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The crystallographic structures of the oxyfluoride phases
Nby 947F€0.947:M0.10603,79F0 21 (M = Ni, Co) are refined from their
X-ray powder diffraction pattern by means of a Rietveld method
in the wolframite structural type. Both compounds exhibit a par-
tial cationic disorder, i.c., between NbY on one hand and the
magnetic cations (Fe™ and Ni'l or Co'') on the other hand. The
cobalt-containing phase is more ordered than the nickel-contain-
ing phase. The consequence of incomplete order is a Reld-depen-
dent magnetic susceptibility at low temperatures. Alternative sus-
ceptibility measurements versus temperature exhibit a maximum
around 35 K. © 1994 Academic Press, [nc.

INTRODUCTION

NbFeQ, is reported to have three types of structure
varying with the tempcrature (1, 2). The rutile type (qua-
dratic, space group P4,/mnm) occurs above 1380°C, the
«-Pb0O; type (ortherhombic, space group Pben) in the
range 1085-1380°C, and the wolframite type (monoclinic,
space group P2/c) below 1085°C.. The thrce structures
may be described as different ways of filling half the octa-
hedral sites in an kep array of oxygen atoms by niobium
oriron. In the rutile case, alternate rows of interstices are
occupied by cations in ¢ach layer, which gives rise to
characteristic strings of edge-sharing octahedra parallel
to the fourth order axis ¢. The a-PbO; type consists of a
planar arrangement (perpendicular to the a axis) of octa-
hedra sharing edges to form zigzag chains. The stacking
is completed by joining the strings at two levels through
common octahedral corners. When idealizing the struc-
ture to an hep array ol oxygen, half the octahedral sites in
each cdge-sharing row arc then occupicd (3). The
wolframite form is an ordered and slightly distorted vari-
ant of the a-PbQ, structure in which every zigzag chain
contains either Fe or Nb atoms (Fig. 1). A low tempera-
turc synthesis route has been recently developed. Owing
to thermal treatments, intermediate structures between
the a-Pb(Q,; and the wolframite types can be obtained,
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allowing the study of phases characterized by different
order degrees between niobium and iron (4). In these
cases, the cationic distribution may be revealed from X-
ray powder patterns. (For example, existence of the 100,
011, and 120 diffraction lines are characteristic of the
wolframite structure.} It may also constitute a determin-
ing factor for the magnetic properties. Indeed, totally dis-
ordered sample (a-PbQ; structure) exhibits no magnetic
ordcr down to 4.2K, while low temperature susceptibility
of the wholly ordcred sample (wolframite structure)} ex-
hibits a sharp peak at 50 K (4, 5). This antiferromagnetic
behavior results from ferromagnetic (100} planes of iron,
antiferromagnetically coupled together (6). However, an
intermediate compound exhibits predominant ferromag-
netic interactions. An out-of phase signal at the suscepti-
bility maximum temperature indicates the presence of a
net magnetic moment in the ordered state (7). Such pecu-
liar magnetic properties have also been encountered in
the oxyfluorides Tag ga7Feq9a7M0.10603.79F0.21 (M = Zn?*,
Ml'l2+) and Nbg_gﬂFeo_gﬂNiQ|0603_79F0_2|, for which an in-
termediate structure between the wolframite and a-PbO,
types has been suggested (8—11). However, the observed
X-ray diffraction lines characteristic of the wolframite
distortion (with regard to the «-PbQO, structural type)
were not taken into account for structural analysis. Thus
it seems interesting to study the structure of this family of
material on the basis of the wolframite type arrangement,
which should allow an appropriate description of its
structural features. Moreover, this new investigation
could be useful in order to determine precise magneto-
structural correlations. We present here a structural
study of the Nbygsrl'cy My 1060379Fpz (M = Ni, Co)
phases using a Rietveld analysis of X-ray powder diffrac-
tion data. Then their magnctic properties are described
and discussed according to the structural results.

EXPERIMENTAL

Nbyg sarFeo.947Mo.10603 8F0.21 (M = Ni, Co) samples have
been synthesized by using the starting oxides Nb;O; and
Fe,05, and MF,. The oxides and NiF; have been pre- -
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Plane A

FIG. 1. (a) Schematic representation of the a-Pb0O; structure. (b}
The wolframite type arrangement in NbFeO,.

pared as described elsewhere (8-11). CoF; has been ob-
tained by fluoration of CoCl,.

Nb,0s, Fe,0, and MF;, taken in a stoichiometric ra-
tio, were ground together and introduced into a closed
gold crucible. This tube was covered with a mixtore
(Nb,0s, NiF,), put into an inconel tube, and heated under
dried argon at 850°C for 2 days.

X-ray powder diffraction data have been collected at
room temperature using a D300 Siemens diffractometer
equipped with a primary beam quartz monochromator
(CoKa; = 1.78897 A). Magnetic measurements were per-
formed in the temperature range 4.2-300 K with a pendu-
lum-type magnetometer and an a.c. susceptometer at 333
Hz (Lakeshore). The raw susceptibility data are cor-
rected from diamagnetism values given by Bernier and
Poix according to the Slater—Angus method (12).

STRUCTURAL REFINEMENTS

The indexing of the two powder patterns (M = Co, Ni)
indicates that the crystal structure of both compounds is
1som0rph0us with the wolframite type NbFeQ, (¢ =
4.637 A, b=5.607 A, c = 4992 A, 8 = 90.06°, P2/c (2)).
Therefore, the latter has been taken as the starting model
for the refinement of the structures of the phases
Nbu_m‘;’Feu,gq.‘,ng_10(,03'79F().21 (M = NI, CO) The structure
refinements were carried out following the Rietveld pro-
file refinement method, by means of the program
FULLPROF (13). A pseudo-Voigt function was chosen
for the representation of the individual reflection profiles.
The scattering factors for ions were used, taking into
account the anomalous dispersion. The cationic distribu-
tion on both sites (2e) and (2f) has been refined. In order
to limit the number of parameters, only Fe3t, Nb’*, and
0%~ have been considered. The contributions of Ni2* or

TABLE 1
Details of Rietveld Refinement for Nbg ga7Feo.947Mp.103.79F0.21
(M = Co, Ni)

Formula unit Nby s FeqsaMiieOswFon

M Co Ni
a(A) 4.6519 (1) 4.6474 (1)
b (A) 5.6273 (1) 5.6212 (1)
c (A) 5.0129 (1) 5.0073 (1)
B 90.081 (3) 90.050 (4)
V (A 131,227 (8) 130.811 (8)
Z 2 2
Space group P2le P2e
20 range 15-130 15-130
Step scan increment (F26) 0.04 0.04
Range of calc. prof. (HW

units) 4.5 4.5
No. of reflections 146 146
No. of profile parameters 13 13
No. of atoms 6 6
Re =% |0 - 1t =zh 0.0291 0.0318
RB =2 1 10 - IC { .O:Iu 0.0323 0.0273
R, =2y =y | Zy 0.130 0.105
Rup = Ewdyiovi) 2w yd 0.162 0.132
“Expected” R, 0.0893 0.0849

Co?* (in view of their scattering factor values and their
concentration) have not been distinguished from those of
Fe'*. Consequently, the refined iron occupancy corre-
sponds indeed to that of iron and nickel (or cobalt). The
same approximation was introduced for oxygen and fluor
atoms. Then considering the formulation of the title com-
pounds, an Fe¥*/Nb*t occupancy ratio of 1.0/0.9 was
fixed for the refinements. Let us note that the anion sites
d4g are fully occupied. Thus, the formulation of the ‘‘re-
fined compounds’ may be expressed as NbygsrFe 5304,
with Z =2. Because of partial cationic disorder, the ther-
mal parameters of all cations have been assumed to be
identical. The details of the Rietveld profile refinement
for NbgsrFe0547C00.10603.5F021  and  NbyosrFegoar
Nip.10603.79Fg 21 are given in Table 1. Because of the back-
ground aspect, the angular range 15-18° (20) has been
omitted for the calculation. The final atomic parameters
ar¢ displayed in Tables 2 and 3, and bond lengths in Table
4. The experimental and calculated X-ray diffraction pat-
terns of Nby s7Feg947C00.10603.79F0 2 are plotted in Fig. 2.

MAGNETIC PROPERTIES

The temperature dependence of the magnetic suscepti-
bility xas of both phases is displayed in Figs. 3 and 4, for
different external ficlds. Below 150 or 100 K (for the
nickel or cobalt variety, respectively) the susceptibility
depends on the applied field, indicating the presence of
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TABLE 2
Cristallographic Positions, Isotropic Thermal Coefficients, and Cation
Concentrations for Nb0.947Feo.947C00_10603_19F0l21 (esd in Parentheses)

Atoms {site) x y z B(AY)  Multiplicity
Fe,Co{2f) 0.5 0.67180 (30)  0.25 L4 L7520
Nb ) 0S5 0.67180 (50)  0.25 L04(4)  0.248 (1)
Nb  (2e) 0 0.17947 (34)  0.25 1.04 (4) 1652 (11)
Fe, Co(2e) 0 0.17947 (34)  0.25 1.04 (4)  0.348 (11)
O (4g)  0.7739%(13) 0.1140(14) 09237 (14) 042(23) 4.0
Oy (4g)  0.7312{13) 03830{(14) 04154 (16) 1.18(24) 4.0
TABLE 3

Cristallographic Positions, Isotropic Thermal Coefficients, and Cation
Concentrations for Nby g47Feg 047N1g 10603 29Fg 21 (esd in Parentheses)

Atoms (site) x y z B (AY) Multiplicity
Fe, Ni 2f) 0.5 0.6730 (6)  0.25 1.009 (28)  1.504 (11)
Nb (20 05 0.6730(8)  0.25 1.009 (28)  0.496 (11)
Nb  (2e) 0 0.1775 (4)  0.25 1.009 (28)  1.404 (11)
Fe,Ni(Ze) 0 0.1775(4)  0.25 1.009 (28)  0.596 (11)
O (4g) 07695 (1) 01170200  09212(16)  0.31 (25) 49
Ou  (dg) 0.7274(12)  0.3871(20) 0.4171(17)  0.75 (26) 4.0
TABLE 4

Cation—Anion Distances in A for Nbg_queo_gnMo_[0603_79F0_1| (M = CO, Nl)
Compared with Those of NbFeQ, (esd in Parentheses)

NbyseFeg aaMoi005.7F 0

M =Co M =Ni NbFeQ,(2)
9
d{Cation—aniony) 1.957 (8) 1.923 (9) 1.927
d(Cation-antony) 2.117 (8) 2.097 (1) 2.115
d(Cation—aniony) 2.017 (8) 2.003 (8) 2.014
(2e)
d(Cation—aniong) 1.978 (7) 1.991 (8) 2.008
d(Cation—anion,) 2.143 (8) 2.149 (10) 2.161
d{Cation—aniony} i.888 (8) 1.922 (9) 1.858

large fluctuations of the resulting magnetic moment. In
the cobalt case, xa(7) exhibits a maximum in the temper-
ature range 20-30 K. Between 200 and 300 K, the mag-
netic susceptibilities follow a Curie—Weiss law, with
xp = 2. 1T + 20y and xp; = 3.91/(T + 38) for the nickel
and cobalt phases, respectively. The negative Weiss tem-
peratures indicate that antiferromagnetic interactions
predominate. With respect to the common values found
in the literature (14), the Curie constants are lower than

those theoretically expected, especially for nickel com-
pounds, i.e., C = 4.04 K-emu/mol and C = 4.12 K-emu/
mol for nickel and cobalt derivatives, respectively, This
indicates that the paramagnetic domain is not reached
below 300 K. Magnetization versus magnetic field mea-
surements are shown in Figs. 5 and 6 at characteristic
temperatures. A Terromagnetic component appears be-
low 100 K, At 6 K, the linear part of magnetization M =
f(H) fits with M = 0.0320H + 33.46 and M = 0.0350H +
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FIG. 2. Observed (...) and calculated {-) X-ray powder diffraction profile of Nby s1Fe; 547C00 10601 79Fg 21- The difference profile appears below at
the same scale. Characteristic lines of wolframite structure are indicated by (=),

34.00 for nickel and cobalt oxyfluoride, respectively. The
coefficients found for the field variation of A hint at simi-
lar ferromagnetic exchange interactions in both com-
pounds. Alternative susceptibility measurements per-
formed in the temperature range 4.2-100 K reveal one
maximum for both phases, at 35 K, sharper for the cobalt
containing oxyfluoride (Fig. 7). A second anomaly, very
reduced, is observed at 10-20 K. No out-of-phase signals
are detected in the temperature range 4.2-150 K, what-
ever the frequency may be.
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FIG. 3. Thermal varation of magnetic susceptibilities for

Nbag.ssFeq947Nig 10603.59F 02 (H = 14 kOe(%), H = 6 kQe(A)).

DISCUSSION

While the formation of NbFeQ, from the stoichio-
metric mixture Nb;Os—Fe;05; occurs above 1000°C, the
oxyfluoride phases are obtained below 900°C. Thus, the
fluoride NiF; or CoF; added to Nb,Os and Fe;04 strongly
decreases the reaction temperature. This property has
been recently assigned to the formation of an intermedi-
ate gaseous phase NbFs, which is very reactive toward
the solid (15). Note, however, that a possible decomposi-
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FIG. 4. Thermal variation of magnetic susceptibilities for

NbygsFep 047C00.10603 0F0 (H = 14 kOe(X}, H = 6 kOe (A)).
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FIG. 5. Magnetization versus magnefic field at different tempera-
tures for Nby.essFeg o7 Nig10603.76Fg 1. The full line represents the linear
fit of the magnetization {see text).

tion of the phase, which could result from this intermedi-
ate reaction, is avoided by the presence of (Nb;O;, NiF)
which creates an atmosphere of NbFs. Furthermore,
since the magnetic susceptibility is not field dependent at
room temperature, an NbFs evolution from the com-
pound is definitively ruled out. Indeed, it has been previ-
ously shown that a slight decomposition would result in
the formation of ferrimagnetic impurities such as Ni-
Fe,O, or Fe, O, (15).

X-ray diffraction patterns have been successfully re-
fined in the P2/c space group. The oxyfluoride phases
have the wolframite structure of NbFe(,. However,
while in NbFeQ, the sites 2e and 2f are occupied by
niobium and iron, respectively, a partial disorder occurs
in the oxyfluoride phases. The site 2e contains mainly
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FIG. 6. Magnetization versus magnetic field at different tempera-
tures for Nbg s FegorC0p.1060: 9F 0.1, The full line represents the linear
fit of the magnetization (see text).
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FIG. 7. Thermal variation of alternative magnetic susceptibility for

Nbys47F €0 547Nl 10603 70F 021 (&), NbggyFegrCop 1601 79F0n (%) and
NbFCO4 (.}

niobjum {87 or 74% of total niobium for cobalt or nickel
phases, respectively), but also a small quantity of iron
and cobalt (or nickel). The reverse is observed for the site
2f. Let us note that, as the whole niobium concentration
is smaller than that of iron and cobalt (or nickel), the
complete order would correspond to 1.8948 niobjum at-
oms on site 2¢ and the complete disorder to 0.9474
niobium atoms. Thus, if we define an order rate such that
complete order corresponds to 1 and complete disorder
to 0, the order ratio is then 0.73 for the cobalt phase and
0.44 for the nickel phase. These values correspond to a
macroscopic order degree in the compound.

The cationic order has a leading effect on the magnetic
properties, since the susceptibility of NbggsFegos
Nip.10603.79F0.21 or Nbgs47Fe0.947C00.10603 79F0 21 1s field de-
pendent at low temperatures, contrary to that of ordered
NbFeO;, (7). Because of the high value of the order ratio,
mainly for the cobalt-containing derivative, the discus-
sion can be based on the magnetic structure of NbFeO,.
In NbFeO,, the (100) planes containing iron (plane A)
alternate with planes containing niobium iplane B) (Fig.
1). The magnetic cations are ferromagnetically coupled
through octahedra edges in the A planes, and antiferro-
magnetic exchange coupling takes place between these
planes. Let us note that no low-dimensional magnetic
behavior is observed, although the compound may be
described from chain or plane units. In the present oxy-
fluorides, the magnetic ions which lie in the B planes
interact with magnetic ions of planes A through an apex.
Whatever the sign of interaction through the apex may
be, the resulting magnetic moment in the ordered state is
nonzero. The ferromagnetic components observed at 6 K
are of the same order for both phases, although both
compounds do not present the same order ratio. It seems
difficult to draw conclusions about these values, since
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magnetization is not saturated at 6 K in the range of the
measurements.

The maximum in the alternative susceptibility (7. = 35
K) takes place at lower temperatures than in NbFe(Q,
(T, = 50 K) (4). The decrease of T, is assigned to the
higher disorder in the oxyfluoride phases with regard to
NbFeO,. The reduced maximum observed at 10-20 K is
similar to that encountered in disordered NbFeO, (7). It
can be assigned to a local disorder gradient in the com-
pound, the magnetic properties being very sensitive to
short-range cationic order. The effect of short-range cat-
ionic order is also observable on the Curie constants mea-
sured in the temperature range 150-300 K. Indeed, their
values are lower than those generally expected, the devi-
ation being more pronounced for the less ordered nickel
phase, It can be assigned to the order degree since this
phenomenon has already been encountered for NbFeQ,,
whose Curie constant between 150 and 300 K is 3.61
K-emu/mol for the disordered phase and 4.27 K-emu/mol
for the ordered phase.
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