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Abstract

The complex perovskite lead iron niobate, Pb(Fe;/;Ta; ;)O3 (PFT), has been
studied by neutron powder diffraction. Following collection of diffraction
data at 300 K and at 10 K, structural refinements have been carried out by
means of the Rietveld method. A straightforward unit cell of symmetry
R3m was obtained for the 300 K structure, with the same symmetry, and a
similar unit cell also obtained at the low temperature. In both cases, the iron
and titanium ions were found to be disordered over the perovskite B-sites.
Furthermore, in order to obtain a good agreement with experiment at 10 K,
it was necessary to assign non-zero magnetic moments to the iron ions, these
being in a collinear, antiferromagnetic arrangement. This magnetic structure
can be described with reference to doubled unit cell axes. The factors governing
the observed structures of PFT are discussed by comparison with the related
system of Pb(FCl/ng1/2)03 .

1. Introduction

Lead relaxor perovskite ferroelectrics are of great importance both to fundamental solid state
physics and to modern technology, owing to their unique dielectric and electromechanical
properties [1,2]. In this connection, an understanding of the microscopic origins of the large
frequency dispersion in these materials, of general formula Pb(B'B”)O3, would pave the way
for the generation of whole new classes of relaxors [3]. Although the main physical properties
of these materials are well known, a detailed characterization of their crystal structures and
microstructures is still needed [4]. It has also long been considered that lead-containing
perovskites of this kind have suitable structures for studying the stereochemical peculiarities
of the Pb?* ion, these being directly associated with its non-bonded electron pair [5].

Lead iron tantalate, Pb(Fe; ,Ta; 2)O3 (PFT), is one of the well known relaxor compounds
belonging to the family of lead-based complex perovskites. For typical relaxors the B’
cations are larger than their B” counterparts. However, in the case of PFT, the situation is
reversed, as the Fe®* ion is slightly smaller than the Ta>* cation. In all likelihood because
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of this anomalous relationship between the two B-ion radii, there are different points of view
concerning the ferroelectric properties of PFT. It was pointed out in [3, 6] that PFT exhibited
diffuse phase transformation behaviour, as is the case for relaxor ferroelectrics. However, in
[7] this compound was considered to have normal ferroelectric properties. Itis also pertinent to
remark that the dielectric Curie behaviour, T¢, of PFT has not been unambiguously established.
The ferroelectric Curie temperature of PFT was found to be 243K [9], but results of pyroelectric,
dielectric and x-ray studies presented in [10] and [11] show that 7¢ of this compound ranges
from 330 to 370K, depending on the nature of the specimens tested, principally whether they
are in single crystal or ceramic form. Spontaneous polarization of single crystals manifests
itself at temperatures below 320 K.

Numerous structural studies have been carried out in order to investigate the symmetry of
PFT at room and low temperatures [8, 11-17]. The symmetry of non-cubic phases of PFT is
still a matter for discussion [15—17], and its crystal chemistry is much more complicated than
originally anticipated. According to an earlier report [9], PFT has a cubic perovskite (Pm3m)
structure at room temperature, with Fe>* and Ta>* statistically distributed over B sites. However
it was found later that the ceramic samples used contained minor amounts of a pyrochlore phase
[18]. Although cubic symmetry was also reported for PFT at room temperature [13], other
workers took the view that symmetry was lower than cubic [10, 12, 19]. At temperatures below
243 K, a ferroelectric phase with rhombohedral or monoclinic symmetry has been proposed
[9]. It has also been proposed that the iron ions in PFT give rise to an antiferromagnetically
ordered magnetic structure below ~180 K [11].

In the light of the above considerations, further structural investigations of PFT are
appropriate. In particular, a consideration of similarities and differences between the structures
of lead-based relaxors of varying chemical compositions, as revealed by neutron powder
diffraction, may help to determine the factors responsible for diffuse phase transitions in
these ferroelectric materials. PFT itself may also be regarded as a model system for studying
the relationship between ferroic and magnetic properties.

2. Experimental

Because the properties of ceramic samples are sensitive to the firing conditions, especially
to firing temperature [2], we decided to perform our measurements on single crystals. The
main results concerning the dielectric and pyroelectric studies of PFT single crystals have been
published in [10].

Single crystals of PFT in the form of black cubes of side up to 3 mm were grown by the
procedure described elsewhere [11]. The correct cationic compositions of the prepared single
crystals were confirmed by x-ray spectroscopy (with the ARL-7200 spectrometer). Because
the crystals obtained were highly twinned, all diffraction measurements were carried out on
samples obtained by crushing the single crystals. The purities of the powder samples derived
from single crystals were checked from the powder x-ray diffraction patterns obtained with
a URD-63 diffractometer using Cu Ko radiation. These indicated a simple cubic perovskite
unit cell (@ = 4.007(1) ;\) without ordering of Fe and Ta ions on octahedral sites, although it
was noted that the high-angle peaks were somewhat broadened.

Neutron powder diffraction (NPD) data were collected at the Swedish Research reactor R2
in Studsvik (A = 1.470 A). Diffractograms were registered at different temperatures using a
5 g sample contained in a vanadium can. Corrections for absorption effects were subsequently
carried out in the Rietveld refinements, utilizing the empirical value R = 0.133 cm~!. The
step-scan covered the 26 range 4-139.95° with a step-length 0.05°. Each experiment lasted
for 17 hours. Nuclear and magnetic refinements were performed by the Rietveld method
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Table 1. Results of the Rietveld refinements for different models of Pb disorder.

hkl  8Pb B; (A% R, Rup Rp Ry Rexp

No — 326(8) 444 607 668 478 3.88
100 0.069(5) 0.85(8) 446 6.10 588 4.08 3.88
110 0.054(2) 0.52(4) 440 602 649 499 3.88
111 0.041(1) 092(4) 442 603 669 494 388

using FULLPROF software [20]. Diffraction peaks were described by a pseudo-Voigt profile
function, with a Lorentzian contribution to the Gaussian peak shape refined. A peak asymmetry
correction was made for angles below 35° 26. Background intensities were described by a
polynomial with six coefficients.

The ideal cubic perovskite structure (space group (s.g.) Pm3m), where all atoms are
fixed at special positions, was taken as a starting model for the Rietveld refinements of the
neutron powder diffraction data of PFT at 300 K. At lower temperatures, where appropriate,
the magnetic part of the diffractogram was treated as an additional ‘phase’. Since Mdssbauer
spectroscopy has provided strong support for the existence of the iron ions in the trivalent
state, i.e. Fe3* [12], the magnetic structure was refined in space group P1 as an independent
phase for which only the Fe* cations were defined. Only magnetic scattering was taken
into consideration, with reflections up to 260 = 60° considered in the refinement, since the
magnetic form factor rends negligible magnetic intensities at higher angles. Several magnetic
models were tried in the refinement, each employing one additional refinement parameter,
corresponding to the magnitudes of the magnetic moments.

3. Results

Refinement of the room temperature structure in s.g. Pm3m led to a very large temperature
factor for the Pb cations, Bp, = 3.39(8) A2, in common with results obtained from other
lead-containing perovskites [21-24]. A literal interpretation of this result, that the heaviest
atoms in the PFT structure have the largest mean square displacements, is likely to be in error.
It is more likely that the large B-values can be attributed some static or dynamic structural
disorder. Indeed, structural disorder in the Pb sublattice is a common feature in lead-based
perovskite oxides [3]. Pb is never found at its idealized special position, but rather statistically
distributed over several sites around it.

In the next stage of our refinements, Pb was shifted from its high symmetry position
successively along (100), (110) and (111) directions. All three structural models refined
successfully, leading to significant reductions in the thermal parameters of the Pb cations.
The refined values of shifts, thermal parameters and R-factors are given in table 1. The best
numerical improvement in the Rpg-factor was obtained for the model in which the Pb cations
statistically occupied the (6¢) positions shifted along (100) directions by a distance of 0.28 A.
However, the relevance of these results is open to question, owing to the strong correlation
between the coordinates and the Debye—Waller factor.

A more accurate analysis of the neutron powder diffraction pattern of PFT using PROFIT
software [25] indicated some additional features, which are incompatible with the cubic crystal
system. Inspection of the room temperature neutron data showed that the broadening of high-
angle reflections in the x-ray diffraction pattern was due to the presence of a small distortion
away from cubic symmetry. Profile fitting of the (222) pseudocubic reflection, which shows a
clearly recognizable shoulder (figures 1(a), (b)), led to a decomposition into two rhombohedral
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Figure 1. Profile fitting of the pseudo-cubic (222) reflection (a) by a single pseudo-Voigt curve;
and (b) by two pseudo-Voigt curves (as would be necessary for rhombohedral symmetry). The
improvement of the fitting with two profiles is quantified by the profile parameter R, which is
equal to 0.020 for (a) and 0.010 for (b).
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Figure 2. The neutron powder diffraction pattern obtained at 300 K, indicating the goodness of
fit with the pattern calculated from the structural model in table 2. Y (obs) refers to the observed
diffraction pattern, and Y (calc) to the calculated.

peaks, (222)R and (—222)R. Accordingly, the NPD pattern at 295K was subsequently refined
in s.g. R3m (hexagonal description). Fe and Ta were assumed to occupy randomly the (3a)
site in a 0.5:0.5 ratio. This variant gave the best fit to the collected data. Attempts to refine
these data with tetragonal, orthorhombic and monoclinic structures resulted in either worse
fits or negligibly small improvements of the R-factors. No extra peaks or additional splittings
of main reflections were observed, which would indicate the need for a symmetry lower than
rhombohedral. The final structural parameters for the rhombohedral structural solution are
given in table 2, with the observed, calculated and difference profiles plotted in figure 2.
Refinement of the low temperature data (10 K) was also performed in the rhombohedral
s.g. R3m. An examination of the NPD patterns of PFT obtained upon cooling into the
antiferromagnetic region indicated the presence of magnetic peaks outside the Bragg positions
given by the crystallographic unit cell (figure 3). The intensities of the additional peaks were
found to fall to zero above the Néel temperature, TN, giving strong support to the notion that
they are magnetic in origin. Magnetic reflections were indexed with respect to a cell doubled
in all three directions compared to the crystallographic unit cell, i.e. a = 2ap = 8.0096(8),
a = 89.93(1). The optimum agreement with diffraction data (expressed by the minimum value
of R,qg) Was obtained from an antiferromagnetic, G-type magnetic structure, with moments
oriented parallel and anti-parallel to the trigonal axes (figure 4). Here every Fe cation is coupled
antiferromagnetically to its six nearest neighbours. The refined value of the magnetic moment
for the Fe cations at 10 K is 3.08(4) g, which is much smaller than the expected value of
effective magnetic moment per Fe ion of p.rr = 5.00 up (S = 5/2). At the same time,
this value is in reasonable agreement with the magnetic moments of Fe found previously in



30 S A Ivanov et al

Table 2. Crystal structure data for PFT at 10 and 300 K?.

T=10K T=300K

aA) 5.6618(1)  5.6635(1)
cA) 6.9407(2)  6.9444(2)
Bpp (A%) 2.56(6) 3.17(7)
Fe/Ta (z) 0.483(1)  0.491(2)
Bre/Ta (A?) 0.13(5) 0.25(6)
0 (x) 0.177(1)  0.171(2)
0(2) 0342(2)  0.342(2)
Bo (A?) 0.99(7) 1.18(4)

Pb-O x 3 (A) 2.8993)  2.904(5)
Pb-O x 6 (A) 2.8333)  2.833(5)
Pb-O x 3 (A) 2768(3)  2.764(5)
Fe/Ta-O x 3 (A)  2.001(3) 1.968(5)
Fe/Ta-O x 3 (A)  2.017(3)  2.046(5)

Rp 0.029 0.044
Rwyp 0.037 0.059
R; 0.045 0.053
Rp 0.032 0.041
Rexp 0.040 0.039
Ryac 0.054

2 In s.g. R3m, the atoms have the following positions: Pb: 3m [0, 0, 0]; Fe/Ta: 3m [0, 0, z]; O: 9b
[x, —x, z].

magnetically ordered Pb perovskites [26,27]. The crystal structure of PFT corresponds to that
of a B-site disordered perovskite, in which the Fe and Ta cations are distributed at random in the
octahedral positions. Thus only 50% of these sites are occupied by the magnetic Fe** ions. Itis
likely that the strengths of the antiferromagnetic interactions are severely reduced both by the
disordered spatial distribution of the Fe ions and by the dilution caused by diamagnetic tantalum
ions. Atomic coordinates and isotropic temperature factors of PFT at 10 K are listed in table 2.

For completeness, a monoclinic structure (s.g. Cm) was also investigated for the low
temperature phase of PFT, as proposed elsewhere [16,17]. However, this model did not
lead to significant improvements in the values of R-factors compared to those quoted for
rhombohedral symmetry in table 2, even though the number of refinement variables had been
increased.

Table 3. Crystal structure parameters of the proposed structures of PFT at 300 K and 10 K, utilizing
the following parameters [28]: Vp,: PbOy; polyhedral volume; Vg, 74:FeOg/TaOg polyhedral
volume; As: octahedral distortion perpendicular to trigonal axis; n: octahedral elongation parallel
to trigonal axis; Azpp, AzZre/Ta: displacements of Pb and Fe/Ta ions parallel to trigonal axis.

T(K) Ve (A Veegra (A Vpp/Vieyra (A3 As (pm) 7 Azpp (pPm)  AzZpesra (PM)
300 53.584 10.717 5 6.68 1.00115 5.88 12.20
10 53.523 10.705 5 17.21 1.00092 5.88 17.47

4. Discussion

The above results indicate that our sample of PFT has a polar rhombohedral lattice at room
temperature, rather than a cubic one. This conclusion is in agreement with the observation
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Figure 3. Comparison of the low temperature and room temperature neutron powder diffraction
patterns, with magnetic reflections indicated by stars.

of spontaneous polarization at 320 K in [11] and results of complex physico-chemical
investigations of the same crystals [10], which indicated that the Curie temperature of PFT
ranges from 330 to 370 K. Although the deviation from the cubic symmetry of PFT is very small,
accurate information about the true symmetry of relaxors is important for a full understanding
of the mechanism of ferroelectricity.

In both the rhombohedral and the monoclinic refinements the displacement factor of Pb
was found to be large, which suggests some positional disorder. Furthermore, a reduction
in temperature leaves this disorder unaltered. This phenomenon is likely to be due to the
electronic configuration of the Pb?* cation. Whereas the highly directional nature of the
bonding in Pb perovskites can be explained by the presence of the lone electron pair, the likely
disorder of Pb** cation could also be due to repulsions between its lone electron pair and the
Pb-0 interactions formed with its coordination polyhedron. Such Pb displacements from high
symmetry positions could increase the angles between the lone-electron pair and all Pb—O
bonds, thereby minimizing these repulsion effects. However, additional experimental study is
required here. In summary Pb disorder is present in both polar and non-polar phases of PFT.

Derived parameters describing PbO;, and FeOg/TaOg polyhedral volumes, along with
octahedral distortions and ionic displacements along the polar axis are given in table 3. The
volumes V (Pb) and V (Fe/Ta) decrease upon cooling. They are marginally smaller than those
for Pb(Fe;2Nb,2)O3 (PFN) [27], indicating a slightly smaller ionic radius of Ta* compared
to Nb>*. However, the Azp, /7a values at both 300 K and 10 K of PFT are virtually identical
to the corresponding values of Azp,/np, in PFN at these temperatures. The lower T, values
of PFT therefore point towards the greater polarizability of the Nb>* ions compared to Ta>*.
The increase in As in going from 300 K to 10 K in PFT can be correlated to the increase in
Azre/Tat the oxygen octahedron becomes more distorted in order to accommodate a larger
B-ion displacement. Octahedral elongations n are similar at both 300 and 10 K in PFT,
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Figure 4. The neutron powder diffraction pattern obtained at 10 K, indicating the goodness of
fit with the pattern calculated from the structural model in table 2. Y (obs) and Y(calc) have the
same meanings as in figure 2, with the additional bars labelled ‘magnetic reflections’ signifying
non-Bragg reflections.

unlike the case for PFN, where 7 increases markedly between 300 and 10 K. The Azpj, does
not change between 300 and 10 K for PFT, unlike the case for PFN, where this parameter
increases significantly between 300 and 10 K.

It is to be noted that the results of our work are at variance with the findings of Lampis et al
[29]. These authors have proposed that PFT exists in a cubic phase for temperatures greater
than 270 K, whereas we propose thombohedral symmetry. Furthermore, they propose a small
tetragonal distortion at 230 K and monoclinic symmetry at low temperatures, based on data
collected at 130 and 15 K. The view that monoclinic symmetry is found at low temperatures
is also in disagreement with our proposed rhombohedral solution. It will be recalled that
monoclinic symmetry has been explored in our work, as a possibility for the low temperature
structure. However, this option did not lead to any significant improvement in the fitting.
It is also pertinent to remark that Lampis et al did not consider the magnetic scattering of
neutrons in their work. Thus, in order to rationalize the appearance of additional peaks at low
temperature, they will have been forced to postulate a symmetry lower than rhombohedral. So
we propose the existence of rhombohedral symmetry, both at 300 and at 10 K, with the extra
peaks observed at low temperature due to magnetic ordering.

A remaining, unsolved problem concerns the differences in dielectric properties of
Pb(FeosNby5)O3 and Pb(FegsTap5)O3 ceramics. Even though both systems have similar,
disordered rhombohedral structures, PFT shows typical relaxor behaviour, whereas PFN
exhibits only a small degree of frequency dispersion. Since the two parameters of charge
and radius are similar for both Ta’* and Nb>* ions, the implication is that a full atomistic
understanding of these differences will rest on a consideration of different electronic structures,
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as might be expressed by differing electronic polarizabilities or, alternatively, degrees of
covalency. A resolution of this problem is reserved for future work.
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