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Temperature dependence of dc/ac magnetization and electron paramagnetic resonance (EPR) spectra
of Pb,FeV30;; iron lead vanadate has been investigated. The dc magnetic measurements have shown
the presence of antiferromagnetic interactions with Curie-Weiss temperature, Tcw = —15.2 K, in the high
temperatures range while the field cooled (FC) magnetization revealed a maximum at Ty =2.5 K which
coincides with a long range magnetic ordering. Temperature dependence of x’ has shown a maximum
at the same temperature. EPR spectrum of Pb;FeV30;; at room temperature is dominated by nearly

Ié;;l/zwords: symmetrical, very intense and broad resonance line centered at g.¢ ~ 2.0 that could be attributed to the
Vanadates correlated system of iron ions. The temperature dependence of magnetic resonance parameters (ampli-

tude, g-factor, linewidth, integrated intensity) has been determined in the 4-300 K range and it suggests
the existence of short range correlated spin system up to high temperatures. The temperature depen-
dence of the amplitude of the resonance line has shown a pronounced maximum at 12.5 K that indicates
on the existence of two subsystems of weakly and strongly coupled iron pairs. Comparison of dc magnetic
susceptibility and EPR integrated intensity points to the presence of correlated spin agglomerates that

Magnetic susceptibility

play an important role in determination of the magnetic response of Pb,FeV30;;.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Multicomponent vanadates M-Fe-V-0 (M(II) = Mg, Zn, Mn, Cu,
Ni and Co) exhibit very interesting physical (structural, magnetic
and transport) and catalytic properties [1-14]. They belong to a
group of useful catalysts used for the reaction of partial oxidation
of organic compounds. Structural disorder, introduced by replace-
ment of some magnetic ions in the sublattice of M(II) cations could
results in an intense magnetic competition and frustration phe-
nomena [9,10,15,16]. The above systems have displayed a very
strong antiferromagnetic (AFM) interaction with very high val-
ues of the Curie-Weiss temperature, especially in compounds with
Co(II) and Mn(II) magnetic ions.

Magnetic resonance measurements have shown that the above
systems are approaching the phase with a long range magnetic
order at high temperatures but dc magnetic susceptibility study has
not shown the existence of such state even down to 3 K. The crys-
tal structure of the system with Ni(Il) magnetic ion at the cation
position is not known and in this compound very complicated
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magnetic multiphase aggregate states are observed [17,18]. The
temperature and frequency dependence of high frequency elec-
tron paramagnetic resonance (HF-EPR) spectra have shown that
in Mn3Fe4Vg0,4 compound there is the coexistence of AFM with
ferromagnetic (FM) interactions [10]. Recently, a new Pb,FeV3;01;
multicomponent vanadate was synthesized which crystallizes in
higher crystallographic symmetry (monoclinic) than previously
investigated M;FeV304; (M(II)=Co, Mg and Zn) compounds (tri-
clinic) [19].

The aim of this work is to study magnetic properties of a new
Pb,FeV30;; lead vanadate in which the Pb2* ion have a much
greater radius than cations in other M(II) = Co, Mg, Ni, Zn vanadates.
Dc/ac magnetic susceptibility and EPR methods will be employed.
The obtained results will be compared with similar studies made
on other MyFeV301; vanadates.

2. Experimental

PbyFeV3;04; multicomponent vanadate was synthesized from an equimo-
lar mixture of iron(Ill) orthovanadate(V) and lead(ll) pyrovanadate(V):
FeVO4 +Pb,V,07 =Pb,FeV3041 Iron(lll) orthovanadate(V) was obtained as a
result of heating of equimolar mixture of Fe;03 and V,0s in three stages: 560 °C
(20h)+590°C (20 h x 2). Synthesis of lead(Il) pyrovanadate(V) was performed dur-
ing heating the stoichiometric mixture of Pb(NOs ); and V,0s in the following stages:
430°C(20h x 2)+600°C (20 h). The reactions were carried out by the conventional
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Fig. 1. Temperature dependence of the dc magnetic susceptibility (a), inverse magnetic susceptibility (b), low temperature range for H=50Oe (c) and H=0.6 kOe, H=6 kOe

(d).

method of calcination [19]. Appropriate portions of reacting substances were
homogenized by grinding and heated in air during several stages until a monophase
sample was obtained or until the composition of the samples did not change after
two consecutive heating stages. Pb,FeV30q; crystallizes in monoclinic symmetry
with the following lattice parameters: a=0.56414(7)nm, b=0.74970(9)nm,
¢=0.7497(9)nm, B=81.72(1)°, V=0.4765nm> and pcc=5.579g/cm>® [19]. The
values of lattice parameters for Pb,FeV30;; are essentially smaller than for other
M;FeV30;; compounds with triclinic symmetry (M=Zn, Mg) while its density is
higher and the melting temperature (650°C) is essentially smaller [11,12].

The dc susceptibility measurements were carried out in the 2-300K temper-
ature range using an MPMS-5 SQUID magnetometer and in magnetic fields up to
50kOe in the zero-field-cooled (ZFC) and field-cooled (FC) modes. The real x’ as well
as imaginary "’ parts of ac magnetic susceptibility were measured using mutual
inductance method in an ac magnetic field of 0-10 kHz frequency range and with
amplitude not exceeding 1 Oe.

The EPR spectra were recorded using a standard X-band Bruker E 500 spec-
trometer (v=9.45GHz) with magnetic field modulation of 100 kHz. The magnetic
field was scaled with a NMR magnetometer. The measurements were performed in
the temperature range from 3 to 290 K using an Oxford helium flow cryostat.

3. Experimental results and discussions

3.1. Dc and ac magnetic measurements

Fig. 1 shows the temperature dependence of dc magnetic susceptibility (x) and
its inverse (x~!) for the whole temperatures range as well as the magnetic sus-
ceptibility at low temperatures, obtained from dc magnetization measurements
of Mzec(T) for different values of an applied magnetic field. The temperature
dependence of magnetic susceptibility is displaying the Curie-Weiss behavior,
X(T)=C/(T — Tcw). The following value of the Curie-Weiss temperature is obtained:
Tew =—15.2(1) K indicating domination of AFM interaction as shown by the negative
sign of this constant. This value is significantly smaller in comparison with simi-
lar systems displaying lower symmetry M,;FeV307; (M(II)=Mg and Zn), for which
Tew =—50(1) K (for Mg, FeV3041) and Tew = —58(1) K (for Zn,FeV3 047 ) was observed
[7,8]. The Curie-Weiss fit to x~'(T) data for Pb,FeV30;; yields an effective mag-

netic moment of 5.46(1)up per formulae unit. It is similar to what was obtained for
samples with Zn(II) and Mg(II) ions at cation position.

At T=2.5K the dc susceptibility in FC and ZFC modes exhibits the same maxi-
mum for different applied magnetic fields (Fig. 1c and d) and no branching of FC and
ZFC curves in AFM phase. This is rather different to what was registered for similar
Zn,FeV504; and Mg, FeV501; compounds. For those compounds the splitting of the
FC and ZFC magnetization curves was observed, signalling the onset of irreversibil-
ity. At higher magnetic fields (H>100 Oe), the maximum in magnetization became
gradually smeared out, while the irreversibility onset shifted to lower temperatures,
bothindicative of a spin freezing transition. Such behavior suggested significant spin
frustration in the magnetic system as well as appreciable AFM correlations in the
paramagnetic phase. In the presently studied Pb,FeV30,; compound the frustration
phenomena seems to play a significantly smaller role. This is presumably due to the
higher crystallographic symmetry of this material.

Fig. 2 shows the field dependence of the isothermal dc magnetization M(H) at 2K
and 5 K. The low magnetization at low temperatures, persistent up to 50 kOe, asserts
astrong AFM coupling and the concurrent compensation of some fraction of isolated
trivalent iron ions in the high spin 6Ss, ground state. Below 2.5 K the magnetic spin
correlated system is in the long-range ordered AFM state. Small curvature of the
M(H) curves at low temperatures complies qualitatively with the presence of a small
fraction of relatively uncompensated spins or AFM clusters with reduced energy gap
at low temperatures.

Fig. 3 shows the temperature dependence of the real and imaginary part of
the ac susceptibility. This quantity was measured on warming up the sample after
cooling down in zero magnetic field. The x’ curve shows pronounced maximum at
Tr=2.5K derived at 0Hz, 1 Hz as well as 10kHz so it does not depend on frequency.
The observed peak at 2.5K is characteristic of the transition of the correlated spin
system to the AFM state.

3.2. EPR measurements

Fig. 4 presents the EPR spectra at X-band for the Pb,FeV30;; compound regis-
tered at different temperatures in the 4-300 K range. As could be easily noticed the
EPR line varies strongly with temperature what is reflected in considerable ther-
mal dependence of the EPR line parameters: amplitude, resonance field, linewidth
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Fig. 2. Magnetic field dependence of the dc magnetic susceptibility.

and integrated intensity. The high temperatures region is dominated by nearly sym-
metrical, very intense and broad resonance line centered at g ~ 2.0 that could be
attributed to the Fe3* ions. Below 5 K a very small concentration of isolated iron ions
in the high spin state is also detected. The shape of the EPR resonance lines could
be very well fitted by the Lorentzian function. Because the line is very broad the
contribution from the negative magnetic fields has to be taken into account. This
is the consequence of the linearly polarized resonance field that is important when
the linewidth becomes comparable to the resonance field.

Fig. 5 presents the temperature dependence of the resonance field B, (right
axis) and associated with it an effective g-factor, hv=gesupB:, for the broad
and intense line. The temperature dependence of B, has different character
than for previously investigated M,FeV50¢; (M(II)=Mg and Zn) compounds [7,8].
The temperature gradient of that field (AH,/AT) has the following values in
the three different temperature ranges: AB,/AT (290-45K)=0.3(1)G/K, AB,/AT
(45-20K)=2.1(1)G/K, and AB;/AT (20-4K)=15.0(3) G/K. An essential decrease of
that value was observed at the Currie-Weiss temperature for M,FeV3 041 (M(II) = Mg
and Zn) compounds. This change is related to the reorientation processes in the
correlated spins that changes the spins resonance condition, hv=_gug(Bo % Bint),
where h is Planck constant, v is resonance frequency, upg is Bohr magneton,
B, is an external magnetic field and Bj, is an internal magnetic field created
by the spin system. For the -CusFesVgO,4 compound the following values
were obtained: AB;/AT(290-85K)=0.08(5)G/K, AB,/AT(60-28K)=2.3(2)G/Kand
AB;[AT(28-11K)=-22.9(1)G/K [20]. These values are essentially different than
those obtained for the PbyFeV3;0;; compound and the most important result is
that this gradient changes the sign at low temperatures. The value of the resonance
field gradient is much greater in the high temperatures range, comparable in the
60-28 K range where it is almost two times smaller. For the M3Fe;Vg024 (Mg and
Mn) compounds an opposite trend is registered [9,10]. The system M3;Fe4Vg024 has
aless crystallographically disordered structure than the M,FeV301; system [11-14].
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Fig. 4. Magnetic resonance spectra of iron ions in Pb,FeV301; compound registered
at different temperatures.

Introduction of copper(Il) ions at the cation positions could induce ferromagnetic
interaction which at low temperatures could alter the sign of the resonance field
gradient.

Fig. 6 presents the temperature dependence of the linewidth in the whole tem-
perature range. The linewidth increases with the decrease in temperature from the
RT. This increase is especially pronounced at low temperatures, below 30K. The
inset in Fig. 6 shows the temperature dependence of the peak-to-peak linewidth in
double logarithmic scale. Although in general not linear, two linear segments could
be recognized - one at low temperatures (T<10K) and the other at high tempera-
tures (T> 150 K). Thus in the low temperature range ABp, ~ T2, while in the high
temperature range ABp, ~T-%2!. Comparison of the temperature dependence of
linewidth and resonance field reveals a considerable similarity of both dependences.
To display this interrelation a double logarithmic plot of linewidth and resonance
field is presented in Fig. 7. In a wide temperature range (4-160K) the experimental
points align along a single straight line.

The temperature dependence of EPR line amplitude Ap,, is rather peculiar. It is
presented in Fig. 8. The amplitude decreases initially with decrease in temperature
from RT and reaches a wide minimum at 175 K. On further cooling the amplitude
increases toreach a sharp maximum at 12.3 K. Below this temperature the amplitude
strongly decreases down to the lowest available temperature in EPR measurements
(4K). That peculiar shape of A,p(T) curve indicates on the existence of different AFM
pairs of Fe3* ions. In particular the low temperature maximum might be a fingerprint
of weakly coupled iron pairs and the presumed maximum above room temperatures
(unobserved) of a strongly coupled iron pairs with a singlet ground state. The solid
line in Fig. 8 is the best fit to the experimental points of an expression suitable for
such situation and describes the data very well. The obtained value of the exchange
constant for weak and strongly coupled pairs is J; =17 K and J, =427 K, respectively.
The existence of two different subsystems of iron dimers in the Pb,FeV30¢; com-
pound might be related to the expected two different crystallographic positions of
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Fe ions in the Pb,FeV304; structure. A similar situation was already observed in
another vanadate 3-CuzFe4 V024 [20].

In Fig. 9a (left axis) the temperature dependence of yet another important
parameter - EPR integrated intensity, Igpg, is presented. The EPR integrated intensity
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Fig. 8. Temperature dependence of the EPR signal amplitude Ap. The solid line is
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is usually calculated as the area under the absorption curve or the product of signal
amplitude and square of the linewidth, Igpg’ =App( ABpp )?. In case of large tempera-
ture changes of the g-factor of the resonance line and a field-sweep experiments (as
inour case) this definition should be supplemented by that g-factor so for calculation
of the EPR integrated intensity we used the following equation: Iepg =gefrApp(ABpp )?
[21]. EPR integrated intensity is proportional to the dynamic magnetic susceptibil-
ity of the spin system at microwave frequency. On cooling Pb,FeV301; from RT the
integrated intensity decreases slightly to reach a shallow minimum at about 200 K
and on further cooling starts to increase. This increase of Igpr With temperature
decrease is considerable in the low temperature range below 50 K. Surprisingly, no
maximum of Igpr is observed in that temperature range. In the same Fig. 9a (right
axis) the temperature dependence of the inverse of EPR integrated intensity, IE’[}R is
presented. The low temperature part OfIEP]R (between 10 and 45 K) could be approx-
imated by a straight line (see inset in Fig. 9a). It means that the Curie-Weiss law,
I(T)=C/(T—Typ), is in operation with Tp = —9.5 K in that temperature range. The neg-
ative sign of Ty indicates on AFM interactions in the observed spin system. Below
10K the IE’I}R points deviate slightly from the Curie-Weiss line (see inset in Fig. 9a).

In Fig. 9b the temperature dependence of the product Tlgpg is presented. This
productis proportional to the square root of an effective magnetic moment. Decrease
of TIgpg on cooling is the evidence of domination of the AFM interactions in the whole
investigated temperature range. This decrease is especially noticeable in the high
temperature range, where the strong pairs depopulate higher energy levels and in
the low temperature range where the weak pairs fall down on the singlet ground
level and do not participate in the magnetic resonance.

As a result of the EPR studies the following picture of the spin system in
Pb,FeV3;07; emerges: there are three different magnetic entities involving iron
ions: isolated Fe3* ions, weak AFM iron pairs (J; =17 K), and strong AFM iron pairs
(J2=427K). Without a well-defined crystallographic structure being available any
detailed interpretation of magnetic behavior at the molecular level is not possible.
One can only speculate that two different crystallographic positions of Fe ions exist
in Pb,FeV3047 structure.

Comparison of the results of magnetic susceptibility and magnetic resonance
measurements shows important differences. Similar differences were detected in
studies of other compounds [22]. They all stem from the fact that EPR measures
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dynamic properties of the spin system at frequency of approximately 10'° Hz in
contrast to dc magnetic susceptibility that is a static method. The spin system of
Pb,FeV3;0;; orders antiferromagnetically at Ty =2.5K and this long rang order is
reflected in dc susceptibility measurements. The precursors of that state in form
of spin pairs or clusters are observed at higher temperatures by the EPR technique.
Thus both methods could be regarded as complementary, delivering information on
different aspects of the observed spin system.

4. Conclusions

A significantly more magnetic homogeneity has been found in
Pb,FeV304; than in other M;FeV307; (M(Il)=Mg and Zn) com-
pounds. In the high temperature range AFM interaction with the
Curie-Weiss temperature 6 =—15.3 K has been measured which is
smaller than obtained for other M-Fe-V-0 systems. Magnetiza-
tion measurements at different applied magnetic fields revealed
the presence of paramagnetic-AFM phase transition at Ty =2.5K.
EPR measurements uncovered a complicated picture of single iron
ions and iron pairs or clusters existing in the paramagnetic phase.
Temperature dependence of the EPR signal suggests that besides
isolated Fe3* ions, two kinds of AFM pairs exist: weakly coupled
Fe3*—Fe3* pairs with the exchange constant J; =17 K, and strongly
coupled iron pairs with J, =427 K. The EPR method seems to be
complementary to the magnetic susceptibility measurements in
obtaining a more detailed picture of magnetic interaction in the
Pb,FeV3011 compound.
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