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A polycrystalline sample of perovskite-like SrsFe,TeOg has been prepared in a solid-state reaction and
studied by a combination of electron microscopy, Mossbauer spectroscopy, magnetometry, X-ray dif-
fraction and neutron diffraction. The majority of the reaction product is shown to be a trigonal phase
with a 2:1 ordered arrangement of Fe3>* and Te®* cations. However, the sample is prone to nano-
twinning and tetragonal domains with a different pattern of cation ordering exist within many crys-
tallites. Antiferromagnetic ordering exists in the trigonal phase at 300 K and Sr3Fe,TeOg is thus the first
example of a perovskite with 2:1 trigonal cation ordering to show long-range magnetic order. At 300 K
the antiferromagnetic phase coexists with two paramagnetic phases which show spin-glass behaviour

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Oxides with crystal structures related to that of the mineral
perovskite are among the most intensely studied compounds in
solid-state chemistry because of the wide variety of physical
properties they can display [1]. Their electrical behaviour ranges
from insulating to superconducting and their magnetic properties
show a comparable breadth, ranging from spin-glass behaviour [2]
to ferromagnetism [3]. Moreover, pairs of these properties can
sometimes be combined and the compound can then be described
as multiferroic [4].

The extensive range of properties observed stems largely from
the ability of the structure to accommodate a wide range of che-
mical compositions. This in turn derives from its ability to tolerate
a significant strain by undergoing distortions that reduce the
symmetry of the structure from the cubic ideal to orthorhombic or
lower. The flexibility in composition makes it possible to tune the
physical properties chemically. The simplest oxide perovskites can
be represented by the formula ABO; where A is a relatively large
cation, usually an alkaline earth or rare earth element, that occu-
pies the twelve-coordinate A site, and B is a smaller cation, usually
a transition-metal or p-block element that occupies the
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octahedrally-coordinated B site. Partial cation substitution at ei-
ther the A site, the B site or both, leading to the formulae AA'BB'Og
and A,A'B,B'Oq, is one of the strategies that has been employed in
order to induce desirable physical properties [5,6]. Whether the
strategy is successful often depends on whether the different ca-
tion species on the A and B sites occupy their respective sites in an
ordered or disordered manner. An ordered arrangement is usually
stabilised when the cations at the site differ significantly in their
valence or size. Consequently, B-site ordering is quite common in
perovskites whereas A-site ordering is relatively rare.

In this study we have focussed on the compound SrszFe,TeOg in
which only the B site holds more than one species of cation. In two
previous accounts [7,8] this compound has been described as a
tetragonal perovskite in which the Fe3* and Te®* cations are
partially ordered over the six-coordinate B sites. More specifically,
the octahedral sites are divided into two subsets that occur alter-
nately in 3 dimensions throughout the structure in a checker-
board pattern. The two subsets thus have the same multiplicity.
Ivanov et al. [8] concluded that one subset, or sublattice, is occu-
pied by Fe>* and Te®* in a ratio of 0.72:0.28 and the Fe:Te ratio at
the other site is thus 0.61:0.39, see Fig. 1; the corresponding values
reported by Augsburger et al. [7] were 0.9:0.1 and 0.57:0.43.
Neutron diffraction data collected by Ivanov et al. suggested that
the compound showed long-range magnetic ordering below
~260 K with the atomic moments on the two sublattices aligned
antiparallel along [001]. The magnetic moments per Fe*>* cation

0022-4596/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Polyhedral representation of the tetragonal structure proposed for
Sr3Fe,TeQg in the space group I4/m. Red circles represent Sr?* green and khaki
octahedra represent sites occupied by a partially ordered distribution of Fe** and
Te®*. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article).

on the two sites refined to values of ~1.6 and ~1.3 ug at 10 K.
These values are very low for a high-spin d® cation. Furthermore,
despite the mismatch in the moments on the two sites, no sharp
increase in the magnetisation was seen on cooling the sample
below 260 K. However, hysteresis was apparent in the magnetic
susceptibility below this temperature. A maximum was observed
in the zero-field cooled (ZFC) susceptibility at ~90K in a mea-
suring field of 100 Oe and at ~60 K in a field of 30 kOe; the sus-
ceptibility was field dependent throughout the measured tem-
perature range although, inconsistently, the magnetisation at
300K was shown to be a linear function of field for 0 <H)/
kOe < 50. The field-cooled susceptibility maintained a negative
temperature gradient at all temperatures and in all fields. lvanov
et al. suggested that ferrimagnetic ordering is present, at least over
short length scales, below 260 K and that the susceptibility max-
imum observed at low temperature marks the formation of a re-
entrant spin glass. In contrast, Augsburger et al. reported the onset
of ferromagnetism at ~717 K in their sample and they observed a
remanent magnetisation 0.35pg per Fe** cation at 5K. They
analysed their neutron diffraction data using a model in which
nearest-neighbour ~ Fe3>*  cations were coupled anti-
ferromagnetically and found an ordered moment of ~0.5 ug per
Fe3+ cation at 300 K and 0.85 pg at 13 K, the latter lower even than
the value reported by Ivanov et al. Both of these two studies used
samples that were prepared in a solid-state reaction. Djerdi et al.
[9] have recently prepared a sample by a sol-gel route. It is re-
ported to adopt the simple cubic perovskite structure with no
cation ordering over the B sites and to be ferrimagnetic below
667 K.

The suggestion by Ivanov et al. that the length scale of the
magnetic ordering might be important in determining the mag-
netic properties of SrsFe,TeOg is reminiscent of the behaviour of
LasNi,SbOg, another A3B,B'Og perovskite, which we have pre-
viously described as a relaxor ferromagnet [10,11]. The octahedral
sites in this monoclinic compound are divided over two sub-
lattices, as they are in SrsFe,TeOg. However, in the case of

La3Ni,»SbOs one sublattice is occupied entirely by Ni>* cations and
2/3 of the second sublattice is occupied by Sb>* with the re-
maining 1/3 being occupied by Ni%*; there is no long-range or-
dering of the two cation species occupying the second sublattice.
The imbalance in the concentration of Ni®?* cations on the two
sites leads to the observed magnetic behaviour, although local
variations in the composition cause the formation of small mag-
netic domains. Clearly, the net magnetisation is expected to be
larger in a compound that contains a more strongly magnetic ca-
tion, and it is also likely that the transition temperature will in-
crease above the value of 108 K seen in LasNi,SbOg. Bearing in
mind the internal inconsistencies in the description given by Iva-
nov et al. the differences between the data collected by different
authors and the potential of Sr3Fe,TeOg to show enhanced relaxor
properties, we have undertaken our own investigation of this
compound using a combination of X-ray and neutron diffraction,
electron microscopy and Mdossbauer spectroscopy. Our results,
which differ significantly from those reported previously, are de-
scribed below.

2. Experimental

A polycrystalline sample of SrsFe,TeOg was prepared using the
standard ceramic method. SrCOs;, Fe,Os; and TeO, (purity
>99.95%) were weighed out in the appropriate stoichiometric
ratio and ground together in an agate mortar for 30 min to give a
homogeneous mixture. The mixture was then loaded into an
alumina crucible and fired at 700 °C for 24 h. It was then quenched
to room temperature, reground and pressed into a pellet that was
fired in air at 950 °C for 24 h and subsequently annealed at 1200 °C
for 48 h after further grinding. Finally, the furnace was allowed to
cool to 800°C and then the sample was quenched to room
temperature.

The black reaction product was initially characterised by X-ray
powder diffraction (XRPD) using Cu Ko, radiation. The data, col-
lected at room temperature, were analysed using the Rietveld
method as implemented in the GSAS [12] program package.
Neutron diffraction data were subsequently collected on the dif-
fractometer Echidna at the Bragg Institute, ANSTO, Australia. The
angular region 10 < 20/° < 147.5 was scanned in steps of 0.05° at
temperatures of 300 and 3 K using neutron wavelengths of 1.6215
(5) and 2.4395(5) A. Data analysis was again performed using the
Rietveld method [13]. The peak shape was modelled using the
function devised by van Laar and Yelon [14]| and the background
was fitted using a twelve-term Chebyshev polynomial.

Specimens for electron microscopy were prepared by disper-
sing crushed SrsFe,TeOg powder in ethanol and depositing a few
drops of this solution on a copper grid covered with a holey carbon
film. Selected area electron diffraction (SAED) patterns were ob-
tained with a Philips CM20 transmission electron microscope, high
angle annular dark field scanning transmission electron micro-
scopy (HAADF-STEM) images and atomic resolution energy dis-
persive X-ray (EDX) maps were acquired with a FEI Titan 80-300
“cubed” microscope equipped with a Super-X detector and oper-
ated at 300 kV. Quantitative EDX measurements were also taken of
50 different crystallites on a JEOL 5590 scanning electron
microscope.

57Fe Mbssbauer spectra were collected from a polycrystalline
sample of SrsFe,TeOg at 295K and 5K using a standard trans-
mission spectrometer and a >’CoRh source. The drive velocity of
the spectrometer was calibrated using a 6 pm thick o-Fe foil, at
295 K, and all isomer shifts (8) are quoted relative to the centre of
the a-Fe calibration spectrum. All Mossbauer spectra were fitted
using the NORMOS software [15] . Due to the clear asymmetry of
the lines associated with the magnetic component, spectra were
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also fitted with a distribution of magnetic hyperfine field, using
the Le Caér-Dubois software [16].

The magnetic susceptibility of SrsFe,TeOg was measured over
the temperature range 2 <T/K <300 using a Quantum Design
MPMS 5000 SQUID magnetometer. Data were collected on
warming in a field of 100 Oe after cooling the sample both in the
absence of an applied field (zero-field cooled, ZFC) and in the
measuring field (field cooled, FC). The isothermal sample magne-
tisation was measured as a function of field over the range
—50 < H/kOe < 50 at 300, 150 and 5 K.

3. Results

Our preliminary consideration of the XRPD pattern of the
product appeared to confirm that SrsFe,TeOg adopts a perovskite-
like structure. The presence of weak Bragg peaks, most noticeably
at angles 20 < 30°, indicated a deviation away from the aristotype
cubic perovskite structure, and, influenced by the earlier work of
Ivanov et al. [8], we initially indexed and analysed the pattern in
the tetragonal space group I4/m, with the unit-cell parameters
a=5.5749(1), c=7.8963(3) A, that is ~ \/Za,, x ~2ap. Although the
fit between the observed and calculated diffraction patterns was
200d (Ry,pr=6.06%, y>=1.47, see Fig. S1) we noted that some weak
reflections, for example at 20=18°, could not be indexed in the
tetragonal cell. These reflections were extremely weak and the fit
was very good so we initially assumed that they derived from a
minor impurity phase. The results of our electron microscopy
study, described below, showed this to be a false assumption.

EDX analysis found a mean Fe:Te ratio of 2.3(3) across the
crystallites studied. This value is consistent, within error, with the
target composition. SAED patterns, including several tilt series,
were taken from many different crystals. All the patterns could be
indexed in the trigonal system, using the space group P-3c1 and
the approximate unit cell parameters a=b=5.58 A, c=13.66 A.
Fig. 2 shows the SAED patterns from the main zone axes ([100]/
[12—1], [12—1], [001], and [ —110]) of Sr3Fe,;TeOq. The [100] and
[12—1] SAED patterns overlap in the first frame as a consequence
of twinning in nanodomains smaller than the smallest SAED
aperture of the microscope. As a consequence, the [100] electron
diffraction pattern could not be found separately. However, the
[100] zone axis pattern can be seen in pure form as the Fourier
transform of the [100] HAADF-STEM image in Fig. 3. The reflection
conditions Okl: [=2n, 00l: [=2n (4-index system: h-hOl: [=2n,
000!l: I=2n) derived from the electron diffraction patterns and
Fourier transform leave as the only possible extinction symbol P - -
c. This allows space groups P3c and P-3c. P3c is a subgroup of P-3c¢
and is achieved by eliminating the 2-fold axis lying along the [100]
direction of P-3c. However, because of the inversion centre added
in diffraction experiments, we cannot determine the presence or
absence of this axis from SAED. Convergent beam electron dif-
fraction would normally allow us to determine the presence of a
two-fold axis, but this cannot be done for SrsFe,TeOg because of
the twinning and presence of a second phase in the crystals, see
below. Among the other maximal subgroups of P-3c, only P2/c
would correspond to the reflection conditions, but we see no ex-
perimental indication that the symmetry should be lowered to
monoclinic. Therefore, the highest symmetry space group fitting
all the experimental results has been used, which is P-3c In the top
left image in Fig. 3, taken along [100], horizontal rows of uniformly
bright dots alternate with rows in which pairs of weak dots are
separated from each other by one bright dot. In HAADF-STEM
images, the brightness of the dots increases with the average
atomic number, Z, of a projected column. Sr, Fe and Te have the
atomic numbers 38, 26 and 52, respectively. The weakest dots thus
correspond to columns of Fe, and the brightest to columns of Te;

the homogeneously bright rows are populated by Sr. This assign-
ment is confirmed by the high resolution EDX maps shown in
Fig. 3. The contrast in the [001] image shown in Fig. 4 and the
inserted atomic resolution EDX map also show evidence of cation
order. Here the structure is viewed down columns in which Sr
atoms alternate with octahedral sites; the 2:1 sequence of weak
and strong dots in the lines of atoms running down the page
clearly shows the presence of 2:1 Fe:Te ordering. Fig. 5 shows a
[100] and a [001] view of a trigonal perovskite unit cell with this
2:1 ordering of Fe and Te over the octahedral sites. The observa-
tion of [100]/[12—1] twinning prompted the collection of more
images, taken from more than one sample, in an attempt to assess
the extent to which the microstructure is disrupted. These images
showed that the [12 — 1] domains observed in what is essentially a
[100] projection range in size from a few nanometers to ~50 nm
in diameter, see Fig. S2. Furthermore, although the trigonal phase
dominates the images, we observed crystallites that contained
both trigonal regions and regions showing a checkerboard-like
alternation of cations over the six-coordinate sites, see Fig. 6. The
contrast variations in the latter regions match the variation of
electron density in the tetragonal structural model described
above, see Fig. 1. Therefore and for conciseness, in Fig. 6 these
areas are labelled as I4/m. Note that the electron diffraction pat-
terns labelled as the trigonal [12—1] zone in Fig. 2 could also be
the [100] zone of the I4/m phase as the two cannot be dis-
tinguished from their electron diffraction patterns alone. They can,
however, be distinguished from their HAADF-STEM images, see
Fig. 6.

In the light of the microscopy data presented above, the XRPD
data were reanalysed in space group P-3c1 using the structural
model shown in Fig. 5. The overall quality of the Rietveld fit
achieved using this trigonal structure was essentially the same
(Rwpr=6.04%, y?=1.46 see Fig. S2) as that achieved in tetragonal
symmetry, with different weak reflections, for example at 20=19°,
being unaccounted for. Consequently our final analysis treated the
sample as a mixture of a trigonal phase and a tetragonal phase, the
latter in space group I4/m. In the trigonal structure there are two
independent oxygen sites (6f and 12g), two A sites (2a and 4d) that
accommodate strontium atoms, and two independent B-sites (4d
and 2b) for iron and tellurium, see Table 1. In our refinements we
assumed that the iron and tellurium cations are completely or-
dered over the latter two sites and thus the cation arrangement in
the trigonal phase can be expressed as Sr
[Fed b667)cac)| Te§ 3333](21)0s. In the tetragonal structure, however,
there is only one position (4d) for strontium, and the two distinct
B-sites (2a and 2b) have equal multiplicities. We assumed that one
is fully occupied by iron and the other by a random distribution of
iron (33%) and tellurium (67%) to give an overall 2:1 stoichiometry
of iron and tellurium. In this case the cation arrangement can be
described as Sr[Fed3 ]2a)[Fedis67Ted $333]20)03. This two-phase
model, with the trigonal and tetragonal phases occurring in a ratio
of 73.8(6):26.2(6), accounted for all the observed peaks. The
agreement achieved between the observed and calculated dif-
fraction patterns in this case (Rypr=5.93%, ¥*=1.41) can be seen in
Fig. 7.

57Fe Mossbauer spectra collected from SrsFe,TeOg at room
temperature are shown in Fig. 8. The low-resolution spectrum, see
Fig. 8(a), clearly has a substantial magnetic component. From the
shape of the lines in the magnetic sextet it is apparent that there is
a distribution of magnetic hyperfine fields, rather than a single,
well-defined field strength. This observation suggests that there
might be slightly different nearest-neighbour environments
around the iron sites. The higher-resolution, low velocity spec-
trum, see Fig. 8(b), shows that the central part of the spectrum
contains at least two paramagnetic doublets in addition to the two
innermost lines of the hyperfine sextet. Quantitative analysis of
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Fig. 2. Representative SAED patterns of the main zones of Sr3Fe,;TeOo.

this spectrum resulted in the parameters shown in Table 2. The
tabulated spectral weights lead to the conclusion that ~41% of the
total absorption is in the hyperfine sextet. Our fit to the spectrum
shown in Fig. 8(a), obtained using the Le Caér-Dubois method,
therefore included two quadrupole doublets and a hyperfine field
distribution; the latter is shown in Fig. 9. The average hyperfine
magnetic field obtained from the distribution is 43.1 T with a
standard deviation of 41T and the average isomer shift of the
magnetic component is +0.41(3) mm s~ ! relative to the centre of
the «-Fe calibration spectrum. Although the degree of spectral
overlap and the presence of a range of hyperfine fields make it
difficult to obtain a unique description of the spectra, our analysis
of the Mossbauer spectrum obtained on the extended velocity
scale suggested that the magnetic component comprises ~36% of
the spectrum, slightly lower than the value obtained by analysis of
the central absorption alone. The two doublets that account for the
remaining ~64% of the spectrum again have comparable spectral
weights but significantly different quadrupole splittings, 1Al In
both analyses the isomer shifts of all components lie in the narrow
range 0.27 <&/mms~ ! <0.42, suggesting that all the iron in
Sr3Fe,TeOy is present as high-spin Fe?*. The Mdssbauer spectrum
collected at 5K is shown in Fig. S5. The central, paramagnetic
absorption is no longer present and the hyperfine field has in-
creased to ~52 T on cooling, although the width of the lines shows
that a range of field strengths is again present. In view of the
complexity of the system it was not possible to identify a unique
set of physically-meaningful fitting parameters and so we did not
pursue a more detailed, quantitative analysis of the Md&ssbauer
spectra.

The neutron diffraction data collected at 300 K using wave-
lengths of 1.6220 and 2.4395 A were analysed simultaneously in
the same two-phase model used in the final analysis of the XRPD
data. Refinement of the atomic coordinates and atomic displace-
ment parameters associated with this model did not give an en-
tirely satisfactory account of the data. The discrepancies between
the observed and calculated diffraction profiles were most no-
ticeable at low angles and were therefore assumed to be magnetic
in origin. Furthermore, Ivanov et al. reported a value of 260 K for
the magnetic transition temperature in tetragonal SrsFe;TeOg and
it is therefore reasonable to assume that the magnetic scattering
observed at 300 K is associated with the trigonal phase. However,
in order to complete the analysis and deduce a detailed model for
the magnetic structure it was necessary to consider the Modssbauer
spectra described above. We assumed the two doublets to be of
equal intensity and assigned one to each of the trigonal and tet-
ragonal phases. If the hyperfine field is associated with the trigonal
phase then, on the basis of the Le Caér-Dubois fit, (36+32)=68%
of the sample is trigonal and 32% is tetragonal. A calculation based
on the data in Table 2 gives a ratio of 70.5:29.5. Both of these ratios
are in reasonable agreement with the ratio of ~74:26 deduced
from the XRPD data and so we assumed that our partition of the
absorption between the two phases was correct. Hence we de-
duced that 53-58% of the iron in the trigonal phase is magnetically
ordered at room temperature. The antiferromagnetic structure
shown in Fig. 10 gives rise to additional intensity in the Bragg
peaks that were mis-fitted when magnetic scattering was ne-
glected in our initial analysis of the neutron data. Each Fe*>* cation
is coupled antiferromagnetically to its neighbouring sites, whether
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‘

Fig. 3. Top: HAADF-STEM image of Sr3Fe,TeOg taken along the zone axis [100] and a Fourier transform of a pure [100] area. Bottom: HAADF-STEM image and corresponding
atomic resolution EDX map of a [100] oriented area, showing the positions of the columns of Sr, Fe, Te and O atoms. (For colour-aided distinction between the Sr, Fe and Te

atoms in this figure, the reader is referred to the web version of this article).

they are nearest neighbours or next-nearest neighbours that are
separated by a TeOg octahedron. When 53% of the Fe3+ ions in the
trigonal phase were assumed to contribute to the magnetic scat-
tering, the ordered magnetic moment refined to 3.60(5) ug per
ordered cation; the calculated value of the moment is inversely
proportional to the percentage of the Fe** ions assumed to be
ordered. A value of ~4.5 pg is expected in a defect-free, saturated
antiferromagnet but the value of the hyperfine field is also lower
than the value of ~55T typically observed in that case and our
model thus gives a reasonable and self-consistent account of the
spectroscopic and diffraction data collected at room temperature.
The inclusion of magnetic scattering in the Rietveld analysis re-
sulted in agreement factors of Rypr=4.67%, X2=4.57. The con-
centration ratio of the trigonal and tetragonal phases refined to be
76:24, in agreement with the ratio determined by X-ray diffrac-
tion. The final observed and calculated diffraction profiles are
shown in Fig. 11 and the refined structural parameters are listed in
Table 1; the derived bond lengths and angles are listed in Table 3.

The observation of a hyperfine field of ~52 T at 5 K prompted
us to assign a proportionately-enlarged magnetic moment to the
ordered Fe** cations in the trigonal phase during the analysis of

the neutron diffraction data collected at 3 K. The tetragonal phase
was again assumed to be non-magnetic; the validity of this as-
sumption is discussed below. When the moment was held fixed at
4.34 pp per ordered cation, the value calculated from the hyperfine
field, the fraction of magnetic Fe** in the trigonal structure re-
fined to be 55.6%, a value that lies within the range deduced from
the room-temperature Mossbauer spectra. The refined structural
parameters obtained at 3 K are listed in Table 4 and selected bond
lengths are included in Table 3. The observed and calculated dif-
fraction patterns are shown in Fig. S4.

The temperature dependence of the molar magnetic suscept-
ibility of our sample of Srs3Fe,TeOg is shown in Fig. 12. The data
collected under ZFC and FC conditions overlie at high tempera-
tures but the ZFC susceptibility has a maximum at 80 K whereas
the FC susceptibility has a negative temperature gradient
throughout the measured temperature range. The field depen-
dence of the molar magnetisation is shown in Fig. 13. M(H) is
linear at 300 K and no hysteresis is observed. At 150 K M(H) is no
longer linear but hysteresis is only observed in the data collected
at 5 K; the function is not symmetrical about the origin.
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Fig. 4. HAADF-STEM image of SrsFe,TeOg taken along the [001] zone axis. The inset
is an atomic resolution EDX map showing the positions of the different cations
along this projection. There is an overlap of A and B cations along this projection.
(For colour-aided distinction between the Sr, Fe and Te atoms in this figure, the
reader is referred to the web version of this article).

4. Discussion

It is clear that our sample of SrsFe,TeOg differs from those
prepared by Djerdi et al., Ivanov et al. and Augsburger et al., and
that their samples are different from each other. This is most
clearly shown by a comparison of the temperature dependence of
the magnetic susceptibility measured in each case and, in the case
of Augsburger et al., by a comparison of the X-ray diffraction
patterns. The most obvious differences between our synthesis and
those performed by Ivanov et al. and Augsburger et al. lie in the
use of telluric acid, rather than TeO,, by Augsburger et al. and of
SrO, rather than SrCOs, by Ivanov et al. Furthermore, both of these
groups used an annealing temperature of only 950 °C. Our choice
of 1200 °C was made when heating the reactants at 950 °C failed
to produce a perovskite-like phase. The sol-gel protocol used by
Djerdi et al. ended with an anneal at 1300 °C. Their cubic sample
differs most markedly from our own in terms of both crystal
structure and physical properties. For example, although magnetic
order is present in our sample at 300 K, there is no evidence of a
spontaneous magnetisation at that temperature.

Our initial attempts to analyse our X-ray diffraction pattern
were influenced by our awareness of the earlier studies of this
compound and our apparent success in accounting for the data
using a monophasic model in tetragonal symmetry will make us
more cautious in the future. The results of our electron-micro-
scopy study demonstrated that our approach was flawed and they
also revealed the full complexity of the system. The electron dif-
fraction patterns, see Fig. 2, indicated that the sample has trigonal
symmetry and the HAADF-STEM images and EDX maps shown in
Figs. 3 and 4 reveal the presence of the 2:1 Fe:Te ordering pattern
shown in Fig. 5. This type of cation ordering over the B sites of a
perovskite is relatively unusual, with many A3B,B'Og compositions,
for example LasNi;SbOg, adopting the 1:1 ordering pattern illu-
strated in Fig. 1, even though the trigonal pattern might be con-
sidered a better match for their stoichiometry. Although there are
some exceptions, for example BasBi,TeOg [17], the latter pattern is
most commonly observed in A3"B3*B2* 0y compounds [18,19].
Like SrsFe;TeQq, these compounds have only divalent cations on
the A site and two types of cation with a charge difference of +3

(a)

(b) o

Fig. 5. Polyhedral representation of the crystal structure of Sr3Fe,TeOq in the tri-
gonal space group P-3c1 viewed along (a) [100] and (b) [001]; FeOs and TeOg oc-
tahedra are shown in green and blue, respectively. Red circles represent the Sr*
cations. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).

on the octahedral sites. Sr;CaRu,0g and the high-pressure forms of
BasCaRu,09 and BasCalr,0g are the only such compounds wherein
the majority six-coordinate cation is paramagnetic [20-22]. The
high-pressure phase of BasNaRu,0Og has a different charge dis-
tribution over the octahedral sites but also adopts the 2:1 ordered
structure [23]. We note that BasFe,TeOg is a 6H hexagonal per-
ovskite [7,9] because, in the absence of the large Bi** cation, the
cation size ratio ra/rg is too large to stabilise a pseudo-cubic per-
ovskite structure.

Our microscopy study revealed that defects are present in the
structure of SrzFe,TeOq. More specifically, the electron diffraction
patterns indicated that twinning was present on the nanoscale in
some of the crystallites studied and the HAADF-STEM images
showed that, in addition to the dominant 2:1 cation ordering,
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Fig. 6. HAADF STEM image of Sr3Fe,TeOg showing the coexistence of areas with
chessboard order (labelled 14/m [100]), P-3c [100] and P-3c [12—1]. The colour
overlays clarify the order of the atoms in the surrounding areas; Sr, Fe and Te are
red, green and blue respectively. Khaki represents columns with, in this projection,
a mix of Fe and Te. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article).

Table 1
Atomic parameters of SrsFe,TeOg, refined from neutron diffraction data collected at
300 K.

Atom Site x y z Uiso Fractional
occupancy

Phase 1

Srl 2a 0 0 0.25 0.005(1) 1.0

Sr2  4d 0.6667 0.3333 0.5834(6) 0.0088(6) 1.0

Fe 4d  0.6667 0.3333 0.3335(5) 0.0036(3) 1.0

Te 2b 0 0 0 0.0036(3) 1.0

01 6f 0.521(1) 0 0.25 0.014(1) 1.0

02 12g 0.1942(6) 0.3308(8) 0.5842(4) 0.0062(5) 1.0

Phase 2

Sr 4 0 0.5 0.25 0.026(1) 1.0

Fel 2a O 0 0 0.023(4) 1.0

Fe2 2b O 0 0.5 0.003(3) 0.3333

Te 2b 0 0 0.5 0.003(3) 0.6667

01 4e 0 0 0.242(6) 0.024(3) 1.0

02 8h 0.285(3) 0217(2) O 0.021(1) 1.0

Rwp=4.67%, R,=3.56%, x*=4.568.

Phase 1: space group P -3c1, a=5.5761(3) A, c=13.654(1) A, weight fraction=76%.

Phase 2: space group I 4/m, a=5.5886(5) A, c=7.9134(8) A, weight fraction=24%.
Cell transformation: a;=0.5(—a,—b,+¢); by =a,; ¢;=2b,+cC,.
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Fig. 7. Observed (red crosses) and calculated (green line) X-ray powder diffraction
patterns for SrsFe,TeOg sample; a difference curve (purple) is shown. Black (red)
vertical bars represent the positions of Bragg reflection for the trigonal (tetragonal)
phase. The inset shows the low-angle region of a pattern collected in high-intensity
mode in order to emphasise the most important weak reflections. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article).
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Fig. 8. (a) °’Fe Méssbauer spectrum of SrsFe,TeOg obtained at room temperature
(295 K) on an extended velocity scale. The fitted curve employed a distribution of
hyperfine field, as described in the text. (b) >’Fe Mossbauer spectrum of SrsFe,TeOqg
obtained at room temperature (295 K) on a reduced velocity scale.

some crystallites had regions where 1:1 ordering was present, see
Fig. 6. This ordering is consistent with the tetragonal structure
proposed by Ivanov et al., but also with the monoclinic structure of
LasNi;SbOg [10]. Our data do not allow us to distinguish



Table 2

57Fe Mossbauer hyperfine parameters of Sr3Fe,TeQq, obtained by fitting the spec-
trum shown in Fig. 8(b). The errors are estimates.

Isomer shift (6 mm/s)

Quadrupole splitting (I

% Area + 1.5%

+0.02 mm/s Almm/s) + 0.03 mm/s
0.37 0.49 43.2
0.41 115 46.4
0.27 2.23 10.4
(‘sextet’ contribution)
0.04 T T T T T T T

0.03

0.02

P (B)

001

50

B(hf) (T)

Fig. 9. The distribution of hyperfine magnetic field obtained from the fit to the
room temperature Mossbauer spectrum of SrzFe,;TeOo.

Fig. 10. Magnetic structure of the trigonal phase of SrsFe,TeOo. Green and blue
octahedra represent Fe** and Te®™ sites, respectively, and red circles represent
Sr?* cations. Black arrows represent the ordered magnetic moments of the Fe3~*
cations. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).

unambiguously between the two symmetries so, in the light of the
previous studies of this compound, we assumed these regions to
be tetragonal. We were able to optimise the fit to our XRPD pattern
when we included a trigonal phase and a minority tetragonal
phase, thus demonstrating that some of the 1:1 ordered regions
are large enough to give rise to Bragg peaks. Given that our mixed
trigonal/tetragonal sample was prepared at a higher temperature
than the tetragonal sample described by Ivanov et al., we carried
out further syntheses with week-long anneals at 950 and 1200 °C
in an attempt to prepare monophasic tetragonal and trigonal
samples, respectively. The resulting XRPD patterns always showed
the presence of both phases, with a trigonal: tetragonal ratio that
varied between 70:30 and 80:20.

The agreement between the observed and calculated neutron
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Fig. 11. Observed (red crosses) and calculated (green line) neutron diffraction
patterns for SrsFe,TeOg at 300 K; a difference curve (purple) is shown. Black, red
and blue vertical bars represent the positions of Bragg reflections for the trigonal,
tetragonal and magnetic phases, respectively. .=1.6215 A. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article).

Table 3
Selected interatomic distances (A) and bond angles (degrees) in SriFe,TeQq at
300K and 3 K.

300K 3K

Trigonal phase, space group P -3c1

Sr1-01 2.673(6) x 3 2.581(7)x 3
Sr1-01 2.903(6) x 3 2.982(7) x 3
Sr1-02 2.776(5) x 6 2.781(6) x 6
Sr2-01 2.790(7) x 3 2.798(8) x 3
Sr2-02 2.627(3)x 3 2.618(4) x 3
Sr2-02 2.949(3) x 3 2.945(4) x 3
Sr2-02 2.809(8) x 3 2.78(1)x 3
Fe-01 1.976(4) x 3 1.974(4) x 3
Fe-02 1.980(5) x 3 1.991(7) x 3
Te-02 1.974(5) x 6 1.958(6) x 6
01-Fe -01 90.1(2) 90.4(2)
02-Fe-02 90.9(3) 90.3(4)
01-Fe-02 178.6(3) 178.9(3)
88.6(2) 88.9(2)
90.4(2) 90.3(4)
Tetragonal phase, space group I 4/m
Sr-01 2.795(1) x 4 2.7908(5) x 4
Sr-02 2.991(4) x 4 2.988(3) x 4
Sr-02 2.614(4) x 4 2.611(2) x 4
Fe1-01 1.92(5) x 2 2.02(3)x 2
Fe1-02 1.98(2) x 4 2.05(2) x 4
Fe2/Te-O1 2.04(5) x 2 1.94(3) x 2
Fe2/Te-02 2.01(2) x 4 1.93(2) x 4

diffraction profiles shown in Fig. 11 is good. The Fe-O and Te-O
bond lengths determined by neutron diffraction, see Table 3, are
essentially equal in the trigonal phase at 300 K but the Te-O bond
is shorter, as expected [24] at 5 K. The difference in bond lengths
around the two, six-coordinate sites is apparently more marked in
the minority tetragonal phase, although these distances are less
precisely determined. In addition to the quality of the fit, two
additional pieces of evidence show that the magnetic hyperfine
splitting observed in the Mdssbauer spectra collected at room
temperature is associated with the trigonal phase. Firstly, the
fraction of the total absorption contained in the sextet is too large
to derive from the iron in the minority tetragonal phase and,
secondly, neutron diffraction data collected at room temperature
by Ivanov et al. showed no evidence of magnetic ordering. We put
more weight on their data than those of Augsburger et al. because
the latter draw attention to the presence of one impurity, albeit
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Table 4
Atomic parameters of Sr3Fe,TeOo, refined from neutron diffraction data collected at
3K
Atom Site x y z Uiso Fractional
occupancy
Phase 1
Sr1 2a 0 0 0.25 0.0003(14) 1.0
Sr2  4d  0.6667 0.3333  0.5824(7) 0.0041(7) 1.0
Fe 4d  0.6667 0.3333  0.3330(5) 0.0025(2) 1.0
Te 2b 0 0 0 0.0025(2) 1.0
01 6f 0.536(1) 0 0.25 0.003(1) 1.0
02 12g 0.1944(8) 0.330(1) 0.5830(5) 0.0058(7) 1.0
Phase 2
Sr 4 0 0.5 0.25 0.0156(8) 1.0
Fel 2a O 0 0 0.0037(6) 1.0
Fe2 2b O 0 0.5 0.0037(6) 0.3333
Te 2b 0 0 0.5 0.0037(6) 0.6667
01 4e 0 0 0.255(4) 0.0087(6) 1.0
02 8h 0.291(2) 0.223(2) 0 0.0087(6) 1.0

Rwp=6.23% Ry=4 0.69%, 5*=8.033.
Phase 1: space group P -3c1, a=5.5626(3) A, c=13.622(1) A, weight fraction="76%.
Phase 2: space group I 4/m, a=5.5810(4) A, c=7.9045(7) A, weight fraction=24%.

100

150
T/IK

Fig. 12. Temperature dependence of the molar magnetic susceptibility of
SrsFe,;TeOq.

0 50 200

diamagnetic, in their sample and we believe that the near-coin-
cidence of the magnetic ordering temperatures of their BasFe,TeOq
and SrsFe,;TeOg samples suggests that the same magnetic impurity
might be present in both. With this assignment, the phase frac-
tions derived from the diffraction and spectroscopic data are es-
sentially self-consistent. It appears that some, but not all, of the
Fe3+ cations in the trigonal phase are antiferromagnetically or-
dered at room temperature. We attribute the range of observed
hyperfine fields, see Fig. 9, and the incomplete ordering to the
presence of the defects described above and illustrated in Fig. 6.
The spectrum collected at 5 K shows an increased magnetisation
but when the atomic moment measured by neutron diffraction
was fixed to be consistent with the internal hyperfine field there
was no evidence to suggest that significantly more spins join the
antiferromagnetic phase on cooling below room temperature. The
absence of a paramagnetic component in the spectrum collected at
5 K demonstrates that all the spins in the sample are either or-
dered or frozen in a spin glass at that temperature. Unlike Ivanov
et al. we see no evidence for a magnetic transition in the tetra-
gonal phase at 260 K, see Fig. 12, and hysteresis is clearly present
in x(T) below 80 K. We therefore suggest that all the spins that are
disordered at room temperature undergo a transition to a spin-
glass state on cooling below 80 K. If the tetragonal regions in our
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Fig. 13. Field dependence of the molar magnetisation of Sr;Fe,TeOg at (a) 300 and
150K and (b) 5K.

sample were to adopt a long-range ordered structure with atomic
moments as small as those reported by Ivanov et al., then the
combination of the low phase-fraction and the weak moments
would prevent it from being detected in the neutron diffraction
data collected at 3 K. However, there is no evidence in the low-
temperature Mossbauer spectrum for a component with a weak
internal hyperfine field and there is no evidence in the neutron
data for a second magnetic component with a strong moment, see
Fig. 11. The participation of the tetragonal regions in the spin-glass
transition is thus consistent with all the available data. The mag-
netic structure shown in Fig. 10 satisfies what must be the very
strong superexchange interactions between Fe3* cations in
neighbouring, corner-sharing octahedra. We cannot offer a de-
tailed discussion of the magnitudes of the ordered magnetic mo-
ments because of the correlations between the fraction of the total
iron in the ordered phase and the magnitude of the moment. We
believe this to be the first observation of long-range magnetic
ordering in a trigonal 2:1 cation-ordered perovskite.

The behaviour of M(H) shown in Fig. 13 is consistent with our
model. The absence of hysteresis at 300 K confirms that the
magnetic Bragg scattering observed in the neutron diffraction
pattern comes from a phase that is antiferromagnetic, rather than
ferrimagnetic or ferromagnetic. The non-linearity of the function
at 150 K suggests that significant, intercation interactions are
present, as is to be expected at this temperature in an oxide rich in
Fe3+ cations, and the shifted hysteresis loop recorded at 5K is
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typical of a spin glass. The observation of this type of behaviour in
pseudo-cubic perovskites with a partially ordered distribution of
equal numbers of two cation species has been seen previously and
attributed to the competition between nearest-neighbour and
next-nearest-neighbour interactions [25,26]. In the case of the
minority phase in Sr3Fe,;TeOg, the small domain size is also likely
to be a factor.

5. Conclusions

SrsFe,;TeOg is a complex material. The structure and properties
are clearly sensitive to the synthesis conditions. We have shown
for the first time that the compound, when synthesised at 1200 °C,
adopts a trigonal perovskite-like structure with the Fe>* and Te®+
cations ordering in a 2:1 sequence that is compatible with both the
chemical composition and the multiplicities of the crystal-
lographically distinct six-coordinate sites in the trigonal space
group. This is not the case in many other A3;B,B'O9 compounds,
including the relaxor ferromagnet LasNi,SbOg. The difference in
the cation ordering pattern is the most likely reason that the
magnetic behaviour of the two compounds differs so markedly,
with the trigonal phase of SrsFe,TeOg being antiferromagnetic at
room temperature. However, the trigonal structure is disrupted by
both nano-twinning and regions where the cations order in a 1:1
sequence. These disruptions prevent full antiferromagnetic or-
dering throughout the sample and the unordered spins form a
spin-glass phase that coexists with the antiferromagnetic phase
below 80 K.
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