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Ni2FeV3O11–δ samples have been synthesized by the solid-state reaction method using two different
heat treatment processes (samples of the type A and B). The XRD measurements have shown the same
diffraction patterns for both types of samples. The temperature dependences of the electron paramagnetic
resonance (EPR) spectra have been recorded for the two types of thermal annealing processes of
Ni2FeV3O11–δ. Strong differences have been observed in the EPR spectra of both types of Ni2FeV3O11–δ.
An intense EPR line has been recorded at high temperatures; it is suggested that the line is associated
with oxygen–vanadium clusters (ferromagnetic ordering). The linewidth, resonance field and integrated
intensity of the EPR spectra have shown a strong temperature dependence down to 200 K. Additionally,
in one sample a very broad EPR line of Fe3+ ions appeared at low temperatures while at high temperatures
this line was overlapped by the other line. The temperature dependence of the integrated intensity of this
broad line has shown the Curie–Weiss behaviour. In the vanadate oxide materials with two strong magnetic ions in the structure (iron(III) and nickel(II)), the spectrum of the Fe3+ ions is not observed. Different oxygen deficiency processes could explain the differences in the EPR spectra of both types of
Ni2FeV3O11–δ compounds.
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1. Introduction

Recently, very strange physical properties have been reported in some insulating
vanadates and, in consequence, they have been very intensively studied [1–6]. The
disorder of iron and metal atoms revealed in the structural studies of multicomponent
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vanadates Me FeV O –x (Me = Zn and Mg) could be responsible for significant differences observed in their physical properties [5–7]. The temperature dependences of
the EPR spectra of the polycrystalline vanadium oxides Ni FeVO – δ and Zn FeV O –δ
have been investigated [8, 9]. For Ni FeVO –δ, an intense EPR line associated with
ferromagnetic clusters in the Fe–V layers were observed. Strong temperature dependences of its linewidth, resonance field and intensity have also been found in magnetic
susceptibility measurements. For Zn FeV O –δ, a very broad and intense EPR line
originating from the high-spin iron(III) ions has been recorded and at about 50 K, an
influence of the dynamical spin fluctuation on the EPR line has been observed [9].
The polycrystalline nickel–iron–vanadium oxide (Ni–Fe–V–O system) is a very
interesting subject of extensive experimental investigations, due to its various magnetic interactions associated with the magnetic frustration induced by three oxidation
states of the vanadium ion. Ni FeVO –δ crystallizes in the rhombohedral FeTiO -type
(ilmenite) structure, comprising alternate metal layers forming a two-dimensional
magnetic structure. It was assumed to be a ferrimagnet with a high Neel temperature
and feeble magnetocrystalline anisotropy [10]. The hexagonal structural layers of
nickel ions with antiferromagnetic ordering are expected not to essentially influence
magnetic properties of this system. In the stoichiometric compound (δ = 0) every
other site is expected to be occupied by the Fe ions separated by diamagnetic V
ions, with positive superexchange interactions. The magnetic moment obtained from
the temperature dependence of the magnetic susceptibility is much smaller than for
the ideal magnetic structure. Additionally, observed remarkable singularities suggest
that different magnetic interactions operate in this system [1, 3]. Vanadium ions exhibit three main valence states: V (spin S = 1), V (S = 1/2) and V (S = 0) due to
oxygen deficiency with main contribution of the V ions for δ = 0. Thus modifying
the Fe–Fe interactions could lead to the coexistence of various magnetic phases.
A qualitative description of the magnetisation curve has been attempted in terms of
the Ising model with random-bond quenched disorder reflecting the distorted Fe–Fe
bonds by randomly distributed V ions with different valence states [10]. Thus it is
suspected that for systems containing more vanadium ions at various oxidation levels
the magnetic interactions could be more interesting.
In the present work, the Ni FeV O –δ compound, where every fourth site is expected to
be occupied by Fe ions separated by diamagnetic V for the stoichiometric compound
(δ = 0) by two different thermal annealing regimes, has been prepared. EPR experiments
have been carried out in order to trace intrinsic magnetic centres with frustration phenomena and to obtain a further insight into its complex magnetic properties resulting from various oxygen deficiency processes the samples were subjected to.
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2. Experimental

The polycrystalline Ni FeV O –δ samples used in this study have been obtained
by the solid-state reaction method [11]. Two different thermal annealing programmes
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have been used for preparation of this compound. The first type of sample (sample A)
has been synthesised from vanadates, according to the equation:
FeVO + Ni V O = Ni FeV O
During the synthesis, the powdered mixture was thermally annealed for 24 h at 913 K
and for 24 h at 1073 K. The thermal annealing process was different from that proposed by Melentev et al. [12]. The second type of sample (sample B) was synthesized
as follows: the mixture of oxides (NiO, 50.00 mol %, V O , 37.50 mol %, and Fe O ,
12.50 mol %) was annealed in air atmosphere at 873 K during 24 hours (twice). Then
the pellet was thermally annealed at 923 K during 24 hours (twice) and Ni FeV O
compound was synthesized according to the reaction:
4NiO + 3V O + Fe O = 2Ni FeV O
The obtained compound has a blackish-brown colour, with the melting point 1208 K (in
contrast to 1238 K for the same compound obtained by Melentev et al. [12]) and with
Ni V O and NiFe O stable decomposition products [12].
Sample identification by the X-ray powder diffraction revealed the presence of the
phase with triclinic symmetry and with the following unit cell parameters: = 0.8818(2)
nm, = 0.7582(2) nm, and = 0.7023(3) nm, α = 117.06(3)°, β = 89.44(4)°,
γ = 105.35(2)°, Z = 2 [11]. The experimentally determined density value is = 4.21(5)
g/cm , and is in a reasonable agreement with the X-ray density of = 4.17 g/cm .
The EPR spectra were recorded using a conventional X-band spectrometer
BRUKER E 500 with the magnetic field modulation of 100 kHz. The magnetic field
was scaled with the usual NMR technique. The sample, containing 30 mg of the material in the form of fine powder was placed into a 2 mm diameter quartz tube. The
measurements were done in the temperature range from 4.2 K to 300 K using an Oxford Instrument flow cryostat.
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3. Results and discussion

Figure 1 presents the temperature dependence of the EPR spectra for the samples
A and B. The corresponding EPR spectra at high temperatures consist of a single,
slightly asymmetric EPR line, of an almost Lorentzian lineshape, typical of the exchange narrowed systems in the sample A and an additional very wide line in the
sample B. In both cases, strong temperature dependences of all EPR parameters ( –
integrated intensity, defined as the product of line amplitude and square of linewidth,
Δ – peak-to-peak linewidth and – resonance field) are observed. The EPR line for
the sample A has been well fitted with the Lorentzian lineshape in the investigated
temperature range (Fig. 2a).
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Fig. 1. The EPR spectra for the sample A (a), and B (b), at selected temperatures

Fig. 2. Comparison of the experimental (solid line) and fitted (dashed line)
EPR spectra for the sample A (a) and sample B (b), at 270 K

The EPR line for the sample B has been approximated by two Lorentzian lines,
one narrow, similar to the line observed in the sample A and the other very broad,
arising probably from the iron(III) ions (Fig. 2b).The resonance field of the broad
component is almost constant in the whole investigated temperature range and the line
is probably due to the spurious phases present in a very small amount in the samples.
At room temperature, a narrow line is centred at 294 mT (corresponding to the effective -factor ≈ 2.24), with the linewidth Δ = 31.3(3) mT, for the sample A, and at
330 mT ( ≈ 2.00), with the linewidth Δ = 30.2(3) mT, for the sample B. A slight
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difference was observed between both samples as the EPR intensity and linewidth of
this line is concerned. The temperature dependence of the integrated intensity of the
EPR narrow line, I(T), which is proportional to the spin susceptibility, is very weak
for both samples at higher temperatures (T > 160 K). The value of the linewidth ΔB at
high temperatures and the temperature dependence of the integrated intensity I(T)
down to 195–200 K is similar for both samples. Below this temperature, a strong temperature-dependent shift of the resonance field in the direction of lower magnetic
fields is observed (Fig. 3) in both samples and the ratio of the change of magnetic
field δB with temperature has the following values: δB/ΔT ≈ 0.0709 mT/K at high
temperatures (above 200 K) and δB/ΔT ≈ 1.69 mT/K at lower temperatures for the
sample A, while for the sample B δB/ΔT = 3.74 mT/K at lower temperatures, this
value being over twice greater than that for the sample A. This EPR line disappears
below 110–130 K in both cases or is overlapped by a very broad EPR line from the
Fe3+ ions. This may suggest that the dipole–dipole (or exchange) interactions and the
dynamical fluctuations of the spins essentially depend on thermal treatment processes.

Fig. 3. Temperature dependence of the resonance field Br(T) of the narrow
EPR line in the sample A (full squares) and sample B (empty circles)

The temperature behaviour of the integrated intensity complies with the corresponding temperature variation of the magnetic susceptibility curve at higher temperature, indicating that the observed EPR spectrum probes the bulk magnetic processes.
In the sample A, the EPR line is more intense than in the sample B that at higher temperatures coexists with a broad EPR line originating from the Fe3+ ions. Above 200 K,
the g parameter, the linewidth ΔB and the resonance field are almost constant in both
samples. Below 200 K, for both samples the linewidths begin to increase very
strongly and the resonance field shifts towards lower magnetic fields (Fig. 3). An
excessive broadening of the EPR linewidths for both samples is observed at low temperatures. The amplitude of the resonance line reaches the maximum in the same tem-
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perature range (Fig. 4) in which the shift of the resonance line starts to increase
strongly with the decreasing temperature.

Fig. 4. Temperature dependence of the EPR signal amplitude
for the sample A (full squares) and sample B (empty circles)

An interesting behaviour of the temperature dependence of I(T) is observed in the
high-temperature region. Below 220 K, a rapid increase of ΔB is observed implying
the onset of the critical fluctuations near the corresponding phase transition. The
resonance field exhibits a relatively small decrease as temperature decreases down to
ca. 200 K. The temperature dependence of the EPR parameters in the sample
Ni FeVO –δ shows an almost same behaviour at higher temperatures [8]. The temperature behaviour of the EPR line of Fe ions is in agreement with the results of magnetic measurements that indicate the presence of a certain amount of high-spin iron
ions not taking part in the magnetic interaction at high temperatures. In a system containing no vanadium ions, e.g. α-Fe WO , the EPR spectrum is dominated by a line
from iron(III) ions and usually at high temperatures the line is very broad [13] and
near the critical temperature it displays a very interesting behaviour. A new vanadate
compound, Fe V W O , has recently been investigated by the EPR method [14] and
the origin of its EPR spectrum at high temperatures is still unclear.
The temperature dependence of FMR (ferromagnetic resonance) spectra of magnetic nanoparticles embedded in non-magnetic matrices, recorded with an EPR spectrometer, showed a behaviour similar to that observed for the investigated samples
[15, 16]. Thus it is suggested that for the samples A and B the spectra are associated
with the fraction of iron(III) ions becoming ferromagnetically ordered in small clusters. The spectrum recorded with an EPR spectrometer is therefore of the ferromagnetic resonance type because it originates not from separate spins but from a group of
magnetically coupled ions. The magnetic clusters would produce the FMR absorption.
The resonance condition in the presence of ferromagnetic clusters is modified by an
internal magnetic field B :
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hν = gμB(B0 – Bint)

(1)
where Bint could be connected with the shift of resonance FMR line and thus described
by the following relation:
(2)
Bint = B0(1– αΔT)
where B0 is an external applied magnetic field, μB is the Bohr magneton, and α is the
gradient of the change of magnetic field with temperature. The strong increase of
δB/ΔT observed below 200 K could be connected with freezing of the magnetic cluster at this critical temperature. Then from Eqs. (1) and (2) one gets:
(3)
hν = gμBB0αΔT
The value of α could depend on the size of magnetic clusters because it describes
the value of the internal magnetic field. For the investigated samples, the following
values were calculated: α = 1.1(1)·10–2 K–1 for the sample A, and α = 1.3(1) ·10–2 K–1
for the sample B.
For Me2FeV3O11–x (Me = Zn or Mg) compounds containing only one magnetic
metal ion, the EPR spectra of high-spin iron(III) ion have been recorded [17, 9] while
for compounds with a sublattice having two different magnetic ions the EPR spectra
from Fe3+ ions have not been observed.
4. Conclusions

It has been shown that for the compound Ni2FeV3O11–δ the ferromagnetic resonance spectra dominate the magnetic response and they are associated with the presence of ferromagnetic clusters in the Fe–V layers and the high-spin iron centres.
A strong temperature dependence of the FMR spectra is observed with a substantial
shift of the resonance lines towards lower magnetic fields. The signal disappears below 110 K in the sample A and 130 K in the sample B. A new coefficient δB/ΔT describing the shift of the resonance lines with temperature was introduced and calculated for both types of samples. The preparation method and thermal annealing
processes strongly influence the observed FMR spectra, recorded with the EPR spectrometer.
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