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X-ray, magnetic, and Mossbauer studies of a PbFe,sTaysO3; powder have been
carried out. For the first time temperature dependence of the unit cell parameters was
obtained. Antiferromagnetic Neel temperature Ty =180 K was determined using the
results of Mossbauer studies. In the vicinity of Ty an anomaly in the temperature
dependence of the monoclinic angle B was revealed in PFT. This anomaly seems to be
due to the magnetoelectric coupling.

Keywords Lead iron tantalate; multiferroic; ferroelectric; lattice parameters; phase
transition

1. Introduction

Lead iron tantalate PbFe( sTag 503 (PFT) is a multiferroic possessing simultaneously fer-
roelectric and magnetic properties [1-3]. At present, multiferroics are in the very focus of
materials science due to possibility of converting the magnetic signals to electric
responses and vice versa. PFT-based solid solutions are among the best candidates for
such applications as they were reported to possess a large magnetoelectric response and
low dielectric losses at room temperature [2]. PFT was one of the first multiferroics dis-
covered by Smolenskii et.al. [3]. In majority of studies the symmetry of PFT at room tem-
perature was reported to be cubic. For the low-temperature phase of PFT the
rhombohedral (R3m) symmetry was reported at first in Refs. [4, 5]. However, at present it
is generally adopted that on cooling PFT undergoes phase transitions from the cubic para-
electric (ngm) to tetragonal ferroelectric (P4mm) phase at Tc; = 240-270 K, and then
to the monoclinic ferroelectric (Cm) phase, at Tc, = 200-220 K [6-8]. It should be noted
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that up to now the temperature dependence of the unit cell parameters for PFT has not
been determined. In Ref. [6] the dependence of interplanar distances on temperature has
been measured for PFT single crystal in order to determine the phase transition tempera-
tures, while in other works the structure refinement has been carried out only for a few
temperatures [4, 5, 7]. Besides two structural phase transitions, PFT undergoes also a
transition into the G-type antiferromagnetic phase. The temperature of this transition (the
Neel temperature, Ty) determined in different works varies from 130 to 180 K [4, 9, 10],
while at much lower temperature (10-20 K) a transition into a spin glass state was
reported [8, 11]. The temperature of magnetic phase transition in Fe-containing oxides is
believed to depend on the number of possible Fe—O-Fe linkages in the crystal lattice
[12]. In ternary PbFe sM> " 505 perovskites this number can be governed, e.g. by chang-
ing the degree S of Fe** and M>" ordering, as the ordering changes the number of mag-
netic ions in the neighboring unit cells and thus reduces the possible number of Fe—O-Fe
linkages. However, in contrast to PbM? +0_5M5+0.503 perovskites with M>**- Sc, Yb;
M>*_ Nb, Ta [13, 14], no superstructure reflections on X-ray diffraction patterns due to
M-cation ordering have been reported for PFT [4-7]. At the same time, the experimental
value of Ty for PFT is located approximately halfway between calculated values of this
temperature for the fully ordered (Ty = 0 K) and completely disordered (Tyn = 300 K)
states [4]. This fact is usually interpreted as an evidence of a partial ordering of Fe’* and
Ta>" cations [4]. The possible reason for the absence of superstuctural reflections on X-
ray diffraction patterns is a local character of ordering in PFT i.e., mesoscopic domains of
several nanometers in size with different values of S coexist in a crystal. Magnetic phase
transition temperature in PFT and in its analog PbFe( sNbg 505 (PFN) is more than 100 K
higher as compared to similar lead-free AFeo,5M5 %0503 (A-Ca, Sr, Ba; M>*-Nb, Ta) per-
ovskites [15]. This dramatic difference is attributed to the possibility of magnetic super-
exchange via an empty 6p state of Pb>" ions [15] or to the clustering of Fe ions. Accord-
ing to first-principle calculations [16], clustering of Fe ions appears to be more probable
in PbFeysM> 505 (M>"-Nb, Ta) compounds than in their lead-free counterparts. So,
the possible reason of the large scattering of Ty values obtained for PFT in different
works seems to be a local compositional ordering and/or clustering of Fe ions. Studies of
93Nb and 7O NMR [17] and >"Fe Mossbauer spectra [16] as well as first-principal calcu-
lations [16] have led to the conclusion that PFN is a chemically inhomogeneous system
and a long range antiferromagnetic order develops in Fe-rich-Nb-poor regions while, a
magnetic relaxor spin-glass like state below T ~ 10-20 K can arise from the Fe-poor-Nb-
rich regions. Similar scenario seems to be valid for PFT.

For several multiferroics, e.g., PFN [18], PbFe,,sW;,305 [19], RMn,05 (R-Tb, Ho,
and Dy) [20, 21], anomalies in the temperature dependences of lattice parameters in the
vicinity of Ty have been reported. These anomalies are supposed to be due to the magne-
toelectric coupling [1, 18]. However, no attempt has been made so far to look for similar
anomalies in the unit cell parameters in PFT.

The scope of the present paper is to study the temperature changes of the unit cell
parameters, magnetization, and Mossbauer spectra for PFT powder with special emphasis
on the temperature range of the antiferromagnetic phase transition.

2. Experimental

All the known low-temperature X-ray or neutron diffraction studies of PFT have
been carried out using the flux-grown single crystals or a powder obtained by crushing
such crystals [4-7]. This is due to the difficulties connected with obtaining the
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single-phase perovskite PFT by the solid-state reaction route. In particular, in contrast to
PbMg,3Nb,,303, PEN, and some other ternary perovskites, in the case of PFT even the
use of presintered wolframite FeTaO, precursor for solid state synthesis does not provide
significant benefits as compared to the synthesis from the mixture of oxides [2, 3, 8, 9].
However, in Ref. [22] single phase perovskite PFT was obtained by solid state synthesis
from the mixture of Fe,O3 and Ta,Os5 using PbCOj; instead of PbO and adding 10 wt.%
excess of PbCO; for lead loss compensation. We used just this method for the synthesis of
PFT. High-purity Fe,O5;, PbCO;3, and Ta,0O5 were batched in stoichiometric proportions
and mixed thoroughly together with 10 wt.% excess of PbCO; in an agate mortar in the
presence of ethyl alcohol. Then the synthesis was carried out for 4 h at 850 °C. After the
synthesis the product of reaction was crushed by pestle in an agate mortar. The PFT pow-
der was annealed for 2 hours at 450 °C to eliminate possible residual mechanical stresses.

For comparison, in some experiments Li-doped PFT ceramics was studied. It was
sintered at 1100 °C from the mixture of PbO and FeTaO4 with addition of 5 mol.% of
Li,CO; [10]. Li-doping is known to stimulate the formation of the perovskite phase and
reduce the conductivity in both PFN and PFT ceramics [10].

Mossbauer spectra were measured on powders (5-10 mg/cm?) at natural >’Fe isotope
content with the aid of an MS-1104E rapid spectrometer of the latest design and analyzed
using the original computer program UNIVEM [10]. The isomer chemical shifts were
determined with respect to metallic a-Fe. Magnetic measurements were performed using
the PPMS-9 physical property measurement system (Quantum Design) in the temperature
range 2-350K and under magnetic field up to 90 kOe.

The X-ray diffraction study of the PFT powder was performed on a D8-ADVANCE
diffractometer (CukK, radiation, 6-26 scan mode) using a VANTEC linear detector and a
TTK 450 Anton Paar temperature chamber in the 130-300 K temperature range. The scan
step in the angle 26 was 0.016°.

3. Results and Discussion

X-ray diffraction studies have shown that the synthesized PFT powder was single-phase
and had a structure of the perovskite type. X-ray pattern at room temperature is shown in
Fig. 1. Two very small extra reflections in the 30—40 deg. range seem to correspond to
the traces of orthorhombic PbO (the American Society for Testing Materials (ASTM)
code 72-93), as the starting mixture contained some excess of PbCO5 to compensate the
PbO evaporation during the synthesis.

In our experiments, similar to the data reported in Refs. [6, 7], cooling the sample
below T¢; (=270 K) and then below T, (=220 K) resulted in a slight broadening of the
X-ray diffraction peaks indicating a change in the point symmetry. However, the super-
structure reflections, which would indicate a change of translational symmetry, were not
observed in the X-ray diffraction patterns below 270 K. Thus, our structural data, as well
as the data reported in Refs. [6, 7], indicate a change of the point symmetry and the lack
of the translational symmetry changes, i.e. unit cell volume of the cubic phase, at the
phase transitions.

For PFT powder the unit cell parameters in all the temperature points within the 135-
360 K range were obtained by fitting the X-ray diffraction profiles using the set of codes
TOPAS 4.2 [23]. The obtained temperature dependence of the PFT unit cell parameters is
shown in Fig. 2. One can see the anomalies of the unit cell parameters at Tct ~ 270 K
and Ty ~ 220 K. Similar anomalies can be seen on the temperature dependence of the
unit cell volume (Fig. 3). It should be mentioned that the monoclinic angle 8 shows the
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Figure 1. X-ray pattern of PFT powder at 300K. Red line represents experimental pattern, black
line shows the simulated X-ray picture, gray line at the bottom shows the difference between exper-
imental and simulated data.

unusual temperature dependence. On cooling its value at first remains nearly constant or
even lowers, but below approximately 180 K it begins to increase and becomes close to
90° (Fig. 4). This unusual behavior will be discussed in more details further.

Figure 5 shows the temperature dependences of magnetization M for the PFT powder
and Li-doped PFT ceramics. For Li-doped ceramics the M(T) dependence is very similar
to the one reported for PFT and PFN single crystals [4, 9, 11, 24] and PFT ceramics [25]:
on heating under a magnetic field of 1 kOe after zero field cooling (ZFC) magnetization
exhibits a maximum at 16 K. Besides this maximum, there is also a bump on the M(T)
curve at about 130 K. It is well documented that such a bump in PFN and PFT corre-
sponds to Ty [4, 9, 11, 24, 25]. Thus, obtained Ty = 130 K falls within the range of Ty
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Figure 2. Temperature dependences of the unit cell parameters for PFT powder in the monoclinic
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values reported for PFT in the literature [4, 9, 10]. Previously, we revealed that the Ty
values of Li-doped PFT ceramics depend on the sintering temperature and are often lower
than those of single crystals and undoped ceramics due to possible partial ordering of Fe
and Ta ions [10] or/and to a change in the degree of Fe-ions clustering [16]. The M(T)
dependence measured for Li-doped PFT ceramics in the field-cooled (FC) mode nicely
coincides with the one measured in the ZFC mode except a low-temperature region where
the FC curve does not show a maximum. Such a difference between the M(T) curves mea-
sured in the ZFC and FC modes is typical for a spin-glass state [11, 24].

Li-doped PFT ceramics exhibits slim magnetic hysteresis loops at very low tempera-
tures of about few K (Fig. 6a). However, at 50 K, that is well below the Neel temperature,
the M(H) dependence shows only a slight nonlinearity, while at higher temperatures,
namely at 100 and 150 K it is practically linear. Thus, the evolution of magnetic
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Figure 4. Temperature dependences of the monoclinic angle § and n-Mossbauer spectra intensity
within the 0-1.2 mm/s velocity range normalized to its value at 300 K, for PFT powder.
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Figure 5. Temperature dependences of magnetization M measured under a magnetic field of 1kOe
in the ZFC and FC modes and n-Mossbauer spectra intensity within the 0-1.2 mm/s velocity range
normalized to its value at 300 K, for Li-doped PFT ceramics (a) and PFT powder (b, c).

hysteresis loops with temperature for Li-doped PFT ceramics is very similar to the data
obtained for PFN single crystal [24].

PFT powder exhibited unusually high magnetization values which were more than an
order of magnitude larger as compared to Li-doped PFT ceramics (Fig. 5b), PFT ceramics
studied in Ref. [25], and single crystals of PFT [11] and PFN [24]. No distinct anomalies
are seen in the ZFC magnetization-temperature curve of PFT powder in the 50-350 K tem-
perature range. In contrast to Li-doped PFT ceramics, PFT [11], and PFN [24] single crys-
tals, the ZFC and FC magnetization-temperature curves for PFT powder did not coincide at
high temperatures (Fig. 5c) and were much more diffused. For the ZFC curve of Li-doped
PFT ceramics the ratio of the M(T) maximal value to the M value at 300 K is about 3.3,
while the same ratio for the PFT powder does not exceed 1.02. The PFT powder exhibited
well-defined magnetic hysteresis M(H) loops (Fig. 6b) up to at least 150 K (the maximal
temperature at which the loops were measured). As these loops change rather weakly from
3 K to 150 K (Fig. 6b) and significant difference between ZFC and FC curves persists at
least up to 350 K (Fig. 5¢), it seems that the loops would exist at room temperature as well.
It is worth noting that very high magnetization values and similar shape of magnetization-
temperature curve as well as the presence of magnetic hysteresis loops up to room tempera-
ture have been reported recently [8] for PFT ceramic sample. We suppose that such unusual
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Figure 6. Magnetic hysteresis loops measured at 3 K, 50 K, 100 K, and 150 K (from the upper-
most to lowermost one) for Li-doped PFT ceramics (a) and PFT powder (b). The inset in panel (b)
shows the low-field portion of the hysteresis loop for PFT powder at 150 K.
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behavior is due to the presence in the PFT powder studied in the present work as well as in
PFT ceramics studied in Ref. [8] of a small amount of ferrimagnetic impurity, presumably
lead hexaferrite PbFe ,0o. Though the content of this impurity seems to be well below the
detection limit of the X-ray diffraction analysis, ferrimagnetic impurity has a great impact
on the magnetic properties of the antiferromagnetic or paramagnetic matrix. This assump-
tion is supported by the fact that very similar diffused M(T) curves were observed for the
magnetoelectric composite based on ferrimagnetic Nig3Zng ,CugogFe,0,4 ferrite as a
magnetostrictive phase and Pb(Fe( sNb 5)O5 as a piezoelectric phase [26].

Thus, we failed to determine the Neel temperature of the PFT powder under study
from the magnetization data. So, we used Mossbauer spectroscopy for this purpose.

At room temperature Mossbauer >'Fe spectra of both the PFT powder and Li-doped
PFT ceramics studied appeared to be doublets with quadrupole splitting of 0.44 mm/s
and isomer shift of 0.4 mm/s (relative to metallic iron), corresponding to the Fe* ' ions
occupying the octahedral sites of perovskite lattice. When cooled below the Neel temper-
ature, Ty, the Mossbauer spectrum transforms from doublet to sextet [10]. This transfor-
mation is accompanied by a dramatic decrease of the magnitude 1 of Mossbauer spectra
intensity within the 0-1.2 mm/s velocity range normalized to its value at 300 K (Figs. 4,
5). Using the 0—1.2 mm/s velocity range instead of a fixed velocity value as a reference
point enables us to take into account a possible change of isomer shift and/or quadrupole
splitting with temperature. It should be also noted that finite 1 values observed at T< Ty
(panels a and b in Fig. 5) are due not only to the presence of a part of iron ions in the mag-
netically disordered state, but rather to the contribution of the sextet component of the
spectrum falling within the 0—1.2 mm/s velocity range. The abrupt drop in the tempera-
ture dependence of 7 allows one to obtain Ty from the Mossbauer experiment. This
method was successfully used previously to determine Ty values for several multiferroics
and the results obtained appeared to be very similar to the data obtained by traditional
methods, such as measuring the temperature dependence of magnetization or the line
width of the electron spin resonance spectrum [10, 17, 24]. Indeed, as one can see from
Fig. 5a, for Li-doped PFT ceramics the temperature of the n(T) anomaly nicely coincides
with the bump in the magnetization-temperature curve. For PFT powder the Mossbauer
data give the Neel temperature value about 180-190 K (Fig. 4), which agrees with some
data published for PFT [4]. It is worth noting that this Ty value coincides well with the
temperature, at which the minimum in the temperature dependence of the monoclinic
angle B is observed for the same PFT powder (Fig. 4). Around 180 K one can also see
some small anomalies in the temperature dependence of the monoclinic unit cell parame-
ters (Fig. 2); however, these anomalies are within the experimental error. For a more reli-
able data one needs to use a synchrotron X-ray diffraction study. It seems that the
observed minimum in the B(T) dependence and tiny anomalies of the unit cell parameters
are similar to the anomalies observed at Ty in other multiferroics [18—-21]. These anoma-
lies are usually ascribed to the magnetoelectric coupling, which is believed to maximize
in the vicinity of Ty [1]. This coupling may be either direct (between electrical and mag-
netic order parameters) or indirect (via lattice strain) [18, 27]. In principle, the last mecha-
nism may enhance the magnetoelectric coupling substantially, as observed in some
composites [26, 27].

4. Summary

In summary, single phase perovskite powder of lead iron tantalate PbFe( sTag 505 (PFT)
was synthesized via a solid state reaction route using PbCO3, Fe,03, and Ta,Os as starting
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compounds. For the first time the temperature dependence of the unit cell parameters was
obtained for PFT using X-ray powder diffraction. Antiferromagnetic Neel temperature
Tn =180 K was determined using the results of Mossbauer studies. In the vicinity of Ty
an anomaly in the temperature dependence of the monoclinic angle 8 was revealed in
PFT. Similar to other known multiferroics, this anomaly is presumably due to the magne-
toelectric spin-lattice coupling.
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