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Abstract

Pseudo-cubic (pc) perovskite oxides (ABOs) that can have different magnetic cations with different types and degrees of order at B sites
have attracted considerable interest as a result of their tunable magnetic properties. Nanoscale inhomogeneity in cation order on the B sites
can lead to different magnetic ground states and electronic band structures in local sample regions. Here, we determine cation order on the
atomic scale in a nanosized SrzFe,ReOg phase that has a 1:2 B-site-ordered triple perovskite structure using aberration-corrected analytical
transmission electron microscopy (TEM), revealing that the Fe and Re cations form tripled-layered repeats with —-[Fe-Fe—Re],— sequences
along [111],c and an ordering vector of 1/3[111]*. To the best of our knowledge, this 1:2 B-site-ordered triple perovskite SrgFe,ReOg phase
has not been reported before. Based on a relaxed theoretical model that is consistent with the experimental images, density functional
theory calculations are performed to determine the magnetic ground states and exchange parameters of the newly discovered
SrzFe,ReOg phase, in which nearest-neighbour Fe and Re cations are coupled antiferromagnetically. This combination of aberration-
corrected analytical TEM and ab initio calculations provides physical insight into cation order and magnetic coupling in perovskite oxides
at the atomic level.

Key words: 1:2 B-site-ordered triple perovskite SrsFe,ReQg, aberration-corrected transmission electron microscopy, antiferromagnetic coupling, cation order,
density functional theory calculations

Introduction of 1/2[111]" in a NaCl-type arrangement (Nakamura &

Choy, 1977). In the rock-salt-ordered double perovskite, the

Pseudo-cubic (pc) perovskite oxides with the formula
pc) p B and B, sites can be occupied by individual B or B’ species,

A(B<B})Os, where x+y=1 (e.g., x=y=1/2 or x=2/3, y= o , N . .
1/3) and A=Sr, Ba, Ca, or Mn; B=Fe, Co, Cr, Nb, Ir, or or by a combination of B and B’ species in certain ratios.
She and B’ = Re’ Te ’ Mo’ W Mn, Ni or,Ca Lave, ro:/i de, da The crystallographic formula of rock-salt-ordered double per-

> A oo e p ovskite oxides A(B.B,)Ojz can be written in the form
playground for realizing tunable magnetic properties for sev- A[By/B']y [Be_s/B, ] yO where 0<u<x. 0<v<v and
eral decades, as a wide spectrum of combinations of different Xt ; -1 %lesiégé thz_cvolrgflm::)’nly known r_olz - sa’lt—o; der_ez dou-
cations is possible with differf.:nt types of B-site cation ordering ble perovskite, there are other families of 1:2 B-site-ordered
(Katz & Ward, 1964; Haliarl et al., 1974; James et al., 1995; triple perovskites, in which cation layers are located at three
Kobayashi et al., 1998; Viola et al., 2003; Augsburger et al.,

X crystallographically equivalent sixfold-coordinated sites By,
20065 Zhao et al., 2009; King & Woodward, 2010; Hwang B, and Bs, with 1:2 layering along [111],. and an ordering

et al., 2012; Lee et al., 2014; Vasala & Karppinen, 2015; vector of 1/3[111]* (Galasso et al., 1961; Woodward, 1997,
Tang et al., 2016; Bijelic et al., 2020; Solana-Madruga et al., Davies, 1999; Park & Woodward, 2000; Howard & Stokes,
2021; Koj¢inovic et al., 2022). One of the most frequent types  2004; Ting et al., 2004a, 2004b; Rijssenbeck et al., 2005;
of cation ordering at B sites in A(BxB; )O3 is 1:1 rock-salt or-  Davies et al., 2008; Zhao et al., 2009; Hwang et al., 2012;
dering, in which two cation layers located at crystallographic- Lee et al., 2014; Tang et al., 2016; Solana-Madruga et al.,
ally equivalent sixfold-coordinated sites By and B, with 1:1 2021). In the case of two magnetic B-site cations, all short-
layering alternate along [111],. with an ordering vector range B-O-B’, long-range B-O-B’-O-B, and B'-O-B-O-B’
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interactions are extremely sensitive to the type and degree of
ordering, as well as to the occupancy of the B-site cations
(Vasala & Karppinen, 2015). In SrFe,Te,O3, rock-salt-or-
dered Sr[Feq3sTeo.14]p, [Feo.30sTeo.19515, O3, i.e., Sr3Fe,TeOo,
exhibits ferrimagnetic ordering below ~260 K with ~0.03 pp
per Fe atom at 50K (Ivanov et al.,, 2007), while
rock-salt-ordered Sr[Feg 45 Teo 055, [Feo.285Teo.2151p, O3 exhib-
its ferrimagnetic ordering below ~717 K with ~0.8 up per Fe
atom at 2 K (Augsburger et al., 2006) and 0.0054 pp per Fe
atom at 300 K (Koj¢inovi¢ et al., 2022).

More interestingly, another phase of Sr3Fe; TeQyg is found in
the form of Sr3[Fely, [Felp,[Telp, Ogwith a 1:2 B-site-ordered
triple perovskite structure. This yields a hexagonal superstruc-
ture, in which Fe and Te cations have a layer repeat of —[Fe—
Fe-Te],— along [111],, corresponding to antiferromagnetic
(AFM) ordering at room temperature (Tang et al., 2016). In
SrFe,Re, O3, rock-salt-ordered Sr;[Fely [Re]s, Og exhibits
ferrimagnetic ordering below ~419 K with an estimated
2.24 up per formula unit at 0K, while rock-salt-ordered
Sra[Felg, [Fe1sReas]p, Og, i.e., SrsFe;ReOo, exhibits ferrimag-
netic ordering below ~475 K with a lower saturation moment
(Abe et al., 1973; Ivanov et al., 2007). Another Sr;Fe,ReOy
phase has been identified as  rock-salt-ordered
Sra[Feo.s7Reo.431p, [Feo.76Reo 2415, O, exhibiting ferrimagnetic
ordering below 450K and a saturation magnetization of
1.10 pp/mol (Pannunzio Miner et al., 2007). The ordering
type and occupancy of B-site cations therefore appear to sig-
nificantly affect the magnetic properties of perovskite oxides,
even if their nominal stoichiometry is similar or even the
same. It should be noted that cation order and site occupancy
in most of the perovskite oxides mentioned above were deter-
mined from Rietveld refinement of neutron powder diffraction
or powder X-ray diffraction measurements, meaning that
the crystallographic information was averaged spatially.
However, the presence of nanoscale inhomogeneities in order-
ing, elemental segregation, secondary phases, and site occu-
pancy in such perovskite oxides highlights the need for
characterization techniques that can achieve atomic spatial
resolution.

A transmission electron microscope (TEM) can provide
atomic-scale information about atomic positions and elemen-
tal composition in materials. In particular, the advent of spher-
ical aberration (Cg) correction has made it possible to measure
the positions and occupancies of individual atomic columns
(Haider et al., 1998; Jia et al., 2003). By combining
aberration-corrected (AC) scanning TEM (STEM) with
energy-dispersive X-ray spectroscopy (EDS), the type and de-
gree of B-site cation ordering in double and triple perovskite
oxides has been determined at the atomic scale (Lim et al.,
2016; Wang et al., 2018). In our previous work, the cation ra-
tio and ordering of two nanosized phases in polycrystalline
SryFeq,Re;_,Og with Re deficiency was determined experi-
mentally to comprise a rock-salt-ordered double perovskite
Sra[Felp, [FeoaReoslp,Os and a disordered perovskite
Sr[Feg gRep2]O3 by using AC STEM and EDS (Ho et al.,
2018).

Here, we identify a nanosized Sr3Fe;ReOgq phase that has a
1:2 B-site-ordered triple perovskite structure and is buried in
polycrystalline SryFeq,,Re;_.Og with Re deficiency by using
AC STEM. In comparison to Sry[Felp [Re]p,O¢ with a
rock-salt-ordered double perovskite structure, which we use
as a benchmark sample, the ordering type, elemental site occu-
pancy and valence state of the B-site cations in a 1:2
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B-site-ordered triple perovskite Sr3Fe,ReQg is investigated us-
ing high-angle annular dark-field (HAADF) STEM, EDS, elec-
tron energy-loss spectroscopy (EELS) and nanodiffraction. To
the best of our knowledge, this 1:2 B-site-ordered triple per-
ovskite phase of Sr;Fe,ReOy has not been reported before.
Different possible magnetic structures of the 1:2
B-site-ordered triple perovskite Sr3Fe,ReOo phase are com-
pared, in order to determine the magnetic ground states and
exchange parameters, by performing first principles calcula-
tions. In order to confirm the validity of the theoretical model,
HAADF STEM simulations are compared with the experi-
mental images.

Materials and Methods

Polycrystalline samples of Sr,Fe;,,Re;_yOg and SrpFeReOg
were synthesized using a conventional solid-state method
and spark plasma sintering (SPS; Sumitomo Coal Mining
SPS-1050). The Sr,Feq,Re;_.Og sample with Re deficiency
was prepared with a nominal stoichiometric ratio of SrCOs3,
Fe,O3 and ReO3 powders, which were mixed by ball milling
and pressed into pellets for the precursors. The SryFeReOg
sample without Re deficiency was prepared with 15 mol%
Re excess, in order to compensate for the volatility of Re.
TEM specimens were prepared using conventional methods,
including mechanical grinding, dimpling and polishing.
Finally, Ar ion milling was carried out on a Bal-Tec Res-101
system.

Atomic-resolution HAADF STEM imaging with a probe
current of 80 pA and a semi-convergence angle of 22-
24 mrad was performed at an accelerating voltage of
300 kV using an FEI Titan 80-300 microscope equipped
with a three-condenser-lens system, a monochromator unit
and a Cg probe corrector (CEOS). EDS elemental mapping
was carried out at an accelerating voltage of 200 kV using
an FEI 80-200 probe-AC ChemiSTEM microscope, which
has a STEM spatial resolution of 80 pm and is equipped
with a high brightness field emission gun and a Super-X
EDS system comprising four Si drift detectors with an energy
resolution of <136 eV @ Mn K,, (10 kcps). Datasets were re-
corded for 20-30 min with at least 1,024 x 768 pixels and
processed using Bruker Esprit software. Statistical analysis
of cation compositions was obtained from elemental maps
recorded over regions of several tens of nm in size for arbi-
trary grain orientations.

Total energy calculations were performed using density
functional theory (DFT), as implemented in the Vienna Ab in-
itio Simulation Package (VASP) (Kresse & Furthmiiller,
1996). Projector augmented wave (PAW) (Gajdos et al.,
2006) potentials were implemented in VASP. The Perdew
Burke-Ernzerhof (PBE) (Perdew et al., 1996) exchange-
correlation functional of the generalized gradient approxima-
tion (GGA) was selected. A 7x 7 x 2 k-point mesh in the first
irreducible Brillouin zone (BZ) was generated wvia the
Monkhorst-Pack method after convergence tests. The conver-
gence criteria were set as follows: 107 eV for total energy and
0.01 GPa for maximum stress. The cut-off energy was set to
550 ¢V, in order to ensure the accuracy of the calculation,
while a quasi-Newton algorithm was applied for initial geo-
metric optimization. Spin polarization was considered. The
GGA plus on-site repulsion U (GGA +U) method was em-
ployed with U=4¢V, [=0.89¢eV on Fe and U=2¢V, =
1 eV on Re. Here, U denotes on-site Coulomb repulsion, while

£20Z YoJe\ 80 UO Jasn 3ay1olgiqieiusaz ‘Haws) yolane wnyjuazsbunyosio Aq Z6E069/92E/ L/62Z/9101e/wew/woo dnoolwepese//:sdiy woll pepeojumod



328

J denotes the exchange interaction in the Hubbard model.
Based on DFT-relaxed theoretical models, HAADF STEM im-
age simulations were performed using the multi-slice method
implemented in the MULTEM image simulation software
package (Lobato & Van Dyck, 2015).

Results and Discussion

Figure 1a shows a HAADF STEM image of a 1:2
B-site-ordered triple perovskite Sr3Fe;ReOq phase with a
size of ~30 nm in the polycrystalline Sr,Feq,.Re;_,Og sample
with Re deficiency. A nanodiffraction pattern, as shown in
Figure 1b, was recorded along (011),. from the sample area
indicated by a red disk in Figure 1a. The nanodiffraction pat-
tern shows fractional super-reflection spots such as %{ili}pc
and 3{1 11}, as indicated by yellow triangles, demonstrating
the formation of a triple periodicity along (111), in
Sr3Fe;ReQq. In comparison, Figures 1c and 1d show a
HAADF STEM image and a nanodiffraction pattern, respect-
ively, recorded from a double perovskite Sr,FeReOg grain in
the polycrystalline SryFeReOg4 sample without Re deficiency.
The nanodiffraction  pattern  recorded from the
rock-salt-ordered double perovskite Sr,FeReOg4 shows half-
integer super-reflection spots such as %{ili}pc, as indicated
by green triangles, demonstrating the formation of a double
periodicity along (ili)pc in SryFeReOg. The presence of half-
integer super-reflection spots in the nanodiffraction pattern

Microscopy and Microanalysis, 2023, Vol. 29, No. 1

recorded from the Sr3Fe;ReQOy region shown in Figure 1b
may be attributed to slight overlap between the 1:2
B-site-ordered triple perovskite and 1:1 B-site-ordered double
perovskite phases in the incident electron beam direction. The
fraction of the 1:2 B-site-ordered triple perovskite Sr3Fe,ReOy
phase in the polycrystalline Sr,Feq,,.Re;_.Og sample is ex-
tremely low in the field of view, as shown in a low-
magnification HAADF STEM image in Supplementary
Figure S1, resulting in the absence of a characteristic diffrac-
tion peak from a 1:2 B-site-ordered triple perovskite
Sr3Fe;ReQg phase in XRD patterns recorded from a bulk sam-
ple (c.f. Supplementary Figure S2).

The atomic-resolution HAADF STEM images of the
Sr3Fe;ReOq and SroFeReOg phases viewed along (011)c
shown in Figures 2a and 2¢, respectively, reveal atomic col-
umns of SrO in green, Fe in red and Re in blue, based on Z con-
trast intensity differences between each column. The
intensities of the Fe columns are weakest, while the intensities
of the Re columns are strongest. The presence of —[Fe-Fe—
Re],~ ordering at By, B, and B3 sites in the 1:2
B-site-ordered triple perovskite lattice in the horizontal direc-
tion, as indicated by blue triangles, is revealed in Figure 2a. In
comparison, —[Fe-Re],— ordering is present at B and B, sites
in the double perovskite lattice in the horizontal direction, as
indicated by red triangles in Figure 2c.

As no crystallographic information about the newly discov-
ered 1:2 B-site-ordered Sr3Fe;ReOy phase is currently

Fig. 1. High-angle annular dark-field scanning transmission electron microscopy images and nanodiffraction patterns of (a, b) the 1:2 B-site-ordered triple
perovskite SrzFe;ReOg and (e, d) the 1:1 B-site-ordered double perovskite SroFeReOg viewed along (011),. in pseudo-cubic (pc) notation. Fractional
super-reflection spots (such as %{1 11}oc) and half-integer super-reflection spots (such as 17{1 11}c) are indicated by yellow and green triangles,

respectively.
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available in the crystallographic database and publications,
we built models for the 1:2 B-site-ordered Sr3Fe;ReQy triple
perovskite based on the two possible crystallographic struc-
tures of 1:2 B-site-ordered Sr3Fe,ReQy triple perovskite and
the similarity in radii and valence states of the Re®* and Te®
* cations. The model with space group P3m1 corresponds to
Sr3Fe;TeOy from the ‘Materials Projects’ dataset (Jain
et al., 2013), while the model with space group P3c1 corre-
sponds to Sr3Fe;TeOy from the publication of Tang et al.
(2016). Figures 2b and 2d show three-dimensional (3D)
models of the crystal structures of double perovskite
Sr,FeReOg and triple perovskite Sr3Fe;ReOq with space
group P3m1, respectively. Simulated electronic diffraction
patterns of Sr;Fe,ReOy with space group P3m1 and P3cl
along various low-index zone axes, as shown in Figure S3,
demonstrate that along [110], rather than [100], [001],
[110] or [111], the two space groups P3m1 and P3c1 can
be distinguished from each other by comparing the add-
itional super-reflection spots indicated by yellow arrows.
Our experimental electron diffraction patterns and STEM
images recorded along (011),. (which corresponds to
[100] here) in Figures 1 and 2 cannot be used to distinguish
the two space groups. Unfortunately, this nanosized
Sr3Fe;ReQy phase, as an impurity in Sr,Feq,,Re;_,Og, can-
not be tilted to [110] due to the limited tilt range of the sam-
ple holder and the relatively large angles between [100] and
the other characteristic crystallographic directions. The 1:2
B-site-ordered Sr3Fe,ReOq phases with space groups P3m1
and P3c1 are both considered in the DFT calculation de-
scribed below. Based on DFT-relaxed theoretical models
of the 1:2 B-site-ordered triple perovskite Sr3Fe;ReOo

(110}, [110],,
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with space groups P3m1 and P3c1, we performed HAADF
STEM image simulations under the experimental acquisi-
tion conditions. Simulated images based on Sr3Fe,ReOq
with space groups P3m1 and P3c1 are shown in the green
dotted boxes at the top left corners of Figure 2a and
Figure S4 and are consistent with the experimental image,
confirming the validity of the theoretical model of the 1:2
B-site-ordered triple perovskite Sr3Fe,ReOq predicted by
DFT calculations. Similarly, a simulated image of the dou-
ble perovskite SrpFeReO4 shown in Figure 2c¢ is consistent
with the corresponding experimental image. Atomic models
of 1:2 B-site-ordered Sr3Fe;ReOy with space group
P3m1 superimposed on Figures 2a and 2c show Sr in green,
Fe in red and Re in blue.

Fe/Re cation order on the atomic scale was investigated by
using EDS elemental mapping of the Fe K, signal at
6.405 keV and the Re K|, signal at 8.652 keV, with a spectrum
region from 0 to 10 keV (c.f. Supplementary Figure S5). The
atomic-resolution compositional color maps shown in
Figure 3 reveal that Fe atoms in red (c.f. Figures 3a and 3e)
and Re atoms in blue (c.f. Figures 3b and 3f) on B sites in
Sr3FesReOy and SrpFeReOg stack alternately in —[Fe—Fe—
Re],~ (c.f. Figure 3d) and —[Fe-Re],~ (c.f. Figure 3 h) order, re-
spectively. These features are consistent with the Z contrast im-
ages shown in Figure 2. No significant anti-site occupation
between Fe atoms on the B; and B, sites and Re atoms on
the B; sites is observed in Sr3[Fe]y, [Fe]p, [Re]p, Og. Our statis-
tical EDS measurements of the cation ratio of Fe to Re on the B
sites indicate an Fe/Re ratio of 0.67:0.33 in Sr3Fe,ReQg with a
standard deviation of 6 < 0.01 and an Fe/Re ratio of 0.52:0.48
in SryFeReOg4 with ¢ < 0.01. Furthermore, Supplementary

Fig. 2. Atomic-resolution high-angle annular dark-field scanning transmission electron microscopy (HAADF STEM) images viewed along (011), and
schematic crystal structures of (a, b) the 1:2 B-site-ordered triple perovskite SrsFe,ReOg with space group P3m1 and (¢, d) the 1:1 B-site-ordered double
perovskite Sr,FeReOg. Atomic models with Fe in red, Srin green, Re in blue and O in orange, as well as simulated HAADF STEM images, are

superimposed on the experimental images as insets.
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Fig. 3. Atomic-resolution elemental mapping of (a-d) the 1:2 B-site-ordered triple perovskite SrzFe,ReOg and (e-h) the double perovskite Sr,FeReOg
viewed along (011),, with (a, e) Fe in red, (b, f) Re in blue, (¢, g) Srin green, and (d, h) mixed Fe and Re maps in red and blue.

Figure S6 shows almost identical experimental electron energy-
loss near-edge fine structures for the Fe L;, edges in
Sr3Fe;ReOy and SryFeReOg, confirming the presence of
similar trivalent states of the Fe>* cations in the Sr%Jr[Fe“]B1
[Re>*],0¢~ and Sr3*[Fe’* 5 [Fe>*]g, [Ref*]p, O3~ phases.

In order to understand the magnetic coupling between the
ordered B-site cations in the 1:2 B-site-ordered triple perovsk-
ite Sr3Fe;ReOg, DFT calculations were performed to evaluate
the formation energy Eg,,,, of the 1:2 B-site-ordered triple per-
ovskite Sr3Fe;ReQy for the various magnetic structures pre-
sented in Table 1. The two types of 1:2 B-site-ordered
Sr3Fe,ReQq triple perovskite described above, with either
P3m1 or P3¢l symmetry, as well as a ferromagnetic (FM)
structure and five AFM structures denoted AFM1-AFMS, as
illustrated in Supplementary Figure S7, were considered in
the DFT calculations. Ef,,,, was computed from the following
equation:

[E(compound) — E(atoms)]

Eform = P (1)

where E(compound) and E(atoms) denote the ground state
energies of the perovskite and isolated atoms, respectively,
considering spin polarisation. A lower formation energy in-
dicates better structural stability. As listed in Table 1, the
paramagnetic (PM) states have higher Ef,,,, and are less sta-
ble than the AFM and FM states. In each 1:2 B-site-ordered
SrsFe,ReOy triple perovskite with space group P3m1 and
P3c1, the most stable ground state is the AFM2 state, in
which all of the nearest-neighbour Fe and Re cations are
coupled antiferromagnetically, as shown in Figure 4. Fe
atoms between adjacent [111],. planes exhibit AFM coup-
ling, in agreement with the magnetic structure of the 1:2

B-site-ordered Sr3Fe,TeQgq triple perovskite obtained by
Tang et al. (2016). Sr3Fe,ReOq with space group P3ml
and the AFM2 state has the lowest formation energy,
whereas Sr3Fe,ReOy with space group P3¢l and the
AFM2 state has a formation energy that is 8.2 meV/atom
higher than that for P31 symmetry. Here, the P31 phase
was used to perform further DFT calculations of the ex-
change parameter J;. After geometrical optimization, the
lengths of the a4, b and ¢ axes in the DFT-relaxed
Sr;Fe;ReOy model with space group P3ml are 5.613,
5.613 and 6.913 A, respectively.

After taking spin-orbit coupling (SOC) interactions into
consideration, J; was calculated for the ground state of
the 1:2 B-site-ordered Sr3Fe;,ReOy triple perovskite using
the ‘four-state method’. More details about the ‘four-state
method’ are available elsewhere (Xiang et al., 2013; Li
et al., 2021). The six kinds of interactions between pairs
of nearest-neighbour magnetic cations connected by oxygen
anions in the 1:2 B-site-ordered triple perovskite
Sr3Fe;ReOy are indicated as 1-6 in Figure 4. The
Heisenberg spin Hamiltonian was adopted according to
the following equation:

Hgin = Z]ijsisj, (2)
i

where J;; and S denote the exchange coupling parameter and
spin vector, respectively. A positive value of the exchange
parameter J; represents AFM coupling and vice versa. As
listed in Figure 4, all of the calculated J; parameters are
positive, demonstrating that all of the nearest-neighbor cat-
ions are coupled antiferromagnetically. This finding is con-
sistent with the predicted AFM2 ground state.

Table 1. Formation energy of 1:2 B-site-ordered SrzFe,ReOg triple perovskite with P3¢1 and P3m1 space groups (eV/atom).

Space group PM FM AFM1 AFM2 AFM3 AFM4 AFMS
chl —5.2468 -5.5027 -5.2548 -5.5156 -5.4106 -5.2998 -5.2681
P3m1 —-5.2409 -5.4963 -5.5187 -5.5234 -5.5193 -5.4967 -5.4968
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Fig. 4. Magnetic ground states and exchange parameters (J;) of the 1:2 B-site-ordered triple perovskite SrzFe,ReQg, with O atoms in orange, Fe atoms in
red, Sr atoms in green and Re atoms in blue. The directions and lengths of the grey arrows indicate the directions and magnitudes, respectively, of the
magnetic moments. 1 to 6 represent six kinds of interactions between pairs of nearest-neighbour magnetic cations connected by oxygen anions in the 1:2

B-site-ordered triple perovskite SrzFe,ReOg.

Conclusions

A Sr3Fe;ReOg phase with a 1:2 B-site-ordered triple per-
ovskite structure has been discovered and investigated using
AC TEM. The atomic arrangement, cation order, valence
states and elemental site occupancy have been obtained ex-
perimentally on the atomic scale from an individual nano-
sized region of the Sr3Fe;ReO9 phase. At three
crystallographically equivalent By, B, and Bj; sites in
Sr3[Fe]p, [Felg, [Re]g, O9, Fe and Re cations stack alternately
in —[Fe-Fe-Re],— order without any significant anti-site oc-
cupation. The magnetic ground states and exchange param-
eters of this newly discovered Sr3Fe;ReOo phase, as
determined by DFT calculations, reveal that all of the
nearest-neighbour Fe and Re cations are coupled via AFM
Fe-O-Fe or Fe-O-Re exchange interactions. The combin-
ation of AC TEM and DFT calculations that we use pro-
vides an atomic-level understanding of the relationship
between cation order and magnetic coupling in complex
perovskite oxides.

Supplementary material

To view supplementary material for this article, please visit
https://doi.org/10.1093/micmic/ozac011.
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