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A new complex phosphate K g4Fej 42Nbg 53(PO4)3 has
been synthesized by the self-flux technique. The X-ray sin-
gle crystal structure and magnetic properties were studied.
The compound crystallizes in the cubic system with space
group P23 (a = 9.9404(10) A) and belongs to the langbei-
nite structure type. The structure contains [M,P30;g] build-
ing units. “Closed” fragments [MgP9Ogo] provide space for
location of two potassium atoms. Antiferromagnetic interac-
tions were detected at low temperatures which originate from
superexchange through a M(1)-O-P-O-M(2) pathway with
corresponding J = —5.5(1) cm~!. The relationship between
the UV/vis absorption and the structure is discussed.
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Introduction
In recent years complex phosphates with
langbeinite-type structure have been intensively

investigated due to their intriguing structures and
interesting applications resulting therefrom. Anionic
frameworks of common formula {[M>(PO4)3]" }e
(M = polyvalent metal) form a large family of com-
pounds which exhibit a rich structural variety. The
structures of langbeinite, garnet, ScWQO,4, NASICON
(Na Supersonic Conductor) [1] and alluaudite-type
synthetic compounds [2—-6] could be described with
a common formalism based on the different mutual
orientation of [M(1)Og(PO4)3M(2)Og] building units.
The octahedral site M may accommodate s-, p-, d- and
f-elements [7—12], and rigid langbeinite frameworks
could be obtained thereby. Previous results exhibit that

) [M,(PO,).]

Fig. 1. The building units [M,P30g] linked in the [MgPgOg]
assembly. The [M>P30,3] fragment is highlighted by a light
grey line.

the aliovalent pair of Nb(V) and Fe(IIl) is suitable to
build up KTP (KTiOPO,) isomorphs [13]. This princi-
ple was extended to langbeinite structures because of
the predominant six-fold environment of those cations
in oxide compounds. The high thermal stability and
chemical resistance of compounds with an anionic
framework {[M»(PO4)]3}"~ give prospects for design
and development of materials with pre-programmed
properties, particularly magnetic and luminescent
effects.

Herein we present a novel complex phosphate
K s4Fe; 4oNbg 53(PO4)3 with langbeinite-type struc-
ture. In this work a model for magnetic susceptibility
data fitting is proposed as based on the structural
results.

Results and Discussion

Pale brown crystals of KjgsFe42Nbgs53(PO4)3
were synthesized from mixtures of KPO3z, K4P,07,
Fe; 03, and Nb,Os in platinum crucibles at 1293 K us-
ing the self-flux technique.

The complex phosphate K; g4Fe; 40Nbg 58(PO4)3 is
isostructural to the mineral langbeinite [14]. Three
orthophosphate groups are linked to two neighbor-
ing [M(1)Og] and [M(2)O¢] octahedra through com-
mon oxygen vertices producing the building unit
[M(1)Og(PO4)3M(2)O¢] (1) (M = Fe, Nb) (Fig. 1). The
main structure motif (Fig. 1) results from these ele-
mentary building blocks which are assembled in three
mutually orthogonal directions. Conditional intersec-
tions of the described units (1) form closed [MgP9Ogg]
fragments containing cavities where two K atoms are
located (Fig. 1). The [MOg] octahedra are slightly dis-
torted, corresponding Fe(Nb)-O bond lengths being
in the range 1.962(6)—2.004(6) A and bond angles
O-Fe(Nb)-O varying between 83.2(3)—92.7(3) and
172.5(3)—178.1(3)° (Table 1). Phosphorus atoms are
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Table 1. Selected bond lengths A), angles (deg), and di-
hedral angles (deg) for Kj g4Fe; 40Nbg 58(PO4)3 with esti-
mated standard deviations in units of the last significant digit
in parentheses?.

Fel/Nb1-O1"1 1.976(6) x 3 K1-O1%%%  2.885(7) x 3
Fel/Nb1-021:V:V  1.984(7) x3 K1-02%%X  3073(8) x 3
Fe2/Nb2-031:VV  2.006(6) x3 K1-02%:xil.xiv 3 738(7) % 3
Fe2/Nb2—-04"hvibviil 1 961(6) x 3 K1-04%:Xixiv 2 956(7) x 3
P1-01 1.534(6) K2-02%%% 3162(7) x 3
P1-02 1.543(7) K2-03Hiix 2.855(7) x 3
P1-03 1.547(6) K2-04%%% 3.053(7) x 3
P1-04 1.546(6)

O1-Fel/Nb1-01 92.7(3) x3 O1-P1-02 108.2(4)
O1-Fel/Nb1-02  172.5(3) x3 0O1-P1-03 110.8(4)
O1-Fel/Nb1-02 83.2(3) x3 02-P1-03 111.5(4)
O1-Fel/Nb1-02 93.8(3) x 3

O1-Fel/Nb1-02 90.7(3) x 3

04-Fe2/Nb2-04 89.5(3) x3 04-P1-03 109.2(4)
04-Fe2/Nb2-03 89.7(2) x3 O1-P1-0O4 111.5(4)
04-Fe2/Nb2-03 88.7(3) x3 02-P1-0O4 105.6(4)
04-Fe2/Nb2-03  178.1(3) x 3

03-Fe2/Nb2-03 92.0(3) x 3

& Symmetry codes: (i) z, x, y; (ii) y, z, x; (iii) —y+ 1, z+ 1/2, —x+3/2;
iv) z+ 172, —x+3/2, —y+ 1; (v) —x+3/2, —y+ 1, z+ 1/2; (vi) x+
12, —=y+3/2, —z+1; (vii) —y+3/2, —z+ 1, x+ 1/2; (viii) —z+ 1,
x+1/2, —y+3/2; (ix) —x+ 1, y—1/2, —z+1/2; (x) y— 1/2, —z+1/2,
—x+1; (xi) —z+ 172, —x+ 1, y— 1/2; (xii) x — 1/2, —y+ 1/2, —z;
(xiii) —y+1/2, —z, x—1/2; (xiv) —z,x— 1/2, —y+1/2.

tetrahedrally coordinated with quite regular P-O bond
lengths of 1.530(6)—1.547(6) A and O-P-O bond an-
gles of 105.8(4)—111.4(4)°. Both metal atoms M1 and
M?2 occupy special positions on a three-fold axis. Un-
equivalent distribution of Fe and Nb atoms over the
sites M1 and M2 is observed. The M1 position is
preferably occupied by Fe atoms having an effect on
the Fe(Nb)-O distances of 1.976(6)—1.984(7) A, typ-
ical for iron phosphates [15, 16]. Selective occupation
of the M2 sites by Nb atoms agrees well with an en-
largement of the corresponding distances in the coordi-
nation polyhedron which lie in the range of 1.961(6)—
2.006(6) A [17]. K1 is surrounded by twelve oxygen
atoms, assuming a cut-off value for the contact lengths
of 3.238(7) A (the next nearest contact is at 3.53 IOA).
K2 forms nine K-O contacts in the range 2.855(7)—
3.162(7) A. These bonding parameters and occupa-
tions are dictated by the rigidity of the {[M,P30,]}"~
framework.

Magnetic properties of K; s4Fe; 42Nbo 5s(PO4)3

The magnetic behavior is shown in Fig. 2 in the
form of 1/ym vs. T and Ym T vs. T plots, where Ym
is the molar magnetic susceptibility. In the region of
50-300 K the measured values depend linearly on the
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Fig. 2. The 1/)m vs. T plot. The non-linear part is given as
an enlarged inset.
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Fig. 3. Plot of experimental and calculated values of Y7
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temperature (Curie-Weiss law). Values calculated from
the linear fit for the Curie constant (C) and the Weiss
constant (6p) are 4.17 emu - K- mole~! and —46.25 K
(Fig. 2). The effective magnetic moment (Lefr) Was es-
timated from the equation Ueg = 2.828 (Ym T)'/2 at
T =300 K to be 5.38 ug while the expected value is
5.92 ug, thus indicating the presence of spin-orbital
interactions. The paramagnetic centers are the Fe(IIl)
atoms (S = 5/2) which partially occupy both M1 and
M?2 positions. In the range 2 — 50 K the fit deviates from
linearity. This phenomenon was previously observed
for langbeinite-type phosphates containing paramag-
netic cations like Cr(III), Fe(III) or V(II) [18-21].
However the existing explanations of this fact are am-
biguous. Taking into account that paramagnetic cen-
ters are rather far apart from each other (> 4.6 A),
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the most reasonable explanation is spin superexchange
through a M(1)-O-P—O-M(2) pathway. All measured
data were fitted (Fig. 3) using the equation [22]:

xT =

2Ng?B? &4 53 + 14e% +30e!% + 55¢15¢
k  14+e 453 +7e0% +9el0x 4 11¢!15x

+TIP,

where x = J (kT)~! (J = superexchange constant; N =
Avogadro number; g = g-factor; § = Bohr magneton;
k = Boltzmann constant; TIP = temperature indepen-
dent paramagnetism). All performed calculations as-
sumed the g-factor to be isotropic. The fitting process
converges with the final parameters of g = 1.963(5),J =
—5.5(1) cm™! (|r?| = 0.998) justifying the assumption
of an antiferromagnetic type of interaction.

Electron spectroscopy

Diffuse scattering electronic spectra of Kj g4Feq 42
Nbg.s3(PO4)3 contain three absorption bands, two of
which are related to the d-d transitions at 19450
(*T1g —%A1,) and 23870 cm™! (*Tpy —0Aj,), com-
mon for the high-spin state of Fe(III) in octahedral oxy-
gen environment [23]. All transitions are theoretically
prohibited by spin and Laporte for a d> (°S) state. It
should be assumed that trigonal distortions (C3y sym-
metry, see Table 1) of octahedra make spin transitions
allowed. The most intensive band at 29550 cm™! is
caused by the charge transfer 0~ — Fe’ .

Conclusion

Our study has shown that langbeinite-type com-
plex phosphates K; g4Fe; 40Nbg 53(PO4)3 can be pre-
pared at high temperatures from oxidic precursors.
The magnetic behavior of K g4Fe; 40Nbg 58(PO4)3 in-
dicates the presence of antiferromagnetic interactions
below 50 K. The superexchange pathway M(1)-O-P—
O-M(2) is suggested as a model for the fitting of the
experimental magnetic susceptibilities.

Experimental Section

All reagents were of analytical grade. Elemental analyses
were performed by energy dispersive spectroscopy using a
Link Isis analyzer mounted on a Phillips XL 30 FEG scan-
ning electron microscope. FTIR spectra were collected with a
Nicolet Nexus 470 FTIR spectrometer (KBr pellets; spectral
range = 4004000 cm™~!; spectral resolution = 0.5 cm™1).
UV/vis spectra were registered with a Specord-40 automatic

Table 2. Crystal structure data for K g4Fe| 40Nbg 58(PO4)3.

Formula K1.84F61,42Nb0_53P3012
M, 490.25
Crystal size, mm3 0.1x0.1x0.1
Crystal system cubic

Space group P23

a, A 9.9404(10)

v, A3 982.23(17)

Z 4

Dcaied, - cm3 3.32
U(MoKy), mm~! 4.11

F(000), e 947.1

hkl range 0<h<13, -7<k<13,-3<[<13
((SIN@Y/A)max, A" 0.66

Refl. measured 1383

Refl. unique 463

Rint 0.069

Param. refined 65

x(Flack) 0.10(8)

GoF (F?) 1.06
R(F)WR(F?)* (all refl.)  0.037/0.079
Apfn (max/min), e A=3  0.64/—0.56

© R(F) = I|Fy| — |F[l/Z|F; wR(F?) = {Zw(F* — F2)*] /
E[w(F2)? 2, w = 1/[62(F,?) + (0.0297P)?], where P = (Fy? +
2F.2)/3.

PC controlled spectrometer operating in a diffuse scattering
mode (frequency limits = 12000 — 38500 cm™!).

Magnetic measurements were performed at SkOe using a
Quantum Design MPMS XL SQUID magnetometer. Gelatin
capsules were used as sample containers for measurements
taken in the temperature range 1.9—-300 K. Crystalline sam-
ples were ground in an agate mortar into a fine powder, and
79.31 mg of the sample was taken for data recording. Exper-
imental susceptibilities were corrected for the diamagnetic
component using Pascal’s constants.

Synthesis of Kj s4Fej 42Nbg.58(PO4)3

A finely ground mixture of 8.66 g KPO3, 1.34 g K4P,07,
0.902 g Fe;03, and 1.5 g NbyO5 was placed into a platinum
crucible and heated up to 1293 K to obtain a homogeneous
solution. The resulting melt was cooled to 1033 K at a rate
of 25 K-h~! and kept for 2 h at the final temperature. A
crystalline product was separateded from the rest of the melt
with plenty of hot deionized water. Fine tetrahedrally shaped
crystals were obtained. The calculated ratio of K, Fe, Nb, and
P was 3.7: 2.8:1.2:6. — FTIR data (cm™1): vy, vs (P-O)
1225 (sh), 1163 (sh), 1110 (s), 1042 (sh), 1008 (m), 950 (sh),
900 (sh), 860 (s); 8 (O-P-0) 632 (s), 582 (m), 524 (s).

Crystal structure determination

Single crystal X-ray diffraction measurements were per-
formed on a x-geometry Nonius CAD-4 Express diffrac-
tometer [24] at 273(2) K. Cell parameters were determined
from 25 reflections collected in the range 15 < 6 < 25°.
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Intensities were corrected for Lorentz and polarization ef-
fects [25]. Two standard reflections were used to confirm the
absence of decay and stability of the sample during the ex-
periment.

The structure was solved with Direct Methods using the
program SHELXS-97 [26]. The structure refinement calcula-
tions were done with SHELXL-97 [27]. Coordinates of iron
and niobium atoms and their anisotropic displacement pa-
rameters were appropriately constrained during the crystal
structure refinement to allow for the mutual occupation of the
3d-metal position by Fe and Nb atoms, respectively. Crys-
tal data and further experimental details are summarized in
Table 2 together with the parameters of the structure refine-
ment. Selected bond lengths and bond angles summarized in
Table 1.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot_anforderung.html)
on quoting the deposition number CSD-418532.
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