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ARTICLE INFO ABSTRACT

Artic{e history: Crystal structures from two new phosphates NasNiFe(PO4 )3 (I) and Na;Ni,Fe(PO4); (II) have been deter-
Received 21 June 2010 mined by single crystal X-ray diffraction analysis. Compound (I) crystallizes in a rhombohedral system
Received in revised form 25 August 2010 (S. G: R-3c, Z=6, a=8.7350(9) A, c=21.643(4)A, Ry =0.041, wR, = 0.120). Compound (II) crystallizes
Accepted 27 August 2010

in a monoclinic system (S. G: C2/c, Z=4, a=11.729(7)A, b=12.433(5)A, c=6.431(2)A, B=113.66(4)",
R1=0.043, wR; = 0.111). The three-dimensional structure of (I) is closely related to the Nasicon struc-
tural type, consisting of corner sharing [(Ni/Fe)Og ] octahedra and [PO4] tetrahedra forming [NiFe(PO4)3 |**

Available online 27 October 2010

g;ﬁgloerg? units which align in chains along the c-axis. The Na* cations fill up trigonal antiprismatic sites within
Crystal structure these chains. The crystal structure of (II) belongs to the alluaudite type. Its open framework results from
Nasicon [Ni»O10] units of edge-sharing [NiOg ] octahedra, which alternate with [FeOg ] octahedra that form infinite
Alluaudite chains. Coordination of these chains yields two distinct tunnels in which site Na*.

Magnetism The magnetization data of compound (I) reveal antiferromagnetic (AFM) interactions by the onset
Hyperfine interaction of deviations from a Curie-Weiss behaviour at low temperature as confirmed by Méssbauer measure-

ments performed at 4.2 K. The corresponding temperature dependence of the reciprocal susceptibility
x~ ! follows a typical Curie-Weiss behaviour for T> 105 K. A canted AFM state is proposed for compound
(1) below 46 K with a field-induced magnetic transition at H~ 19 kOe, revealed in the hysteresis loop
measured at 5 K. This transition is most probably associated with a spin-flop transition.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction ture types of interest for this study and therefore described in more
detail.

Inorganic phosphates cover a large class of diverse materials
whose applications include: catalysts, solid electrolytes for bat-
teries [1-7], linear and non-linear optical components [8-11] and
laser materials [12,13]. However, the study of phosphates has
become more popular particularly after the development of the
compounds containing [A;(XO4)3] fragments in the underlying
framework. Common structure types are Garnet, Nasicon, Allu-
audite, [Sc;(WO4)3] and Langbeinite (Figs. 1-4). In general, these
structures have the same type of framework, but with different
types of holes, cavities, tunnels for cations accommodation. Physi-
cal and chemical properties of all these types of compounds depend
strongly on their crystal structure. Nasicon and Alluaudite struc-

1.1. Nasicon compounds

The basic structure of these compounds was first described by
Hagman and Kierkegaard [14]. These phosphates have been widely
studied in many fields, because of their various properties such
as conductivity, low expansion coefficients and catalytic activity
[15-19]. They have fascinated much awareness in recent past, as
they facilitate a large scope for preparing number of materials
with variation in their constituent metal ions and composition
[20-24]. These materials have the general formula ByApA;,(PO4);
where B is a monovalent cation Na*, Ag*, Cu*, H*, H30*, NH4",
or a divalent one such as Mn2*, FeZ*, Co%*, Ni%* or Cu?*, while
A and A’ can be filled with tri-, tetra- or pentavalent transition

* Corresponding author. metal ions. Thus the structure can be tailored by substituting at
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Fig. 1. The structure of Nasicon showing the M(1) (type 1) and M(2) sites (type 2).

Fig. 3. The polyhedral unit cell structure of Sc;(WO4); as viewed down the a-axis.

pounds for comparative studies. The crystal structure consists of
a three-dimensional network built up from corners sharing of
[PO4] tetrahedra and [AOg] ([A'Og]) octahedra. Every apex of [AOg]
octahedron belongs to one [PO4] tetrahedron. The two distinct
interstitial voids generated within the network are known as M(1)
and M(2) sites. The M(1) site is a trigonally distorted octahedron
formed by the triangular faces of two [AOg] octahedra along the
c-axis of the hexagonal cell. The M(2) sites are located in the large
cavities and have an eight-fold coordination. There is one atom on
a M(1) site per three atoms on a M(2) site according to the for-
mula unit M(1)xM(2)yAn(PO4)3 with 0<x<1 and 0<y <3. Most
of the members of Nasicon type compounds so far known in the
literature are described in rhombohedral R3c, R3 or R32 space
groups with typical unit cell dimensions a ~8 Aand c ~22 A, but cell

Fig. 2. Polyhedral representation of the alluaudite unit cell showing the open-framework channel structure propagating along [001].



Fig. 4. Polyhedral model of the langbeinte structure projected down the a-axis.
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Table 1
Summary of crystal data, intensity measurement, and structure refinement for
Na4NiFe(PO4 )3 (I) and Na;Ni, FE(P04 )3 (Il)

1165

Structural formula
Molecular weight
Crystal system
Space group

Cell dimension

Cell volume

V4

Density (gcm™!)
F(000)

0 range (°)
Index range

Data collection temperature (K)
Number of parameters
Goodness of fit on F?

Final R indices [I>20(I)]

Extinction coefficient

Na4NiFe(l’04 )3 (l)
491.43
Hexagonal
R—3c(167)
a=8.7350(9) A
b=8.7350(9) A
c=21.643(4)A

1430.1(3)

6

3.424

1434

4.63-31.96
-11<h<0,
0<k<12,0<1<30

293(2)

35

1.225

Ry =0.0414,
WR; = 0.1201
0.0010(5)

NazNizFe(PO4)3 (H)
598.38
Monoclinic
C2/c(15)
a=11.729(7)A
b=12.433(5)A
c=6.431(2)A
B=113.66(4)
858.9(6)

4

4.627

1128
2.50-31.25
-16<h<13,
-18<k<17,
-9<I1<9
293(2)

95

1.241

Ry =0.0434,
WR; =0.1111
0.0016(3)

Table 2
Atomic coordinates for NagNiFe(POy4)s (I) and Na;NiyFe(PO4)s (I1).

Atom Site X y z Ueq
Fe 12¢ 0.0000 0.0000 0.1482(4)  0.0091(3)
distortions leading to a monoclinic symmetry have been also Ni 12c 0.0000 0.0000 0.1482(4)  0.0091(3)
ted [25.26] P 18e -0.3333 -0.3740(1) 0.0833 0.0079(3)
repor »=0]. Na(1) 6b 0.0000 0.0000 0.0000 0.071(3)
Na(2) 18e -0.3333 ~0.0301(5) 0.0833 0.0545(1)
1.2. Alluaudite compounds o(1) 36f 0.1819(5) 0.2060(5) 0.1924(1)  0.0235(7)
0(2) 36f 0.1900(4) 0.0215(4) 0.0874(1)  0.0132(6)
The alluaudite-type compounds have been extensively stud- Ni 8f 0.2164(7) 0.3422(6) 0.1281(11)  0.0099(2)
ied in the context of corrosion inhibition [27], passivation of Fe de 0.0000 0.2332(8) 0.2500 0.0067(2)
tal surfaces [28], and heterogeneous catalysis [29]. The crys- P(1) de 0.0000 0.20890(15)  ~0-2500 0.0070(3)
me , rog y . Iy P(2) 8f 0.2639(12)  0.1097(10)  0.3776(2)  0.0066(3)
tal structure was first described by Moore [30] who studied Na(1) 4a 0.0000 0.0000 0.0000 0.0148(7)
a single crystal of Na0.525Li0,025Cao.125Mn1,125Mgo_05Fe1.975(P04)3 Na(2) 4e 0.5000 —0.0118(5) 0.7500 0.0467(1)
from the Buranga pegmatite originating from Rwanda. The crys- 88; g? g-gggzg; g-zgggg; *g-gg;gg; g-g:‘;zg;
tal structgre of this compound was assigned to a monoclinic 03) p 0:2788(4) 0:1787(3) 0:1874(6) 010097(7)
system with C2/c space group and a general structural formula o(4) 3f 0.3385(4) 0.1653(3) 0.6104(6)  0.0088(7)
X(2)X(1)M(1)M(2)(PO4)3 (Z=4), where X are large cation poly- o(5) sf 0.1044(4) 0.1330(3) —-0.2446(7)  0.0116(7)
hedral, M are distorted octahedral, and P the tetrahedral centers 0(6) 8f 0.1259(4) 0.1028(3) 0.3311(7)  0.0131(7)
[30]. The cations are distributed among the different crystallo-
Table 3
Anisotropic displacement parameters (A2 x 103).
Atom Un Uz, Uss Uas Uis Uz
Fe 9.3(3) 9.3(3) 8.9(4) 0.000 0.000 4.63(17)
Ni 9.3(3) 9.3(3) 8.9(4) 0.000 0.000 4.63(17)
P 5.9(5) 5.5(4) 12.3(6) ~1.2(2) —2.5(4) 3.0(3)
Na(1) 99(5) 99(5) 16(3) 0.000 0.000 49(2)
Na(2) 26.8(18) 30.1(14) 106(4) ~9.1(11) ~18(2) 13.4(9)
o(1) 18.7(15) 20.8(15) 28.7(16) ~14.7(13) ~12.1(12) 8.2(13)
0(2) 8.0(12) 15.5(13) 16.9(12) 1.4(10) 3.3(9) 6.6(10)
Ni 13.0(3) 9.1(3) 7.4(3) ~0.6(2) 3.8(2) ~0.4(2)
Fe 7.7(4) 7.6(5) 47(4) 0.000 2.3(3) 0.000
P(1) 0.0084(7) 0.0088(8) 0.0026(7) 0.000 0.0008(6) 0.000
P(2) 10.3(6) 5.9(5) 3.0(5) 0.2(4) 2.0(4) 0.1(4)
Na(1) 27.7(17) 5.3(13) 4.1(13) 1.4(10) ~1.1(12) 1.7(12)
Na(2) 32(2) 62(4) 35(3) 0.000 2(2) 0.000
o(1) 10.9(16) 15.3(18) 4.4(15) ~0.6(13) 1.6(13) 2.2(14)
0(2) 17.3(18) 5.9(15) 9.7(16) 1.0(13) 5.0(14) 2.9(13)
0(3) 12.9(17) 11.5(17) 43(15) 0.7(13) 3.0(13) 0.4(13)
0(4) 15.3(17) 8.4(16) 0.9(14) 0.3(12) 1.3(13) ~0.8(13)
o(5) 12.1(17) 10.3(16) 11.4(17) ~4.4(13) 3.6(14) 1.2(13)
0(6) 11.1(17) 13.8(18) 13.8(18) 0.6(15) 4.4(14) ~0.1(14)

The anistropic displacement factor exponent takes the form

1 —2m[h%a?Uqq + -+ 2hka*b*Uys.
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Table 4
Comparison of the parameters of the phosphates NasNiFe(PO4)3 (I) with those of
NEI4AA’(PO4)3.

NasAA'(PO4)3 HAAYA  ay(A) cn (A) Vi, (A3) References
NasNiFe(POy4)3 0667 8735 21,643 1430 This work
NayFeFe(PO4)3 0712 8,9543 21,280 1477 [36]
NayNiCr(PO4)s 0652 8789 21,481 1437 [37]
NasMgCr(POy )3 0667 8831 21,500 1452 [38]
NayCoCr(PO4)3 0680 8840 21,541 1458 [39]
NayNaTi(PO4 )3 0813 9061 21,734 1545 [40]
NayNazZr(PO4)s 0870 9152 21,844 1584 [41]

graphic sites in dependence on their ionic radii. Accordingly, the
large X(2) site contains Na and vacancies; X(1) contains Na, Mn,
and Ca; M(1) contains Mn and Fe2*; and the small M(2) site hosts
Fe3*, FeZ*, Mn, Mg, and Li. Because Mn dominates on the M(1)
site, and Fe?* and Fe3* dominate on the M(2) site, Moore pro-
posed thus the ideal formula Na,MnFe2*Fe3*(PQy )3, from which the
majority of natural alluaudites can be derived [30]. The structure
of alluaudite consists of kinked chains of edge-sharing octahe-
dra stacked parallel to (101). These chains are formed by a
succession of M(2) octahedral pairs linked by highly distorted
M(1) octahedra. Equivalent chains are connected in the b direc-
tion by phosphates groups to form sheets oriented perpendicular
to [010]. These interconnected sheets produce tunnels parallel
to the c-axis, which contain the distorted cubic X(1) site and
the four-coordinated X(2) site. Over the past decade, many arse-
nates, molybdates, phosphates, tungstates and vanadates, with
the Alluaudite structure have been synthesized. The structural
investigations of these synthetic compounds showed the exis-
tence of new crystallographic sites localized in the channels of
the structure, on positions which are different from those of X(1)
and X(2). In order to take these new crystallographic sites into
account, Hatert et al. [31] proposed the new general formula
[A)ARYA(MA(TYA(1)'2]IM(1)M(2)(PO4)3 for alluaudite-type
compounds. In this formula, A(1) and A(2) correspond to X(1) and
X(2), respectively.

There are different ways to prepare new kinetically stable solid
compounds at low temperature. The most common techniques
are hydrothermal synthesis and chemical vapour transport or the
use of molten salts (or flux growth) to dissolve reactants at rel-
atively low temperature. In the present paper, we report hereby
on the synthesis, using a flux method, of two new monophos-
phates [NagNiFe(PO4); (I) and Na,NiyFe(POy4)3 (II)] in the ternary
system Na3PO4-Ni3(POy4),-FePOy. Their crystallographic structure

Table 5
Selected bond lengths (A) and angles for NagNiFe(POy)s (I).

Fe-0(1) 3 x 1.955(3) 0(2)-Na(1)-0(2) 6 x 112.77(10)
Fe-0(2) 3 % 2.050(3) 0(2)-Na(1)-0(2) 3 x 180.00(18)
P-0(1) 2 x 1.526(3) 0(2)-Na(2)-0(2)  162.0(2)
P-0(2) 2 x1.533(3) 0(2)-Na(2)-0(2)  129.52(15)
Na(2)-0(1) 2 x 2.600(4) 0(2)-Na(2)-0(2) 2 x68.43(14)
Na(2)-0(1) 2 x 2.855(5) 0(2)-Na(2)-0(2)  61.13(16)
Na(1)-0(2) 6 x 2.462(3) 0(2)-Na(2)-0(1 2 x 115.47(10)
Na(2)-0(2) 2 % 2.390(3) 0(2)-Na(2)-0(1) 2 x68.31(10)
Na(2)-0(2) 2 x 2.458(5) 0(2)-Na(2)-0(1)  2x67.17(12)
0(1)-Fe-0(1) 3 x 98.05(16) 0(2)-Na(2)-0(1)  2x93.11(15)
0(1)-Fe-0(2) 3x169.48(15)  0O(2)-Na(2)-0(1)  68.31(10)
0(1)-Fe-0(2) 3 x 88.68(14) 0(1)-Na(2)-0(1)  157.6(2)
0(1)-Fe-0(2) 3 x 88.35(14) 0(2)-Na(2)-0(1) 2 x109.92(16)
0(1)-Fe-0(2) 3 x 88.94(14) 0(2)-Na(2)-0(1) 2 x54.70(10)
0(1)- P-0(1) 111.2(3) 0(2)-Na(2)-0(1) 2 x115.20(10)
0(1)-P-0(2) 2x112.11(18)  0(2)-Na(2)-0(1)  2x151.97(11)
0(1)-P-0(2) 2x106.11(18)  O(1)-Na(2)-0(1)  2x111.41(14)
0(1)-P-0(2) 109.3(2) 0(1)-Na(2)-0(1) 2 x 85.95(8)
0(2)-Na(1)-0(2) 6 x67.23(10) 0(1)-Na(2)-0(1)  81.10(19)
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Fig. 5. Cell parameter variations as a function of r for NasAA'(PO4); (AA'=CrMg,
CrCo, FeFe, NiFe, TiNa, ZrNa).

are described in detail and their magnetic and hyperfine interaction
properties are also reported.

2. Experimental
2.1. Synthesis

The crystals grown used in the present study were obtained in a synthesis aiming
at the hypothetic diphosphate “NasNi,Fe(PO4)2(P,07)” in flux of sodium dimolyb-
date Na;Mo,05. A starting mixture of Fe(NO3 )3-9H, 0, Ni(NO3 ),-3H,0, (NH4 ), HPO4,
Na,CO3 and MoOs; was mixed in the appropriate proportions to obtain the nominal
composition and then ground. The mixture was placed in a platinum crucible and
then subjected to several steps of heat treatment. Firstly, the mixture was heated
at 200°C for 6 h and then at 500 °C for 24 h to decompose H,0, NH; and CO,. Single
crystals were prepared by melting the resulting powder at 1150 +20°C for 15 h and
then cooled down progressively to 500 °C at rate of 3 °C/h and faster after switching
off the furnace to reach room temperature. A mixture of yellow and yellow-green
crystals was obtained.

2.2. Structure determination

Brown single crystals with dimension 0.40 mm x 0.18 mm x 0.08 mm for
NayNiFe(PO4)s (I) and 0.20 mm? x 0.25mm?3 x 0.15mm? for Na;NiyFe(PO4)s (II)
were selected. The data for both crystals were recorded at room temperature on
an Oxford Diffraction Xcalibur (TM) diffractometer, operating at 40 kV and 30 mA
and with a graphite monochromator (Mo-Ka radiation, »=0.71073 A). The cell
parameters were refined from the complete data sets. Absorption corrections were
computed by the Gaussian method taking into consideration the shape and the size
of the crystals.
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a b

Fig. 6. A polyhedral view of framework of NasNiFe(PO4); (I) as projected in the (b and c) plane.

NagNiFe(PO4)s (I) crystallizes in rhombohedral symmetry with the following
lattice parameters a=8.7350(9) A and c=21.643(4) A in the hexagonal setting. A first
refinement in space group R3 converged to a satisfactory model with R; =0.0521,
but a check of these structural data with the program ADDSYM immediately allowed
to identify additional symmetry elements, thus confirming the R —3c (167) space
group.

Na;NiyFe(P0O4); (II) crystallizes in monoclinic symmetry with the lattice
parameters a=11.729(7)A, b=12.433(5)A, c=6.431(2)A and B=113.66(4)". The
systematic absences h+k=2n+1, [=2n+1 and h=2n+1 for h0l and k=2n+1 for
0k O are consistent with the C2/c (15) space group.

Experimental details, refinement parameters and crystal data for both com-
pounds are summarized in Table 1.

Both structures were solved by the heavy atom method. The full matrix least-
squares refinements of the atomic parameters were performed on the F-values
weighted by 1/0(F)2 using the SHELX-97 suite [32,33] in the WinGX framework [34].
They lead to Ry =0.041 and Ry, =0.120 for NagNiFe(PO4); (I) and to R; =0.043 and
0.111 for NayNiyFe(POy4)s3 (II). Atomic coordinates in both compounds are reported
in Tables 2 and 3. Further details of the crystals structure investigations are reported
elsewhere [35].

2.3. Magnetic characterization

The magnetization was measured with a DMS 1660 vibrating sample magne-
tometer (VSM) in a magnetic field up to 13.5 kOe. The sample was first cooled down
to 105K under an applied field of 13.5kOe, and then the measurements were per-
formed when warming the sample up to 303 K under the same magnetic field. The
VSM was calibrated using pure nickel (Ms =54.9 emu/g).

3. Result and discussion
3.1. Description of the structures

3.1.1. NayNiFe(POy4); (1)

Compound (I) crystallizes in the trigonal system R-3c, it belongs
to the Nasicon family. Table 4 compares the parameters of
NayNiFe(PO4)s (I) with those of NagjAA'(PO4)3 (AA'=CrMg, CrCo,
NiFe, TiNa, ZrNa). Fig. 5a and b shows the variation of the crystal-
lographic parameters of these Nasicon-type phosphates in which
the sum of the A and A’ cations charges on the octahedral site is
+5. The linear variations of these parameters versus the mean A
cation radius (rAA’) are consistent with the atomic distribution
for the NagNiFe(POy4)3 structure in which the Ni2* and Fe3*cations
occupy the A sites randomly. Fig. 5a and b shows that both the ay,
and ¢, parameters increase when rpa “cations radius” increases. As
the M(1) and M(2) sites are fully occupied by Na(1), we conclude
that the ay, and ¢, parameters are functions of the A™ ion size, ¢y,
parameter also increases with the strength of the Na* (M(1))- A™*
electrostatic repulsion.

3.1.1.1. Ni/Fe distribution. The distribution of Ni/Fe atoms is dis-
cussed in more detail. The structure is based on a three-dimensional



1168 R. Essehli et al. / Journal of Alloys and Compounds 509 (2011) 1163-1171

Fig. 7. A perspective view of the Na;Ni,Fe(PO4); structure along the [00 1] direction.

framework of [PO4] tetrahedra and [(Fe/Ni)Og] octahedra shar-
ing corners (Fig. 6). Fe>* and Ni2* ions occupy statistically the
12c sites. Ni/Fe atoms are displaced from the center of the
octahedron due to the Na*-Fe3*/Ni?* repulsions. The O(1) and
0O(2) sites play distinct roles. Indeed, O(2) constitutes the octa-
hedral M(1) cavity between adjacent Fe/Ni(PO4)3 lantern units
along [001], while O(1) constitutes the empty “internal” cav-
ity located between the two [FeOg] octahedra of the Fe/Ni(POy4)3
lantern unit (Fig. 6). Consequently the Fe3*/Ni2*-0(2) distance is
2.053(3)A, neighboring the sodium Na(1), is slightly greater than
the Fe3*/Ni2*-0(1) distance 1.955(3) A (Table 5). On the other hand,
the Fe3*-Fe3* distance through the Na(1) site along [0 0 1] increases
from 6.414(3) A in NagNiFe(PO4)3 (I) to 6.487 A in y-NasFe,(P0O4)s.
The average Fe3*/Ni2*-0 distances 2.002A are slightly smaller
than the values calculated from the ionic radii (2.075A) [42]. The
0-(Fe3*/Ni2*)-0 angles vary between 83.35(12)° and 169.48(15)°.
The angles implying the shortest bonds are superior to those involv-
ing the longest ones as a consequence of the O-0 repulsions which
are stronger for O(1)-0(1) than for O(1)-0(2) and 0(2)-0(2). The
Fe3*/NiZ*-Fe3*/Ni2* distance within the lantern unit along [001]
(4.406(5)A) is lower to the Fe3*—Fe3* distance in y-NasFe,(PO4);
(4.417(2)A) [43], due to the cationic repulsions between ions on
12c sites. These repulsions are stronger in NasFe,(PO4)3 (charge of
iron s 3) than in NazNiFe(PO4)3 (I) (mean charge of Fe3*/Ni2* =2.5).

The P-O distances values (1.526(3)-1.533(3)A) are
close to those typically found in Nasicon-like phos-
phates  [(1.533(6)-1.538(6)A and  (1.508(2)-1.541(2)A)]

in NagFe?*Fe3*(PO4); and y-NasFe3*,(PO4);, respectively]
[36,43]. O-P-O angles vary from 106.11(8) to 112.11(8)
[(106.9(3)-112.1(3)A)] in NagFe2*Fe3*(PO,)s;.

Na* cations occupy partially the M(1) and M(2) sites. The Na(1)
atoms occupy the center of the M(1) site. Na(1)-0(2) distance
(2.463(2) A (Table 5) is close to 2.40(2(5)A in NasFe2*Fe3*(P0O,)s3,
which in turn is close to the calculated one (2.42 A) from the ionic
radii [42] (2.500(1) A in y-NazFe,(PO4)3). The Na(2) atoms, located

inthe M(2) site, are surrounded by eight oxygen atoms, the Na(2)-0
distances vary from 2.390(3) to 2.855(5) A induces close values for
the Na(2)-0 distances for NagFe*Fe3*(P0y4)3 and y-NasFe;(P0Oy)s,
respectively.

3.1.2. NazNizFe(PO4)3 (")

The general structure of Na;NiyFe(POy4); is isostructural to the
alluaudite-type. A perspective view of this structure along the
[001] direction is illustrated in Fig. 7. The open framework is built
up from a complex arrangement of [NiOg| and [FeOg] octahedral
and [PO4] tetrahedra. The essential building units of the structure
are Ni»O1¢ units resulting from two edge-sharing [NiOg] octahe-
dra. Neighbouring [Ni;01¢] are connected by the [FeOg] octahedra
through edge-sharing that form infinite chains with a stacking
sequence of Ni-Ni-Fe and passing through the unit cell in the direc-
tion [101]. Linkage of these chains being ensured by the [PO4]
tetrahedra via corners and the resulting three-dimensional frame-
work delimits two kinds of tunnels in the [00 1] direction. These
tunnels are occupied by the Na* ions.

Ni2* is coordinated to six oxygen ions, every [NiOg] polyhe-
dron is connected to another [NiOg] by common edge (0O(3)-0(3))
and form a binuclear unit [Ni,O1¢] (Fig. 8) with Ni-Ni distance of
3.105 A. The other corners 0(1), 0(2), 0(4) and O(5) are connected
to [POy4] tetrahedra. The angle O(3)-Ni-0O(3) is 85.07(15)° and the
Ni-O distances range from 1.952(4)A to 2.143(4) A (Table 6). This
dispersion evidences a fair distortion of the [NiOg] octahedron due
to the edge-sharing.

The iron coordination has a very distorted octahedral geometry,
as evidenced by the Fe-O bond distances between 2.112(4) and
2.150(4) A. The O-Fe-0 bond angles vary between 74.88(14)° and
164.78(15)° (Table 6). This distortion is probably due to the rigidity
of [PO4] units surrounding the Fe atom.

There are two crystallographically distinct sites, occupied by
P>* cations, both tetrahedrally coordinated. P-O bond distances
for each [PO4] tetrahedron range from 1.527(4) to 1.560(4)A and
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Fig. 8. Dimer block Ni;O7¢ and PO4 tetrahedra in Na;Ni,Fe(POg4)s.

Table 6

Selected bond lengths (A) and angles for Na;NiyFe(PO4); (II).

Ni O(5)
Ni 0(2)
Ni 0(4)
Ni O(1)
Ni O(3)
Ni O(3)
Fe O(6)
Fe O(6)
Fe O(4)
Fe O(1)
Fe O(4)
P(1) 0(5)
P(1) 0(5)
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172.62(15)
90.38(15)
86.62(16)
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79.7(2)
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74.88(14)
104.1(3)
112.6(2)
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112.7(2)
109.5(3)
113.3(2)
108.8(2)
109.0(2)
110.8(2)
106.5(2)
108.2(2)
180.0

2 x 102.17(14)
2 x77.83(14)
180.00(17)
2% 72.97(14)
2 x 107.03(14)
2 % 66.80(17)
2% 113.20(17)
180.00(13)

2 x 54.41(17)
2% 125.59(17)
2 x 86.19(13)
2x93.81(13)
2% 113.50(12)
2 x 66.50(12)
180.00(18)
173.4(4)
80.82(13)

2 x 98.78(13)
80.81(13)
173.0(3)

2 x 56.16(14)
2x117.8(2)
61.92(14)

2% 112.0(2)
61.81(14)
76.6(2)
71.14(16)
2x115.2(2)
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2 x 144.65(12)
71.20(16)
83.28(17)
103.1(2)
126.39(12)
52.33(19)

100
. Na,FeNi(PO,), b
. ° H=13.5 kOe
]
IS
£
[}
le) <
< o
S 504 =)
x c
= 2
S =
1 ~ - o
T 1 e * M “g 7
a -1 (1S
<~} B ° X o
l Curie-Weiss fit E
0""/""I""I""I""I""I""I"
-50 0 50 100 150 200 250 300

T(K)

Fig. 9. The magnetic susceptibility x~' =H/M versus temperature and the corre-
sponding magnetization measured under an applied field H=13.5 kOe.

O-P-0 bond angles range from 104.1(3) to 113.3(2)°. These results
are in a good agreement with those usually observed in anhydrous
monophosphates [44,45]. The [P(1)04] tetrahedron connects two
chains by sharing each pair of its oxygen O(1) and O(5) with one
chain. The [P(2)04] tetrahedron links three adjacent chains and thus
two of its oxygen atoms belong to the same chain.

The three-dimensional framework of (II) leads to two types of
tunnels at x=1/2; y=0 and x=0; y=0 which are occupied by the
sodium atoms Na(1) and Na(2), respectively. Taking into account
cation - oxygen distances below 3.0A, the Na(1) and Na(2) sites
are both surrounded by eight oxygen atoms. Their environments
approximate a very distorted rhombohedron and a very distorted
cube, respectively. Each of the [Na(1)Og] and [Na(2)Og] polyhedra
form infinite chains stacked parallel to the [0 0 1] direction by face-
sharing.

The crystal structure of Na;NiyFe(PO4)s is closely related to
the alluaudite type structure of the mixed valent iron phosphates:
Na,Fell, Felll(PO,); [36], with one main difference being the pres-
ence of separated [Fe;01¢] units of edge-sharing [FeOg] octahedra.
In terms of the X(2)X(1)M(1)M(2),(PO4)3 general formula of the
alluaudite, the M(1) and M(2) environments have both an octahe-
dral geometry. These octahedra share their edges with each other
to form infinite chains running along the [101] direction. In the
structure of Na;NiyFe(POy4)s (II), the M(2) site is occupied by Ni
while M(1) contains only Fe atoms. The chains characterizing the
alluaudite structure are then built up from [Ni;Oq¢] units alterning
with [FeOg] octahedra.

4. Magnetic properties
4.1. Na4FeNi(PO4)3

Fig. 9 shows the temperature dependence of the inverse mag-
netic susceptibility x~! and the corresponding magnetization
measured at H=13.5k0e for NasFeNi(PO4)3. The x~1(T) curve
obeys a Curie-Weiss law down to 100 K, with negative T-intercept,
namely the Weiss constant 6, =-16 K indicating antiferromagnetic
exchange interactions. Such interactions can be expected for the
underlying crystal structure, in which Fe3* and Ni2* ions occupy
statistically the 12c sites and the [(Fe/Ni)Og] octahedra could be
coupled via a superexchange mechanism through O-P-0 bridges
from [PO4] tetrahedral, resulting in magnetic ordering as confirmed
by Mdssbauer spectroscopy discussed below. The room tempera-
ture Mossbauer spectrum of NagFeNi(PO4)3 (Fig. 10a) was fitted
with one Lorentz-type symmetric quadrupole doublet, in agree-
ment with the existence of one crystallographic Fe site. Note that
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Fig. 10. Mossbauer spectra of NagNiFe(PO4); (a) T=293K, (b) T=4.2K.

the intensity of each doublet was constrained to be equal as well
as the width of the peaks (I, I'). The isomer shifts (8) clearly indi-
cate the high-spin state of Fe3* ions in an octahedral oxygen crystal
field, typically close to 0.48 mm/s for Fe3* in sixfold coordina-
tion as reported by Menil [46]. The observed value of 0.42 mm/s
is in agreement with highly ionic Fe-O bonds due to the induc-
tive effect by the phosphate polyanions as established by Gleitzer
[47]. The quadrupole splitting /" =0.27 mm/s reflects a highly dis-
torted octahedral configuration of Fe3*. The Méssbauer spectrum
of NayNiFe(PO,4); measured at 4.2 Kis shown in Fig. 10b. It has been
fitted with four magnetic sextets of equal relative areas and widths

of peaks. The hyperfine fields are rather similar (56.0 and 54.4 T) and

typical for a high-spin Fe3* ion close to saturation. The value of the

isomer shifts (0.54mm/s) is in agreement with the second-order
Doppler shift. These results confirm the expected antiferromag-

netic ground state due to superexchange coupling between Fe(Ni)
ions.
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Fig. 11. Temperature dependence of magnetic susceptibility x=H/M showing
almost a Curie-Weiss behaviour above Curie temperature T, =46 K (the coefficient

of the second order on temperature is three order of magnitude less than that of the
first order).
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Fig. 12. Temperature dependence of magnetization M(T) measured at 100 Oe when
warming the sample. Note the log-scale of temperature axis for clarity.

4.2. NayNiyFe(POy)3

The results of magnetic susceptibility measurements in the
temperature range from 1.7 to 350K are plotted in Fig. 11.
In the range 50-300K, the inverse magnetic susceptibility fol-
lows (r=0.9999) the Curie-Weiss law x~1=9.5(1)+0.05(1)T, C
being 20 cm3K/mol. The fitted parameters together with the mea-
sured effective magnetic moments (Lefrexp)=(8C)!/? is 12.64 g,
even higher than the spin-only contributions from Ni* (3d8)
and Fe3*(3d®) [feffcar=11.56 ug]. The magnetic behaviour for
Na,NiyFe(PO4); presents interesting features. Fig. 12 shows the
corresponding temperature dependence of the magnetization M(T)
measured at 100 Oe revealing a ferromagnetic component below
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-60

T T
40 20 0 20 40 60
(

Fig. 13. (a) Hysteresis loop at 5K; and (b) the corresponding field derivative of the
positive saturation magnetization branch.
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the Curie temperature of about T.=46K as clearly determined
from the temperature derivative of magnetization. However, the
magnetization above T, does not vanish but shows a progres-
sive decrease. The corresponding reciprocal susceptibility x~! as
a function of temperature above T. is displayed in Fig. 11. The
x~1 data can be essentially attributed to a Curie-Weiss behaviour
(x~1=(1/C)(T-6p), although some weak magnetic order persists
above T, as indicated by the curvature of x~! versus T.A hysteresis
loop M(H) at 5K (up to 55 kOe) is shown in Fig. 13a. The observed
remnant magnetization and the coercivity Hc=1.5 kOe support the
existence of a FM phase (see Fig. 13b). The large slope in the high-
field region reveals that only small components of the magnetic
moments are ferromagnetically aligned. This means either weak
ferromagnetism in a canted antiferromagnetic structure of ferri-
magnetism. A careful inspection of M(H) curve indicates a change
in the slope with field, most pronounced in the field-derivative of
magnetization (0M/0H)r as shown in Fig. 13b. A field-induced tran-
sition might be indicated from the reflection point at about 30 kOe
in (0M/0H)r and would be compatible with a canted AFM state as
reported for other phosphate-based systems [48,49].

5. Conclusions

Crystals from two new monophosphates have been prepared
using a flux method. Their crystal structures have been deter-
mined. NayNiFe(PO,)s is characterized by a 3D framework, Ni2*
and Fe3* occupy statistically the same crystallographic site, mag-
netically coupled by supersuperexchange via O-P-0 bridges from
[PO4] orthophosphate groups. In the allaudite-type phosphate
Na;NiyFe(POg4)3 [NiOg] and [FeOg] octahedral share edges to form
trimers in the structure. The magnetic properties have been
discussed, based on magnetization studies and Mdssbauer spec-
troscopy.
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