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Abstract
Magnetic properties of five samples obtained in reactions between nFeVO4 and 
(1  − n)Co3V2O8 (with the composition index n = 0.54, 0.50, 0.40, 0.30 and 0.20) 
have been investigated by dc magnetometry and electron paramagnetic resonance 
(EPR). The investigated samples contained two phases: one having lyonsite-type 
structure and the other  Co3V2O8. Temperature dependence of dc magnetic suscep-
tibility showed the Curie–Weiss paramagnetic behaviour with a strong antiferro-
magnetic (AFM) interaction in the high-temperature range leading to magnetic tran-
sitions at 6 and 12 K. For all samples, the magnetic hysteresis loop in isothermal 
magnetisation was registered at T = 5 K indicating the existence of a ferromagnetic 
component. Samples n = 0.54 and 0.50 displayed a large coercive field and remanent 
magnetisation in contrast to the other three samples due to higher content of the 
lyonsite-type structure. EPR spectra of the studied samples showed a broad asym-
metric line that was decomposed on lorentzian or gaussian components. Tempera-
ture dependence of the spectral parameters (resonance field, linewidth, integrated 
intensity) of these components was studied in high-temperature range (T > 90  K). 
The observed spectra were attributed to different types of magnetic spin clusters.
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1 Introduction

Phases of the lyonsite- or howardevansite-type (abbreviated to L-type and H-type, 
respectively) structures contain isolated  VO4 tetrahedrons which build a lattice of 
orthovanadates (V) of divalent metals [1]. These in turn are connected with strong 
catalytic activity in the reaction of the oxidizing dehydrogenation of the saturated 
to unsaturated compounds [2]. From this point of view, the  FeVO4–Co3V2O8 sys-
tem is an interesting object of investigation because in samples from that system 
two phases of the L-type and the H-type structures have been detected [3–5]. The 
L-type structure can accommodate cationic mixing as well as cationic vacancies 
therefore a large number of chemical compounds can adopt this structure type. 
The H-type structure is found in the products of contemporary fumarole activity 
of few volcanoes [6].

The starting compounds,  FeVO4 and  Co3V2O8, have very interesting magnetic 
properties, especially in the low-temperature range. Triclinic iron vanadate  FeVO4 
large single crystals displayed two magnetic orderings at 20 and 13 K related to 
two different Fe ligand environments of octahedral  FeO6 and trigonal bipyramidal 
 FeO5 in a six-column doubly bent chain [7]. The nanocrystalline  FeVO4 prepared 
by co-precipitation method has shown similar transitions from paramagnetic to 
antiferromagnetic (AFM) state at 14 and 19.9 K [8]. Magnetic interactions among 
three different Fe cation sites in  FeVO4 are responsible for large magnetic frustra-
tion evidenced by a negative and large Curie–Weiss temperature TCW = − 125 K 
in paramagnetic phase [9].  Co3V2O8 compound is an example of material in 
which the geometrically frustrated buckled kagome lattice is realised [10–16]. 
The kagome staircase lattice of  Co3V2O8 contains  Co2+ (S = 3/2) ions and com-
plicated interplay of magnetic interactions yields a rich magnetic phase diagram. 
The material is paramagnetic at high temperature (above 11.3 K), and ferromag-
netic (FM) at low temperature (below 6 K) or under a large applied field. Between 
these temperatures different AFM spin density wave phases (incommensurate and 
commensurate) have been detected [12, 13].

Magnetic properties of a number of phases from the  FeVO4–Co3V2O8 system 
have been already studied using dc magnetometry and EPR/FMR (electron para-
magnetic resonance/ferromagnetic resonance) techniques [17–20]. In Ref. [17], 
the EPR spectra of twenty samples from  FeVO4–Co3V2O8 system at room tem-
perature (RT) were presented. The spectra displayed a strong dependence on ini-
tial concentrations of  FeVO4 and  Co3V2O8 and large differences in spectra inten-
sity. In Refs. [18–20], more detailed magnetic investigations of samples from the 
nFeVO4/(1  −  n)Co3V2O8 system (where n is the composition index, 0 < n < 1) 
were presented. In Ref. [18], magnetic study of samples with the composition 
indexes n = 0.81 and 0.83 was published, in Ref. [19] samples with n = 0.96, 0.86, 
0.84 and 0.83 have been investigated, while in Ref. [20] samples with n = 0.82, 
0.80, 0.78 and 0.76 were discussed. A very intricate nature of magnetism due to 
a mixture of phases, complicated crystal structure and competition of magnetic 
interactions was demonstrated. In the high temperature, a strong AFM interaction 
was registered which depended on the concentration of  FeVO4 in initial mixture. 
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At low temperature, the hysteresis loops were observed for these compounds and 
loop parameters were strongly dependent on initial mixture content.

The aim of the present study is to examine the magnetic properties of five sam-
ples from the  FeVO4–Co3V2O8 system using dc magnetometry and EPR techniques. 
In the current samples, the content of  FeVO4 in initial mixtures is smaller (and 
 Co3V2O8 bigger) than in previously published papers. The present study is thus a 
further step towards a full magnetic characterisation of all phases synthesized in the 
 FeVO4–Co3V2O8 system. Despite belonging to the same system they show a great 
diversity of their physical and chemical properties, therefore, a thorough investiga-
tion of all phases is needed for comprehensive understanding of mechanism respon-
sible for that multifaceted behaviour. Due to a complicated crystal structure and 
disorder introduced by randomness in metallic sites occupation, the magnetic frus-
tration is expected to appear in these compounds as a result of competition between 
localised spins on a lattice interacting through various exchange pathways that can-
not be simultaneously satisfied. This is an intensively studied subject in magnetism 
and the presented in this paper EPR and magnetometric studies of few compounds 
from the  FeVO4–Co3V2O8 system could provide a fertile ground for observation of 
these exciting phenomena.

2  Experimental

Five investigated samples were synthesized by the solid-state reaction method. The 
initial mixtures, containing cobalt(II) orthovanadate(V)  (Co3V2O8) and iron(III) 
orthovanadate(V)  (FeVO4), were homogenized and then were heated in air in four 
stages, i.e. 680 °C (20 h) + 780 °C (20 h) + 920 °C (20 h) + 920 °C (20 h). The source 
of the present samples is the same as before and their basic chemical characteristics 
are presented in Ref. [5]. In that paper, samples were numbered 1–24, therefore the 
labelling of the current samples will be continued. The samples in this paper will be 
designated as S19, S20, S21, S22, and S23 (they were numbered as 19, 20, 21, 22, 
and 23 in Ref. [5]). The composition index n of these five samples is n = 0.54, 0.50, 
0.40, 0.30, 0.20, correspondingly. Composition of the initial mixtures is presented 
in Table 1. After each heating stage samples were gradually cooled down in the fur-
nace to RT and, after grinding, their compositions were checked by XRD analysis. 

Table 1  Chemical composition 
of initial mixtures and phases 
detected in samples after 
synthesis (data from [5])

Sample des-
ignation

The composition of initial 
mixtures (mol%)

Phases detected by XRD

FeVO4 Co3V2O8

S19 54.00 46.00 L-type phase,  Co3V2O8

S20 50.00 50.00
S21 40.00 60.00
S22 30.00 70.00
S23 20.00 80.00
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The powder diffraction patterns of samples were recorded with the Empyrean II dif-
fractometer (PANalytical) with Cu radiation. The identification of phases present in 
the samples was conducted on the basis of its XRD characteristics contained in the 
PDF card 04-014-2048 (the L-type phase) and 04-014-1635  (Co3V2O8).

DC magnetization measurements were carried out using an MPMS-7 SQUID 
magnetometer in 2–300 K temperature range and in magnetic fields up to 70 kOe in 
the zero-field cooling (ZFC) and field cooling (FC) modes. Standard X-band Bruker 
E 500 spectrometer (ν = 9.4 GHz) with magnetic field modulation of 100 kHz was 
used to record EPR spectra. Temperature EPR measurements were performed in the 
90–290 K range using an Oxford nitrogen-flow cryostat.

3  Results and Discussion

XRD results of the investigated samples, obtained after their final heating stage, 
showed that they contained two phases: the L-type phase and  Co3V2O8 phase (see 
Table 1). Figure 1 displays L-type phase and  Co3V2O8 structures. Figure 2 presents 
a part of XRD pattern of sample S21 as a representative of the investigated sam-
ples. The content of  Co3V2O8 in the obtained mixtures increases from sample S19 
to sample S23, whereas the content of L-type phase decreases from sample S19 to 
sample S23.

Figure  3 shows the temperature dependence of dc magnetic susceptibility χ(T) 
(here χ is defined as χ = M/H, where M is magnetisation and H an external magnetic 
field) and the reciprocal magnetic susceptibility χ−1(T) of the five studied samples 
registered in an external magnetic field H = 500 Oe in ZFC and FC modes. In high 
temperature range (T > 200 K), a linear dependence of χ−1(T) is observed. Conse-
quently, χ(T) in that temperature range could be described by the Curie–Weiss law:

where Cmol is the molar Curie constant, and TCW is the Curie–Weiss temperature. 
From the molar Curie constant Cmol, the effective magnetic moment μeff (in units of 
Bohr magnetons) could be calculated:

where kB is the Boltzmann constant, NA is the Avogadro constant, and µB is the Bohr 
magneton. Because the studied samples contain different phases with unknown rela-
tive concentration, instead of usually used formula unit (f.u.), the known initial mix-
ture unit (i.m.u.) will be used [20]. The mass of [i.m.u.] is calculated as

(1)�(T) =
Cmol

T − TCW
,

(2)�eff =

�

3kBCmol

NA�
2

B

= 2.828
√

Cmol,

(3)m[i.m.u.] = z ⋅ m
[

FeVO4

]

+ (1 − z) ⋅ m
[

Co3V2O8

]

,
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where z is the molar fraction (mol%) of  FeVO4 in an initial mixture (0 < z < 1, see 
Table 1). The Curie constant can be recalculated, using instead of a gram, the mass 
of [i.m.u.]. The effective magnetic moment of [i.m.u.] calculated from Eq. (2) rep-
resents the magnetic moment of a compound calculated for z iron ions and 3(1 − z) 
cobalt ions. The results of calculations of TCW and the effective magnetic moment of 
[i.m.u.] in the high-temperature range are presented graphically in Fig. 4. For all five 
samples, a negative value of TCW is calculated. It indicates the presence of a strong 

Fig. 1  L-type phase (a) and  Co3V2O8 (b) structures
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AFM interaction between paramagnetic ions. As the strength of this AFM interac-
tion is concerned it seems to diminish going from sample S19–S21, but increases on 
further Co content increase in sample S22 and S23.

Fig. 2  XRD pattern of sample S21 with lines from L-type structure (designated by L) and  Co3V2O8 (des-
ignated by *) phases

Fig. 3  Temperature dependence of the dc magnetic susceptibility χ (left axis) and the reciprocal mag-
netic susceptibility 1/χ (right axis) measured in an external magnetic field H = 500 Oe in ZFC and FC 
modes
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The obtained values of the effective magnetic moments (Fig. 4, horizontal axis) 
could be compared with theoretical values expected for a mixture of high-spin Fe 
and Co ions. The latter could be calculated from the following equation:

where μ1eff is an effective moment of Fe ion, and μ2eff is an effective moment of 
Co ion (in units of µB). For a single  Fe3+ ion (S = 5/2) μ1eff = 5.9 μB, while for  Co2+ 
ion (S = 3/2) μ2eff = 3.9 μB. Equation  (4) provides the effective magnetic moment 
in the range from 6.29 to 6.56 µB for our samples, increasing with cobalt contents 
(see Fig. 5). As can be seen in Fig. 5, the experimentally determined values of µeff 
(points) are bigger than calculated from Eq. (4) (bars). The difference between 
experimental and theoretical values could be explained by bigger than assumed 
g-factors (due to additional orbital contribution) of both paramagnetic ions and by 
contribution of defect  V4+ (S = ½) ions.

Figure 6 (upper panel) presents the temperature dependence of magnetic suscep-
tibility in ZFC mode in the low temperature range, measured in an external magnetic 
field H = 10 Oe. To see the changes in χ(T) more clearly, the lower panel in Fig. 6 
presents the temperature dependence of d�ZFC

dT
 derivative. As the shape of χ(T) is con-

cerned, in all studied sample it is similar with two maxima at two different tempera-
tures: one at 12 K (very weak) and the other at 6 K (much stronger). The strength of 
these maxima increases with cobalt contents. As the observed two transition tem-
peratures (6 and 12 K) are very close to the ones observed in  Co3V2O8 compound (6 
and 11.3 K), it seems that this phase is responsible for the observed magnetometric 
response.

Figure  7 shows the temperature dependence of susceptibilities difference (χFC 
− χZFC) measured in an external magnetic field H = 10 Oe. The difference between 

(4)�eff =

√

z�2

1eff
+ 3(1 − z)�2

2eff
,

Fig. 4  Curie–Weiss temperature and the effective magnetic moment calculated from the Curie–Weiss 
law in high-temperature range



744 N. Guskos et al.

1 3

magnetisation in FC and ZFC modes is mainly due to the existence of energy barri-
ers of magnetic anisotropy [21]. All magnetic moments participate in magnetisation 
in FC mode, while in ZFC modes only these moments contribute to magnetisation 
of which the energy barriers are overcame by thermal energy at the measuring tem-
perature. Examination of the susceptibilities differences in our samples revealed that 
the magnetic anisotropy is very similar with the exception of sample S20 in which 
it is much bigger. The susceptibility difference in ZFC and FC modes is zero above 
12  K, it increases with temperature decrease down to 6  K and starts to increase 
significantly below that temperature. Both temperatures at which (χFC − χZFC) are 

Fig. 5  Experimental effective magnetic moments (points) and calculated effective magnetic moments 
(bars) assuming high-spin iron and cobalt ions

Fig. 6  Temperature dependence of the dc magnetic susceptibility χ in the low temperature range in ZFC 
mode in H = 10 Oe external magnetic field (upper panel) and the temperature gradient of the magnetic 
susceptibility dχ/dT (lower panel)
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subjected to characteristic changes coincide with the transition temperatures in 
 Co3V2O8 phase.

Figure 8 presents isothermal magnetisation M(H) of five samples registered at 
5 K. The dependence of magnetisation on external magnetic field is not linear as 
is expected for paramagnetic and AFM materials. M(H) curves show a visible 
curvature usually registered for FM materials. The right panel in Fig. 8 displays 
in an extended scale the central part of M(H) dependence, showing a part of the 
hysteresis loop. The occurrence of a hysteresis loop in isothermal magnetisation 
indicates there is a FM component in all investigated samples. The values of two 

Fig. 7  Temperature dependence of susceptibility difference (χFC − χZFC) measured in an external mag-
netic field H = 10 Oe

Fig. 8  Isothermal magnetisations at T = 5 K in a broad magnetic field range (left panel) and the central 
part of hysteresis loops in an extended scale (right panel)
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parameters of a hysteresis loop: Hc—the coercive field, and Mr—the remanent 
magnetisation (remanence), for all samples measured at T = 5  K are presented 
in Fig.  9. Both Hc and Mr seem to be positively correlated—an increase of the 
coercive field is related to an increase of the remanence. Both parameters also 
decrease with the increase of  Co3V2O8 content in an initial mixture what sug-
gests an important role of Fe ions in development of hysteresis loops. Consider-
ing the obtained values of Hc and Mr all five investigated samples can be divided 
into two groups: those with small values of these parameters (samples S21, S22, 
and S23, with Hc < 100 Oe, Mr < 1.3 emu/g), and with larger ones (samples S19, 
S20, with Hc ~ 1000 Oe, Mr > 3 emu/g). In samples of the former group, a smaller 
part of magnetic ions seems to be involved in the FM component. This might be 
correlated with a higher content of  Co3V2O8 phase evidenced by XRD method. 
Another possible explanation of the FM component is the presence of residual 
metallic Fe or Co impurities in our samples. Trace amounts of them would not be 
visible in XRD spectra but might influence catalytic activities of these samples.

EPR spectra of five investigated samples at three different temperatures (90, 
190, and 290 K) are presented in Fig. 10. In general, the spectra have small (sam-
ples S20, S23) or very small (S19, S21, S22) amplitude and are more pronounced 
at RT than at lower temperatures. They consist of very broad lines with aniso-
tropic shape. To discuss the temperature dependence of EPR spectra, each spec-
trum was fitted with one or more lorentzian/gaussian components. This rough 
treatment of the registered spectra was used to obtain only very general infor-
mation on their thermal behaviour. Figure 11 presents, as an example, such fits 
of EPR spectra of samples registered at T = 90  K. To obtain satisfactory fits to 
experimental spectra, only one component was sufficient for S19, S21, and S22 
samples (lorentzian-type lineshape), but two components were needed for S20 
and S23 samples. In the latter case, the main component has lorentzian-type 
lineshape, while the additional component with gaussian-type lineshape was the 
best to fit experimental spectra. Fitting enabled calculation of the three spectral 
parameters—the resonance field Br, peak-to-peak linewidth ΔB, and integrated 
intensity Iint. The latter is calculated as the product of the amplitude A and square 
of the linewidth, Iint = A·ΔB2. It is proportional to the magnetic susceptibility of 

Fig. 9  Coercive field and 
the remanent magnetisation 
obtained from hysteresis loops 
of the investigated samples at 
T = 5 K
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the spin system involved in the formation of EPR spectrum at microwave fre-
quency as well as to the concentration of the EPR active centers.

Figure 12 shows the temperature dependence of the resonance field (a) and peak-
to-peak linewidth (b) of individual components in each sample, while Fig. 13 pre-
sents the temperature dependence of the integrated intensity of each separate com-
ponent (a) and the total (being the sum of all components) integrated intensity (b) 
in five investigated samples. The temperature dependencies of EPR parameters are 
quite different for the additional components (S20b and S23b) than for the rest main 
components (S19, S20a, S21, S22, S23a). For the latter group, the resonance fields 
are in 2.85–3.00 kG range (equivalent g-factors are in 2.37–2.25 range) at RT and do 
not change much on cooling samples down to 90 K, the linewidths are in 1.2–1.8 kG 
range and increase on temperature decrease, and the integrated intensities initially 

(a)

(b)

Fig. 10  EPR spectra of samples S19, S20, S21 (a) and S22, S23 (b) recorded at T = 90, 190, and 290 K
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decrease on cooling samples from RT, but below ~ 150 K they start to increase on 
further cooling. In contrast, for the additional components, the resonance fields are 
in 4.1–4.2 kG range (g-factor in 1.65–1.61 range) at RT and appear to be independ-
ent on temperature, the linewidths are about 1 kG and show a maximum at tem-
perature ~ 150  K, while the integrated intensities display a constant decrease with 
temperature decrease from RT.

The main components in all studied samples might be attributed to two spin sub-
systems—one encompassing AFM spin pairs/cluster with a non-magnetic ground 
level (S = 0) that is responsible for intensity increase at high temperatures, and the 
other subsystem of paramagnetic spin cluster that accounts for EPR signal increase 
at lower temperatures. On the other hand, the additional EPR components (S20b and 

(a)

(b)

Fig. 11  Experimental (symbols) and fitted (lines) EPR spectra of samples S19, S20, S21 (a) and S22, 
S23 (b) registered at T = 90 K
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S23b) might be due to another AFM spin pair/cluster, with different internal fields 
and different relaxation times in comparison to the previous one. An overall weak 
temperature dependence of EPR spectrum parameters indicates that the spin–spin 
interaction (dipole or exchange) plays an important role in the formation of EPR 
response in our samples.

4  Conclusions

The studied five samples from  FeVO4–Co3V2O8 system were diphase, contain-
ing L-type phase and  Co3V2O8. The content of L-type phase decreased with the 
increased content of Co in initial mixtures. The magnetic ions  Co2+ and  Fe3+ were 
in the high-spin state S = 3/2 and 5/2, respectively. The observed effective magnetic 

(a)

(b)

Fig. 12  Temperature dependence of the resonance field (a) and peak-to-peak linewidth (b) of the indi-
vidual components in the EPR spectra
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moment inferred from the Curie constant was higher than theoretical one, indicat-
ing an additional contribution from the defective  V4+ (S = ½) ions. AFM interaction 
between paramagnetic ions was determined from the negative Curie–Weiss tempera-
ture. The strength of this AFM interaction diminished going from sample S19 to 
S21, but increased on further Co content increase in samples S22 and S23. At low 
temperatures, two magnetic transitions are found (at T = 6 K and 12 K) that might 
be related to transitions in  Co3V2O8 phase. Magnetic anisotropy deduced from (χFC 
− χZFC) difference was small and similar in value in all samples with exception of 
sample S20. This might be associated with bigger sizes of nanometric spin clusters 
in that sample. A FM component was identified from hysteresis loop in all samples 
at T = 5 K. In samples S21, S22, and S23, Hc < 100 Oe and Mr < 1.3 emu/g, while 
in samples S19 and S20 Hc ~ 1000 Oe, Mr > 3  emu/g. These differences might be 

(a)

(b)

Fig. 13  Temperature dependence of the integrated intensity of the individual components (a) and total 
integrated intensity (b) in the EPR spectra
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correlated with a higher content of  Co3V2O8 phase in the former samples evidenced 
by XRD method. EPR spectra were either weak (samples S20, S23) or very weak 
(samples S19, S21, S22), indicating they were formed by structural and magnetic 
defects. Very broad lines in EPR spectra in all samples were attributed to nanometric 
magnetic spin pairs/clusters. In general, samples showed inhomogeneous magnetism 
due to the presence of two strong magnetic ions randomly distributed between dif-
ferent crystallographic sites and a mixture of two magnetic phases.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, 
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license, and indicate if changes were made.
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