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Abstract

Polycrystalline samples of A>LaFe>SbOg (A = Ca, Sr, Ba) perovskites appeared monophasic to
X-ray or neutron powder diffraction but a single-crystal study utilising transmission electron
microscopy revealed a greater level of complexity. Although local charge balance is
maintained, compositional and structural variations are present among and within the
submicron-sized crystals. Despite the inhomogeneity, A = Ca is monophasic with a partially-
ordered distribution of Fe** and Sb>* cations across two crystallographically-distinct octahedral
sites, i.e. CazlLa(Fe1.25Sbo.25)24(Feo.755bo.75)2¢09. For A = St or Ba, the inhomogeneities result in
differences in the tilting patterns of the octahedra and the ordering of the B cations. Particles
of A = Sr contain a phase (Fe:Sb ~2:1) without B cation ordering and one (Fe:Sb ~1:1) with B
cation ordering. Monophasic A = Ba lacks long-range cation order although ordered
nanodomains are present within the disordered phase. The temperature dependence of the

magnetic properties of each sample is discussed.
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1. Introduction

Materials with the perovskite crystal structure have been studied for many decades because of
the wide variety of physical properties they can display [1—4]. The simplest perovskites have
the general formula ABOs, where A is a relatively large cation, such as an alkaline-earth or rare-
earth element, that occupies a twelve-coordinate site, and B is a smaller cation, usually that of
a transition metal or p-block element, that occupies an octahedrally-coordinated site. The
diverse range of properties derives from the ability of the structure to accommodate a wide
range of cation substitutions at either the A site, the B site or both; these often result in the use
of formulae of the form 44 ‘BB 'O¢ or A24 ’'B2B 'O [5-7]. Perovskites can tolerate the resultant,
often significant, chemical strain by undergoing slight structural modifications, such as tilting
the octahedral in one of a variety of ways [8—10]. The different cation species on the A and B
sites can occupy their respective site in an ordered or disordered manner; ordering is most likely
to occur when there is a significant difference in size and charge. Consequently, ordering on
the B site is observed more often and is of particular interest for its potential to control the
crystal structure and magnetic properties of the material [11-16].

An unequal occupation of the two B sites by magnetic cations can generate interesting magnetic
behaviour. Such an ordering of the six-coordinate cations can be induced by the presence of
relatively large transition-metal cations and smaller pentavalent or hexavalent p-block cations
in unequal numbers. We have, for example, previously synthesised LazNioSbOg and shown that
it behaves as a relaxor ferromagnet [17,18]. This discovery inspired us to investigate other
perovskites with comparable compositions. In the case of SrLa>:Ni2TeOy, a spin-glass phase
and a magnetically-ordered phase were found to coexist at low temperatures [19] whereas
Sr2LaCr2SbOyg [20] is a ferrimagnet below 150 K. These differences in magnetic behaviour are
brought about by differences in both the symmetry of the structure and the degree of cation
ordering, and it is clear that the magnetic properties of these perovskites depend on the specific
combination of cations that is present. In order to examine the effect of introducing d°: Fe**
cations, we synthesised Sr3Fe>TeO9 and found, contrary to previous reports [21,22], that our
sample exhibited an unusual mixture of nano-twinned 1:1 and 2:1 cation-ordered regions, with
the former, tetragonal phase behaving as spin-glass and the latter, trigonal phase as an
antiferromagnet [23]. In a continuation of this work we have now investigated the iron-
containing compositions A>LaFeoSbOg (A=Ca, Sr, Ba). In this paper we report the structural
and magnetic properties of these three compounds as determined using a combination of
magnetometry, electron microscopy, X-ray diffraction and, where appropriate, neutron

diffraction.



2. Experimental
Polycrystalline samples of A;LaFe.SbOy (A=Ca, Sr, Ba) were prepared using the standard
ceramic method. ACO3 (A=Ca, Sr, Ba), LaxO3, Fe>O3, and Sb>Os (purity >99.95%) were
weighed out in the appropriate stoichiometric ratio and ground together in an agate mortar for
30 minutes to give a homogeneous mixture. La>xO3 was heated at 800 °C for 24 hours prior to
use to ensure it was completely dry. The mixture was then loaded into an alumina crucible and
fired at 800 °C for 24 h. It was then quenched to room temperature, reground and pressed into
a pellet which was fired in air at 1150 °C for 48 hours and subsequently annealed at 1150 °C
for another 48 hours after further grinding. Finally, the furnace was allowed to cool to 800 °C
and then the sample was quenched to room temperature.
The dark brown reaction products were initially characterised by X-ray powder diffraction
(XRPD) using Cu Ka; radiation. The data, collected at room temperature on a Panalytical
X’Pert diffractometer, were analysed using the Rietveld method [24] as implemented in the
GSAS [25] program package. The same software was used to analyse data collected in the
neutron diffraction experiments described below.
The molar magnetic susceptibilities of these compounds were measured over the temperature
range 2 < T/K < 370 using a Quantum Design MPMS 5000 SQUID magnetometer. Data were
collected on warming in a field of 100 Oe after cooling the samples both in the absence of an
applied field (zero-field cooled, ZFC) and in the measuring field (field cooled, FC). The
isothermal sample magnetisation of each sample was measured as a function of field over the
range -50 < H/kOe < 50 at 300 and 5 K after cooling in a field of 50 kOe.
The structure and the composition of the three compounds were further studied by transmission
electron microscopy (TEM). The specimens for TEM were prepared by dispersing crushed
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 recorded with a
Thermo Fisher Tecnai G2. Low magnification high-angle annular dark-field STEM (HAADF-
STEM) images and energy-dispersive X-ray (EDX) maps were acquired with a Thermo Fisher
Osiris microscope equipped with a Super-X detector and operated at 200 kV. Atomic-
resolution HAADF-STEM images and EDX maps were acquired with a Thermo Fisher Titan
80-300 “cubed” microscope equipped with a Super-X detector and operated at 300 kV.
Neutron powder diffraction data were collected from Ca>LLaFe>SbOg at 300 K and 5 K on the
GEM time-of-flight diffractometer at the ISIS spallation source, RAL, U.K. The data collected
on detector banks at scattering angles, 20, of 34.96, 63.62, 91.30 and 154.40 ° were included

in the subsequent analysis. Neutron diffraction patterns were collected from Ba2LLaFe2SbOg on
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the constant-wavelength powder diffractometer D2b at ILL, Grenoble, France. Data were
collected at temperatures of 300 and 5 K using a wavelength of 1.594 A. The peak shape was

modelled using the function devised by van Laar and Yelon [26].

3. Results

3.1. Magnetic Properties
The temperature dependence of the dc molar magnetic susceptibilities of the three compounds
is shown in Figure 1, along with the field dependence of the magnetisation measured at 300
and 5 K. The susceptibility data collected on the three compositions are qualitatively similar,
and all three compounds show a maximum in the ZFC susceptibility at ~50 K. However, the
ZFC and FC susceptibilities are not equal at 300 K, and this, together with the non-linearity of
the M(H) curves collected at 300 K and the presence of a small remanent magnetisation shows
that none of the three compounds is a simple paramagnet at this temperature. We note that the
difference between the ZFC and FC data is relatively small in the case of Ba;LaFe>SbOo.
Differences are apparent in the three M(H) curves recorded at 5 K. Those collected for
CaxLaFe>SbOg and SrzLaFeaSbOy are symmetric, with the strontium compound displaying a
broader hysteresis loop and approaching a lower saturation value than the calcium analogue.
In the case of the barium analogue, M(H) is asymmetric, and the saturation value is the lowest
of the three. The coercive field and remanent magnetisation per formula unit of each compound
at 5 K are listed in Table 1; H. increases and M; decreases as the radius of the alkaline-earth

cation increases.

Table 1. Coercive field, Hc, and remanent magnetisation per formula unit, M;, of A2L.aFe>SbOy

(A=Ca, Sr, Ba) at 5 K

Compound H. M;
(kOe) (uB)
CaxLaFe>SbOy 0.60 0.18
SraLaFe2SbOg 2.0 0.074
Ba>LLaFe>SbOo 3.0 0.058
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Figure 1. The temperature dependence of the dc molar magnetic susceptibilities and the field

dependence of the magnetisation per formula unit of A2LLaFe>SbOy at 300 K and 5 K (A=Ca,

Sr, Ba).



3.2. Structural Chemistry
(i) Caz:LaFe2SbO9
The XRPD pattern of CazLLaFe2SbOg shown in Figure 2 was indexed using the monoclinic

space group P2i/n with a ~V2ap, b ~V2ap and ¢ ~2ap, where ap is the unit cell parameter of a

primitive cubic perovskite. In this space group, the structural model (Figure 3A), involves a 4f
site that accommodates a disordered distribution of Ca and La, three further 4f sites that
accommodate oxide anions and two independent B sites, 2d (Y2, 0, 0) and 2¢ (0, %2, 0) which
accommodate the two cation species Fe** and Sb>*. Refinements of the distribution of Fe and
Sb over the crystallographically-distinct B sites suggested that the 2d sites are largely occupied
by Fe and that the Sb and the remaining Fe atoms are randomly distributed over the 2c sites.

SAED patterns and the HAADF-STEM images (Figure 4 and Figure 5), confirm the P2/n
symmetry and cation ordering proposed for CazLaFe>SbOg based on the XRPD data. In a
HAADF-STEM image, the intensity of the atom columns is proportional to the atomic number
of the elements: I ~ Z2. Therefore, the rows with alternation of darker and brighter dots along
the a-axis correspond to alternating Fe-rich and Sb-rich atom columns, respectively, and show
clear ordering of the B cations. The rows with a random distribution of intensities along the a-

axis correspond to the A site, occupied by calcium and lanthanum in a disordered manner.
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Figure 2. Observed (red), calculated (green) X-ray powder diffraction patterns of
CaxLaFe>SbOy at room temperature. A difference curve (purple) is shown and reflection

positions are marked. The low angle region is magnified in the inset.
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Figure 3. (A) Crystal structure of CacLaFe>SbOo. Green octahedra are largely occupied by Fe,
and blue octahedra are occupied by approximately equal amounts of Fe and Sb. Red circles
represent the Ca and La atoms at the A site. (B) The G-type magnetic structure adopted by
A>LLaFe>SbOg (A=Ca, Sr, Ba). Arrows indicate the direction of ordered spins at the B sites.
Every magnetic ion in the cell is coupled in an antiferromagnetic manner to its six nearest

neighbours.

Figure 4. SAED patterns of the CazLL.aFe.SbOg sample along the zone axes [100], [010] and

[001] corresponding to the monoclinic P2;/n symmetry.



Figure 5. High resolution HAADF-STEM image of CaxLaFe>SbOg along the [010] zone axis,

where the rows with alternation of darker and brighter dots along the a-axis correspond to (Fe)

and (Sb, Fe) atom columns, respectively. The continuous rows of randomly distributed bright

and dark dots along the a-axis are occupied by both La and Ca.

Table 2. The average cation content of the A>LL.aFe>SbOy per element, in percentage of the total

cation content, analysed by STEM-EDX based on approximately 45 different regions in at least

25 different particles.

A La Fe Sb
CazLaFe>SbOy 34(6) 17(6) 30(3) 19(3)
BasLaFe>SbOg 34(5) 18(6) 30(3) 18(3)
SroLaFe>SbOg 30(7) 20(8) 32(5) 18(5)

The average cation content analysed by STEM-EDX based on different particles and regions

is given in Table 2. The targeted stoichiometry lies within the standard deviation of the average

calculated cation composition, but the large standard deviation also indicates an

inhomogeneous cation distribution. Supporting information Figure S1 shows a representative

EDX map and confirms this compositional variation across the particles.



The time-of-flight neutron diffraction patterns collected from CaLaFe>SbO9 at 300 K were
analysed using the structural model derived from the XRPD data as a starting point. The
magnetic data described above suggest that magnetic Bragg scattering might be present in these
patterns and many of the reflections that might be expected to have a magnetic contribution are
also sensitive to the degree of cation ordering over the two distinct six-coordinate sites in space
group P2i/n. In order to decouple these effects, a combined refinement based on both the
neutron pattern and the XRPD pattern was performed. The distribution of Fe and Sb across the
2d and 2c sites was allowed to vary, and the resulting cation distribution can be represented by
the formula CasLa(Fe125Sbo.2s5)2¢(Feo.75Sbo75)2c09. The neutron pattern indeed contains
additional intensity in the 101 and 011 reflections and in order to account for this intensity it
was necessary to include a G-type magnetic structure, see Figure 3B, in which the magnetic
moment of Fe** on each B site is coupled in an antiparallel manner to those of the six nearest-
neighbour sites. The refined structural parameters and selected bond lengths and angles are
listed in Table 3 and Table 4, respectively. The fit to the NPD pattern collected at 20 = 34.96
° can be seen in Figure 6A. Figure 6B shows the fit to the data collected at 20 = 154.40 °,
which has a higher resolution but covers a narrower range of d-spacing. When we assumed that
the Fe>* cations on both sites had the same moment and that all the moments were ordered,
then the moment per Fe®* cation was refined to be 1.87(2) ug. Given that the Sb>* cation is
diamagnetic and the occupancies of Fe on the 2d and 2c sites are 83.6(4) % and 49.7(4) %
respectively, the mean moments per cation on the 2d and 2c sites were calculated to be 1.56(2)
and 0.93(2) us. Analysis of the neutron data thus leads to a description of CazL.aFe2SbOy as a
ferrimagnet at 300 K with a net moment of 0.95(4) us per formula unit.

Analysis of the neutron patterns collected from CazLaFe>SbOg at 5 K was carried out using the
structural model described above with the cation distribution over the B sites fixed to be the
same as that determined from the room temperature data. The observed magnetic scattering is
consistent with the G-type structure described above, with the principal change on cooling
being an increase in the intensity of the magnetic scattering at higher d-spacings. The structural
parameters derived from analysis of the data collected at 5 K are listed in Table 3, and the bond
lengths and bond angles are included in Table 4. The fits to the data collected at 20 = 34.96 °
and 20 = 154.40 °, are shown in Figure 6C-D. With the same assumptions as at 300 K, the
mean ordered moment on the 2d site at 5 K increased to a value of 2.55(2) ug per cation and
that on the 2c site to 1.52(2) us, leading to a calculated net magnetisation of 1.55(4) ug per

formula unit at the lower temperature.
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Figure 6. Observed (red), calculated (green) time-of-flight neutron diffraction patterns of
CazLaFexSbOg at 300 K collected at (A) 20 =34.96 ° and (B) 20 = 154.40 ° and at 5 K collected
at (C) 26 =34.96 ° and (D) 20 = 154.40 °. A difference curve (purple) is shown and reflection
positions are marked. Black bars represent structural reflections and red bars represent

magnetic reflections. The arrows indicate the peak with the strongest magnetic contribution.
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Table 3. Structural parameters of CaxLLaFe2SbOg at 300 and 5 K, space group P2i/n

300 K 5K
a/A 5.4967(1) 5.4902(4)
b/A 5.5466(1) 5.5449(4)
c/A 7.8079(2) 7.7959(6)
8/° 89.944(5) 89.839(3)
V/A3 238.0472(3)  237.3275(8)
Ruwp/% 3.72 2.26
X2 1.6 2.5
Ca/la X 0.4897(3) 0.4908(3)
4e(x, Y, z) y 0.5330(1) 0.5371(1)
z 0.2507(4) 0.2512(8)
Uiso/ A2 0.0122(2) 0.0080(2)
Ca occupancy 0.6667 0.6667
La occupancy 0.3333 0.3333
Fe/Sbl Usso/ A 0.0056(6) 0.0036(7)
2d(%, 0, 0) Fe occupancy 0.836(4) 0.836
Sb occupancy 0.164(4) 0.164
Fe/Sb2 Usso/ A2 0.0028(6) 0.0025(7)
2¢(0,%,0,) Fe occupancy 0.497(4) 0.497
Sb occupancy 0.503(4) 0.503
Mee /us 1.87(2) 3.05(2)
01 X 0.2897(7) 0.2885(6)
4e(x, Y, ) y 0.2894(8) 0.2912(8)
z 0.0352(3) 0.0387(3)
Uiso/ A? 0.0066(6) 0.0050(5)
02 X 0.2092(7) 0.2069(6)
de(x, y, z) y 0.7899(8) 0.7887(8)
z 0.0471(3) 0.0441(4)
Uiso/ A? 0.0102(8) 0.0072(6)
03 X 0.5778(2) 0.5805(2)
4e(x, vy, ) y 0.9804(2) 0.9790(2)
z 0.2496(9) 0.2492(5)
Uiso/ A? 0.0091(3) 0.0065(2)
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Table 4. Selected bond lengths (A) and bond angles (degrees) in CazLLaFe>SbOg at 300 and 5
K.

300 K 5K
Ca/la—0; 2.423(3) 2.418(5)
Ca/La-0; 2.678(4) 2.647(5)
Ca/La-0; 2.724(4) 2.732(6)
Ca/la-0, 2.634(4) 2.645(5)
Ca/la—- 0, 2.346(3) 2.369(5)
Ca/La- 0, 2.789(4) 2.751(6)
Ca/La—Os 2.528(1) 2.450(1)
Ca/La - Os 2.395(2) 2.375(2)
Fe/Sh; — 04 1.997(5) * 2 2.011(4) * 2
Fe/Sh; — 0, 2.012(4) * 2 2.019(4) * 2
Fea/Sbi— O3 1.998(7) * 2 1.997(4) * 2
Fea/Sb, — 04 1.994(4) * 2 1.986(4) * 2
Fea/Shy — 0, 2.011(5) * 2 1.993(4) * 2
Fea/Shy — O3 2.004(7) * 2 2.007(4) * 2
0, — Fe1/Sb; — O, 88.9(2) 88.9(2)

01 — Fe1/Sb; — O3 88.05(9) 88.26(8)

0, — Fe1/Sby — O3 87.8(1) 88.8(1)
01— Fe/Sb, — 0, 89.2(2) 89.3(2)

01 — Fe,/Sb, — O3 89.8(1) 89.5(1)

0, — Fe,/Sb, — O3 89.2(1) 89.84(9)
Fes/Sby — 01— Fe,/Sb, 156.1(2) 154.9(2)
Fes/Sb; — 0,— Fe,/Sb, 152.2(2) 153.0(2)
Feu/Sb;— Os— Fe,/Sh, 154.51(7) 153.59(7)

12



(i) Sr2LaFe2SbO9
The XRPD pattern of Sr2LLaFe>SbOy (Figure S2) could be accounted for in terms of a single

perovskite phase having a triclinic unit cell with a ~V2ap, b ~V 2ap and ¢ ~2ap; the absence of

many reflections led us to believe that this cell was I centred. However, our subsequent
microscopy study revealed that this interpretation of the data was incorrect and that the sample

was biphasic.

ordered 2Zim-4im

F [100]

prdered

disordered Pbam

Figure 7.(A) High resolution HAADF-STEM image of Sr2LaFe>SbOy along the [100] zone
axis. (B) The corresponding FFT of the HAADF-STEM image in (A). (C) The inverse FFT
obtained from the reflections marked by the red arrows in (B). The black and white dots show
areas with B cation ordering. (D) The original HAADF-STEM image (A) combined with the
inverse FFT (C), in which the black and white colors are changed to, respectively, red and
yellow using the ‘Selective color’ function in Adobe Photoshop. The yellow and red dots
represent atom columns that contain more Sb and more Fe, respectively. The FFT (E)
corresponding to the red region can be indexed by the ordered space group I12/m or I4/m. The

FFT (F) corresponding to the blue region confirms the disordered Pbnm symmetry.
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The HAADF-STEM image, shown in Figure 7, reveals that the structure has both ordered and
disordered regions. Figures 7A and 7B illustrate the original HAADF-STEM image and the
corresponding FFT, respectively. Figure 7C represents the inverse FFT only taking into
account the diffuse intensities marked by the red arrows in Figure 7B, which reveals the
presence of areas that contain B cation ordering, represented by the ordered black and white
dots. The combination of the inverse FFT and the original HAADF-STEM image results in the
image shown in Figure 7D in which the yellow and red dots correspond to atom columns that
contain more Sb or more Fe, respectively. Both phases also occur in large domains or even
single phase crystallites. Figure 8 and Figure 9 show SAED patterns for domains without and
with B cation ordering, respectively; they are consistent with the Fourier transforms shown in

Figures 7F and 7E.

Figure 8. SAED patterns of the SroLaFe>SbO9 sample along the zone axes [100], [010] and

[001] corresponding to the orthorhombic Pbnm symmetry.

Figure 9. SAED patterns of the SroLLaFe.SbOg sample along the zone axes [100]/[010] and

[001] corresponding to the monoclinic /2/m or tetragonal I4/m symmetry.
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The patterns for the disordered phase could be indexed using the cell parameters: a ~V2ap, b

~V2ap and ¢ ~2ap. The reflection conditions derived for the disordered phase are hkl, hk0: no

conditions; Okl, OkO: k=2n; hOl, h00: h+Il=2n; 00l: |=2n and indicate the Pbnm (a'ac")
symmetry. The combination of these cell parameters with Pbnm symmetry indeed indicates a
structure with disordered B cations [8,9,27] in this case Fe** and Sb>*.

The SAED patterns corresponding to the ordered phase (Figure 9) can be indexed using several

alternative sets of cell parameters and space groups. Possible combinations are cell parameters

a ~V2ap, b ~V2a, and ¢ ~2a, with reflection conditions hkl: h+k+I=2n corresponding to

space groups I2/m (aac’) and I4/m (a’a’c’) [27] (taking into account the B cation order

witnessed on the HAADF-STEM), cell parameters a ~V2ap, b ~V2ap and ¢ ~2V3ap with

reflection conditions (hkl = hkil with i = -h-k) hkil: -h+k+1=3n; hhOl: h+I=3n: hh2hl: |=3n;
000l: | = 3n corresponding to space group R3 (aaa’) and a ~ b ~ ¢ ~ 2ap with reflection
conditions hkl: h+k, k+1, h+I=2n corresponding to space group Fm3m (a’a’a’). The difference
between the structures corresponding to the different space groups is related to the presence of
either an anti-phase tilt (denoted with '-') or the absence of a tilt (denoted with '0'). Therefore,
we can distinguish between these space groups using images that show the positions of the
oxygen atoms that are at the corners of those octahedra. For this, we used ABF-STEM images,
as the contrast in such images is proportional to Z'* of the atom columns and allows
visualisation of the light oxygen atoms (Zo=8) in the presence of heavy elements, whereas
HAADF-STEM images do not. Figure 10 shows an ABF-STEM and HAADF-STEM image
of the ordered phase; the red arrows show the upwards and downwards shift of the oxide ions
caused by the presence of an octahedral tilt. Consequently, we can exclude the tilt-free (a’a’a’)
space group Fm3m. Furthermore, Figure 11 shows one of the <100>;, orientations without any
tilt, which means that R3¢ (a’a’a’) can also be excluded, leaving I2/m and I4/m as possible space
groups, which would look identical in ABF-STEM images. To distinguish between these two
space groups, we should normally use convergent beam electron diffraction (CBED). However
the combination of the presence of domains with different phases and twinning and the high
degree of similarity between many zones prevents the reliable use of CBED. Therefore, both

I2/m and I4/m were retained as possible space groups.
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Figure 10. High resolution ABE-STEM (left) and HAADF-STEM (right) image of the ordered
phase in Sr2LLaFe>SbOy along the [010] or [111] zone axis in respectively I2/m or I4/m. The red
arrows in the ABF-STEM image show the up and downwards shift of the oxygen atom columns
along the ¢ direction caused by the presence of an octahedral tilt. The HAADF-STEM image
is taken simultaneously with the ABF-STEM image and shows the ordering between the B

cations.
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Figure 11. High resolution ABF-STEM image of the ordered phase in Sr2LLaFe2SbOy along the

[001] zone axis in the 12/m symmetry or [110] in the /4/m symmetry.
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Our subsequent EDX study showed that the coexistence of the ordered and disordered phase is
caused by an inhomogeneous distribution of the elements. An elemental map showing the
cation distribution in one particle of SroLL.aFe>SbOy is shown in Figure 12. In region 1, which
corresponds to the ordered phase, the ratio of the A cations (Sr:La) is approximately 4:1 and
the ratio of the B cations (Fe:Sb) approximately 1:1, while in the disordered phase (region 2)
the Sr:La ratio is closer to 3:2, while the Fe:Sb ration is between 3:2 and 2:1. The average
cation content of all analysed particles is given in Table 2, which shows that the distribution
in this sample is broader than that in the Ca** and Ba?* analogues. In contrast to the Ca?* (1.34
A) analogue, the level of inhomogeneity and the difference between the cation size of La** (1.36
A) and Sr** (1.44 A) are accompanied by phase separation in this material [28]. Our electron
diffraction study showed that in some crystallites, the ordered phase is dominant, while in other
crystallites, the disordered phase is dominant. Due to the similarity of many zones, we could
never exclude the possible presence of the other phase, and we can therefore not conclusively
claim that any single phase crystals were present. The coexistence of the two phases, one or
both magnetically ordered, with the same basic structure but different symmetries, one of which
is uncertain, and with compositions that are ill-defined but different and variable would reduce
the accuracy and precision of any parameters derived in a NPD experiment and so none are

reported for this compound.

12im-14im

Figure 12. At the left and in the middle the mixed elemental maps of respectively (Fe, Sb) and
(La, Sr) are shown, with on the right the FFTs corresponding to region 1 and 2, marked in the
elemental maps. The ratio between the cation contents of region 1 is equal to
Sr3gsLag sFe27.7Sb2430x; the cation distribution of region 2 is Srzg3Laz3Fe324SbigoOx. The
FFT of region 1 is consistent with /2/m symmetry, whereas that of region 2 shows extra

reflections corresponding to Pbnm symmetry.
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(iii) BazLaFe2SbOy

The XRPD pattern of BazLaFe>SbOo (Figure S3) could be indexed in the space group Pm3m
with a ~ 4.013 A, suggesting that this compound adopts the aristotype cubic perovskite
structure with Fe** and Sb* cations distributed over the six-coordinate sites in a disordered
manner. The SAED patterns shown in Figure 13 are consistent with this model. However, the
HAADF-STEM image in Figure 14 shows the presence of cation-ordered nanodomains. The
average cation composition and standard deviation are given in Table 2. Figure S1 shows that
for this compound also the exact composition varies within the crystals themselves. However,
none of the studied crystallites had the ordered phase as the main phase. As a consequence,
we could not determine the exact composition of the main phase and the nanodomains
separately. The TEM data for the main phase are not in conflict with space group Pm3m but
the limited precision and accuracy of cell parameters determined with SAED does not allow us
to rule out the following lower-symmetry space groups: R3c, [4/mcm and Imma. These would
produce similar diffraction patterns, taking into account possible twinning in the case of the
lower symmetries [29]. Similarly, the ordered nanodomains can be described in Fm3m, R3,

14/m or I2/m.

Figure 13. SAED patterns of Ba;LaFe>SbO9 sample along the zone axes [100], [110] and [111]

corresponding to the cubic Pm3m symmetry.
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disordered

Figure 14. (A) High resolution HAADF-STEM image of Ba;L.aFe2SbOy along the [110] zone
axis combined with an inverse FFT calculated from the extra reflections marked by the red
arrows in (B), in which the black and white colors were replaced by red and yellow in the same
manner as for Figure 7. Red therefore indicates a higher Fe content for the column, yellow a
higher Sb content, the color alternation visualizes the B cation ordering. (B) The extra
reflections in the FFT are related to the presence of B cation ordering. (C) The B cations are

not ordered, and thus no extra reflections appear in the corresponding FFT.

The neutron diffraction pattern collected at 300 K could also be indexed in cubic symmetry
although it contained two peaks that could not be indexed under the assumption that the B site
cations are disordered. They could, however, be indexed as the 111 and 311 reflections of a
2ap X 2ap X 2ap unit cell. Given that they correspond to relatively large d-spacings and were not
present in the XRPD or SAED patterns, we assumed that they are magnetic in origin, in which
case they signal the presence of G-type antiferromagnetic ordering rather than cation ordering.
The reflections indicated by red arrows on the Fourier Transforms of the nanodomains (Figure
14) do correspond to the 111 reflections of a 2a;, x 2ap X 2a, unit cell but, due to the small size
of the nanodomains, it is highly unlikely that the reflections observed by neutron diffraction
are caused by the presence of the nanodomains. The structural parameters derived from a
Rietveld analysis based on an antiferromagnetic simple cubic model are listed in Table S, and
the fitted diffraction pattern is shown in Figure 15. As in the case of the calcium-containing

sample, the occupancy ratios of the different A- and B-site cations were held fixed at the ideal
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value of 2:1. This is justified given the use of stoichiometric mixtures in the synthesis and the
absence of any impurity phases in the product. The Bragg peaks are much broader than the
instrumental linewidth and have extended Lorentzian tails, consistent with the sample being
inhomogeneous over the length scale sampled in a neutron diffraction experiment. No
improvement in fit quality was achieved when the symmetry was lowered to rhombohedral,
space group R3c, and we therefore, concluded that the data did not justify the use of a symmetry
lower than cubic. Those collected at 5 K were fitted using the same model. The most significant
change on cooling was an increase in the magnitude of the ordered magnetic moment, see
Figure 15 and Table 5, which was constrained to lie perpendicular to [1 1 1] at both 300 and
5K.

' ? X Ba,LaFe SbO,
2000 : r T 3w K

morsity

2000
Ba,LaFe,SbO,
5K

tmoesity
o
w
&
PP ST w— T
+
ER-31  —p———

Figure 15. Observed (crosses) and calculated (red line) neutron diffraction patterns of
BasLaFe>SbOg at 300 and 5 K. A difference curve (blue) is also included. Short vertical lines
indicate the positions of reflections that are allowed in either the structural (Pm3m) unit cell or

the magnetic cell with double the volume.
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Table S. Structural parameters of Ba2LaFe2SbO9 at 300 and 5 K. Space group Pm3m

300 K 5K
a /A 4.0131(1) 4.0059(1)
v /A 64.63(1) 64.28(1)
pr/% 4.1 4.9
X 5.8 5.4
Ba/lLa Usso /A2 0.0057(3) 0.0031(3)
(occupancy 2:1)
Fe/Sb Usso /A2 0* 0*
(occupancy 2:1)

Mee /s 1.83(6) 2.70(5)
0 Usso /A2 0.0095(2) 0.0078(2)

Ba/La on 1b (Y2, Y2, ¥2); Fe/Sb on 1a (0, 0, 0); O on 3d (Y2, 0, 0)

* not refined

4. Discussion
The EDX study revealed that the cation distribution within all three samples is inhomogeneous
and an increase of the iron content is accompanied by a local excess of lanthanum in order to
maintain local charge neutrality. Scatterplots of the experimental compositions of the three
samples are depicted in Figure 16. The black dot represents the average composition, showing
a deviation from the nominal one, which is marked by a red dot. The sequence of the degree of

compositional homogeneity based on the standard deviations calculated from the experimental

compositions is BasLLaFe2SbOg > CaszLaFe>SbOg > SraolaFeaSbOo. However, the difference in

standard deviation between BazLaFe>SbOy and CaxLaFe>SbOy is insignificant. The greatest
level of compositional inhomogeneity is associated with the sample containing multiple phases.
For all three samples, the variation in A and B cations occurs in such a way that each individual
domain keeps the same total charge per unit cell as for the average composition. Such
conservation of the charge per domain was also seen in the ALa;FeBSbOy (A = Ca, Sr, Ba; B =
Ni, Co) series [15]. If we assume that the total content of A cations (La, A) per unit cell versus
the total content of B cations (Fe, Sb) per unit cell equals 1, since the crystal structure is
perovskite, and that the oxygen sites are fully occupied, preservation of the total charge allows

to rewrite the composition as A%, La} s Felfos iy /2Sh2Es /205 (<element> is the

average content of the element). This allows to calculate for each Fe:Sb ratio, which A: La ratio
would maintain the total charge; this relation is shown as the grey curve in Figure 16. The

experimental values in the scatterplot indeed closely follow this curve.
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Figure 16. Scatterplots, taken from the experimental compositions obtained from the
AsLaFe>SbOg perovskites. The x-axis shows the ratio between the A cations, A/La, and the y-
axis shows the ratio between the B cations Fe/Sb. The ‘t’ in the legend stands for the calculated
tolerance factors. Inset shows the total charge of all the experimental compositions. The grey
line represents the relation between the variations of the (A, La) and (Fe, Sb) concentrations

while preserving the total net charge.

Starting from the average cation content instead of the theoretical targeted one eliminates the
influence of possible systematic errors due to different sensitivity to different elements or peak
overlap, as here we only aim to study whether the compositional variation follows a clear curve,
not what the exact absolute charge is.

The total charge for Ba;LaFe>SbOy lies close to zero, as one would expect, corresponding to a

charge balance. For CazLaFe>SbOy the total charge is +0.2(1)e, which can be attributed to the
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overlap of the K-line of Ca (3.692 keV) and the L-line of Sb (3.604 keV). This does not allow
an accurate fitting of the Ca and Sb quantities and possibly resulted in part of the Sb being
classified as Ca. This leads to a higher positive net charge for the cations due to the higher
oxidation state of Sb>* compared to Ca**.

In the case of SroLaFe>SbOo, the total charge is shifted to a positive net charge with an average
of ~ 0.3(3)e. Only for this compound, does the measured A/La ratio not agree with the targeted
A/Laratio, i.e. Sr:La = 3:2 instead of 2:1. However, the energy of the X-rays corresponding to
the L-line of strontium (1.806 keV) is much lower than the energy of the X-rays corresponding
to the lines of La (L-line 4.647 keV), Ca (K-line 3.692 keV), and Ba (L-line 4.466 keV). As
low energy X-rays are more likely to be absorbed by the sample [30], the detected X-rays of
strontium will suffer more from absorption than the X-rays from the other elements. As a
consequence, it might be that the measured strontium content is lower than that present in the
sample, causing the positive shift of the net charge and the apparent deviation of the Sr:La ratio
from the targeted ratio.

From a structural point of view, CazLaFe>SbOg 1s the simplest of the three compositions
described above. The X-ray, neutron and TEM data are all consistent with a monoclinic P2;/n
structure in which the B sites are occupied by a partially-ordered arrangement of Fe** and Sb>*
cations. At room temperature there is very little difference between the mean bond lengths
around the two sites but the antimony-rich site is smaller at 5 K. The two sites are also of a
similar size in Ca,FeSbOg, where the Fe:Sb cation occupancy ratio at the larger B site has been
reported to be 94:6 [31].

The structural simplicity of CazLaFe.SbOy is emphasised when it is contrasted with
SroLaFexSbOo. The latter sample was revealed by TEM to contain a broader range of
compositions than either of the others, and the scale of the variation was sufficient to cause the
sample to separate into two phases with unit cell parameters similar enough for the true nature
of the sample not to have been recognised by XRPD; the data produced by that technique could
be accounted for using a single phase of lower symmetry. From TEM it was found that
SroLaFe>SbOg contains two phases: an ordered I-centred phase with space group 12/m or 14/m
with a cation ratio Sr:La ~ 4:1 and Fe:Sb ~ 1:1, and a disordered orthorhombic phase with space
group Pbnm showing a cation ratio Sr:La ~ 3:2 and Fe:Sb ~ 3:2. This difference in phase
separation between CazLaFe>SbOy¢ and SrLaFe>SbOg could have its origin in the size
differences of the A cations: Ca>* and La** are much closer in size than Sr>* and La’**, so the
CazLLaFe>SbOg structure is more tolerant to variations in composition. For SroLLaFe>SbQo, the

La-rich regions likely adopt a structure with more octahedral tilt than Sr-rich regions because

23



of the smaller A site cation. The crystal structure of the ordered SroLLaFe>SbOyg phase is similar
to the structure of SroFeSbOg reported by Faik ef al. [31]

Based on the similarity of the ionic radii of Fe** and Sb> and the relatively small difference in
charge, the occurrence of ordering, or partial ordering, between Fe®* and Sb>* is more
surprising than the occurrence of disorder. We note that no B site cation ordering was detected
by neutron diffraction in SrLaFeSn**Os [32], Sr2FeTa>*Og [33] or Sr2FeNb " Qg [34] although
two different ordered phases were seen in Sr3FexTe® 09 [23].

Finally, for Ba;LaFe>SbOg the TEM study confirmed the disordered cubic Pm3m structure, but
also revealed a low concentration of ordered nanodomains with Fm3m symmetry. The broad
peaks and tails observed in the NPD pattern are consistent with the occurrence of these ordered
nanodomains.

We also calculated the tolerance factors from the observed compositions for each crystallite to
predict the symmetries. The detailed discussion can be found in the supporting information.
For the Ca and Ba compounds the predicted symmetries correspond to the experimentally
observed ones but for the Sr compound they do not. We believe this is testimony to the fact
that the tolerance factor is a useful rough guide but not a strict principle with which to predict
accurately the structure.

It appears that the larger the radius ratio ra/rs, the more likely the cations are to be
disordered [14], with calcium-based compositions tending to order, their strontium analogues
adopting both ordered and disordered forms and the barium analogues being disordered. Vasala
et al [6] have commented on this trend in the past and ascribed it to the greater need to

maximise the separation between highly-charged cations when the unit cell volume is reduced.

Our neutron diffraction data show that CazlLaFe>SbO9 and Ba>LaFe>SbO9 have a G-type
magnetic structure at both room temperature and 5 K. Each Fe** cation on a 2¢/2d site couples
antiferromagnetically to a maximum of six nearest-neighbours (NN) on a 2d/2c¢ site via a
pseudo-linear Fe — O — Fe superexchange pathway. In the case of CaxLaFe>SbOo, the presence
of different concentrations of Fe** cations on the two crystallographic sites apparently results
in ferrimagnetism whereas cation disorder in the main phase of Ba;LLaFe;SbOy results in equal
populations of Fe** on the two sites and, consequently, antiferromagnetism. However, in both
cases, the ordered magnetic moment per cation, see Table 3 and Table 5, is lower than would
be expected for a simple Fe** system. Furthermore, the behaviour of y(T), see Figure 1,

suggests that these are not simple systems. In the case of CaxLLaFeoSbQOo, hysteresis is apparent
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in the susceptibility over the whole of the measured temperature range and a transition is
apparent in both the ZFC and FC data at ~40 K. The temperature-independent nature of yrc
and the positive temperature gradient of yzrc below this temperature are together reminiscent
of a spin glass. In order to account for these data, we propose that at a temperature above the
upper limit of our magnetometer, NN Fe®* moments begin to couple in a G-type manner to
form ordered ferrimagnetic regions which at 300 K are large enough to give rise to magnetic
Bragg scattering. However, at this temperature, not all the atomic moments are coupled to one
of these regions as a consequence of the magnetic dilution brought about by the presence of
diamagnetic Sb>* cations on both the 2¢ and 2d sites. As the temperature decreases, more spins
couple to the long-range ordered structure and the mean ordered moment per Fe®* cation
increases. However, the low moment measured by neutron diffraction at 5 K and the transition
seen in y(7) suggest that some spins never order, but instead they freeze at ~40 K to form a
glassy phase. By analogy with Sr2LaCr.SbOg [35], we suggest that some of the decoupled
spins might lie in the domain walls that separate different ferrimagnetic regions. The domain
structure of the material might also be responsible for the failure of M(H), see Figure 1, to
reach the value of 1.55 ug per formula unit predicted by the neutron data. The concentration of
magnetic Fe>* cations on the octahedral sites of CazLaFe,SbOy is greater than the percolation
threshold and it is not immediately obvious why long-range ferrimagnetic ordering does not
occur throughout the structure at 5 K. However, we note that Sr2FeSbOg adopts a Type 1
antiferromagnetic structure [15] in which the dominant magnetic interaction is that between
next-nearest-neighbour (NNN) cations ~5.5 A apart. TEM has shown that the local cation
composition varies throughout our sample of CazLaFe>SbOg and, by analogy with Sr2FeSbOe,
in antimony-rich regions, there will be competition between the NN and NNN interactions
which will lead to frustration and hence the absence of long-range magnetic order. We suggest
that it is the spins in these regions that do not belong to the G-type structure favoured by NN
interactions and instead undergo a transition to a glassy state at ~40 K. This explanation of y(7)
for CazLaFe2SbOy can be extended to include SroL.aFeaSbOy where the composition variation
is large enough to cause phase separation. We can then qualitatively describe y(7) for the
strontium analogue as the sum of contributions from iron-rich and antimony-rich regions of the
sample, but a more detailed analysis is not possible at this time.

As a result of the random distribution of cations over the six-coordinate sites of BaxlLaFe2SbOy,
the underlying magnetic structure is that of an antiferromagnet rather than a ferrimagnet. The
near-absence of hysteresis in y(7) at high temperatures is consistent with this assignment. Once

again the low magnitude of the ordered magnetic moment and the formation of a spin glass
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below ~50 K indicate that not all of the spins are coupled to the ordered array that extends
through the structure and that the antiferromagnetic phase coexists with a spin glass at low
temperatures. The level of variation in the composition of Ba;LaFe>SbOy is similar, see Figure
16 and Table 2, to that seen in Cazl.aFe2SbOg and we propose that the observed behaviour is
again attributable to frustration caused by competition between NN and NNN neighbours in
antimony-rich regions. The ordered nanodomains observed by TEM might be responsible for
the hysteresis seen at high temperatures, but this is a somewhat speculative suggestion.

This study was originally motivated by the observation of relaxor ferromagnetism in
LasNi,SbOg [17,18] and subsequently in La3zNi,TaO9 [16,36]. We have synthesised a number
of triple perovskites containing Cr** [20] and Fe** [23,37] in an attempt to find more examples
of relaxor behaviour but without success. In many cases, including those described above, we
have invoked competition between NN and NNN interactions to explain the observed
behaviour of our samples. This leads us to suggest that the relaxor phenomenon is most likely
to be observed in compounds containing Ni** because the d®:t2,° e,> electron configuration
leads to a NNN interaction than is weaker than those involving d:tze’ or d:trs’ eo’

configurations.

S. Conclusion
The three compounds described above exemplify the structural complexities that can exist
within the perovskite family. It is possible to synthesise samples whose chemical formulae
suggest that multiple elements are present on the six-coordinate site within the structure and it
is possible that the XRPD pattern of the sample will be consistent with the formation of a
monophasic product. However, TEM can reveal variations in composition, cation ordering and
symmetry that are not seen by XRPD and these variations can have a marked effect on the
physical properties of the material. It is clearly important to study the microstructure of
complex oxides before attempting to interpret their properties. The complexities in the
compounds described above stem from the presence of two cations, Fe** and Sb>*, with
differences in size and charge that place them on the borderline between cation order and
disorder. Only CazL.aFe>SbOy can be considered to be a true, single-phase compound, albeit
with some degree of compositional inhomogeneity. The barium analogue can be treated as
such, although the level of inhomogeneity is sufficient to support the formation of a few ordered
nanodomains within a matrix of disordered cations. In the case of SrzLaFe;SbQo. the
inhomogeneity causes a significant degree of phase separation within the sample. The variation

in the degree of cation ordering leads to a change from ferrimagnetism in CazLaFe2SbOy to
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antiferromagnetism in BaLaFe,SbOo. In both cases, the inhomogeneity ensures that a spin

glass phase is also present.
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