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Magnetic properties of four nFeVO4/(1-n)Co3V2O8 samples obtained in reactions between FeVO4 and
Co3V2O8 (n = 0.96, 0.86, 0.84 and 0.83, samples designated S1, S3, S4, S5, respectively) have been investigated
by DC magnetisation in field cooling and zero-field-cooling modes and EPR. DC magnetic susceptibility showed
paramagnetic behavior of all samples in high-temperature range (T > 20 K) and transition to antiferromagnetic
state at 16–18 K (depending on sample iron content). Additional magnetic freezing at 8 K was registered for S3–S5
samples containing larger amount of cobalt. The Curie–Weiss law in 100–300 K temperature range indicates that
Co2+ is in the high-spin state (S = 3/2). From the parameters of the hysteresis loop observed for the samples
it was calculated that 0.58% of all magnetic (Fe3+, Co2+) ions were involved in the ferromagnetic states. EPR
spectra of the samples were recorded in high temperature range (T > 90 K). The temperature dependence of the
spectral parameters (resonance field, linewidth, integrated intensity) suggested the Fe3+ high-spin ions coupled by
antiferromagnetic interaction and clusters of ions play major role in EPR spectra.
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1. Introduction

Multicomponent vanadates and their polymorphic
modifications, due to their strong and selective catalytic
properties in, e.g. oxidative dehydrogenation of the sat-
urated to unsaturated compounds, are intensively stud-
ied by different techniques, including electron paramag-
netic resonance (EPR) [1–9]. From the point of view
of desired catalytic properties, the vanadates containing
in their structure chains of face-sharing metal octahedra
and isolated VO tetrahedral are especially useful. Thus
the FeVO4–Co3V2O8 system containing also two strong
magnetic ions seems to be a promising new catalyst.

A comprehensive study of phases formed in the FeVO4–
Co3V2O8 system in the whole range of compounds con-
centrations has shown existence of two interesting phases:
the howardevansite-type structure (H-type phase) and
the lyonsite-type structure (L-type phase) [10]. In H-
type structure an edge sharing octahedral dimers of iron
are found. In L-type structure the oxygen framework
creates three different sites for Fe cation: face-shared oc-
tahedral sites, edge/corner-shared octahedral sites and
edge-shared trigonal prismatic sites, while Co and V ions
occupy two types of isolated tetrahedral sites within the
framework [11]. The two end compounds in the FeVO4–
Co3V2O8 system have themselves very interesting phys-
ical properties: FeVO4 is a low symmetry magnetic sys-
tem undergoing antiferromagnetic (AFM) phase transi-
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tion at TN = 20 K, while Co3V2O8 displays a complex
magnetic order in two-dimensional kagome staircase lat-
tice [12, 13].

Magnetic properties of selected compounds from
FeVO4–Co3V2O8 system were previously studied [1, 2].
The EPR spectra of twenty samples from FeVO4–
Co3V2O8 system at room temperature (RT) were mea-
sured and analyzed [1]. Taking into account the g-
factors and linewidths, all samples were divided into
three groups. In the first group a strong EPR signal was
produced by Fe3+ residing in FeVO4, in the second much
weaker EPR spectra were attributed to Fe3+ in H-type
phase, and in the third ascribed to clusters of small sizes
containing Fe and Co ions located in L-type phase. The
results of EPR and magnetisation measurements of only
two samples: one containing a single H-type phase and
the other being the mixture of H-type and L-type phases
were presented in [2]. Both samples showed behavior
similar to frustrated antiferromagnets [14, 15]. In the
high temperature range a very strong atomic force micro-
scope (AFM) interaction was observed in both samples,
but competition between magnetic ions (Fe3+ and Co2+)
located in different sublattices prevented formation of a
global magnetic order (magnetic frustration effect). Fig-
ure 1 illustrates what has already been accomplished and
what is investigated in this paper.

The aim of the present study is to examine the dy-
namic and static magnetic properties of the four samples
from the FeVO4–Co3V2O8 system. As the numbering of
samples presented in Ref. [10] (samples were numbered
1–24) will be continued in this paper (the source of the
used samples is the same), the measured samples will be
designated as S1, S3, S4, and S5 (they were numbered

(24)
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Fig. 1. Schematic presentation of studies carried out
on samples from the FeVO4–Co3V2O8 system. EPR
RT, LN, and LH denote EPR measurements made at
room temperature (290 K), liquid nitrogen temperature
(77 K) and liquid helium temperature (4 K), respec-
tively.

correspondingly as 1, 3, 4, and 5 in [10]). This work is a
further step towards full magnetic characterisation of all
samples synthesized in the FeVO4–Co3V2O8 system.

2. Experimental

Synthesis of the investigated four samples is described
in Ref. [10]. Final calcination temperatures were 780 ◦C
for samples S1, S3, S4, and up to 840 ◦C for S5 sam-
ples. Diffraction patterns were obtained using the diffrac-
tometer PANalytical Empyrean II with Cu radiation.
The initial components and the phases determined by
X-ray diffraction (XRD) measurements in each sample
are listed in Table I. DC magnetization measurements
were carried out using an MPMS-7 SQUID magnetome-
ter in 2–300 K temperature range and magnetic fields
up to 70 kOe in the zero-field-cooling (ZFC) and field
cooling (FC) modes. The EPR spectra were recorded us-
ing a standard X-band Bruker E 500 spectrometer (ν =
9.45 GHz) with magnetic field modulation of 100 kHz.
The measurements were performed in 90–290 K temper-
ature range using an Oxford helium-flow cryostat.

TABLE I

Chemical composition and XRD detected phase content
of the samples.

Sample
Initial mixture [mol%] XRD
FeVO4 Co3V2O8 detected phase

S1 96.00 4.00
FeVO4+ H-typeS3 85.72 14.28

S4 84.00 16.00
S5 83.00 17.00 H–type

3. Results and discussion

Figure 2 presents the XRD patterns of all four sam-
ples. Sample S5 (Fig. 2a) is monophase and contains
the H-type phase with the formula Co2.616Fe4.256V6O24,
as well as trace amounts of FeVO4. In samples S3 and

S4 (Fig. 2b and c), besides the H-type phase, relatively
small amounts of iron(III) orthovanadate(V) (marked as
∗) have been identified, but FeVO4 content in sample
S3 is a little higher than in sample S4. Iron(III) ortho-
vanadate(V) is then the main phase present, besides the
H-type phase, in sample S1 (Fig. 2d).

Fig. 2. XRD patterns of sample S5 containing only H-
type phase (curve a) and samples S1, S3 and S4 con-
taining H-type phase and FeVO4 marked as ∗ (curves b,
c and d).

Fig. 3. Temperature dependence of the dc magnetic
susceptibility χ (left axis) and the inverse magnetic sus-
ceptibility χ−1 (right axis) of the four samples registered
in an external magnetic field H = 10 Oe.

Figures 3 and 4 show temperature dependence of DC
magnetic susceptibility χ (left axis) and inverse mag-
netic susceptibility χ−1 (right axis) of all four samples
registered at external magnetic fields H = 10 Oe and
H = 70 kOe, respectively. Magnetic susceptibility χ is
defined as χ = M/H, where M is magnetisation. With
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Fig. 4. As in Fig. 3 but for magnetic fieldH = 70 kOe.

exception of S1, other samples showed in the high tem-
perature range (T > 100 K) a linear dependence of χ−1

on temperature, thus χ(T ) could be described by the
Curie–Weiss law

χ (T ) =
C

T − TCW
, (1)

where C is the Curie constant, and TCW is the Curie–
Weiss temperature. Values of C and TCW calculated us-
ing Eq. (1) for samples S3, S4, and S5 are listed in Ta-
ble II. The measurements of magnetic susceptibility were
carried out in magnetic field H = 70 kOe in FC and ZFC
modes. In ZFC mode the value of C for each sample is a
little larger than in FC mode. The negative sign of TCW

and its large absolute value indicates a very strong AFM
interaction between magnetic ions in the paramagnetic
phase. This interaction should lead to the formation of
AFM state at low temperatures and indeed the low tem-
perature part (T < 20 K) of χ(T ) indicates transition
to that magnetic phase. Knowledge of the molar Curie
constant Cmol allows to calculate the effective magnetic
moment (in units of the Bohr magnetons):

µeff =

√
3kBCmol

NAµ2
B

∼= 2.828
√
Cmol, (2)

where kB is the Boltzmann constant, NA is the Avogadro
constant, and µB is the Bohr magneton [16]. As our
samples (with exception of sample S5) contain at least
two different phases with unknown relative concentra-
tion, instead of usually used formula unit (f.u.), the ex-
actly known initial mixture unit (i.m.u.) is used. The
mass of i.m.u. is calculated simply as

m [i.m.u.] =

x ·m [FeVO4] + (1− x) ·m [Co3V2O8] , (3)

where x is the molar fraction of mol.% of FeVO4 in an
initial mixture (0 < x < 1). The Curie constant can be
recalculated using, instead of a gram, the mass of i.m.u.
Subsequent application of Eq. (2) yields the effective
magnetic moment of i.m.u. representing the magnetic

TABLE II

Parameters extracted from the Curie–Weiss law (Eq. (1))
and the effective magnetic moment of the investigated
samples calculated from Eq. (2). The susceptibility was
measured in magnetic field H = 70 kOe. The magnetic
moment (in Bohr magnetons) of an i.m.u. is shown in
the last column.

Sample Mode TCW [K] C [ emu K
g Oe

] µ
(exp)
eff [ µB

i.m.u.
]

S3
ZFC –103.75 0.0231 6.13
FC –99.42 0.0229 6.11

S4
ZFC –102.83 0.0228 6.16
FC –101.34 0.0227 6.15

S5
ZFC –108.88 0.0239 6.34
FC –105.31 0.0238 6.33

moment calculated for x iron ions and 3(1 − x) cobalt
ions (see last column in Table II). Comparing the val-
ues of µeff for different samples, it can be seen that the
magnetic moment increases with the increase of Co3V2O8

concentration in an initial mixture and thus with the in-
crease of H-type phase. Although the magnetic moment
of a single Fe3+ ion (S = 5/2, µ = gµB

√
S (S + 1)) ≈

5.9µB) is larger than a single Co2+ ion in (S = 3/2,
µ ≈ 3.9µB), there will be more Co2+ ions than Fe3+ ions
in samples labeled by larger numbers (e.g., S4 and S5).
To estimate the contribution of Co ions to the experi-
mental µeff , the following equation was applied:

µeff =
√
xµ2

1eff + 3 (1− x)µ2
2eff , (4)

where µ1eff is an effective moment of Fe ion, and µ2eff

is an effective moment of Co ion (in units of µB) [17].

Fig. 5. Measured effective magnetic moment (filled cir-
cle) of S3, S4 and S5 samples decomposed into contri-
butions from Fe and Co ions.

In Fig. 5 the measured µeff of S3, S4 and S5 samples
was decomposed into contributions from Fe and Co ions.
It was assumed that Fe3+ ion is in the high-spin state
(S = 5/2) with magnetic moment of 5.9 µB and the
remaining magnetic moment was attributed to Co ion.
Cobalt may be in the low-spin state S = 1/2 (µ ≈ 1.7µB)
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Fig. 6. Temperature dependence of magnetic suscepti-
bility in ZFC mode in low temperature range measured
in magnetic field H = 10 Oe.

Fig. 7. Isothermal magnetisation of sample S1 at 2 K
(left part, top) and 300 K (left part, bottom). Right
part shows in an extended scale the central part of hys-
teresis loops.

or high-spin state S = 3/2 (µ ≈ 3.9µB). From Fig. 5
it is clearly seen that Co2+ ion in our samples is most
probably in the high-spin state as each cobalt ion should
contribute 4.1–4.7 µB (g = 2 assuming) to the observed
µeff . There are two possible additional contributions to
such high µeff of Co2+ ion: orbital (L 6= 0) magnetic
moment (often found for that ion in many matrices) and
clustering of Co2+ ions. The later could be reasoned us-
ing van Vleck formulae for a cluster containing n ions

χM =
Ng2β2

3nkT

∑
S S (S + 1) (2S + 1) e−E(J,S)/kT∑

S (2S + 1) e−E(J,S)/kT
, (5)

where n is the number of ions in the cluster [18]. From
this formula it is seen that the magnetic moment of a
cluster containing n ions is higher than the sum of mag-
netic moments of n individual, non-interacting ions.

Figure 6 displays temperature dependence of magnetic
susceptibility in ZFC mode in the low temperature range
measured in an external magnetic fieldH = 10 Oe. Com-
parison of data susceptibility for four samples in that
temperature range shows that sample S1 has significantly

smaller (roughly four times) than other three samples. As
the main difference between these samples is the content
of Co3V2O8 phase, it can be inferred that small amount
of cobalt ions in sample S1 (roughly four times smaller)
is the main reason of the reduced χ value. Concerning
the shape of χ(T ), there are two distinct temperatures
at which a kink and a local maximum are observed. In
all four samples in 16–18 K temperature range a marked
change in value of dχ/dT is noticeable (the slope of χ(T )
is steeper at higher temperatures and more flat at lower
temperatures). Since in a single crystal of FeVO4 in this
temperature range a transition to AFM phase has been
detected, that observed kink in χ(T ) dependence may be
interpreted as the evidence of this transition. In S3, S4
and S5 samples a shallow maximum in χ(T ) is visible at
temperature ≈ 8 K, but not in S1 sample. Considering
the phase content of our samples it is presumed that this
maximum is due to cobalt ions. There are only insignifi-
cant amounts of these ions (and also H-type phase) in S1
sample and this explains the lack of a susceptibility max-
imum close to 8 K. Freezing of spins (mostly cobalt ions
in H-type structure) might be the reason of diminishing
susceptibility at temperatures below 8 K.

TABLE III
Parameters of the hysteresis loop (Hc — coercive field,
Mr — remanence) measured at T = 2 K together with
the magnetic moment (in Bohr magnetons) of an i.m.u.

Sample Hc [Oe] Mr [emu/g] Mr [µB/i.m.u.]
S1 201 0.0439 0.0323
S3 476 0.1202 0.0366
S4 499 0.1291 0.0373
S5 654 0.1943 0.0378

Figure 7 shows isothermal magnetisation M(H) of
sample S1 at 2 and 300 K. At both temperaturesM(H) is
almost a linear function, except in weak magnetic fields.
Right part in Fig. 7 displays in an extended scale the cen-
tral part of M(H) dependence in which a familiar shape
of the hysteresis loop could be recognized. The linear
part ofM(H) at 300 K is expected for a material in para-
magnetic phase. The values of parameters of the hystere-
sis loop (Hc — coercive field, Mr — remanence) for all
samples measured at T = 2 K are presented in Table III.
The appearance of hysteresis loop in isothermal magneti-
sation indicates the presence of the ferromagnetic (FM)
component in all four samples. From Table III follows
that the coercive field increases with the cobalt content
as do the remanence expressed as the Bohr magnetons on
the initial mixture unit (i.m.u.). The last quantity allows
to estimate the percentage of magnetic ions (Fe, Co) in-
volved in an FM component at 2 K. If an average value
of Mr for all samples is taken as 0.036 µB/i.m.u. and
an average effective magnetic moment as 6.2 µB/i.m.u.,
than only (0.036/6.2)100 = 0.58% of all magnetic ions
form FM state.

It is very probable that the origin of the FM loop and
thus the FM phase is extrinsic to the investigated mate-
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rial. Very small amount of magnetic ions involved in this
phase suggests the presence of an unintentional admix-
ture of a phase that is already FM at RT. Iron oxides,
especially magnetite Fe3O4, can easily fulfill this require-
ment. They will be difficult to detect in XRD measure-
ments due to their low content. As the observation of FM
loop at RT excludes the existence of low temperature su-
perparamagnetic phase (the blocking temperature would
be higher than RT), this admixture phase is expected to
form magnetic domains much larger than nanometric in
sizes.

Fig. 8. Experimental (symbols) and fitted (lines) mag-
netic resonance spectra of the four samples registered at
T = 290 K.

Fig. 9. Experimental magnetic resonance spectra of
the four samples at different temperatures.

Results of EPR measurements in 90–300 K range are
presented in Figs. 8–10. EPR spectra of all samples are
similar in appearance — they consist of a broad line of
Lorentzian line shape. In Fig. 8 the EPR experimen-
tal and fitted spectra of the four samples recorded at
T = 290 K are shown. The fittings gave satisfactory re-
sults and allowed to obtain the values of the resonance
field, linewidth and signal amplitude for each registered

Fig. 10. Temperature dependence of magnetic reso-
nance spectra: resonance field (top part), linewidth
(middle part), integrated intensity (bottom part).

temperature. As an example, experimental EPR spectra
of the four samples at three different temperatures are
shown in Fig. 9. Generally, the smaller the amount of Fe
ions in a sample, the weaker the EPR spectrum. Thus
the EPR spectrum of sample S5 is much weaker than of
S1. This indicates that Fe3+ ions play a dominant role
in the formation of EPR spectra in our samples.

As the EPR spectrum of sample S5 is rather weak, ad-
ditional magnetic components, having a small concentra-
tion, become noticeable on the background of a dominat-
ing broad Fe3+ line. This is clearly visible in Fig. 9, bot-
tom part, where many narrow lines are evident in 2–3 kG
range. They are most probably not arising from the high-
spin Co2+ ions as these are usually observed only at liquid
helium temperatures due to a very fast spin–lattice relax-
ation time. As the observed lines are narrow they must
be produced by magnetic species weakly connected with
the dominating population of strongly interacting Fe3+
ions and with the crystal lattice. In fact they should be
treated as magnetic defects associated with structural de-
fects appearing on grain and phase boundaries. It could
be speculated that their magnetism is due to the presence
of iron and cobalt ions forming nanometric size clusters.

Figure 10 presents the temperature dependence of EPR
parameters obtained from fitting of Lorentzian line and
also the integrated intensity, calculated as the product of
amplitude and square of linewidth, Iint = A∆B2. Iint
is an important parameter, which is proportional to the
magnetic susceptibility of the spin system involved in for-
mation of EPR spectrum at microwave frequency [19]. It
would be interesting to compare Iint(T ) obtained from
EPR measurements with the static magnetic susceptibil-
ity χ(T ) acquired previously from magnetisation study.
Temperature dependence of χ(T ) in 100–300 K range was
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very well described by the Curie–Weiss law (except for
sample S1), while Iint(T ) shows more complicated ther-
mal behavior (Fig. 10, bottom part). There is a local
maximum in Iint(T ) plot for all samples in 230–260 K
range. This maximum is especially evident in samples
with large amount of iron ions, because the local maxi-
mum values in Iint are 7.0, 1.9, 1.5, and 0.6 for samples
S1, S3, S4, and S5, respectively. This local maximum
may arise from the iron clusters having an AFM S = 0
ground state and the excited S 6= 0 states. At low tem-
peratures (T < 200 K) the excited magnetic states are
not populated, so there is no EPR signal from the clus-
ters in that range. The presence of AFM iron clusters
has been manifested itself in S1 sample as the lack of
the Curie–Weiss behavior in χ(T ) at high temperatures
(see Figs. 3 and 4). Below 200 K the function Iint(T )
is roughly approximated by the Curie–Weiss law with an
AFM (negative) TCW constant. Thus the EPR signal in
90–300 K range in the four samples is arising from the
two spin subsystems: (i) paramagnetic Fe3+ ions sub-
jected to AFM interaction and (ii) AFM spin clusters
that manifests themselves only at high temperatures.

4. Conclusions

Magnetisation studies and EPR spectroscopy have re-
vealed a complicated picture of magnetic properties of the
four samples from the FeVO4–Co3V2O8 system contain-
ing two magnetic ions (Fe3+ and Co2+). At high temper-
atures, T > 100 K, the main magnetic component is para-
magnetic with strong AFM interactions. They involve
both kinds of magnetic ions, each in the high-spin state.
The secondary magnetic components are AFM spin clus-
ters, containing mostly iron ions. They are active in EPR
spectrum in high-temperature range, T > 200 K. The ob-
served hysteresis loop indicates the presence, although in
small amounts, of FM component and its origin is prob-
ably extrinsic (iron oxides). At low temperatures transi-
tion to AFM phase is observed (in 16–18 K range) and
another transition (≈ 8 K) believed to be due to the spin
freezing in H-type phase. Occurrence of FM and AFM
features imply competition of magnetic interactions in
FeVO4–Co3V2O8 system, leading to a frustrated mag-
netic structure. This is not surprising considering the
nature of the investigated system with multiple phases
and with two strong magnetic ions (Co and Fe) as well
as a very complicated crystal structure of the involved
constituents.
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