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Abstract

A complex perovskite with composition Ca3;Fe;WOq has been synthesised, and the temperature evolution of nuclear and magnetic
structures investigated by neutron powder diffraction. It was shown that at room temperature this compound adopts a monoclinic
perovskite structure belonging to space group P12, /nl (a = 5.4180(5) A b= 5.5093(5) A c= 7.7031(7) A), B =90.04(2)°). The partial B-
site ordering, of the Fe™ > and W' ® cations, at (2¢) and (2d) sites was determined. At low temperatures the magnetic diffraction peaks
were registered and a possible model for the magnetic structure was proposed in accordance with the ferrimagnetic properties of the title
compound. The magnetic structure is defined by a propagation vector k = (1/2,1/2,0) and can be described as an array of ferromagnetic
(20—1) layers, which couple antiferromagnetically to each other. All the Fe moments within a layer are aligned parallel (or anti-parallel)
to the c-axis. The structural and magnetic features of this compound are discussed and compared with those of some other quaternary

oxides A3Fe;WOq (4 = Ba, Sr, Pb).
© 2005 Published by Elsevier Inc.
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1. Introduction

In the last several years, there has been a revival of
interest in the search and understanding of so-called
magnetoelectric materials [1,2]. Magnetoelectrics are the
substances where electrical and magnetic orders coexist in
the same phase and are coupled within a certain
temperature interval [3]. The application of an electric/
magnetic field to the magnetoelectric material is expected
to control spontaneous magnetisation/polarisation by
means of a magnetoelectric interaction. Therefore, this
class of multifunctional and smart compounds has been an
interesting subject not only from the viewpoint of funda-
mental solid-state physics, which is rich and fascinating,
but also for possible modern applications [4,5]. However,
ferroelectricity and magnetism hardly coexist due to the
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structural competition and the chances of the occurrence of
magnetoelectrics are very low [1,2]. Difficulties arise mainly
due to the fact that in the perovskite structure ferroelec-
tricity appears only in non-centrosymmetric phases, which
is in contrast to magnetic cations, as they prefer a
centrosymmetric surrounding. Until now only a few
compounds have been reported to exhibit both ferroelec-
tricity and ferromagnetism in the same phase [6]. The
known ferromagnetic ferroelectrics have, unfortunately,
been studied with different degrees of thoroughness and
technical applications of these materials are severely
limited. In many cases data only on the temperatures of
ferroelectric and magnetic phase transitions 7cg and Tcm
are available. Sparse data are available on their atomic and
magnetic structures. Of particular importance is the
development of strategies for search of magnetoelectrics
which display magnetic and ferroelectric ordering at room
temperature.

A search for the magnetoelectric perovskites showing
ferromagnetism and ferroelectricity simultaneously in the
same phase began in the 1950s with the substitution of
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diamagnetic cations by paramagnetic ones in the B-
sublattice [7]. During the same period it was also found
that the presence of diamagnetic ions with noble gas
configuration (W°" for example) would be beneficial for
ferroelectric properties to occur in these complex metal
oxides [8]. When the B-sites in complex perovskite oxides
are partly occupied by transition metal cations, the
magnetic properties are strongly influenced by the ordering
of the B-site ions.

These studies, however, have mainly been focused on the
effect of a systematic change of size and oxidation state of
A and B cations upon the magnetic and dielectric proper-
ties. Such focused attention has not yet been paid to the
structural aspects of these perovskites and their crystal
structures. However, precise structural studies are required
to unravel the complex composition/structure/properties
relationships in magnetoelectric perovskites. The present
work is a part of our comprehensive crystallochemical
study of magnetoelectric perovskites. Much of our recent
research has been concerned with the dielectric and
magnetic properties of iron-based perovskite-type com-
pounds [9-13], which have a great interest in many applied
and fundamental areas of solid-state chemistry, physics
and advanced materials science. These oxides exhibit rather
unusual magnetic and dielectric properties, leading to a
number of original materials. Synthesised and investigated
for the first time a long time ago [14,15], and forgotten for a
few decades, these compounds have regained much
interest, which arises from the prospects of finding half-
metallic oxides with high Curie temperatures.

We focus our attention on a perovskite-type oxide
CazFe, WOy (CFWO) as a possible new magnetoelectric
compound where we may expect that two coupled degrees
of freedom based on a local off-centred lattice distortion
and on electron spin will take place. Preparation of CFWO
has been reported on several occasions; however, no
structural determination has been performed [14,15]. The
previous experimental studies gave us some indicators that
this compound may show some combination of magnetic
and ferroic properties. The details of this coexistence,
however, still remain an open question and have to our
knowledge never been reported. The careful dielectric
measurements of CFWO were made difficult by the high
conductivity of the specimen [14]. Nevertheless, it was
conceived that a possible antiferroelectric ordering in
CFWO may occur.

In this situation, neutron powder diffraction (NPD) data
may help to determine the factors that are responsible for
magnetic interactions in this material. The advantages of
neutron diffraction over X-ray diffraction for structural
studies of complex metal oxides (containing light oxygen
anions in the presence of heavy cations) are well known.
X-ray experiments are not able to give precise quantitative
information about the order parameter of the phase
transition, as it is mainly related to the tilting and
distortion of the oxygen sublattice. In this work, we report
the results of a NPD study of CFWO in the temperature

range 10-1000 K. The objective of the present research was
to determine the temperature evolution of structural
characteristics of CFWO with a particular emphasis on
the magnetic structure.

2. Experimental

A high-quality polycrystalline sample of CFWO was
prepared by a conventional solid-state sintering reaction.
As starting materials, CaCO;, Fe,O; and WO; were used.
They were first weighed in order to obtain appropriate
metal ratios, mixed together and ground in an agate mortar
to a uniform paste. Acetone was added as a grinding aid.
The sample was pressed into a pellet at 100 MPa and then
heated at 900 °C (8 h) followed by 1200 °C for 2 days in air
with several internal grindings and pellet-making steps in
between. Phase identification of the obtained sample was
characterised by X-ray powder diffraction (XRD) (URD-
63 diffractometer, Ni-filtered Cu K,-radiation). The lattice
parameters were calculated using silicon powder (NBS
640b) as an internal standard. The prepared sample was
pure single phase and the XRD pattern shows only
diffraction lines characteristic of perovskite-type structure.
Cation composition of the CFWO sample was determined
by X-ray energy-dispersive spectrometry (EDS) and by
using well-characterised standards. Electron probe micro-
analysis shows that the studied sample contains close to the
expected cation ratio, which was estimated as Ca;og(2)
Fes010nWi.01(1)0O9. The size of the crystallites in the
obtained powder does not exceed 1015 pm.

Medium-resolution NPD data were collected at the
Swedish Research reactor R2 at Studsvik with a Huber
two-circle diffractometer equipped with an array of 35 *He
detectors. The intensity from each detector was statistically
analysed and summed. A monochromator system with two
copper crystals (220) in a parallel arrangement was used.
The wavelength was 1.470(1) A and the neutron flux at the
sample position approximately 10° neutronscm s~ .
Diffraction patterns were registered at temperatures 10,
100, 200, 300, 380, 500, 700 and 1000K. The powder
sample of CFWO (approximately 2g) was loaded into a
thin-walled vanadium container and held in a cryostat.
Absorption effects were later corrected for in the Rietveld
refinements using the experimentally determined value
1R =0.0903. The step-scan covered a 20-range from
4.00° to 139.92° with a step-length 0.08°, and with each
data collection lasting approximately 15h. The diffraction
data were refined by the Rietveld method using the
FULLPROF 2000 software [16]. Scattering lengths and
form factors for Fe’" were taken from the program
library. The diffraction peaks were described by a pseudo-
Voigt function and a Lorentzian contribution to the
Gaussian peak shape was refined. Peak asymmetry correc-
tion was made for angles below 35° in 260. The background
was described by a six-parameter polynomial. During the
refinements, the two octahedrally coordinated metal
cations (Fe and W) were allowed to vary their proportions
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on the two possible metal sites. Each structural model was
refined to convergence and the best result was chosen on
the basis of agreement factors and stability of the
refinement.

Magnetic susceptibilities were measured with a Quantum
Design SQUID magnetometer at an applied field of 10 Oe
in the temperature range 5-400K. Zero field cooled
measurements (ZFC) were performed by cooling the
samples to 10K, applying the field, and measuring the
magnetisation as the samples were warmed.

The *’Fe Mossbauer transmission spectra of CFWO
were obtained by means of a standard constant accelera-
tion spectrometer using a >’ Co/Pd source.

3. Results

In Fig. 1 the temperature dependence of the magnetisa-
tion of CFWO is shown. The temperature derivative of the
magnetisation shows a minimum at 340K. Magnetic
measurements were consistent with a ferrimagnetic order-
ing with a magnetisation value that is relatively small
(0.01 ug/Fe). A Fe** charge state for the iron coordinated
octahedrally has been clearly confirmed by the isomer shift
(0.39(1)mm/s at 100K) and internal magnetic field
(470(10)kOe at 100K) determined by >’Fe Méossbauer
spectroscopy. Within the statistical uncertainty of the
spectra, no Fe’" cations exist in the sample. Mdssbauer
spectra of CFWO at selected temperatures are shown in
Fig. 2. The well-developed doublet, which was obtained
above the magnetic transition temperature, indicates a
paramagnetic state (quadrupole splitting at 300K is
0.87(2)mm/s) (Fig. 2a), and spectra taken below this
temperature distinguish a prevailing sextet and show the
existence of magnetic ordering (Fig. 2b). This sextet is
consistent with most low-temperature spectra obtained for
magnetically ordered double perovskites [17,18]. The two
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Fig. 1. Temperature dependence of the magnetisation for Cas;Fe; WO,y
(H = 100e).
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Fig. 2. ¥Fe Mossbauer spectra of Ca;Fe, WO, at selected temperatures:
(a) 10K, (b) 350K.

Fe sites with a different local environment are seen in the
Moéssbauer spectra at all registered temperatures. These
spectra for the paramagnetic and ferrimagnetic states are
expected, since two different crystallographic positions are
occupied by Fe in the partly B-site ordered monoclinic
P12, /nl structure of CFWO. Extended details of the
description of hyperfine structure of CFWO will be
published elsewhere.

XRD data confirmed the CFWO sample to be single
phase. Powder patterns of CFWO could be readily
identified as representing a perovskite-related phase. The
first 25 peaks were used in the indexing program NTREOR
[19] and the room temperature diffraction pattern could be
indexed on the basis of an orthorhombic unit cell. The
occurrence of a set of systematic absences suggested space
group Pnma. For this space group only a single mixed B-
site for cations is allowed. By contrast, the room
temperature NPD pattern could not be indexed within
the same orthorhombic cell. Indeed, the splitting of some
reflections and violation of the systematic absences of space
group Pmma indicated a reduction of the symmetry to
monoclinic. Analysis of the systematic absences 40/ : i +
[=2n+1 and 0kO:k =2n+1 was indicative of space
group P12 /nl. This reduction in symmetry opened up for
the possibility of two distinct sites for the different B-type
cations. Initially the fractional occupancies of Fe and W
were defined as 67% Fe and 33% W, in accordance with
the results of the chemical analysis. The Fe/W distribution
between the two distinct B-sites was allowed to vary with
the constraint that the 2:1 composition ratio was main-
tained. The site occupancy refined by the Rietveld method
supports the chosen structural model and indicates some
degree of ordering between Fe and W at the 2¢ and 2d sites.
The contrast in scattering lengths for Fe and W allows the
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distribution of these cations between the two positions to
be determined with a high accuracy. Refinements of the site
occupancy factors of the oxygen atoms did not reveal
significant changes from full occupancy (within three
standard deviations) and was therefore fixed at unity.
The final Fourier difference-synthesis calculation, using
(F,—F,) neutron data, did not show any maximum. The
refinement using space group P12;/nl achieves a better fit

between the calculated and observed patterns than the
refinement based on the orthorhombic model. At 300K,
the values of Rp, Rwp and Rg-factors for the orthorhombic
model, which are equal to 3.18, 4.21 and 2.98, respectively,
are worse than for a monoclinic one (see Table 1).

The results indicate that the crystal structure of the title
compound has a partially ordered arrangement of cations
on the 6-coordinated B-sites. The tendency to move

Table 1

Structural parameters for Ca;Fe;WOq at different temperatures, Space group P12/ny, z =2

Atom Position x y z B (Az) N

T =1000K, a = 5.4893(5)A, b = 5.5345(5) A, ¢ = 7.1871(T) A, B = 90.05(2),V = 236.6 A3

R, =322, Ry, = 4.21, Ry = 3.36, 1% = 1.87

Ca (4e) 0.0015(8) —0.0235(8) 0.2571(8) 1.66(6) 0.99(2)

Fe /W, (2a) 0 12 0 0.72(5) 0.73/0.27(1)
Fe,/W, (2b) 12 0 0 0.63(5) 0.60/0.40(1)
o} (4e) 0.2067(9) 0.2078(9) 0.0415(9) 1.37(8) 0.99(1)

0, (4e) 0.2085(9) 0.2091(9) 0.4729(8) 1.28(8) 1.00(1)

0; (4e) 0.5744(9) 0.0159(9) 0.2511(9) 1.52(8) 0.99(1)

T = 700K, a = 5.4597(5) A, b = 5.5206(5) A, ¢ = 7.7533(7) A, B = 90.07(2), V = 233.7A3

Ry =3.17, Ry, = 4.09, Ry = 3.31, 1% = 1.84

Ca (4e) 0.0034(8) —0.0274(8) 0.2669(8) 1.51(6) 0.99(2)

Fe /W, (2a) 0 12 0 0.68(5) 0.73/0.27(1)
Fe,/W, (2b) 12 0 0 0.55(5) 0.60/0.40(1)
o} (4e) 0.2075(9) 0.2088(9) 0.0450(9) 1.19(8) 0.99(1)

0, (4e) 0.2077(9) 0.2050(9) 0.4705(9) 1.11(8) 1.00(1)

0, (4e) 0.5800(9) 0.0213(9) 0.2542(9) 1.44(8) 0.99(1)

T = 500K, a = 5.4399(5)A, b = 5.5168(5) A, ¢ = 7.7305(7) A, B = 90.05(2),V = 231.9 A3

R, =3.08, Ry, =4.02, Rg = 3.25, y> = 1.77

Ca (4e) 0.0050(9) —0.0361(8) 0.2571(8) 1.36(6) 0.99(2)

Fe /W, (2a) 0 12 0 0.64(5) 0.73/0.27(1)
Fe,/W, (2b) 12 0 0 0.52(5) 0.60/0.40(1)
0, (4e) 0.2043(9) 0.2024(9) 0.0373(8) 1.10(8) 0.99(1)

0, (4e) 0.2078(9) 0.2102(9) 0.4613(8) 1.03(8) 1.00(1)

0, (4e) 0.5804(8) 0.0216(8) 0.2527(9) 1.37(8) 0.99(1)

T = 380K, a=54279(4) A, b = 5.5126(4) A, ¢ = 7.7165(5) A, B = 90.05(2), V = 230.9A3

R, =294, Ry, = 3.82, Ry = 3.07, > = 1.61

Ca (4e) 0.0085(8) —0.0380(7) 0.2512(8) 1.18(6) 0.99(2)

Fe /W, (2a) 0 12 0 0.58(5) 0.73/0.27(1)
Fe,/W, (2b) 12 0 0 0.42(5) 0.60/0.40(1)
0, (4e) 0.2090(8) 0.2091(8) 0.0458(8) 1.03(8) 0.99(1)

0, (4e) 0.2001(8) 0.2044(8) 0.4648(8) 0.98(8) 1.00(1)

0, (4e) 0.5802(7) 0.0225(7) 0.2534(7) 1.32(8) 0.99(1)

T =300K, a = 5.4180(4) A, b = 5.5093(4) A, ¢ = 7.7031(5) A, B = 90.04(2), V = 229.9 A3

R, =281, Ry, = 3.63, Rg = 2.56, y*> = 1.55, Rmag = 4.96

Ca (4e) 0.0045(8) —0.0402(8) 0.2489(8) 1.07(6) 0.99(2)
Fei/W,; (2a) 0 12 0 0.55(5) 0.73/0.27(1)
Fe,/W, (2b) 12 0 0 0.38(5) 0.60/0.40(1)
0, (4e) 0.2075(8) 0.2099(8) 0.0447(8) 0.93(8) 0.99(1)

0, (4e) 0.2014(8) 0.2034(8) 0.4627(8) 0.82(8) 1.00(1)

0, (4e) 0.5817(6) 0.0247(6) 0.2535(6) 1.21(8) 0.99(1)
Magnetic moments: pFe; = 3.12(8) up; uFe; = —2.479)up

T = 200K, a = 5.4120(4) A, b = 5.5090(4) A, ¢ = 7.6979(5) A, B = 90.04(2), V = 229.5A3

R, =2.87, Ry, = 3.72, Rp = 2.44, > = 1.48, Ryag = 4.84

Ca (4e) 0.0079(8) —0.0407(8) 0.2496(8) 0.84(6) 0.99(2)

Fe /W, (2a) 0 12 0 0.42(5) 0.73/0.27(1)
Fe,/W, (2b) 12 0 0 0.29(5) 0.60/0.40(1)
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Table 1 (continued)

Atom Position X y z B (Az) N

0, (4e) 0.2061(8) 0.2089(8) 0.0453(8) 0.82(8) 0.99(1)

0, (4e) 0.2033(8) 0.2050(38) 0.4620(8) 0.74(8) 1.00(1)

04 (4e) 0.5805(6) 0.0226(6) 0.2528(6) 0.86(8) 0.99(1)
Magnetic moments: uFe; = 3.46(8) ug; uFe, = —2.84(9) ug

T = 100K, a = 5.4054(4) A, b = 5.5078(4) A, ¢ = 7.6912(5) A, B = 90.03(2), V = 229.0A3

R, =3.01, Ry, = 3.85, Ry = 2.80, %> = 1.57, Rmag = 3.83

Ca (4e) 0.0083(8) —0.0415(8) 0.2486(8) 0.76(6) 0.99(2)
Fe,/W, (2a) 0 12 0 0.24(5) 0.73/0.27(1)
Fe,/W, (2b) 12 0 0 0.18(5) 0.60/0.40(1)
0, (4e) 0.2059(8) 0.2094(8) 0.0469(8) 0.80(8) 0.99(1)

0, (4e) 0.2021(8) 0.2055(8) 0.4631(8) 0.72(8) 1.00(1)

0, (4e) 0.5839(6) 0.0229(6) 0.2565(6) 0.77(8) 0.99(1)
Magnetic moments: uFe; = 3.66(8) up; uFe, = —3.05(09) up

T = 10K, a = 5.4052(3) A, b = 5.5084(3) A, ¢ = 7.6901(5) A, B = 90.03(2), VV = 228.9 A3

R, =3.04, Ry, = 3.86, Rg = 2.88, > = 1.62, Ryag = 3.47

Ca (4e) 0.0058(8) —0.0413(8) 0.2507(8) 0.73(6) 0.99(2)
Fe,/W, (2a) 0 12 0 0.21(5) 0.73/0.27(1)
Fe,/W» (2b) 12 0 0 0.15(5) 0.60/0.40(1)
0, (4e) 0.2073(8) 0.2034(8) 0.0478(8) 0.78(8) 0.99(1)

0, (4e) 0.2021(8) 0.2085(8) 0.4619(8) 0.69(8) 1.00(1)

0, (4e) 0.5832(6) 0.0234(6) 0.2555(6) 0.74(8) 0.99(1)

Magnetic moments: uFe; = 3.85(7) ug; uFe, = —3.23(9) up

towards an ordered structure is more likely to be
determined by the difference in charge and size between
the Fe’" and W°®" cations. Table 1 specifies the refined
atomic positions, isotropic temperature factors, occupancy
factors and agreement factors for CFWO at the different
temperatures. The quality of the fit is illustrated in Fig. 3.
The selected bond lengths and angles are listed in Table 2.
Interatomic distances and bond angles demonstrate that
the two types of octahedra are slightly different in size, and
that the true coordination number of Ca is 8. This is in
agreement with [20] where it was shown theoretically that
the coordination number of the A-site cation may vary
between 8 and 12 depending on the tilt angle and the ratio
between the ionic radii of the A- and B-type cations. The
refinements confirm that although the sizes of Fe and W
are similar the volume of the Fe, site is around 3% larger
than that of the Fe, site at room temperature.

Fig. 4 shows a view of the crystal structure of CFWO.
The Fe and W cations are located at alternate B-sites as a
result of the difference between the valence charges of these
cations. This kind of monoclinic structure is characterised
by B-site cation ordering and a~a" ¢ -type BO; octahedral
tilting [21]. The anti-parallel shift of the Ca cations,
approximately along the [010] monoclinic direction, often
accompanies this kind of octahedral tilting. If the radius of
the A-type cation is too small, the void between the B, and
B, octahedra is reduced in size by tilting of the octahedra.
This size-mismatch can be quantified with the help of the
tolerance factor:

t = (Ca—0)//2(Fe—0).

Using the data of Table 2, the ¢ value was estimated as
0.89. For comparison, for cubic perovskite £ = 1.0 and the
stability limit is usually around ¢ = 0.85. CFWO is located
close to this stability limit for the perovskite structure
indicating the strong deviation from an ideal cubic
structure, which is also confirmed by the lowering of the
Ca coordination number from 12 to 8.

The monoclinic space group P12;/nl requires that the
Fe;/W; and Fe,/W, octahedra have different tilt angles as
a result of the differences in the size and distortion of each
of the two polyhedra. For monoclinic perovskites the tilt
angles of the two different octahedra can be calculated
from atomic coordinates using the formulas derived in
[22] with the assumption that regular octahedra exist (see
Table 3). Here @ denotes a rotation about (001) of the
aristotype (a fourfold axis) and ¥ denotes a rotation about
(110) of the aristotype (a twofold axis).

We observe that the magnitude of the tilt about the
[001] axis is smaller than that about the [110] axis for
CFWO.

Fig. 5 represents the evolution of the unit cell parameters
for CFWO. As the monoclinic angle varies little from 90°,
it is not represented. Thermal variations of the unit-cell
parameters would be related to the contraction of the unit
cell due to the magnetic transition at 340 K and the thermal
expansion in the paramagnetic region is significantly larger
than for the ferrimagnetic phase. There was no evidence of
any major change in the crystal structure between 10 and
1000 K.

Two major factors will determine the arrangement of
different cations at the B-sites in the perovskite structure.
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The ions can be either ordered or statistically distributed
(disordered), and the controlling factors are the difference
in ionic charge and in ionic size. The ionic radii of Fe®™"
and W° are similar and therefore we may say that this
combination of cations in general favours a disordered
arrangement. By using a long-range order parameter #,
introduced in [23] for characterisation of the degree of
order in the arrangement in B-sites within the double
perovskite lattice, the ionic distribution of Fe*™ and W®™

cations for CFWO may be represented by the formula

Ca[Fe’;!

6+ 3+ 6+
/e Wanele e ) Wi, 6ls, 03

The Fe’ " cations at the B)-site are surrounded by six B,-
sites, which are occupied on average 60% by Fe*" and
40% by W°™ ions on average. A Fe’ * cation on a B,-site is
surrounded by six Bj-sites, which are occupied on average
73% by Fe*" ions and 27% by W®'. The Fe’" cations
provide much greater internal magnetic field to the
neighbouring iron sites than the W®" ions, and therefore
the magnetic moments are expected to differ for Fe* " jons
situated on B;- and B,-sites, respectively. From the results
obtained from analysis of our NPD data, the atomic
arrangement in our CFWO sample can be represented as
follows:

34+ ot 34 wot
Ca[Fep 367 Wo 13315, [Fe0 500 Wo.20015, O3+

The value of the magnetic transition temperature can be
calculated following the hypothesis [23,24] that a magnetic
ion, which has no magnetic neighbours or only one
magnetic neighbour, does not take part in the magnetic
ordering. In our case there are two magnetic sub-lattices
with octahedral sites, and k; and k, are the fractions of
non-magnetic ions in the sub-lattices B; and B,, respec-
tively. E(k1) (or E(k2)) are the probabilities that a given ion
of the sub-lattice B, (or B;) has not more than one
magnetic neighbour in the sub-lattice Bi(or B»).

The number of magnetically active ions and the number
of effective magnetic interactions per molecular unit are
given as

N = 0.5(1 — kp)[1 — E(k2)] + 0.5(1 — ko)[1 — E(ky)],
n=06(1 —k)[l — E(k2)](1 — k)[1 — E(ky)],

6 is the coordination number for a cation at the B-site of
the perovskite lattice. The magnetic transition temperature
of our CFWO composition Tn(kj,ky) is related to the
standard Neel temperature 7'n(0,0) by

TN(k1, kz) = %(I’l/N)TN(O, 0)

We take T'n(0,0) as the Neel temperature of BiFeO; with
perovskite structure. The comparison of the calculated
(376 K) and observed (330 K) values of Ty computed for
our CFWO sample, on the basis of the iron content
obtained from our NPD data, shows quite good agreement.

Rietveld refinement of the low-temperature structure
from the data recorded at 10, 100 and 200 K showed that
the P2;/n symmetry is maintained down to 10 K. NPD
data from 10 to 500K are shown in Fig. 6 and these data
were used to follow the thermal evolution of the main
magnetic reflections, which arise from a long-range
magnetic order in the sample. Diffraction patterns col-
lected at 10, 100, 200 and 300K revealed the presence of
additional reflections that can be indexed with integer
indices in the lattice with a doubling of the a and b axes
relative to the monoclinic nuclear cell; these reflections are
defined by the wave vector: k = [1/2,1/2,0]. Worthwhile to
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Table 2
Selected interatomic distances (A) and angles (°) for CazFesWOy at the different temperatures
Bond 1000 K 700 K 500K 380K 300K 200K 100K 10K
Ca-O 2.475(4) 2.431(4) 2.403(4) 2.357(4) 2.363(4) 2.349(4) 2.336(4) 2.335(4)
2.625(4) 2.595(4) 2.665(3) 2.597(3) 2.618(4) 2.605(4) 2.596(4) 2.603(4)
2.879(4) 2.859(4) 2.701(3) 2.745(3) 2.703(3) 2.711(3) 2.713(3) 2.717(3)
2.325(4) 2.319(4) 2.360(4) 2.362(4) 2.376(4) 2.371(4) 2.381(4) 2.378(4)
2.890(4) 2.841(4) 2.692(4) 2.702(4) 2.683(4) 2.658(4) 2.654(4) 2.662(4)
2.519(4) 2.537(4) 2.651(4) 2.633(4) 2.644(4) 2.657(4) 2.651(4) 2.648(4)
2.360(4) 2.329(4) 2.332(4) 2.349(4) 2.319(4) 2.339(4) 2.322(4) 2.314(4)
2.589(4) 2.538(4) 2.485(3) 2.471(3) 2.442(3) 2.453(3) 2.451(3) 2.446(3)
Fe,~O x 2 2.001(2) 1.998(2) 2.003(2) 1.996(2) 1.984(2) 1.984(2) 1.982(2) 2.015(2)
(W;-0) x 2 1.986(2) 1.997(2) 1.991(2) 1.998(2) 1.989(2) 1.985(2) 1.989(2) 1.999(2)
x2 1.983(2) 1.959(2) 1.964(2) 1.957(2) 1.955(2) 1.956(2) 1.931(2) 1.939(2)
Average 1.990(2) 1.985(2) 1.986(2) 1.984(2) 1.976(2) 1.975(2) 1.967(2) 1.984(2)
Fe,O x 2 2.000(2) 2.005(2) 1.978(2) 1.987(2) 1.992(2) 1.994(2) 1.997(2) 1.975(2)
(Wr-0O)x2 1.997(2) 1.987(2) 1.981(2) 1.977(2) 1.986(2) 1.984(2) 1.976(2) 1.965(2)
x2 2.008(2) 1.999(2) 2.006(2) 2.007(2) 2.007(2) 1.998(2) 2.028(2) 2.020(2)
Average 2.001(2) 1.997(2) 1.988(2) 1.990(2) 1.995(2) 1.989(2) 2.000(2) 1.986(2)
0,-Fe—0, 90.2(1) 91.0(1) 90.6(1) 91.9(1) 93.8(1) 93.9(1) 93.9(1) 90.5(1)
0,-Fe;-03 90.3(1) 90.3(1) 91.9(1) 90.3(1) 91.4(1) 90.9(1) 91.4(1) 90.4(1)
0,—Fe—03 92.1(1) 91.9(1) 90.2(1) 90.8(1) 90.3(1) 90.3(1) 90.8(1) 90.5(1)
0,-Fe,-0, 90.9(1) 90.2(1) 91.6(1) 90.9(1) 92.9(1) 93.0(1) 93.3(1) 90.6(1)
0,-Fe,—03 91.1(1) 91.8(1) 90.0(1) 92.1(1) 91.9(1) 91.8(1) 90.7(1) 92.3(1)
0,-Fe,—03 92.8(1) 93.3(1) 91.4(1) 92.0(1) 91.6(1) 91.3(1) 91.9(1) 91.7(1)
Fe;—O—Fe, 153.2(1) 152.4(1) 153.2(1) 152.4(1) 154.5(1) 154.6(1) 154.9(1) 150.7(1)
Fe;—O,—Fe, 157.7(1) 156.2(1) 154.5(1) 153.3(1) 150.9(1) 151.0(1) 150.9(1) 153.6(1)
Fe;—Os—Fe, 155.8(1) 153.7(1) 153.6(1) 153.6(1) 153.1(1) 153.6(1) 152.3(1) 152.6(1)
Table 3
Octahedral tilt angles of CFWO at different temperatures
T (K) Fe /W, Fe,/W,
@ W P W
10 10.2 13.7 10.3 13.8
300 10.1 13.6 10.2 13.5
500 9.8 13.3 9.9 13.1
5.54 ca‘{!FeQWOg
el
5.52 IO
<L 1 PR ——
5.504
S 1 P /a
g 5.48 /'
g 5.6/ ciiz " .
© 1 _/_/
§ 5M4 " A
1 A
S s42] 2
s40] v ®
0 200 400 600 800 1000

T,K

3

Fig. 4. The monoclinic perovskite structure of Caz;Fe,WO,. Fig. 5. Temperature dependence of lattice parameters for Ca;Fe,WOo.
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Fig. 6. Temperature evolution of NPD patterns of Ca3;Fe,WOy (the
magnetic reflections are indicated by *).

notice is that below Tcy there are no further changes in the
NPD patterns except for a progressive increase in intensity
of the magnetic reflections. This indicates that the magnetic
structure remains stable across the temperature range
10-300 K. The NPD patterns of CFWO at 300, 200, 100
and 10K were refined for two phase models, namely the
nuclear phase (space group P2;/n) and the magnetic phase
(space group P1), simultaneously. The variable parameters
for refinement of magnetic structure were the magnitudes
and canting angles. No other structural model could be
found to describe the nuclear structure, and at the same
time account for the existence of two B-type sub-lattices,
which is needed for the realisation of ferrimagnetic
ordering. A ferrimagnetic structure was modeled with
magnetic moments at the Fe positions. After Rietveld
refinement, including the magnetic moment (both magni-
tude and orientation) a magnetic R-factor (Ry,g) around
4% was reached. Magnetic moments were refined along
each of the crystallographic axes and produced a sig-
nificantly better fit to the data when refined in the c-
direction. The ordered moment was constrained to lie
along the c-axis, but a small component (in the frame of
one standard deviation) along the «- and b-axis is also
likely taking the resolution of our data into account.
Values of the refined magnetic moments of the B;- and B,-
sites are shown in Table 1. The observed moments are
related to the anti-site disorder and could be evaluated for
the simplest ferrimagnetic arrangements between Fe; and
Fe, sub-lattices, which produce a net magnetisation,
Mg = mppe1—mpre (see Fig. 7).

The magnetic structure of CFWO is consistent with the
presence of a long-range cation order. The partial ordering
of Fe and W into B-sites of the perovskite reduces the
number of magnetic nearest-neighbour (nn) pair, whilst
increasing the number of magnetic next-nearest-neighbour
(nnn) pair. In our case nnn interaction probably dom-
inates. This is spin ordering adopted by the title compound,
involving a path defined by Fe—O—W—-0O-Fe, in which the
oxygen atoms involved occupy the axial vertices of the
WOg octahedra.

Fig. 7. A plausible model for the magnetic structure of Ca;Fe;WOs,.
Diamagnetic ions are omitted.

4. Discussion

The refined atomic coordinates and bond distances for
CFWO (see Tables 1 and 2) confirm the basic structural
features of the proposed monoclinic perovskite structure.
Fe and W were found to occupy the (2¢) and the (2d) sites
with different probability. The average Fe;—O bond length
is very similar to that found in other oxides with Fe®™
[9-13] and close to the Fe* *—O length (2.045 A) calculated
from Shannon’s ionic radii [25] for a high spin electron
configuration in an octahedral field. The Fe—O—Fe super-
exchange pathways are strongly deviated from linear (the
Fe-O-Fe angle is about 154°). The observed magnetic
moments of Fe are smaller than what is expected for Fe "
(59 ug). In order to get some insight into the cation
distribution, we carried out a bond-valence calculation by
means of the Brown model [26], which gives a relationship
between the formal valence of a bond and the correspond-
ing bond length. In non-distorted structures, the bond-
valence sum rule states that the valence of the cation (V) is
equal to the sum of the bond valences (v;) around this
cation. The departure from this rule is a measure of the
existing distortion in the bonds and indicates the presence
of covalent bonding. From individual cation—anion dis-
tances the valences of the cations were calculated. The Fe,
and Fe, cations exhibit valences 3.33(1) and 3.16(1) (see
Table 4), slightly different from that expected in this
compound, which is + 3. In compensation, the valence of
the W cation is somewhat lower than + 6. Following the
results of Mdssbauer measurements we can conclude that
Fe cations formally have +3 valence in both oxygen
environments.

Two major factors will determine the arrangement of
different cations at the B-sites in the perovskite structure.
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Table 4

Distortion of polyhedra () and valences (3_S;) for cations in the Ca;Fe,WOy at the different temperatures

Cation 500K 300K 200K 100K 10K

Ca S (x107% 104.6 115.7 115.2 115.4 118.6
>-Sy 2.02(1)

Fe, d(x 107 0.67 0.57 0.45 1.72 2.81
>Sy 3.33(1)

W, 5 (x 1074 0.67 0.57 0.45 1.72 2.81
>-Sy 5.19(1)

Fe, 5 (x10% 0.39 0.18 0.083 1.13 1.49
>-Sy 3.16(1)

W, d(x 1074 0.39 0.18 0.083 1.13 1.49
>°Sy 4.95(1)

Table 5

Crystallographic and magnetic properties of different 43Fe; WOy (4 = Ba, Pb, Sr, Ca) with perovskite structure (from our data and results published in

[15,16])

Cation A% Tion (A) Space group at 300 K ay="V/z (A) Tem (K) Tce (K) Properties

Ba 1.61 P63 /mmc 4.080 330 573 AFE-WFM (order)

Pb 1.49 Pm3m 3.978 340 180 FE-AFM (disorder)

Sr 1.44 I4/m 3.944 373 473 AFE-WFM (partial order)
Ca 1.34 P12, /nl 3.859 340 — AFE?-WFM (partial order)

Note: FE—ferroelectric; AFE—antiferroelectric; WFM—weak ferromagnetic; AFM—antiferromagnetic.

The ions can be either ordered or statistically distributed
(disordered), and the controlling factors are the difference
in ionic charge and in ionic size [22]. It has been shown
[5,14] that the magnetic properties of complex perovskites
are strongly dependent on B-site ordering. The ionic radii
of Fe*" and W®" are similar and therefore we may say
that this combination of cations in general favours a
disordered arrangement.

It is interesting to note that some other oxides
A3Fe; WOy (A = Ba, Pb, Sr, Ca) with perovskite structure
also show magnetic properties [11-13] (see Table 5). It is
very important to understand the possible influence of the
A cations on the Ty values. It is not possible to find a
simple explanation for different values of Ty for these
perovskites based only on crystallochemical considerations
using the tolerance factor ¢, lattice distortions, and the
pseudo-cubic lattice constant a,. Additional detailed
structural investigations of complex metal oxides with
different A-site cations would be necessary in order to
clarify any possible correlations. Replacing Sr with Ca
clearly reduces the tolerance factor and increases the
octahedral tilting. Within the 45Fe; WOy series this process
leads to a change of tilt system. It is seen that the
temperature of magnetic phase transition of all the samples
is nearly the same showing that the temperature of
magnetic ordering is insensitive to the change of A-site
composition. This is in good agreement with band
structure calculations on double perovskites that contain
B’ cations such as W™ . The substitution at the 4-site does
not change the band gap significantly [28].

But by analogy with LnFeO3; compounds [27] we may
assume that Ty is strongly related with the value of the
Fe-O-Fe angle and with lattice distortions. At the same
time, it is clear now that the lattice distortions and the
degree of crystallographic order/disorder at the Fe-sites
and/or the oxygen deficiency should be varied properly
with the type of A-cations.

It is also well known that the differences in the valence
and size between the B and B’ cations in double
perovskite-type compounds are crucial in controlling the
physical properties. The actual degree of Fe/W order
depends on the synthesis conditions and as a rule an
increased order may be obtained with increased synthesis
temperature or treatment time [29,30].

5. Concluding remarks

We have revised some experiments that may provide the
key ingredients for a clear understanding of the magneto-
electric properties of CFWO.

The monoclinic perovskite CFWO was synthesised and
structurally characterised using the Rietveld analysis of
NPD data at different temperatures. The partial ordering
of Fe and W cations into two different B-sites (2¢) and (2d)
was determined. The precise metal-oxygen distances,
derived from NPD data, allowed us to calculate the cation
valences and their distortion polyhedra. The monoclinic
superstructure of CFWO arises from the combination of
partial cation ordering and from a tilt of the BOg
octahedra. Below Ty, the magnetic structure, charac-
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terised by a propagation vector k = (1/2,1/2,0), develops
and accounts for some additional reflections of magnetic
origin. According to the proposed model for the magnetic
structure it can be described as an array of (20—1) layers
showing ferromagnetic order. The layers couple antiferro-
magnetically to each other and the Fe moments are aligned
along the c-axis.

Structural and magnetic features of CFWO are con-
sidered and compared with those of some other quaternary
complex oxides with perovskite-related structure. It must
be admitted that the question of possible ferro- or
antiferroelectric state in CFWO is still an open question
and the dielectric properties need further consideration.
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