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Introduction

Solid transition-metal compounds are of considerable inter-
est, because they display a plethora of remarkable electrical
and magnetic properties. The most studied systems are the
transition-metal oxides, with many of them exhibiting no-
ticeable magnetic properties related with either low dimen-
sionality,[1,2] or frustration effects[3] and spin-ice materials,[4]

for example. Thus, the understanding of complex electronic
and magnetic properties in materials in which electrons are
on the edge of itinerant to localised transition needs a clear
knowledge of the fundamental magnetic properties of sim-
pler materials, such as the electronic insulators, which could
provide useful models to study those more difficult systems.

In this sense, phosphate oxosalts of transition-metal cat-
ions are quite close to oxides, because they show a wide
range of connections between metal polyhedra, in general
with very opened structures, that give rise to various poten-
tial applications. Many of them are related to solid-state de-
vices for lithium batteries as electrodes or electrolytes, with
LiFePO4 and LiFe3(PO4)3

[5,6] being some representative ex-
amples. On the other hand, transition-metal cations can

define three-dimensional condensed frameworks that exhibit
interesting cooperative magnetic interactions.[7±10] In particu-
lar, the complex structural chemistry of several orthophos-
phates of general formula AM4(PO4)3 (A=alkali metal,
M=divalent metal cation) has been studied for many
years,[11±17] and different crystal structures have been de-
scribed.

Phosphates with the above stoichiometry possess ortho-
rhombic symmetries with quite similar unit cell parameters,
which mainly depend on the cation sizes (Table 1). Never-
theless, noticeable differences in metal coordination polyhe-
dra and in their connectivities are encountered; this implies
varied physical properties. Unfortunately, even if good crys-
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Abstract: KNi4(PO4)3 has been synthe-
sised following a method previously re-
ported by some of us and studied on
the basis of magnetization and neutron
powder diffraction (NPD) data. Mag-
netization measurements suggest the
coexistence of ferromagnetic (FM) and
antiferromagnetic (AFM) interactions:
magnetization versus magnetic field
curves present a remanent magnetiza-

tion of around 2.15 mB at T=2 K. The
magnetic structure of the KNi4(PO4)3
has been determined at low tempera-
ture from the NPD data. These mea-
surements show that there are three

magnetic sub-lattices of Ni2+ ions,
which interact through common
oxygen or phosphate groups, giving rise
to FM and AFM couplings. The result-
ing interactions are FM in nature. Such
a complex behaviour could provide an
interesting model to analyse magnetic
interactions in more condensed sys-
tems, such in mixed metal oxides.
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Table 1. Othophosphates of general formula AM4(PO4)3.

Space a [ä] b [ä] c [ä] Ref.
group

KFe4(PO4)3 Pmnn 6.273 16.513 9.808 [11]
(single crystal)

NaMg4(PO4)3 Pnma 9.883 6.345 15.240 [12]
(single crystal)

NaNi4(PO4)3 Amam 9.892 14.842 6.357 [13]
(single crystal)

KMn4(PO4)3 Pmcn 6.550 16.028 9.977 [14]
(single crystal)

ANi4(PO4)3 Pmnn 6.148 16.210 9.474 [15, 16]
A=Na, K (polycrystal) (this paper)

KMn4(PO4)3 Pmnn 6.554 16.049 9.977 [15, 16]
(polycrystal)

(NH4)Mn4(PO4)3 Pnnm 9.885 16.745 6.464 [17]
(single crystal)
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tals for X-ray structure determination were obtained, pow-
dered pure phases were not prepared in most cases. This
fact precludes carrying out further studies on properties
and, in consequence, their applications cannot be envisaged.

From the isolation and characterisation of a good number
of phases of the system AM4(PO4)3, we noted that some of
them showed remarkable electrical and magnetic proper-
ties.[15,16] We pointed out that the complex behaviour of
these materials needed the knowledge of their magnetic
structure in order to provide a complete interpretation for
it.

The aim of present work is to report the room-tempera-
ture crystal structure refinement and the low-temperature
magnetic structure of KNi4(PO4)3, carried out by high-reso-
lution neutron powder diffraction (NPD). From these results
its magnetic behaviour is analysed on the basis of coexisting
Ni-O-Ni superexchange with super±superexchange (Ni-O-
O-Ni) magnetic interactions mediated by phosphate groups
(NiOn-PO4-NiOm). The magnetic structures of other related
derivatives of manganese and cobalt are under study and
will be reported in due course.

Results and Discussion

Crystal structure refinement : The refinement of the
KNi4(PO4)3 crystallographic structure was carried out from a
high-resolution NPD pattern collected at room temperature
with l=1.911 ä. The data were fitted using the pattern
matching routine of the program Fullprof,[18] in the Pnnm
space group, taking the parameters previously reported by
some of us[15,16] as a starting point. The structural refinement
was performed in this space group and the good agreement
between the observed and calculated patterns is shown in
Figure 1. The structural parameters calculated in the refine-
ment are gathered in Table 2.

We also tried the space group Amam in which
NaNi4(PO4)3 phosphate[13] had been described from single-
crystal data, but no good fitting was achieved. Therefore no
change of space group is detected with respect our previous
results from XRD data.

In this refinement three independent crystallographic sites
for the nickel and phosphorus atoms are present in the com-
pound. The final refined positional and thermal parameters
are given in Table 3. The main interatomic distances, angles

and bond valence sums (BVS) around cations for the potas-
sium nickel orthophosphate are listed in Table 4. The potas-
sium cations adopt a six-fold coordination in a distorted
trigonal prism. The three kinds of Ni atoms are arranged in
distorted trigonal bipyramids, labelled Ni1, and in octahe-
dra, Ni2 and Ni3. The phosphorus atoms form tetrahedral
polyhedra that are slightly distorted. As we can see in
Table 4, in all cases, their bond length mean values and the
BVS×s are in good agreement with the sum of the ionic
radii[19] and calculated valence for all atoms, respectively.

The projection of the overall structure in the bc plane
(Figure 2) shows its complexity, which can be rationalized as
being made up of [Ni4(PO4)3] groups connected in such a
way that tunnels parallel to the a axis are formed in which
the potassium cations are located. The Ni�O framework will
be the primary focus of this description in order to rational-

Figure 1. Observed (circle), calculated (solid line), and difference (at the
bottom) neutron diffraction (D1A, ILL) profiles of KNi4(PO4)3 at room
temperature. Vertical marks correspond to the position of the allowed re-
flections for the crystallographic structure.

Table 2. Details of full-profile refinements from neutron diffraction pat-
tern at room temperature for KNi4(PO4)3.

space group Pnnm
a [ä] 9.474(9)
b [ä] 16.203(8)
c [ä] 6.145(7)
V [ä3] 943.55(7)
Z 4
reflections 577
parameters 71
Rp=� jyi,obsvd�(1/c)yi,calcd j /�yi,obsvd 5.04
Rwp= {�wI jyi,obsvd�(1/c)yi,calcd j 2/�wi[yi,obsvd]

2}1/2 6.69
Rb= [� j Iobsd�Icalcd j ]/�Iobsd 4.31
c2 5.71

Table 3. Final refined positional and thermal parameters from the neu-
tron diffraction pattern (D1A) at room temperature for KNi4(PO4)3.

Atom Site x y z b [ä2]

K 4g 0.7966(6) 0.033(1) 0.5 1.77(2)
Ni1 4g 0.5345(7) 0.091(9) 0 0.90(6)
Ni2 4g 0.9872(6) 0.1423(2) 0 0.79(7)
Ni3 8h 0.2486(9) 0.2040(6) 0.2508(1) 1.07(2)
P1 4g 0.5407(5) 0.1633(7) 0.5 1.36(2)
P2 4g 0.9555(8) 0.2204(4) 0.5 0.63(1)
P3 4g 0.2091(1) 0.0356(1) 0 1.19(1)
O1 4g 0.3787(7) 0.1337(7) 0.5 1.08(1)
O2 4g 0.1135(5) 0.2242(1) 0.5 1.02(1)
O3 8h 0.5887(3) 0.1169(4) 0.2996(8) 1.08(8)
O4 4g 0.3941(4) 0.1883(7) 0 1.26(1)
O5 4g 0.6105(4) 0.2509(2) 0.5 0.94(1)
O6 4g 0.8657(9) 0.0445(1) 0 1.40(1)
O7 8h 0.1587(4) 0.090(2) 0.1975(1) 0.95(8)
O8 8h 0.8928(5) 0.1817(2) 0.7070(8) 1.42(1)
O9 4g 0.3638(7) 0.0209(2) 0 1.53(1)
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ize the magnetic behaviour. This framework can be decom-
posed in three different fragments for clarity. The Ni3 ar-
rangement defines one-dimensional chains of edge-shared
octahedra along the c axis that condense with Ni2 isolated
octahedra to form layers parallel to the ac plane (Figure 2b).
These Ni2O6 octahedra, which are situated between the Ni3
chains, share two edges with one chain (left) and two of the
vertices with two apical oxygens on the other adjacent Ni3
chain (right) to form an extended lattice along the a axis.
The trigonal bipyramids (or pseudo-square pyramids) Ni1O5

share an equatorial edge (Figure 2c) and these units are
linked to the Ni3/Ni2 layers through the third equatorial
corner and an oxygen atom of the edge-shared Ni3 chains in
order to extend the Ni�O framework along the b axis. Final-
ly, Ni12O8 dimers are also connected to Ni2O6 isolated octa-
hedra through PO4 tetrahedra by sharing corners, thus form-
ing Ni�O/PO4 layers in the bc plane (Figure 2d). Note that
shared corners of PO4 tetrahedra lie in the plane and their
fourth corner alternately points towards and away from the
above layers and belongs to the common edge of the
(Ni3O8)¥ chains. Therefore, two parallel edge-shared

(Ni3O8)¥ chains are orientated
approximately orthogonal to
each other with respect to their
square planes, but are not in
direct contact (see Figure 2a,b).

Magnetic properties : Variable
temperature magnetic suscepti-
bility measurements of
KNi4(PO4)3 have been carried
out on a powdered sample over
the temperature 4.2±300 K
range. Figure 3 shows the tem-
perature dependence of the
magnetic susceptibility and its
reciprocal for this compound.
At temperatures above 50 K
the thermal evolution of cm fol-
lows a Curie±Weiss law,
cm=Cm/(T�q), with Cm=

1.4 emuKmol�1 Ni2+ , and q=

0.82 K. From the difference be-
tween the experimental
(3.34 mB) and theoretical
(2.83 mB) values of the magnetic
moments encountered, some
magnetic interactions between
the paramagnetic Ni2+ ions are
to be expected.

Below 50 K, the molar mag-
netic susceptibility increases no-
ticeably with decreasing tem-
perature and reaches a maxi-
mum at 7 K, indicating that a
long magnetic order is estab-
lished at this temperature.
Figure 4 shows the cmT versus
T curve, and we can observe

that the cmT product increases when temperature decreases,
showing a transition at the Nÿel temperature of 40 K
and reaching a sharp maximum at 20 K. This behaviour
can be attributed to the dominant magnetic exchange inter-
action of ferromagnetic (FM) in nature.[20] However, it
s interesting to note a more complex behaviour, evidenced
by the maxima observed in the cm graph, that can be
attributed to a weakly antiferromagnetic (AFM) compo-
nent.[21]

The presence of the above FM component is confirmed
by the magnetization versus magnetic field measurements
shown in Figure 5. In the isothermal magnetization curve
corresponding to T=2 K a remanent magnetization is ob-
served, its value being around 2.15 mB per formula unit. Al-
though some magnetization still remains at T=14 K, around
1.78 mB per formula unit, at higher temperatures, for instance
at 50 K (not shown), the field dependence of the magnetiza-
tion is linear and no hysteresis is observed; this indicates a
paramagnetic behaviour. The hysteresis loops do not satu-
rate even at fields as high as 50 kOe suggesting that an
AFM component is also present.

Table 4. Main interatomic distances [ä], angles [8] and bond valence sums around cations for KNi4(PO4)3.

KO6

K�O3 2.691(5) î2 K�O7 2.761(6) î2 K�O8 2.873(1) î2
mean 2.775
Shannon[a] 2.78
valence sum 1.07 1

P1O4 P(2)O4 P3O4

P1�O1 1.544(1) P2�O2 1.498(9) P3�O6 1.479(1)
P1�O3 1.512(6) î2 P2�O4 1.588(1) P3�O7 1.576(6) î2
P1�O5 1.565(1) P2�O8 1.538(4) î2 P3�O9 1.586(1)
mean 1.533 mean 1.541 mean 1.554
Shannon[a] 1.57 Shannon[a] 1.57 Shannon[a] 1.57
valence sum 5.02(5) valence sum 4.94(5) valence sum 5.11(6)

Ni1O5 dimers Ni2O6 isolated Ni3O6 chains

Ni1�O3 1.954(5) î2 Ni2�O5 2.087(5) Ni3�O1 2.026(5)
Ni1�O4 2.051(8) Ni2�O6 1.958(8) Ni3�O2 2.023(5)
Ni1�O9 1.985(8) Ni2�O7 2.197(5) î2 Ni3�O4 2.083(5)
Ni1�O9 2.067(8) Ni2�O8 2.109(5) î2 Ni3�O5 2.159(5)

Ni3�O7 2.058(5)
Ni3�O8 2.315(5)

mean 2.002 mean 2.109 mean 2.111
Shannon[a] 2.03 Shannon[a] 2.10 Shannon[a] 2.10
valence sum 1.97(1) valence sum 1.89(1) valence sum 1.92(1)

Ni1O5 dimers Ni2O6 isolated Ni3O6 chains

O3-Ni1-O3 140.3(9) O5-Ni2-O6 178.2(7) O1-Ni3-O2 81.2(5)
O3-Ni1-O4 91.3(8) O5-Ni2-O7 83.9(5) î2 O1-Ni3-O4 97.8 (1)
O3-Ni1-O9 109.8(8) O5-Ni2-O8 89.1(5) î2 O1-Ni3-O5 174.7(3)
O3-Ni1-O9 92.9 O6-Ni2-O7 178.2(7)î2 O1-Ni3-O7 98.2(1)
O4-Ni1-O9 85.2(8) O6-Ni2-O8 89.9(7) O1-Ni3-O8 85.8(6)
O4-Ni1-O9 167.5(4) O7-Ni2-O7 67.7(4) O2-Ni3-O4 176.8(3)
O9-Ni1-O9 82.3(5) O7-Ni2-O8 155.4(3) î2 O2-Ni3-O5 95.8(5)

O7-Ni2-O8 88.2(7) î2 O2-Ni3-O7 90.1(2)
O8-Ni2-O8 115.3(4) O2-Ni3-O8 108.8(7)

O4-Ni3-O5 84.8(8)
O4-Ni3-O7 93.0(2)
O4-Ni3-O8 68.1(7)
O5-Ni3-O7 86.1(1)
O5-Ni3-O8 90.9(4)
O7-Ni3-O8 161.1(2)

[a] Shannon ionic radii, see reference [19].
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Magnetic structure determination : Figure 6 shows the NPD
patterns collected at 300 and 5 K. By comparing both pat-
terns noticeable changes are observed in certain Bragg re-

flections, which are all permitted in the space group Pnnm.
From the pattern acquired at T=5 K some of them, such as
the (101), (200), (301) and (400) reflections, start to be ob-

Figure 2. Crystal structure of KNi4(PO4)3. Colour codes: Ni1 blue, Ni2 green, and Ni3 yellow polyhedra; PO4 groups dark tetrahedra. a) Polyhedral view
of the crystal structure of KNi4(PO4)3 in the [100] direction. b) Connections between (Ni3O8)¥ chains and Ni2O6 octahedra in the [010] direction. c) Con-
nections between (Ni3O8)¥ chains and (Ni12O6) dimers. d) Connections between (Ni12O8) dimers and Ni2O6 octahedra through PO4 groups.

Figure 3. Temperature dependence of molar magnetic susceptibility (cm)
and inverse (1/cm) for KNi4(PO4)3.

Figure 4. Temperature dependence of cmT for KNi4(PO4)3.

Figure 5. Magnetization versus magnetic field for KNi4(PO4)3 at two tem-
peratures: dark circle T=2 K and open circle T=14 K.

Figure 6. Observed neutron diffraction patterns of KNi4(PO4)3 at 300 K
(line) and 5 K (dots).
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served and others, such as the (230) and (112)/(022)/(051)
reflections, increase in intensity. Thus the NPD pattern at
room temperature is characteristic of only the nuclear scat-
tering and the observed variations should be due to magnet-
ic interactions, according to the above magnetic measure-
ments.

This behaviour corresponds to the onset of a magnetic or-
dering in good agreement with previous studies in related
systems.[22] All magnetic peaks can be indexed with a propa-
gation vector k= (000), referring to the room-temperature
unit cell, indicating that both the magnetic and nuclear cells
are similar.

Group theory analysis : The possible magnetic structures
compatible with the Pnnm crystal symmetry have been eval-
uated with help of Bertaut×s macroscopic theory,[23] which
allows one to determine the symmetry constraints between
each magnetic moment of all Ni2+ belonging to the same
general crystallographic positions. Nevertheless, the present
problem is quite complex, because the magnetic cations
occupy three different crystallographic sites, giving rise to
three magnetic sub-lattices that seem to interact simultane-
ously: one of them arises from general sites 8h (named Ni3
in Table 3) and the remaining nickel cations are located in
the special sites 4g (labelled as Ni1 and Ni2). By using the
method developed by Bertaut and taking into account the
restrains imposed by the independent symmetry elements of
the space group Pnnm along the three directions x, y and z,
the orientations of the magnetic moments in every sub-lat-
tice were calculated. The basis vectors obtained for each ir-
reducible representation Gi, according to the projection op-
erator method, are reported in Table 5.

The agreement between the observed and calculated dif-
fraction patterns for each possible magnetic structure has
been tested. After checking all of these solutions, it was
found that the best fitting was obtained from (Cx, Fy, 0) for
Ni1, and (0, Fy, 0) for Ni2, both located on special sites 4g,
and from (Cx, Fy, 0) for Ni3, which are placed on general
sites 8h. The discrepancy factors and the calculated magnet-
ic moments are shown in Table 6. For this solution, the good
agreement between the observed and calculated patterns at

T=5 K can be seen in Figure 7. The best refinement corre-
sponds to the magnetic structure of KNi4(PO4)3 depicted in
Figure 8.

As it was above described, the crystal structure is built by
arrangements of three types of entities formed by nickel
polyhedra sharing corners and edges, and linked by PO4 iso-
lated tetrahedral units. Let us recall how such entities are ar-
ranged in the crystal structure:

1) Ni3 octahedral chains run parallel to the c axis.
2) Ni2 isolated octahedra are linked to the Ni3 chains,

forming triangular groups (being around 608 the angles
Ni(3)-Ni2-Ni3).

3) Ni1 form trigonal bipyramidal dimers that link parallel
to the above-mentioned Ni3/Ni2 chains.

In the magnetic structure (see Figure 8) all these main en-
tities interact as follows:

1) Ni3 octahedral chains show a FM component along the
y direction and, with respect to the x component, the
magnetic structure consists of FM chains that are antifer-
romagnetically coupled (Figure 8b).

2) Ni2 isolated octahedra possess a unique FM component
along the y direction. Between Ni3 and Ni2 a non-collin-
ear arrangement is found, consistent with the edge-
shared triangular Ni2+ arrangement, which is marked in
Figure 8a for clarity.

Table 5. Basis vectors for Pnnm and k=0. Atomic positions for Ni1 and
Ni2: 1. (x,y,0); 2. (�x, �y, 0); 3. ( �x+ 1=2, y+

1=2,
1=2); 4. (x+

1=2, �y+ 1=2,
1=2); and for Ni3: 1. (x,y,z); 2. (�x, �y, z); 3. ( �x+ 1=2, y+

1=2, �z+ 1=2); 4.
(x+ 1=2, �y+ 1=2, �z+ 1=2).

[a,b]

Ni1 and Ni2 Ni3

x y z x y z
G1 A G ± A G C
G2 G A ± G A F
G3 ± ± A C F A
G4 ± ± G F C G
G5 ± ± C
G6 ± ± F
G7 C F ±
G8 F C ±

[a] F=S1+S2+S3+S4 ; A=S1�S2�S3+S4; G=S1�S2+S3�S4 ; C=S1+

S2�S3�S4. [b] Two sets of positions related by 1≈ .

Table 6. Magnetic moment and discrepancy factors associated with the
models for T=5 K.[a]

Cx Fy Az m [mB]

Ni1 �1.07(4) 1.42(3) ± 1.78
Ni2 0 �1.98(4) ± 1.98
Ni3 1.18(3) �1.77(6) 0 2.12

[a] Rm=5.40, RB=4.31.

Figure 7. Observed and calculated neutron diffraction patterns of
KNi4(PO4)3 at 5 K and difference between them.
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3) Ni1 trigonal bipyramidal dimers are ferromagnetically
ordered in the ab plane.

4) Finally, both entities, Ni3 and the next neighbours Ni1,
are antiferromagnetically coupled.

Although the overall refined model is FM, the arrange-
ment of the moments allows the existence of a weak AFM
component in both x (between Ni3 atoms) and y directions
(i.e., between Ni1 and Ni3 neighbouring atoms).

Conclusions

In the magnetization versus magnetic field measurements
(see Figure 5) a remanent magnetization is observed at T=2
and 14 K; this is in good agreement with the above magnetic
structure model determined from NPD data. In the low-
temperature structure a strong magnetic component devel-

ops along the b direction. However, a maximum is observed
at around 7 K that can be attributed to an AFM coupling
between Ni3 and Ni1.

The ordered magnetic moments obtained at 5 K, 1.78 mB

for Ni1, 1.98 mB for Ni2, and 2.12 mB for Ni3, agree well with
those expected for Ni atoms in the divalent oxidation state,
Ni2+ , with S=1 (ordered moment 2 mB). The refined mag-
netic moments of the Ni2+ ions in an octahedral environ-
ment are always higher than those with a bipyramidal trigo-
nal geometry. The slight observed differences can be attrib-
uted to the distinct crystal effects.[24]

The magnetic structure of KNi4(PO4)3 shown in Figure 8
consists of AFM arrangements between the (Ni3O8)¥ octa-
hedral chains and (Ni12O8) dimers, in trigonal bipyramidal
coordination, with their magnetic moments orientated on
the ab plane. On the other hand, the fact that the Ni2 sub-
lattice becomes ordered according to the basis functions of
the same irreducible representation, as occurs in the Ni3
sub-lattice, implies that the Ni2 sub-lattice ordering is prob-
ably provoked by the local magnetic field created by the or-
dered Ni3 moments on the Ni2 sites. Recall that the Ni2
atoms are located between two chains of (Ni3O8)¥ sharing
edges or corners. With respect to the x component, it is in-
teresting to note that both (Ni3O8)¥ chains are antiferro-
magnetically coupled, giving way to a zero magnetic field at
the Ni2 site. Therefore, the ferromagnetic y component of
the Ni3 atoms gives rise to a non-zero magnetic field at the
Ni2 sites and is the responsible for the Ni2 sub-lattice order-
ing. Something similar has been described for NdMnO3.

[25]

Spontaneous static ordering of the magnetic moments at
low temperatures is caused by exchange interactions be-
tween the moments, making it energetically favourable for
them to align either parallel or anti-parallel. Superexchange
interactions are well understood for a simple cation±anion±
cation pathway with interactions strongly AFM for a linear
1808 Ni-O-Ni bond angle and FM for an angle of 908. The
higher value observed up to now for FM interactions in NiII

compounds is 1048.[26]

The magnetic structure of KNi4(PO4)3 allows us to estab-
lish several exchange pathways[20,27,28] (see Figure 9):

1) Superexchange intradimer interactions through oxygen
atoms involving metal dx2�y2 orbitals from edge-sharing
nickel polyhedra, both in (Ni12O8) trigonal bipyramidal

Figure 8. Magnetic structure model of KNi4(PO4)3 showing the three Ni
sub-lattices and their respective moments.

Figure 9. Exchange pathways for KNi4(PO4)3.
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dimers and in (Ni3O8)¥ octahedral chains. Shorter Ni3-
O4-Ni3 bond lengths (2î2.08 ä and angle 95.58) offer a
stronger FM exchange pathway than Ni3-O5-Ni3 bonds
(2î2.15 ä and 92.28); hence, this gives rise to a more ef-
ficient orbital overlap. In the same way, in the (Ni12O8)
units, in which the angles are only somewhat higher
(97.78) intradimer FM couplings are also favourable.

2)AFM superexchange interactions between (Ni12O8)
dimers and their neighbour chains, through the O4
atoms or PO4 groups, are favoured by the higher bond
angle Ni3-O4-Ni1 (1228) and the relatively short bond
lengths (2.05 ä; Figure 9). Connections between the Ni3
chains and Ni1 dimers, as well as between Ni2 isolated
octahedra and Ni1 dimers, are also available through the
bonding phosphate groups (i.e. , Ni1-O-P-O-Ni3 or Ni1-
O-P-O-Ni2, respectively). In this sense, weak M-O-P-O-
M superexchange between octahedra occurs in KBaFe2-
(PO4)3

[29] between 4.2 and 3.9 K, and stronger interac-
tions are observed in Na3Fe2(PO4)3,

[30] NaFeP2O7
[31]and

Fe3(PO4)2,
[32] with Nÿel temperatures of 29, 47 and 44 K,

respectively. As the magnetic ordering temperature of
KNi4(PO4)3 is closer (40 K) it would seem more likely
that the superexchange pathways through the PO4 group
will not be negligible.

3) Superexchange interactions between (Ni3O8)¥ chains
and (Ni2O6) isolated octahedra may operate through the
O7 and O8 atoms, with the former providing the greatest
opportunity for orbital overlap Ni3-O7-Ni2 (bond
lengths 2.19, 2.05 ä and angle 908). Therefore, FM inter-
actions between them must be operative.

4) The presence of dimers (Ni12O8) seems to be responsible
for the interchains FM coupling of (Ni3O8)¥ and, in con-
sequence, for the overall ferromagnetism of the struc-
ture.

The magnetic structures of other related derivatives of
manganese (KMn4(PO4)3) and cobalt (KCo4(PO4)3) show re-
markable differences with this phase of nickel and also be-
tween themsleves; the results will be reported in due course.

Experimental Section

Polycrystalline samples of KNi4(PO4)3 were prepared by the ™liquid mix∫
technique[33] from powdered mixtures of KNO3, Ni(NO3)2¥6H2O, and
(NH2)2HPO4 (all reactants were supplied by Merck, Germany), in stoi-
chiometric ratios. The samples were obtained by firing in alumina cruci-
ble at temperatures above 1173 K for 24 h.

Neutron powder diffraction data were performed at different tempera-
tures on the D1A high-resolution powder diffractometer (l=1.9110 ä)
at the Institute Laue±Langevin (Grenoble, France). Diffraction patterns
were analysed by the Rietveld[34] method and the Fullprof program.[18]

The magnetic susceptibility measurements were performed in a commer-
cial superconducting quantum interference device magnetometer, Quan-
tum Design Magnetic Properties Measurement System 5S, on powder
samples in a temperature range from 1.8 K to 300 K under an applied
magnetic field of 5000 Oe. The magnetic field isothermal variations up to
50 kOe were obtained with the aid of a Quantum Design Physical Prop-
erties Magnetic System, which allowed for the experimental setting of
highly homogeneous magnetic field at specific temperatures.
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