhaps show some variation above 180 K. Figure 9 shows
the temperature dependence between 4.2 and 295 K of the quadrupole splitting

AEg = (eQV,./2)(1 + n*/3)?

for the Fe** site. The results are in good agreement with the temperature dependence
of the lattice parameters shown in figure 3.

For the Fe®* site, the three parameters describing the quadrupole perturbation, 1,
6 and eQV,,/2, are less strongly correlated because of the presence of the seventh and
eighth lines in the spectra, Hence, for the Fe?* site all three parameters were adjusted.
Between4.2and 140 K, they were found to be independent of temperature, in agreement
with the temperature independence of the lattice parameters. Figure 10 shows the
temperature dependence of the quadrupole splitting, AEq, for the Fe** site, between
4.2 and §73 K. The data points at 423 K and above are from {2] and correspond to the
coupling (1,3) and (2.,4) of the four lines in the paramagnetic spectra. The temperature
dependence of AE, for the Fe?* site, between 4.2 and 873 K, i5 consistent with the
model proposed by Ingalls {25] and given by the expression

AEQ(T) = AEG(O)[1 — exp(—AE/kT)/[1 + 2exp(—AE/AT)} (1)

where AEq(0) is the quadrupole splitting at 0 K, and AE is the low-symmetry crystal
field splitting of the t;; orbitals, which would be degenerate in a perfectly octahedral
environment. The full curve in figure 10 corresponds to a AEq(0) of 2.79mms™' and a
AE value of 850K which is equivalent to 590 cm™!. The AE value is in excellent
agreement with the earlier [2] estimation of 600 = 40 cm™’. The asymmetry parameter,
1. for the Fe* site is constant from 4.2 to 160 X and decreases above 160 K, in agreement
with the temperature dependence of the lattice parameters. Because the values of AE,
measured for the Fe?* site above room temperature are on the same curve as the values
measured below room temperature, we conclude that the low-velacity lines of the two
doublets must cross each other between 295 and 423 K.

The temperature dependence of the Mgssbauer effect hyperfine fields for the Fe?*
and Fe®* sites in a-Fe,(PO,)O is shown in figure 11. The Mdssbauer effect results
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Figure 8. The Mossbauer spectra of a-Fe,(PO,)O obtained at several temperatures below

its Néel temperature.
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Figure 9. The temperature dependence of the quadrupole interaction for the Fe** site in
a-Fe,(PO,)O. The full lines are drawn as a guide to the eye.
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Figure 10. The temperature dependence of the
quadrupole interaction for the Fe?* site in o~
Fe,(PO O, from 4.2 to 873 K. The x data points
4 are from [2] and the remaining data points are
measured in this work. The full curve corresponds
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Figure 11. The temperature dependence of the hyperfine fields for the Fe?* and Fe®* sitesin
a-Fe,(PO,)O. The + data points were obtained upon cooling and the remaining data points
were obtained upon warming of the sample.

indicate that the Néel temperature is between 220.5and 220 K, avalue in good agreement
with that obtained from the neutron diffraction results, asis shown in figure 4. The shape
of the curves in these two figures is very similar, particularly above 200 K, where the
hyperfine fields and the moments collapse very rapidly. The 500 kOe saturation value
of the hyperfine field for the Fe®* site is rather lower than would be expected for Fe** in
an ionic lattice [26] and indicates a covalent contribution [27] to the bonding at this site.
The 240 kOe saturation value of the hyperfine field for the Fe?* site is in the range
measured for Fe?* in the octahedral site of various spinels [26]. The main difference
between the plots shown in figures 4 and 11 resides in the rather similar saturation
moments and the very different saturation hyperfine fields. This difference occurs
because the considerably smaller hyperfine field on Fe?* is due to a non-vanishing orbital
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Figure 12. The reduced Fe** hyperfine field versus
the reduced temperature. The full curves are com-
02k - puted as explained in [29] for 5 values 0£0.0,0.5,
. 1.0and 1.5, for the bottom curve to the {op curve,
. . , . respectively. In this figure 1 is a measure of the
00 0z 04 06 o8 @ departure of the magnetic transition from second
T/n order,

moment which produces an additional contribution of opposing sign to the hyperfine
field {26, 28].

A plot of the reduced Fe?* hyperfine field versus the reduced temperature, figure 12,
shows that the reduced field does not follow a Brillouin curve with S = 5/2 but rather
follows the curve computed by Bean and Rodbell [29], for S = 5/2 and n = 1, in their
treatment of the exchange magnetostriction associated with a non-second-order mag-
netic transition. The parameter 5 is a measure of how extensively the transition departs
from an ideal second order transition and » = 1 is at the crossover between first and
second order. This »n should not be confused with the asymmetry parameter for a
quadrupole interaction, which is also traditionally given the symbol 5. From the Néel
temperature, the relative change of the unit-cell volume at the Néel temperature, the
number of atoms in the unit celi, the reduced magnetization at 220 K and , it is possible,
from equations (11) and (12) in [29}], to obtain a compressibility, &, 0f2.8 107 N~! m?for
a-Fe,(P0O,)0, a value which is relatively large. Unfortunately, there is no experimental
value for the compressibility of a-Fe,(PO,)O. The parameter, 8, which measures [29]
the slope of the variation of the transition temperature with the lattice volume is found
to be +2.4, As might be expected for a non-second-order transition, the Mdssbauer
spectra measured within a few degrees of the ordering temperature show a small thermal
hysteresis in the hyperfine fields, as is shown in figure 11.

The neutron diffraction results discussed above have indicated that the magnetic
moments, and hence presumably the hyperfine fields, are oriented along the [010] or 5-
axis in @-Fe,(PO,)O. Thus, from the value of 8, it should be possible to relate the
direction of the principal axis of the electric field gradient tensor to the molecular
geometry. For the Fe?* site the vectors to the two Fe** near-neighbour sites make angles
of 62 and 57°; angles which are close to the observed @ value of 66°. There does not seem
to be any obvious structural basis for the 80 = 2° angle found for Fe?*. An angle of 90°
would not be unrealistic from the structure but fits with & constrained to 90° give
substantially poorer fits of the magnetic spectra.

In contrast to the fits of the paramagnetic spectra, below the Néel temperature, the
areas of the two magnetic components are equal, indicating equivalent recoil-free
fractions for the two iron sites. The M&ssbauer spectra measured between 85 and 220 K
were obtained under fixed geometry conditions with a room temperature source.
Hence it is possible to use the temperature dependence of the logarithm of the spectral
absorption area and of the isomer shift to obtain information [20,21,30] about
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the lattice dynamics of a-Fe,(PO,)O. The slope of the In area with temperature is
—1.15% 1073K"!, The slopes of the isomer shifts with temperature are
—7.20 % 10™*mm s~! K~! for the Fe?* site and —6.71 X 10~*mms~! K~ for the Fe**
site, between 4.2 and 873 K. These slopes yield [21] effective recoiling masses of 58 and
62 g mol™? and lattice Mossbauer temperatures of 342 and 330 K, respectively, for the
Fe?* and Fe?* sites.

5. Discussion

In understanding the magnetic properties of a-Fe,(PO,)0, it is important to consider
the magnetic interactions both within and between the ferromagnetic sheets shown in
figure 3. Within these sheets, there are numerous pathways for magnetic coupling which
include: (1) direct magnetic exchange across the shared octahedral edge between the tp,
orbitals on two Fe?* sites; (2) direct magnetic exchange across the shared octahedral
face between the ty, orbitals on Fe?* and those on its two Fe** near neighbours; (3)
magnetic superexchange through the 92° Fe?*-O(2)-Fe?* and 103° Fe?*-O(1)-Fe?*
exchange pathways; and (4) magnetic superexchange through the 87° Fe?* -Q(1)-Fe**,
82° Fe?*~0(1)-Fe** and 90° Fe?*-0(4)-Fe** exchange pathways. Between the sheets,
as shown in figure 3, there are two pathways for magnetic coupling: (1) magnetic
superexchange through the 119° Fe?*—~0Q(1)-Fe’* exchange pathway; and (2) magnetic
superexchange through the 134° Fe**—0(1)-Fe’* exchange pathway, where both path-
ways are via O(1). The importance of O(1) in the exchange pathway is also revealed in
the Wigner—Seitz ceil volume . Asexpected, all of the Wigner—Seitzcell volumes contract
upon cooling, except for that of O(1) which actually expands by ca. 0.1%. Apparently
the anti-ferromagnetic exchange between the sheets affects this bridging site more than
the remaining oxygen sites. Alternatively, and perhaps more likely, this may indicate
that the relative atom positions are different in the paramagnetic and antiferromagnetic
phases.

There are numerous additional Fe-O-P—O-Fe superexchange pathways, both within
and between the sheets, but they are known to be rather weak [31, 32]. To classify the
other magnetic interactions, we can use the rule proposed by Goodenough [33] which
indicates that direct exchange and 90° superexchange interactions are weaker than the
180° superexchange interactions. Further, the 180° superexchange interaction is known
to increase with the covalency of the metal-oxygen bond, a covalency observed in the
Maossbauer effect for the Fe* site. It is also well known from various spinels [3] that the
134° superexchange interaction is strong and that it becomes stronger as the covalency
of the Fe**~O bond increases. Thus, the antiferromagnetic structure shown in figure 3
results because the antiferromagnetic coupling through the 134° superexchange pathway
between sheets predominates. The ferromagnetic coupling within the sheets is expected
because both direct exchange and the approximately 90° superexchange between Fe?*
and Fe?* or Fe®* are ferromagnetic. Therefore there is no magnetic frustration either
within or between the sheets shown in figure 3.
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