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Electron paramagnetic resonance (EPR) spectra of M3Fes V024 (M = Cu, Zn, Mg and Mn) compounds in high tempe-
rature range (293 K to 493 K) have been investigated. The role of magnetic (Cu, Mn) and non-magnetic (Zn, Mg) ions in
M3FeqVOyq structure in formation of magnetic resonance spectra was studied. Temperature dependence of EPR parameters:
resonance field, linewidth and integrated intensity were examined. Similarities and differences in temperature behavior of these
parameters has been discussed in terms of different relaxation mechanisms and magnetic interactions in the spin systems. An
important role of additional magnetic ions (M = Mn or Cu) in the M3Fe, V0,4 structure has been identified and its conse-

quences considered.
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1. Introduction

The M3Fe4VgO24 (M = Cu, Zn, Mg, Mn and
Co) compounds have been investigated for some
time due to their interesting physical properties
and ability to be used in different applications [1-
8]. Some of them belong to the howardevansite-
group of minerals and recently two new minerals
of this type were discovered in volcanic exhala-
tions from the last eruptions of volcanoes in Kam-
chatka [9]. The crystal structures of M3sFe4VOo4
M = Cu, Zn, Mg and Mn) powders were deter-
mined by application of XRD and neutron diffrac-
tion methods [1, 3, 10, 11]. The structure con-
tains three sublattices associated with metal ions
including two sublattices with iron ions. The M ion
site may be occupied by magnetic or diamagnetic
ions and in case of the former one a more com-
plex magnetic system is achieved. Measurements
of DC magnetic susceptibility x as a function of
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temperature showed that the Curie-Weiss behavior,
X = C/(T - 0), dominates at high temperatures with
a negative Curie-Weiss temperature 0 (the largest
value of © was found for the compound M = Mn
and the smallest for M = Cu) [5, 7, 12, 13]. It
should be emphasized that introduction of a strong
magnetic ion at M site significantly increases the
value of 0, while weak magnetic ions, like copper,
reduces it. At low temperatures the magnetic frus-
tration processes were observed.

The main electron paramagnetic resonance
(EPR) spectrum in all investigated compounds con-
sists of a symmetrical, intense and broad line [4,
6, 7, 14-16]. In addition, the compounds with
M = Mn and Cu show the lines derived from
the manganese and copper ions with various spin-
lattice relaxations [7, 16]. At room temperature, the
EPR amplitude is the greatest for the compound
M = Mn, while the linewidth of this resonance line
is the narrowest [16]. For compounds M = Zn, Mg
the resonance line parameters are comparable and
the M = Cu compound shows a similar behavior
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to M = Mn sample. Thus it is evident that the re-
laxation processes significantly depend on the pres-
ence of magnetic ions (M = Cu and Mn) and it is
seen that the higher the magnetic moment the more
intense change of the EPR parameters of that com-
pound. Despite the fact that their crystallographic
structures are well known, one of the main prob-
lems lies in determination of the magnetic cen-
tres that are responsible for the formation of the
observed EPR spectra [3, 5, 7, 8, 13]. In [16] it
was suggested that there is a strong possibility of
the occurrence of magnetic clusters in these com-
pounds. In that case the presence of ferromagnetic
resonance (FMR) lines in EPR spectra is not ex-
cluded. Under such assumption a lot of differences
between the measurements of DC magnetic suscep-
tibility and magnetic resonance could be success-
fully explained. Besides, in the studied compounds,
at a temperature of about 200 K, magnetic compe-
tition effects caused by the existence of different
magnetic sublattices, were observed [6, 15].

The aim of this work is to analyse the EPR spec-
tra of four M3Fes V504 (M = Cu, Zn, Mg and
Mn) samples registered at different temperatures in
the range of 293 K to 493 K. Each sample con-
tains magnetic Fe ions and additionally two sam-
ples contain a second magnetic ion (Cu or Mn). It
would be instructive to compare the obtained re-
sults and discuss the observed differences in terms
of presence of an additional magnetic ion in the
crystal structure. This study may allow to deter-
mine which magnetic centre is involved in forma-
tion of the EPR spectra and help to determine the
nature of magnetic interactions between them.

2. Experimental

The method of preparation and chemical char-
acterization of the investigated powder samples
was given in previous papers [17, 18]. Furthermore,
detailed structural studies have been presented in
earlier papers [3, 5, 7, 13]. EPR measurement in
the range of 293 K to 493 K were carried out on Ra-
diopan SE/X 2544-M spectrometer equipped with
a homemade high-temperature unit.

3. Results and discussion

Fig. 1 shows the EPR spectra of four investi-
gated M3FesVgOo4 (M = Cu, Zn, Mg and Mn)
samples registered at different temperatures in the
high-temperature range. In the whole studied range
of temperatures a symmetric and intense reso-
nance line was observed for all four investigated
compounds. The experimental spectra were suc-
cessfully fitted with Lorentzian lineshape function,
similar as it was previously done in the case of
lower temperatures [5]. Fig. 2 to Fig. 4 present tem-
perature dependence of the calculated EPR spec-
tra parameters: effective g-factor (g.fr), peak-to-
peak linewidth (ABp,), and the integrated inten-
sity (Iin) as well as the inverse of integrated in-
tensity (1/I;,). The effective g-factor was calcu-
lated from the resonance field B, at the resonance
condition (gefs = u%r’ while the integrated inten-
sity was assumed to be equal to I, = A-Ang,
where A is the amplitude of EPR signal in the first
derivative mode. As the resonance field increases
with increasing temperature, the g-factor slightly
decreases on heating the samples above ~340 K.
For the compounds with magnetic ions at the M (II)
site, at temperature of about 450 K, a reverse pro-
cess is evident. In the range of 340 K to 450 K the
shift of the resonance field 0B, (defined as 6B, =
B.(T) — B.(T +AT)) shows a nearly linear tempe-
rature dependence (Fig. 2). The following values
of dB,/AT temperature gradients of that resonance
field shift were calculated: 6B,/AT = 7 x 1073
mT/K for CusFes V604, SB/AT = 6 x 10~ mT/K
for Zn3FeqVgOa4, 8B/AT = 6 x 10~3 mT/K for
Mg3Fes Va4 and 8B/AT = 9 x 1073 mT/K for
Mn3Fe,VOy4. The occurrence of additional mag-
netic ions (Cu and Mn) in the crystal structure in-
creases the value of that temperature gradient.

Fig. 3 presents temperature dependence of the
ABy,;, linewidth. For the two compounds with mag-
netic ions in the M ion site the linewidth decreases
monotonically with increasing temperature, but for
Zn3Fe VgOr4 and MgzFesVOoy at about 400 K
an increase of the linewidth with temperature in-
crease is observed. Closer examination of Fig. 3
shows that three questions should be answered
consistently: (a) why the linewidth decreases
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with temperature increase for all investigated sam-
ples below 400 K, (b) why the linewidth is smaller
for the compounds with additional magnetic ions
(M = Cu and Mn); (c¢) why the increase of the
linewidth above 400 K is observed only for M = Zn
and Mg compounds? A decrease of linewidth with
temperature increase is a well-known effect. It was
observed for many substances and most often it is
explained by invoking the temperature-dependent
exchange narrowed spin-spin interaction [19, 20].
A more detail discussion of the role of the exchange
narrowing mechanism will be presented later.
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Fig. 1. EPR spectra of investigated M3Fe4 V0,4 com-
pounds registered at different temperatures.

In Fig. 4 the temperature dependence of the
EPR integrated intensity (Ij,;) and the reciprocal
of integrated intensity (1/I,) are presented. The
EPR integrated intensity is proportional to the
magnetic susceptibility of the spin system under
study at microwave frequency. The EPR integrated
intensity behaves according to Curie-Weiss law,
Lint = C/(T — 0), in the temperature range of 333 K
to 433 K, where the constant C is related to an ef-
fective magnetic moment and the Curie-Weiss tem-
perature 0 is positive for ferromagnetic interaction
and negative for antiferromagnetic interaction be-
tween the involved spins. The following values of
0 were calculated: 56(15) K for Cu, 48(4) K for
Zn, 17(11) K for Mg, and —170(30) K for Mn com-
pounds. It is expected that the strongest interactions
will be found in CuzFesV¢0o4 and Mns3FesVOo4
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Fig. 2. Temperature dependence of g.g-factor in

M3Fes V0,4 compounds. Standard uncertain-
ties in geg-factor values are smaller than the
sizes of the points. Dotted lines are just guides
to the eyes.
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Fig. 3. Temperature dependence of the linewidth ABp,
in M3FesV¢Oo4 compounds. Standard uncer-
tainties in AB,, values are smaller than the sizes
of the points. Dotted lines are just guides to the
eyes.

compounds where two different magnetic ions are
present in the crystal structure. It is interesting
to note that the sign of © may change going
from low (below RT) to high temperatures. As
the value of the Curie-Weiss temperature is an in-
dication of an effective interaction strength and
interaction type, the change of its sign can be
understood as the change of the leading interac-
tion type (antiferromagnetic <+ ferromagnetic). For
M3Fe V04 compounds their crystal structures
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Fig. 4. Temperature dependence of the integrated intensity Ii (left axis) and reciprocal integrated intensity (right
axis) in M3Fe4 V4074 compounds. Standard uncertainties in I;,; values are smaller than the sizes of the
points. The solid lines are the least-squares fits to the experimental points.

contain a few different magnetic sublattices having
different types of magnetic interactions and if their
strength depends on temperature it could lead to the
observed effect of sign change of 0 close to RT.

In Fig. 5 the relation between the Curie-Weiss
constant C and Curie-Weiss temperature 0 is
shown. Remarkably, an effective magnetic moment
of CuszFe4V¢0y4 and Mn3Fes V0,4 compounds is
smaller than that obtained for Zn3Fe4;V¢Oy4 and
MgsFe, V0,4 which indicates the existence of an-
tiferromagnetic interaction between Fe and Cu/Mn
ions. This interaction must be especially strong
in Mn3Fes V0,4 compound and it overcomes the
weaker ferromagnetic interaction in Fe sublattice,
causing an overall effective interaction to be anti-
ferromagnetic, as evidenced by the negative sign
of the Curie-Weiss temperature. The clustering of
magnetic ions, leading to the magnetic frustration
at low temperatures, is not excluded in case of
CusFes V0,4 and MnsFey VgOo4 compounds.

It is well known that when the narrowing of
the resonance line is produced by temperature
dependent exchange interaction, the lineshape is
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Fig. 5. Dependence of the Curie constant C on the
Curie-Weiss temperature 0 for all investigated
samples. Dotted line is just a guide to the eyes.

Lorentzian. This is also the case for all our EPR
spectra. As the exchange-narrowing spin-spin in-
teraction among Fe ions is operating in all four
studied compounds, it explains the line narrow-
ing observed there below 400 K. The exchanged-
narrow linewidth is wusually calculated from
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the following equation: AB = ABj; /Bex, where
AByjp, is the dipolar linewidth determined by dipol-
dipol interaction experienced by each spin from
all its neighbouring spins, and By is the exchange
field which is temperature dependent [20]. As Bex
is proportional to the Curie-Weiss temperature,
Bex ~ 6, it follows that the exchange narrowed
linewidth will be inversely proportional to 0. This
explains why the observed linewidths of our four
samples at temperatures lower than 400 K are or-
dered in that particular manner: in the samples with
two different magnetic ions we have stronger mag-
netic interactions and thus narrower EPR lines than
in the compounds with only Fe magnetic ions.

In Zn3Fe4V6024 and Mg3F64V6024 com-
pounds yet another dynamic relaxation process op-
erates above 400 K (Fig. 3). In consequence, in
both the samples the linewidth starts to increase
as temperature increases. In general, an increase
of linewidth (linear) with temperature increase can
be a result of three mechanisms: a direct spin-
phonon process (modulation of the crystalline elec-
tric field by lattice vibration involving one phonon
in the relaxation process), modulation of static
Dzyaloshinsky-Moriya interaction between a pair
of magnetic ions by a single phonon, and the bot-
tleneck scenario involving relaxation of localized
magnetic moments to the lattice via the highly mo-
bile electron system in the metallic regime [21]. It
seems very probable that the first mechanism op-
erates in our two Zn and Mg compounds as the
second mechanism is usually realized in spin sys-
tem S = 1/2, while the third mechanism requires
no significant shift of the g-factor, contrary to what
is observed in our samples (Fig. 2). This spin-
lattice mechanism is either suppressed or moved
to much higher temperatures in Mn3Fe4s V0,4 and
CusFe V0,4 compounds by the presence of ad-
ditional magnetic ions that magnify the exchange
narrowing processes by increasing and frustrating
exchange interactions between magnetic ions.

4. Conclusions

EPR spectra of four compounds M3FesVOo4
(M = Cu, Zn, Mg, and Mn) have been studied in

the high temperature range. Temperature depen-
dence of the resonance field, linewidth and inte-
grated intensities of the observed single and in-
tense Lorentzian line has been determined. At tem-
peratures T < 400 K the observed line is nar-
rowed in all studied compounds and the effect is
much larger in Mn3Fes4 V5024 and CuzFesVgOo4
compounds where an additional magnetic ion is
placed at the M site. The presence of two differ-
ent magnetic ions in M3Fe4 V0,4 structure can be
invoked also from temperature dependence of the
resonance field and the integrated intensity. In con-
sequence, more complicated magnetic structure of
Mn3Fes V0,4 and CusFesVgOo4 as compared to
MgsFe,V0Or4 and Zn3Fe4 V0,4 compounds leads
to the competition of ferromagnetic and antiferro-
magnetic interactions and appearance of associated
with them magnetic frustration effects.
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