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An electron paramagnetic resonance (EPR) study of Pb(FepsTags)03 powder samples in perovskite-
type structure at X-band (8.8-9.8 GHz), in the 120-300K temperature range, is presented. For all the
temperatures, the EPR spectra show a single broad line attributable to Fe3* ions. The onset of the
ferro-paraelectric and antiferro-paramagnetic transitions has been determined from the temperature
dependence of parameters deduced from the EPR spectra: the peak-to-peak linewidth (AHpp), the reso-
nance field (Hyes) and the integrated intensity (Igpr ). Low-field microwave absorption (LFMA) is used to
give further knowledge on this material; where this technique also gives evidence of the magnetic and
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1. Introduction

The term multiferroic is associated with phenomena in which at
least two of the three properties ferroelectricity, ferromagnetism,
and ferroelasticity occur in the same material [1,2]. In particular,
the multiferroic materials in which ferroelectricity coexists with a
magnetic order are called magnetoelectrics [3]; representing a kind
of material in which the magnetization can be induced by an elec-
tric field and electrical polarization by a magnetic field [4,5]. These
materials have received much attention in recent years because of
the possibility of new device applications envisaged from a strong
coupling between these parameters [6].

In particular, lead iron tantalate Pb(Feg 5Tag 5)O3 (PFT) is among
the first perovskite-type ferroelectrics (ABO3 ) synthesized in Russia
in the 1950s [7]; where magnetic Fe3* (3d°, S=5/2) and non-
magnetic Ta>* (5d%, S=0) share the B site of the simple perovskite
structure. Additionally, PbZ* in A site and Ta%* in B site favor
the electric order, due to lattice distortion; and Fe3* provides the
magnetic moment of the magnetic order. These are the bases of
coexistence for ferroelectric-antiferromagnetic orders in this mag-
netoelectric material.
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PFT is a relaxor ferroelectric with a diffuse transition at about
243K [8], and with an antiferromagnetic transition in the range
from 133 to 180K [9,10]. In this material, a scarce evidence of the
magnetoelectric effect (a coupling between the ferroelectric and
magnetic orders) has been reported; where another manifestation
of this effect is associated with changes in the magnetic properties,
due to onset of the electric transition or by the application of an
electric field.

In general, for magnetoelectric materials, the change in the elec-
trical ordering caused by the ferro-paraelectric phase transition or
by an external electric field leads to a redistribution of the electron
spin; and this produces a change in the magnetic moments, and
therefore a variation in magnetic properties [11].

On the other hand, the electron paramagnetic resonance (EPR)
is the most powerful spectroscopic method available to unam-
biguously determine the valence state of paramagnetic ions [12],
local structural information and symmetry of paramagnetic ions
incorporated in the structure [13,14]. This technique allows the
investigation of the nature of magnetic phases in materials at dif-
ferent temperatures [12,15].

Recently, we have implemented a technique to measure the
non-resonant microwave absorption around zero magnetic field
[16], which has been denominated as low-field microwave absorp-
tion (LFMA). This technique has recently been used to detect the
magnetic transition in materials [12,15,17], and provide highly
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sensitive detection of magnetic order. More importantly, this tech-
nique can distinguish between different dissipative dynamics of
microwave absorbing centers.

To our knowledge, however, studies of magnetoelectric PFT with
EPR and LFMA techniques are scarce. For this reason, we study
the changes in the EPR line shape of PFT powders in this paper;
these changes are quantified by means of the following parame-
ters: the peak-to-peak linewidth (AHpp), the resonant field (Hryes)
and the integrated intensity (Igpr) as a function of temperature,
through ferro-paraelectric and antiferro-paramagnetic transitions.
LFMA technique is used to give further knowledge on this mate-
rial, where this technique also gives evidence of the magnetic and
electric orders.

2. Samples preparation and experimental details

The samples of PFT were prepared by the wolframite precursor
method [18]. The PFT powders are synthesized from commercially
available oxides. In this method, stoichiometric Fe, 03 (99% purity)
and Ta; 05 (99.99% purity) are mixed by ball milling for 8 h followed
by calcination in air at 1000 °C for 4 h, to obtain the FeTaO4 precur-
sor. The last product was mixed with Pb(NOs ), and then calcined at
1000°C for 1 h. This method enhances the efficiency of the forma-
tion of the desired phase and it confines the creation of detrimental
pyrochlore-type phases. The X-ray diffraction (XRD) analysis is car-
ried out with a Siemens D5000 diffractometer using the 1.5406 A
Cu Ko line to check phase purity; XRD measurements are made at
300K.

EPR measurements are performed with a JEOL JES-RES 3X
spectrometer operating at X-band (8.8-9.8 GHz) with 100 kHz of
modulation on the applied dc magnetic field (Hgyc). Hgc could be
varied from 0 to 6000 G. EPR spectra are recorded while cooling the
sample in the 120-300K temperature range. The spectrometer is
modified by connecting X and Y input voltmeters that in turn are
connected to a PC enabling digital data acquisition [16].

LFMA response uses the same EPR spectrometer, adequately
modified [16]. These measurements are performed using a Jeol
ES-ZCS2 zero-cross sweep unit that digitally compensates any
remanence in the electromagnet, allowing the measurements to
be carried out by cycling Hy. about their zero value, continuously
of —1000 G < Hyc <+1000 G; with a standard deviation of less than
0.2 G for the measured field. In the LFMA technique the sample is
zero-field cooled to the desired temperature, and then it is main-
tained at a fixed temperature with a maximum deviation of +1K
during the whole LFMA measurement (~4 min of sweep).

3. Results and discussion

Fig. 1 shows the XRD pattern of polycrystalline PFT sample. All
observed reflection lines are indexed as a perovskite-type structure
corresponding to space group Pm3m; and it shows that PFT is free
of secondary pyrochlore-type phases.

In Fig. 2, we show EPR spectra (dP/dH vs. magnetic field)
recorded in the 120-300 K temperature range. It can be observed
that resonance spectra exhibit a single broad symmetric Lorentzian
line along the entire temperature range, due to the spin of the Fe3*
ions. The derivative of microwave power absorption with respect to
the static field (dP/dH) is fitted into the two-component Lorentzian
equation accounting for the contributions from the clockwise and
anticlockwise rotating components of the microwave magnetic
field [19,20], as follows:
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Fig. 1. XRD pattern of the polycrystalline sample of lead iron tantalate
Pb(Feo_sTag_s )03.

where Hy. is the applied magnetic field. The temperature depen-
dences of the EPR parameters obtained from these fits are plotted
in Fig. 3.

Fig. 3(a) shows the temperature dependence of AHpp for PFT
powders. AHp, increases slightly as temperature decreases from
300to 170 K. As temperature continues to decrease, T< 170K, AHp,
increases continuously, but this time with a higher change rate. In
Fig. 3(b), we show the behavior of the Hes vs. temperature. Hres
increases continuously with the temperature decrease, exhibit-
ing a maximum at 170K, and followed by a fast decrease until
120K.

For 170-300 K temperature region the material is paramagnetic
[9,10], and microwave absorption increases with the decrease in
temperature [13,14]; and it would explain the behavior of AH,
and Hyes in this temperature interval. On the other hand, the sud-

0.050 -
0.025 -
0.000 -
-0.025 -
-0.050 -

120 K

0.50 ~

0.25 -
0.00 --——-———/\/169_‘(
0.25 -

-0.50 -

0.50 -
0.25 +
0.00
-0.25
-0.50 -

dP/dH (a.u.)

240 K

0.50 -
0.25
0.00
-0.25
-0.50

290K

X T 2 T 5 T n T = T > 1
0 1000 2000 3000 4000 5000 6000
Magnetic Field (Gauss)

Fig. 2. EPR spectra of the magnetoelectric Pb(FepsTaps)03 for selected tempera-
tures.
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Fig. 3. Temperature dependence of (a) the peak-to-peak linewidth - AH,;, (b) the
resonant field - Hyes and (c) the integral intensity - Igpr. Solid lines are guides for
the eye only.

den shift in Hyes and the broadening in AHpyp, as the temperature
is lowered (T<170K), can be due at three possible explanations.
The first possibility is that a ferromagnetic impurity in the form
of a second phase, with a Curie point close to 170K and a sig-
nificant concentration, could explain this behavior; but the XRD
spectrum does not show the presence of a second phase. The other
possibility can be understood as a manifestation of the existence
of a strong magnetic dipolar interaction between Fe3* and Fe2*
ions, where oxygen atoms deficiency would generate a state of
mixed valency; however, this behavior would reveal the presence
of short-range magnetic correlations [12], but this process would
not explain the decrement sudden in Hyes at low temperature. The
more sound explanation of this behavior can be attributed to a long-
range antiferromagnetic order at Ty = 170K, as result of the linear
superexchange interaction between Fe ions.

The temperature dependence of Igpg, which in the paramag-
netic phase is directly proportional to the static spin susceptibility
[13,14],is shown in Fig. 3(c). Starting from 300 K, Igpg increases con-
tinuously with the temperature decrease, exhibiting a maximum
at Tmax =240K; this behavior indicates the paramagnetic nature of
this signal [13,14]. After Tmax, when the temperature continues to
decrease, Igpgr diminishes; where an inflection point at Ty =170K is
clearly observed. We associate the maximum, Thax, With the onset
of the ferro-paraelectric phase transition and which is accompa-
nied with a structural change [8]. This structural change leads to
a redistribution of the Fe3* jons, and it generates a reorganiza-
tion of all the magnetic interactions; affording the variation of the
Fe-0O-Fe angle that defines these interactions. The Curie tempera-
ture (Tmax) obtained by the technique EPR is in a good agreement
with the reported values [8]. For low temperature, the decrease
in Igpgr can be associated with the decrement of the quantity of
absorbing paramagnetic centers, due to the process of antiparallel
spin alignment and which is associated with the antiferromagnetic
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Fig.4. (a) LFMA spectra for 290 and 160 K, with Hy,o4 =0.63 G and microwave power
of 1 mW. (b) The temperature dependence of the absorption line slope for temper-
ature interval of 120-290K. The inset of (b) shows the temperature dependence of
d(Slope)/dT in the 160-290K temperature range. The curves connecting points are
only guides for the eye.

order. The change in slope at Ty, as is shown in Fig. 3(c), can be
associated with the onset of antiferro-paramagnetic transition, in
a good correspondence with plots of Hres and AHpp.

We turn now to LFMA results. Fig. 4(a) shows LFMA spectra
(dP/dH vs. magnetic field, around zero field) for selected tem-
peratures. The curves exhibit a linear behavior with a positive
slope and non-hysteretic traces. The positive slope implies that
this non-resonant microwave absorption is a minimum around
zero magnetic field and that it increases with applied magnetic
field; in other words, this is a magnetic field-dependent absorp-
tion. LFMA lines show the absence of any irreversible microwave
energy-absorption process in the ordered and disordered phases.
This behavior contrasts strongly with the one shown by high-T.
superconductors [16], ferrimagnetic [15] and ferromagnetic[17,21]
materials.

The LFMA line can be described by the experimental correlation:

dpP
Pk S
where S(T) is the slope of the absorption line and that it depends
only on temperature.

Fig. 4(b) shows the behavior of the slope of the LFMA line in the
90-290K temperature range. The slope increases monotonically
when the temperature decreases from 290 K, reaching a maximum
value at 160 K. This increasing behavior is characteristic of a para-
magnetic phase [12,22], in good agreement with the EPR results.
Additionally, a change in slope at 240K is observed, this inflection
point is more apparent in the plot d(Slope)/dT vs. T and it is shown
as a maximum at 240 K; see the inset of Fig. 4(b). This change indi-
cates the presence of an additional absorption process, which we
propose as originated by the ferro-paraelectric phase transition;
where the ferroelectric transition originate a change in the relative
orientation of magnetic moments due to structural change, affect-

(TH (2)
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ing the superexchange interactions between Fe ions, and it generate
a change in the dynamics of microwave absorption.

As the temperature is decreased further, T<160K, the slope
slowly decreases and another magnetic process sets-in which we
propose as originated by long-range magnetic correlations; in this
region the quantity of absorbing centers diminishes due to the pro-
cess of antiparallel spin alignment. The whole profile of the slope
of the LFMA line depends on the thermal dependence of the spin
dynamics prior to their antiparallel alignment at T<160K; and its
intensity follows the variation in the number of absorption centers,
which in turn is controlled by the establishment of the antiferro-
magnetic order at low temperature.

4. Conclusions

The changes in the parameters AHpp, Hres and Igpg in the EPR
spectra for the magnetoelectric PFT at Tc =240K and Ty=170K,
are interpreted as a ferro-paraelectric and antiferro-paramagnetic
transitions, respectively. These transitions promote a spin redis-
tribution of Fe3* ions, which creates changes in dynamics of
microwave absorption.

For all temperatures, LFMA spectra showed straight lines with
positive slope and non-hysteretic traces. The spectral changes for
the plot of the slope vs. temperature also give evidence of magnetic
and electric orderings, with a very high detection sensibility.
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