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The crystallographic structure of a hyperstoichiometric
Nii+.Fez—20304 (x=0.30) spinel-like material, obtained by a soft
chemistry synthetic route, has been refined by combining X-ray
and neutron powder diffraction data. This compound shows
a structure intermediate between the rocksalt and the spinel
structure types. The results of the refinement of the magnetic
structure are also presented and discussed. © 1997 Academic Press

INTRODUCTION

Ferrites are ceramic oxidic materials widely used in many
technological applications, most of them based on their
magnetic properties (1). Particularly, the nickel ferrite
NiFe, 0,4, whose structure is spinel-like, exists in a certain
composition range and shows interesting properties, many
of them related to magnetic aftereffects (2—4). Besides, it
exhibits, useful chemical properties as a catalyst for the
commercial production of phenol (5) or the decomposition
CO, to carbon (6). Although this ferrite has been known for
decades (7) there is at present a renewed interest in it,
specially due to some magnetic properties such as disaccom-
modation, ferromagnetic relaxation and ferromagnetic res-
onance which are prominent in this material (8,9). Both the
magnetic and the catalytic properties are dependent on the
particular structural features, on the particle size and on the
preparation conditions as well.

Nickel ferrites are usually obtained by the ceramic
method from stoichiometric mixtures of the corresponding
oxides NiO and Fe,O3 at temperatures between 1100 and
1600°C (10, 11), though other alternatives are also being
explored, for instance the synthesis of this material in
nanocrystalline form has been recently achieved by means
of a special synthetic procedure (12). In our case the title
material was obtained by an ionic exchange reaction at
500°C. In this connection it is worth to note that cation
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exchange reactions in molten salts may be used on a variety
of metal oxides to form new phases. Whenever these reac-
tions are performed at sufficiently low temperature, exten-
sive parts of the original framework are retained and only
minor structural rearrangements take place (13); thus, under
these conditions the reaction can be considered as topo-
tactic.

In a previous paper (14) we reported the exchange reac-
tion of a-NaFeO, in molten nitrates with divalent cations
(Niand Mg), the ferrites so obtained being studied by X-ray
diffraction, Mossbauer spectroscopy, and magnetization
measurements. As it is well known, X-ray diffraction cannot
distinguish between Fe and Ni; thus, the cation distribution
proposed was obtained taken into account the results from
spectroscopic techniques and magnetic measurements.
Worthy of note is that the structure of the nickel ferrite
obtained by these means differs from the simple spinel-like
because some extra positions, usually empty in the spinel
structure, are partially occupied. In this connection, some
authors have recently remarked the close relationships
existing between the spinel and the rock-salt structures,
either based on crystallochemical considerations (15) or on
the “in situ” observation of the phase transition spinel =
rock-salt induced by the electron beam of an electron micro-
scope (16).

We report in this paper the results of neutron powder
diffraction experiments performed to elucidate the complex
cation distribution of this material. The magnetic structure
has also been refined.

EXPERIMENTAL
Synthesis

The precursor a-NaFeO, was prepared by reaction be-
tween a-Fe,O; and Na,O, in air at 500°C, following the
procedure described by Takeda (17).

The nickel ferrite was obtained from «-NaFeO, by ionic
exchange in molten salts: 10 g of the precursor and 35 g of
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an eutectic mixture of potassium and nickel chlorides

(molar composition 80.3% KCI and 19.7% NiCl,, with

a melting point of 494°C) were kept at 500°C for 24 hr.
The reaction can be schematized as follows:

22-NaFeO, + (1 + x)NiCl,
- N11 +xFez_2x/304 + 2NaCl + 2X/3 FCC13. [1]

An excess of nickel chloride has been used in order to
obtain hyperstoichiometric samples with regards to the
ideal composition NiFe,O,. The final product was washed
with hot water to remove the excess of chlorides.

Characterization

The materials prepared by the above describe methods
were confirmed to be essentially single phase samples by
X-ray diffraction (XRD) on a Siemens D-5000 apparatus
using a monochromatic Cu(K,) beam and operated in the
step scan technique, with a step size of 0.02° and a step time
of 15 s/step. When a very long counting time is used, i.e.,
90 s/step, a number of quite small peaks corresponding to
an unidentified impurity phase appear. These impurity
phase is also observed in the neutron diffraction pattern
obtained with neutrons of a long wavelegth.

Chemical analysis was performed by Inductive Coupled
Plasma (ICP) in a Jovin Yvon instrument (JY-70 plus).

The particle morphology of the sample was studied by
scanning electron microscopy (SEM) using a Jeol 6400
microscope.

Maossbauer spectroscopy was performed in a conven-
tional spectrometer working at a constant acceleration
mode with Co”” in a rhodium matrix as radioactive source.
The spectra were analyzed using the NORMOS program
(18).

Magnetization measurements were made at room tem-
perature using an ASMI magnetometer (maximum mag-
netic field 14 kG with HdH/dZ = 29 kG*cm ™ !).

Neutron diffraction measurements were performed at
room temperature on the multi-detector powder diffrac-
tometer at the DR3 reactor at Risg National Laboratory.
The sample was contained in a vanadium can of about
9 mm diameter and 50 mm length. Neutrons of wavelength
1.066(1) and 2.309(1)1& were chosen for these experiments
The diffractometer was operated in the step scan mode with
a step size of 0.05273° to measure 2000 profile points in all
cases. The 260 angular range was chosen in every case on the
basis of the information to be obtained, thus for the short-
wavelength experiment the diffraction pattern was collected
betweeen 8° and 113.72° while this range was 20.0°—125.72°
for the long-wavelength one. Diffraction data were analyzed
using the program Fullprof (19). The scattering lengths
for the different elements were b(Fe) = 0.945x 1012 cm,
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b(Ni) = 1.030 x 10" *2cm, and h(O) = 0.5803 x 10~ 12 cm.
The magnetic form factors were calculated from Ref. (20).

RESULTS AND DISCUSSION

As deduced from chemical analysis the composition of the
samples differs from that expected on the basis of an ideal
exchange between sodium and nickel cations. Instead of
getting a material of formula NiFe,O,, some iron is missing
and some extra nickel is present. The final formulae for
independent runs can be expressed as Ni; ;. Fe;_5,30,
with 0.25 < x < 0.35. The results presented in this work
correspond to a sample with x = 0.3; i.e., Niy 30Fe; goO4.

Cubic spinels usually present cubic or octahedral mor-
phology. In our case, as Figure 1 shows, a micaceous shape,
reminiscent of the platelet-like morphology of the particles
of the precursor a-NaFeO,, is observed. This suggests the
topotactic character of the ionic exchange reaction depicted
in Eq. [1].

Crystal Structure

Preliminary structural characterization of the title mater-
ial was performed by XRD. The pattern looks similar to
that characteristic of the nickel ferrite prepared by the
standard ceramic method (21). As already mentioned, X-ray
powder diffraction is not the best technique to distinguish
between iron and nickel atoms, neither to determine the
oxygen stoichiometry; however, it is a preliminary source of
information, thus, these data were analyzed by the Rietveld
method. Some important results were obtained; in particu-
lar, a deficient occupation of the tetrahedral site, fully occu-
pied in the ideal spinel structure and a partial occupation,
about 10%, of the octahedral positions empty in the ideal
spinel structure. The latter seems to be a consequence of the
synthesis conditions and only appears if an excess of Ni(II) is
used in the reaction. This suggests that these positions are
mainly occupied by nickel ions.

In order to completely elucidate the complex cationic
distribution suggested by the X-ray diffraction data, addi-
tional structural information was needed. Thus, neutron
diffraction and Mossbauer spectroscopy measurements
were performed.

Room temperature (RT) Mossbauer spectra (Fig. 2) can
be used to determine the iron distribution between octahed-
ral and tetrahedral available sites. About 57.3% of iron ions
are located in tetrahedral sites, the rest being octahedrically
coordinated. Taking into account these results, Ni ions
should be mainly located in octahedral sites. The relevant
hyperfine Mossbauer parameters are collected in Table 1.

Neutron powder diffraction data were used to refine both
the nuclear and the magnetic structure of Ni; , ;Fe; 5,304
(x =0.3) at room temperature. To achieve the maximum
resolution for the refinement of the nuclear structure,
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FIG. 1. Scanning electron micrograph of the Ni—Fe spinel-like compound. The shape of the particles of the precursor «-NaFeO, is retained.

Niys Fea0, T=291 K neutrons of a short wavelength (1.066(1)1&) were chosen.
100 - Figure 3 shows the observed and calculated patterns and
J their difference. The refinement of our neutron diffraction
0 g9 data were made using the structural model that we pro-
‘(‘n.’ posed previously (14), taking into account the information
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© ; Hyperfine Mossbauer Parameters for Nickel Ferrite
T g6 i at Room Temperature
95 Octahedral positions Tetrahedral Positions
~12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 1 (KO e 2
. c
Velocity (mm/s) IS (mm/s) 0.36 0.25
AQ (mm/s) —0.01 0.19
FIG. 2. Mossbauer spectrum at room temperature for the Population Fe 42.7% 57.3%

Ni, +.Fe, 04 spinel-like compound.
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FIG. 3. Neutron diffraction patterns of Ni; 551)Fe; 55(1)O4.001) at room temperature. The solid line is the calculated (only nuclear structure) profile
and the vertical marks correspond to the allowed Bragg reflections. The difference is plotted at the bottom of the figure. To minimize the magnetic
component of the diffraction peaks neutrons of short wavelength (1 = 1.066 A) were chosen and the low-angle region was excluded in the refinement. In
the inset the experimental (4 = 2.309 /i) and calculated (nuclear and magnetic structures) profiles (and their difference) are shown. The first row and the
second row of the vertical marks indicate the positions of the allowed peaks of the crystallographic and magnetic structures, respectively.

provided by chemical analysis, Md&ssbauer spectroscopy
and X-ray diffraction data. The occupations of the 8a, 16d,
and 16c¢ sites as well as the oxygen stoichiometry were
independently refined until convergence was reached. Table
2 collects the final structural parameters. These results are in
good agreement with those obtained by other techniques; in
particular, the partial occupation of the 16c sites by nickel
ions observed by XRD was confirmed. In this connection, it
is noticeable that for values of the u parameter greater than
its ideal value 3/8, the 16¢ octahedral holes are larger than
the 16d ones; the former being more suitable for accommo-
dating divalent cations. On the other hand, the oxygen
content was determined to be four atoms per unit formula;
thus, the title compound can be considered as stoichiomet-
ric regarding the anion sublattice.

In a recent paper, Kesler et al. (15) studied the relation-
ships between structures with occupied tetrahedra and oc-
tahedra in a cubic close packing of anions, in particular the

series atacamite—spinel-halite (superstructure of NaCl). For
doing so, these authors refer these structures to a spinel unit
cella = a, = ay, = 2an,c; which contains 32 oxygen anions.
The close packing of anions within this cell produces 32
octahedral holes (16d and 16¢ using the Wyckoff notation of
the Fd3m space group) and 64 tetrahedral positions (8a, 8b,
and 48f'). In the atacamite structure only the 16d positions
are occupied; while in the rock-salt one, both 16d and 16¢
octahedra host metal ions. On the other hand, in the spinel
structure the octahedral 16d and the tetrahedral 8a sites are
occupied. As Fig. 4 shows, the three structures have the
atacamite framework B,O, as a common feature. Worth
to note, the octahedral 16d positions belonging to the
atacamite framework have adjacent tetrahedral sites 8b and
48f, which are empty in the three structures. Thus, both
types of holes (octahedral 16d and tetrahedral 8b and 48f)
cannot be simultaneously occupied probably due to elec-
trostatic repulsions. Some structures intermediate between
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Halite (NaCl)

FIG. 4. Schematic representation of the structures of a-NaFeO,, atacamite, spinel and halite (superstructure of NaCl). The atacamite framework can

be thought of as being present in the four structures.

atacamite and spinel and between spinel and halite can be
derived considering different ordered partial occupation
schemes of nonatacamite sites (8a and 16¢) within the
atacamite framework Also, the atacamite framework B,O,
is present in both the precursor a-NaFeO, (B = Fe + Na)
and in the nickel ferrite (B = Fe + Ni). In the spinel-like
compound the 16d sites accommodate iron and nickel ions
while in the precursor they are occupied by iron and so-
dium; the latter being removed by the ionic exchange reac-
tion. Therefore, along the synthesis reaction this framework
must be partially destroyed and reconstructed. This mecha-
nism of reaction is different from that observed in other soft
chemistry reactions like room temperature lithium insertion
in Fe;O4 (22). In this case, using the ideas presented above,
the formation of different phases as a function of the amount
of lithium inserted can be understood in terms of topotaxy
(15, 22).

Interestingly enough, Kesler et al. (15) predicted the exist-
ence of an ordered phase with partial occupation of both 8a
(84.37%) and 16c¢ (9.38%) sites, a cell parameter a = 2a,
and a P43m symmetry. Although these site occupancies are
similar to those of the title compound, we did not find
evidence of additional ordering. This might be associated
with the “reconstructive” nature of the present synthesis of
the nickel ferrite. The oxygen sublattice of the precursor
a-NaFeQ, is retained in the synthesis reaction which can be
thought to proceed through exchange and cationic redis-
tribution into a close-packed network of oxygen (14). By
exchange of monovalent Na(I) ions by divalent Ni(I) ca-
tions, half of the sodium sites in «-NaFeO, become vacant.
In order to minimize the local electrostatic repulsions,
a cationic redistribution takes place, giving rise to a com-
plex site occupation scheme. Since Ni** cations, which are
d® ions, show a clear tendency to occupy octahedral holes
due to the crystal field stabilization, no nickel has been
found in tetrahedral positions. Indeed, it must be recalled

that the nickel ferrite obtained by the standard solid state
reaction is an inverse spinel (1,7). Other cations such as
Mg(II) (which are d° ions with no crystal field stabilization)
occupy both tetrahedral and octahedral holes (14).

Magnetic Structure

Magnetization curves for the title compound recorded at
RT (Fig. 5) are typical of ferrimagnetic ordering with satura-
tion magnetization M (RT) = 1.55 pg/fu. (37.05 emu/g).
These values are in good agreement with those previously
found (14). Assuming that the ratio of the saturation mag-
netization at room temperature to that at absolute zero
(M) is 0.9 (23) the estimated value of M is 1.72 ug; this
value being quite different from that observed for standard
NiFe,O4: My = 2.3 pg/fu. (56.0 emu/g) (1).

Magnetization
407

304
20+
104

8000 16000

M (emi/g)

000 -8000
16000 -8000 _

-20 L

-40.\.
H (6)

FIG. 5. Magnetization curve at room temperature for nickel-iron
spinel-like material.
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TABLE 2
Structure parameters of Ni,, Fe,_ O,
Atom Site x/a y/b z/e Occup. Biso (A)
Fe(1) 8a 0.0 0.0 0.0 0.99(1) 0.34(1)
Fe(2) 16d 5/8 5/8 5/8 0.86(1) 0.31(2)
Ni(1) 16d 5/8 5/8 5/8 1.14(1) 0.31(2)
Ni(2) 16¢ 1/8 1/8 1/8 0.11(1) 0.31(2)
o 32e u u u 4.00(1) 0.74(4)
Note. u=0.38044(1), a= 8.3353(2)/0%, S.G. Fd3m, Composition:

Niy 551)Fe1.851)O04.0001); R =4.6%, Ry =82%, R,=061%, R, =
4.9%, 1 = 2.8, " tlre = 4.2(1) pm, ¥ tlre = 3.7(1) pt, <Ipthni> = 1.5(1) piy;
¢ =33°(1), Ry = 4.47%.

The magnetic moment can be estimated taking into ac-
count the cationic distribution shown in Table 2 and assum-
ing the following model for the magnetic structure: (a) the
collinear ordering of ferrimagnetic spinels is maintained and
(b) the magnetic moments of the extra ions in the 16¢
positions are antiparallel to those in 164 sites while they are
parallel to the magnetic moments of ions in 8a sites. The
latter hypothesis is supported by the geometrical informa-
tion shown in Table 3. The superexchange interaction be-
tween two cations via an intermediate oxygen ion is the
greatest whenever the three ions are collinear and their
distances are not too large. Therefore, the angles and the
distances between ®‘Fe(1) and '°/M and between ®‘M
and '°“Ni(2) are favorable for superexchange, being
the only strong interactions in the spinel-like ferrite.
Thus, the following model for the magnetic structure is
proposed:

[xFeg, T1[(2 — y)Fei6al IlyNit6al 1[zNi16. 71 [2]

At this point it must be noticed that Mossbauer spectro-
scopy indicates that iron is only present in nickel ferrite as
trivalent cation.

TABLE 3 .
Selected Geometrical Information: Distances <2.5 A and
Angles (°)
8aFe(1)-0 1.885(1) x 4
16dp 1O 2.038(1) x 6
166N(2)-O 2.131(1) x 6
8aFe(1)—O-154Mf 123.4(6)
8aFe(1)-O-15Ni(2) 53.4(6)
16dpf_Q-16d)f 92.6(4)
16d) 1 Q- 16eNj(2) 90(1)
L6dp - O-16eNj(2)' 176(1)
166N[j(2)-O—1*Ni(2)’ 87.4(6)
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Thus, the net moment in Bohr magnetons can be ex-
pressed as

(3]

where pnim = 2 g, Mreaqm = S Up (24) are the spin-only
values of the magnetic moments of Ni** and Fe*" cations.

The magnetic moment estimated by applying this model
is 1.41 ug/f.u. As in the “standard” nickel ferrite, the differ-
ence between calculated and experimental values of
Mg (2.0 ug/fu. and 2.3 ug/fu respectively) arises from in-
complete quenching of the orbital momentum of Ni*™ ions
(1,7). When this effect is corrected, the magnetization satu-
ration at 0 K can be estimated as 1.72 ug in very good
agreement with the experimental value. Since the saturation
magnetization is very sensitive to the cationic distribution,
the agreement between the experimental and the calculated
values of M, strongly supports the site occupation scheme
depicted in Table 2.

The neutron powder diffraction data shown in Fig. 3
indicate that, as observed in other ferrimagnetic spinels (1),
the magnetic unit cell is identical to that of the nuclear
structure. It is well known that in high symmetry magnetic
structures the spin direction cannot be deduced from pow-
der data (25). However, when the so-called configurational
symmetry associated with the magnetic structure is tetrag-
onal, rhombohedral or hexagonal, powder diffractograms
can provide information about the angle between the spin
direction and the unique axis of the structure. If the collinear
ferrimagnetic structure represented by Eq. [2] is assumed,
the configurational symmetry of the title compound belongs
to the R3 space group, the unique axis being the [111],
cubic direction.

In most of uniaxial structures, the spin lies in a direction
parallel or perpendicular to the unique axis. However, a pre-
liminary study of contribution of the magnetic scattering to
the peaks, in particular to the (111) (at 27.8° in the inset of
Fig. 3) and the (220) (at 46.2°) peaks, suggested that the
angle between the magnetic moment and the unique axis is
intermediate between 0° and 90°. In other ferrites, for in-
stance Fe;0,, the magnetic moments lie in the [ 100], direc-
tion (26), which forms an angle of 54.7° with the [111],
direction. Thus, we used as starting model for the magnetic
structure that shown in Eq. [2] with the cationic distribu-
tion collected in Table 2 and the spin aligned along the
cubic a-axis. Assuming this model, we refined the neutron
powder diffraction data recorded using neutrons of a large
wavelength (A = 2.309(1) f‘,) to maximize the magnetic con-
tribution to the diffraction peaks (inset of Fig. 3). Some
weak reflections are observed in the inset of Fig. 3 corres-
ponding to small amounts of an unidentified impurity phase
produced in the reaction of synthesis, also detected by XRD.
Because of the low occupancy of the 16c¢ sites, the refine-
ments were undertaken with the restriction of making iden-
tical the absolute values of the three components of the

u(ug) = XUFemy — 22—y Hpeqam — YHNian T ZUNian »



STRUCTURE OF A NICKEL-RICH FERRITE

magnetic moments of Ni(II) in 16¢ and 16d positions. If the
spins are constrained to lie in the a-axis, a value of 8.6% is
reached for the magnetic structure agreement factor (Ry). If
the magnetic moments are allowed to be out of the a-axis,
the fitting is significantly improved; when convergence is
reached the Ry factor is 4.5%. The angle between the spin
direction and the unique axis [111]. is 33(1)° instead of
54.7°. The final parameters for the magnetic structure are
collected in Table 2.

The value of the magnetic moment of iron in the 16d
octahedral site is 4.2 ug, which is close to value correspond-
ing to the free ion Fe®* (5 ug); in contrast, the magnetic
moment of iron in 8a positions (3.7 ug) is considerably lower
than this value. This reduction can be explained by strong
covalency effects due to the short Fe(1)-O distances
(1.885 A, see Table 3). In the case of nickel, the magnetic
moment is 1.5(1) g which is lower than that expected for
Ni*™ (2 pg). It is worth noting that commonly nickel cations
in octahedral coordination, as in La,NiO, (27), show satu-
ration moments similar to that determined in the title com-
pound. This reduction is explained by covalency effects and
quantum spin fluctuations (27). Using the magnetic mo-
ments collected in Table 2, a value of the saturation moment
at room temperature of 1.5(1) ug is calculated, in good
agreement with the experimental result 1.55 pg.

CONCLUDING REMARKS

To summarize the above results, we have confirmed by
neutron diffraction, the existence of a nonstoichiometric
phase intermediate between the rock-salt and the spinel
types where some extra octahedral positions, occupied in
the former but empty in the latter, are partially occupied.

On the other hand, the refined magnetic structure agrees
with the collinear model proposed for most of the spinel-like
compounds. The spins are somewhat deviated from the
a-axis; the angle formed by the direction of the magnetic
moments and the unique axis of the magnetic structure
[111].is ¢ = 33°(1).
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