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ARTICLE INFO ABSTRACT

Superexchange-based magnetic coupling of the two B-site cations in rock-salt-ordered double perovskite oxides
is extremely sensitive to the cation ratio and degree of order. However, as a result of the limited spatial re-
solution of most magnetic characterization techniques, it is challenging to establish a direct relationship between
magnetic properties and structure in these materials, including the effects of elemental segregation and cation
disorder. Here, we use electron energy-loss magnetic chiral dichroism together with aberration-corrected elec-
tron microscopy and spectroscopy to record magnetic circular dichroism (MCD) spectra at the nm scale, in
combination with structural and chemical information at the atomic scale from the very same region. We study
nanoscale phases in ordered Srp[Fe][Re]Oq, ordered Sry[Fe]l[Fe;,sRe4/5106 and disordered Sr[Fe4sRe;,5]103
individually, in order to understand the role of cation ratio and order on local magnetic coupling. When com-
pared with ordered Sro[Fe][Re]Os, we find that antiferromagnetic Fe3+-02_-Fe3+superexchange interactions
arising from an excess of Fe suppress the MCD signal from Fe cations in ordered Sro[Fe][Fe; sRes,5]0¢, while
dominant Fe®*-0?~ -Fe® " antiferromagnetic coupling in disordered Sr[Fe4, sRe;,5]105 leads to a decrease in MCD
signal down to the noise level. Our work demonstrates a protocol that can be used to correlate crystallographic,
electronic and magnetic information in materials such as SryFe; ; Re; ,Og, in order to provide insight into
structure-property relationships in double perovskite oxides at the atomic scale.
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1. Introduction

Double perovskite oxides with the formula A,BB’Og (e.g., A = Sr, Ca
or Ba; B = Fe or Cr; B' = Re, Mo or W) have attracted considerable
attention, owing to their metallic conductivity and ferrimagnetic
properties, with Curie temperatures that are significantly higher than
those of any manganite and potential applications in magneto-elec-
tronic devices [1-3]. Two crystallographically-equivalent six-fold-co-
ordinated sites, B; and B, [4], can be occupied by individual B or B’
species or a combination of B and B’ in certain ratios. They can alternate
in three-dimensional checkerboard patterns, ideally forming a rock-salt-
ordered A, [Blg, [B']s, Os structure [5]. As a result of chemical flexibility
at the B; and B, sites, the complexity of A,BB’Og, including the
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possibility of B-site cation disorder and/or partial substitution, can lead
to different magnetic ground states and electronic band structures
[2,6], which can in turn influence material properties and device
functionality. For example, the double perovskite Sr;[Fe|g, [Re]s, Os has
a half-metallic ferrimagnetic ground state with a large tunnelling
magnetoresistance at room temperature (RT) [1,7,8], whereas
Sr, [Fe]p, [Fei/3Re; 3]s, Og is a ferrimagnetic semiconductor [8].
Standard magnetic characterization techniques, such as neutron
diffraction [9-11], X-ray magnetic circular dichroism (XMCD) [12,13],
Mossbauer spectroscopy [8,14], superconducting quantum interference
device (SQUID) magnetometry [11,14] and vibrating sample magne-
tometry (VSM) [15,16], have been applied for decades in an attempt to
obtain a full understanding of the effects of cation ratio and/or order on
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Fig. 1. Regions (b) and (e) correspond to the white solid squares marked in (a) and (d), respectively. Regions (c) and (f) correspond to the white dashed squares
marked in (b) and (e), respectively. The atomic-resolution images were recorded along <011, and reveal intensity modulations at B-sites in grains that exhibit bright
contrast in (a) and (c). Antiphase boundaries in ordered Sr,[Fe]|s, [Fe; sRe4/s]s, Og, Which are marked by white arrows in (e), are identified based on atomic positions
in antiphase domains that display a crystal translation. Grains with lower intensity in (d) are marked by yellow arrows and correspond to the absence of B-site order
in Sr[Fe4/sRe;,5]03 in (e, f). Atomic models superimposed on (c) and (f) show Sr in green, Re in blue, Fe in red and mixed Re and Fe in blue and red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the magnetic behaviour of Sr,Fe; . ,Re; ,Og. Abe et al. used Mdssbauer
absorption spectroscopy to determine cation arrangements in
SroFeReOs and SroFeysRez 306 to be Sp[Fe3t]p [ReSt]s, Os and
Sty [Fe3*]p, [Fe{’ngegjg]Bz Os, respectively [8]. Incomplete magnetic sa-
turation in SryFe, sRe;/ 304 measured using VSM was thought to result
from structural imperfections, such as B-site cation disorder, whereas
complete saturation of magnetization was achieved easily in
SroFeReOg. The RT magnetization of SroFeReOg was found to be ap-
proximately twice that of SrzFe4/3Re2/306 and SI'2F€11/9R€7/906 in an
applied field of 7.5 kOe. Pannunzio Miner et al. used synchrotron X-ray
powder diffraction to determine Fe/Re occupancies in SroFe, 3Res 306
of Sry[Fegs7Reqaslp [FeorsReo24]s, 06 [17]. X-ray diffraction (XRD),
neutron powder diffraction and SQUID measurements have also been
combined to show that SroFeReOg with 75% Fe/Re cation order has a
saturation magnetization of 1.1 pp/mol, whereas SryFeReOg with
complete Fe/Re cation order has a saturation magnetization of 2.58 g/
mol [11]. Choi et al. used high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) to image atomic
structures in materials with different types of cation disorder, including
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antisite defects, antiphase boundaries and disordered Re-deficient
phases distributed in pristine SFRO and Re-excess SFRO at the nm scale
[18]. The relatively low saturation magnetization of pristine SFRO
measured using VSM was attributed to the presence of such defective
structures [16]. However, as a result of the inability to record spatially-
resolved high-resolution magnetic information using conventional
magnetic characterization techniques, these reports failed to verify the
influence of local defective structures on magnetic properties directly.

Electron energy-loss magnetic chiral dichroism (EMCD) can be used
to record magnetic circular dichroism (MCD) with high spatial resolu-
tion as a result of the short wavelength of high-energy transmitted
electrons [19-23]. The EMCD technique was first proposed in 2003
[24], demonstrated experimentally in 2006 [19] and developed rapidly
in recent years [25-29]. In our previous studies, we measured spin and
orbital magnetic moments quantitatively on the nm scale, with the
spatial resolution determined by the probe size used under convergent
beam illumination conditions [30-34]. Here, we record structural,
chemical and magnetic information from three nanoscale phases of
ordered Sry[Fe][Re]Og, ordered Sry[Fe][Fe;,sRes 5106 and disordered
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Fig. 2. Atomic-resolution elemental mapping and nanodiffraction of ordered Sr, [Fe]g, [Re]p, O, ordered Sr, [Felp, [Fe;/sRes 5|, Os and disordered Sr[Fe4/sRe;,5]03
viewed along <011),.. HAADF-STEM images, Fe maps (red), Re maps (blue), mixed Fe and Re maps (red and blue) and nanodiffraction patterns are shown in (a-e) for
ordered Sr, [Fe]p, [Re]p, O, (f-j) for ordered Sr, [Fe]g, [Fei/sReq;s]s, Os and (k-o) for disordered Sr[Fe,, sRe;,5]O3, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Sr[Fe4/sRe; 5103 using HAADF-STEM imaging, energy dispersive X-ray
(EDX) spectroscopy and EMCD, in order to assess the effects of cation
ratio and disorder on local magnetization.

2. Materials and methods

Two polycrystalline SroFe;.,Re;,O¢ samples were synthesized
using a conventional solid state method, which is described elsewhere
[16]. Briefly, a sample denoted SFRO-ORe was prepared with a nominal
stoichiometric ratio of SrCO3, Fe,03, and ReO3, while another sample
with 15 mol% Re excess, denoted SFRO-15Re, was prepared in order to
compensate for the volatility of Re. Specimens for transmission electron
microscopy (TEM) were prepared using mechanical grinding, dimpling
and polishing. Final Ar ion milling was carried out on a Bal-Tec Res-101
system.

Atomic-resolution HAADF-STEM imaging was performed at 300 kV
using an FEI Themis 60-300 microscope equipped with a double
spherical aberration corrector with a STEM resolution of 60 pm. EDX
elemental mapping was carried out at 200 kV on an FEI 80-200 probe-
corrected ChemiSTEM microscope equipped with a high brightness
field emission gun and a Super-X EDS system, comprising four SDD
detectors, with a STEM spatial resolution of 80 pm [35]. The datasets
were acquired for 10 to 30 minutes with at least 1024 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 arbitrary grain orientations. Electron
energy-loss spectroscopy (EELS) and EMCD experiments under parallel
beam illumination conditions were performed at 200kV on an FEI
Tecnai F20 microscope equipped with a Gatan Tridiem spectrometer
using an energy resolution of approximately 1.2 eV, a beam diameter of
approximately 100 nm and an EELS semi-collection angle of approxi-
mately 2.5 mrad. Nanodiffraction, EELS and EMCD experiments under
nanobeam illumination conditions were performed at 300 kV on an FEI
Titan 80-300 microscope equipped with a Gatan Tridiem spectrometer
using an energy resolution of approximately 0.8 eV [36], a beam size of
approximately 2nm and semi-convergence and semi-collection angles
of approximately 0.84 and 1.91 mrad, respectively. Optimized diffrac-
tion conditions and apertuare positions were identified using dynamical
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diffraction calculations [27]. Two- and three-beam conditions in EMCD
experiments were achieved based on Kikuchi lines and diffraction
pattern intensities. Data processing of EEL spectra included pre-edge
background subtraction, removal of plural scattering by Fourier-ratio
deconvolution and normalization by integration of the post-edge in-
tensity [37]. Sample thicknesses were determined from low-loss EEL
spectra.

3. Structural and chemical characterization of Sr,Fe; , ,Re;_,O¢

Fig. 1 shows HAADF-STEM images recorded from (a-c) SFRO-15Re
and (d-f) SFRO-ORe. Over a large field of view, the image of SFRO-15Re
in Fig. 1a has almost the same intensity, while the image of SFRO-ORe
in Fig. 1d shows local regions of lower intensity, as indicated by yellow
arrows. The bright and dark stripes visible in the central grain in Fig. 1d
arise from spatial interference between the scanning grid of the electron
beam and the atomic lattice of the specimen [38]. Our statistical EDX
measurements of cation composition indicate that grains in SFRO-15Re
have an Fe:Re ratio of 0.52:0.48 (standard deviation o = 0.01), while
bright and dark regions in SFRO-ORe have Fe:Re ratios of 0.60:0.40
(0 =0.02) and 0.81:0.19 (0 = 0.05), respectively. For simplicity, we
denote these regions as SroFeReOg, SroFeg,sRes 506 and SroFeg sRes,
506, respectively. They are further denoted Sr,[Fe]s, [Re]s, O,
Sr, [Fe]p, [Fei/sRes/sls, O and Sr[FessReq,s5]03, respectively, after
confirming the cation occupancy. Further discussions are presented
below.

Fig. 1b and Fig. 1c show atomic-resolution HAADF-STEM images of
a Sr,[Fe]p, [Re]p, O¢ grain recorded along <011>,.. Close examination of
the enlarged HAADF-STEM image in Fig. lc reveals the atomic ar-
rangements. Atomic columns of SrO (green), Fe (red) and Re (blue) can
be distinguished from each other based on column intensity differences
(Z-contrast), confirming rock-salt-type order of Fe and Re on the B; and
B, sites of the double perovskite lattice. Similar order can be observed
in the Sr[Fe]p, [Fe; sRes/s]s, Os phases in the SFRO-ORe sample, as
shown in Fig. le. Such B-site order is not present in the Re-deficient
phases (marked by yellow arrows in Fig. 1d), as revealed in the higher-
magnification HAADF image in Fig. 1f. It is also apparent that many
antiphase domain boundaries, as indicated by white arrows, are present
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in the Sr;[Fe]p, [Fe;;sRes/s]5, Os phases.

Fe/Re cation order on the atomic scale was investigated by using
EDX elemental mapping of the Fe K, signal at 6.405 keV and the Re K,
signal at 8.652keV, in addition to recording nanodiffraction patterns
along <011, from three square regions of ordered Sr,[Fe]s, [Re|p, O,
ordered Sry[Fe]p, [Fe;/sRes s]p, O and disordered Sr[FessRe;,5]03, as
shown in Fig. 2 (a, f, k). Three HAADF-STEM images in Fig. 2(a, f, k)
show single-crystalline regions of the three phases without any defects
or boundaries and were selected for structural, chemical and magnetic
characterization. The composite color maps show that Fe (red) and Re
(blue) stack alternately at B-sites in bothSr,[Fe]s, [Re]s, Os (Fig. 2d) and
Sr, [Fe]p, [Fei/sReq s]p, O (Fig. 2i), while they are distributed more
randomly in Sr[Fe4,sRe; 5103 (Fig. 2n). Such features are consistent
with the Z-contrast images shown in Fig. 1 and Fig. 2(a, f, k). They give
rise to half-integer spots, e.g., 1/2{111},, super-reflection spots, which
are marked by dotted circles in both ordered phases in Fig. 2(e, j), as
well as to the extinction of such spots, as marked by a cross in the
disordered phase in Fig. 20. Quantification of the overall EDX spectra
yields Fe/Re ratios of approximately 0.51:0.49, 0.58:0.42 and 0.83:0.17
for the three regions of the individual phases. These values are very
close to our statistical measurements.

Close examination of the individual maps allows the cation ratios in
the ordered phases to be estimated. In the ordered phase shown in
Fig. 2f, the atomic-scale Fe map in Fig. 2g indicates that most of the Fe
atoms are located on B; sites, while a small proportion of the Fe atoms
are located on B, sites, as indicated by yellow arrows. The atomic-scale
Re map shown in Fig. 2h reveals that, within the present detection
limit, Re atoms occupy only B; sites. In this way, based on the cation
occupancy determined from atomic-scale EDX elemental mapping, we
identify this SroFeqs,sRes,506 phase as Sr[Felg, [Fe; sReq slp, Og. Simi-
larly, the SroFeReOg phase (Fig. 2a) and the SroFeg,sRe, 504 phase
(Fig. 2k) are inferred to be Sr[Fe|p [Re]s, O and Sr[Fe, sRe;,s5]103,
respectively.

4. Magnetic and valence state characterization of Sr.Fe; , ,Re; ,O¢

Fig. 3 shows normalized (a-c) Fe EMCD spectra and (d) EEL spectra
recorded from a region of ordered Sr,[Fe]g, [Re]s, O¢ with a thickness of
0.27X, a region of ordered Sr, [Fe], [Fe/sReq;s]s, Os with a thickness of
0.29) and a region of disordered Sr[Fe4,sRe;,5]03 with a thickness of
0.26). at RT, where A is the inelastic electron mean free path. The three
phases are the same as those shown in Fig. 2. The experimental EEL
spectra S, and S_, which are marked “ + ” (black) and “-” (red), were
recorded at the positive and negative Thales positions, respectively. The
aperture positions and corresponding diffraction conditions, with
{111} systematic reflections excited, optimized by the theoretical dy-
namical diffraction calculations, are shown in the insets to Fig. 3(a-c).
1/2{111},, super-reflection diffraction spots are visible in both ordered
phases, as indicated by yellow dashed circles in Fig. 3(a,b). Since a
relatively large illuminated area can be selected for the
Sr, [Felp, [Re]p, O¢ phase in the SFRO-15Re sample without significant
phase separation or elemental segregation, EEL spectra were recorded
from this phase using parallel illumination with a beam diameter of
approximately 100nm. Since the ordered Sr,[Fe]g, [Fe;/sReqss]s, Os
(Fig. 3b) and disordered Sr[Fe,,sRe;,5]03 (Fig. 3¢c) phases are mixed on
the nm scale in the SFRO-ORe sample, a convergent nanobeam with a
probe size of approximately 2nm was used for EELS and EMCD ac-
quisition from a relatively small sample area of each phase. As a con-
sequence, the signal to noise ratios in the EMCD spectra acquired from
St; [Fe]g, [Re]g, O are better than those from the
Sr, [Fe]p, [Fei/sRes s]s, O and Sr[Fe, sReq, 5103 phases, due to the dif-
ferent illumination conditions.

After normalization by the non-magnetic isotropic (S; + S.)
spectra, the relative Fe EMCD signals for Sr,[Fe]p, [Fei/sRes/s]s, O¢ are
slightly weaker than those for Sr; [Fe]g, [Re]g, Og, whereas the Fe EMCD
signals for disordered Sr[Fe,,sRe;,5]03 are close to the noise level. The
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near-edge fine structures in the normalized EEL spectra acquired from
the three phases are shown in Fig. 3d and are almost identical, con-
firming the similar trivalent states of the Fe cations. To a large extent,
this observation rules out the possibility of significant contributions
from oxygen non-stoichiometry in both samples. The valence states of
Re cations in Sr,[Felg, [Fe;/sReq sls, O and Sr[Fe4sReq,5]03 are in-
ferred to increase with increasing Fe/Re ratio, due to the lack of a
change in the Fe®* valence states. According to the sum rules [21,37],
the orbital to spin magnetic moment ratios (m;/ms) obtained from the
EMCD spectra for Sr,[Fe]p, [Re]s, Os and Sr;[Felg, [Fei/sReq/s]p, O are
0.01 + 0.01 and 0.02 + 0.01, respectively, indicating that the orbital
magnetic moments of the Fe>* cations are quenched in both ordered
phases.

5. Discussion

In ordered Sr,[Felp, [Re]s, Os, only Fe*-0%>"-Re®* superexchange
interactions in the rock-salt cation superstructure, without significant
Fe3*-02"-Fe>*superexchange interactions, result in collinear
Sr, [Fe”(S_,u];)] B [Re”(%)] 5, Os ferrimagnetic configurations, with
the By and B, sublattices occupied by Fe®* and Re®*, respectively.
Although an average antisite defect concentration of approximately
10.5% was inferred from Powder X-ray Diffraction (XRD) patterns re-
corded from the entire SFRO-15Re sample in previous work [16], the
presence of completely ordered Sr,[Fe|s, [Re]s, Os regions can be con-
firmed by using analytical STEM, enabling us to exclude all effects of
cation disorder and an inhomogeneous elemental distribution. In this
way, intrinsic MCD spectra can be recorded from completely ordered
Sr,[Fe]g, [Re]s, Ogwith an Fe/Re ratio of approximately 1:1.

In ordered Sr, [Fe]p, [Fei/sRess]p, Og, the substitution of Fe for Re on
B, sites resulting from the presence of excess Fe leads to not only Fe’*-
0?"-Re®* superexchange interactions, but also Fe*>*-0%~-Fe®**and Fe>*-
02~ -Re®* superexchange interactions. As a result of the presence of anti-
ferromagnetic Fe®>*-0%~-Fe®* superexchange bonds in ferrimagnetic con-
figurations of S [Fe** (5 )1, [Fel st )ReSt, (241 )ReS (1)1, O, @
slightly weaker EMCD strength at RT (Fig. 3b) arises from a small pro-
portion of Fe>*magnetic moments cancelling each other out. It was re-
ported in Ref. [8] that incomplete saturation and an approximately 50%
decrease in RT magnetization observed in bulk ordered
Sty [Fe]p, [Fei9Reg qlp, O OF Sty [Felg, [FeyoRes/9]p, Os using VSM might
be influenced partially by B-site cation disorder, in comparison with the
bulk ordered Sr,[Fe]g, [Re]p, O phase. Phase impurity could be another
reason and requires detailed investigation. However, this possibility was
not mentioned in Ref. [8]. In our case, the decrease in RT magnetization in
ordered Sr,[Felg, [Fe;/sReq/s]p, O determined from the relative EMCD
strength is less significant than that measured in similar bulk materials in
the work mentioned above, possibly as a result of the exclusion of B-site
cation disorder and phase impurity.

In disordered Sr[Fe,4 sRe;, 5103 with experimentally-determined Fe
cation trivalent states, dominant Fe®*-O?-Fe®antiferromagnetic
coupling leads to mostly cancelled Fe*>* magnetic moments, resulting in
a marginal EMCD signal at RT (Fig. 3c). In previous work [16], a de-
crease of approximately 75% in the macroscopic RT magnetization of
the SFRO-0Re sample containing ordered Sr[Fe]g, [Fe; sReq;s]s, O¢ and
disordered Sr[Fe, sRe;,5]03 was measured using SQUID magnetometry
in a field of approximately 2 T, in comparison with the SFRO-15Re
sample containing ordered Sr;[Fe]g, [Re]s, O¢. Such a dramatic decrease
in macroscopic RT magnetization may arise from the presence of both
disordered Sr[Fe4sRe; 5103, whose EMCD strength is significantly
suppressed, and ordered Sr,[Fe]p, [Fe;/sReq/s]p, O, whose EMCD
strength is partially suppressed.

6. Conclusions

Local measurements of magnetic circular dichroism, atomic
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Fig. 3. EMCD spectra of Fe cations in (a) ordered Sr,[Fe]p, [Re]s, Og, (b) ordered Sr,[Fe|s, [Fe; sRes/s], O¢ and (c) disordered Sr[Fe4,5Re; /5103, shown alongside (d)
corresponding electron energy-loss near edge structures. Black and red lines correspond to normalized experimental electron energy-loss spectra recorded using
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positive “ 4+ ” and negative

aperture positions, while blue lines show spectral differences corresponding to EMCD signals. The aperture positions and diffraction

patterns, with {I11},. systematic reflections excited, are shown in the insets. The measured orbital to spin magnetic moment ratios m;/ms are indicated. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

arrangement, cation order, chemical state and elemental distribution
have been obtained experimentally from individual nanoscale phases in
ordered Sr;[Fe]s, [Re]p, Os, ordered Sr[Felg [Fei/sReq s]p, O¢ and dis-
ordered Sr[Fe,sRe; s]Os. Antiferromagnetic Fe®*-0%~-Fe®* super-
exchange coupling in a ferrimagnetic configuration of ordered
Sty [Fe3* (5up )1, [Fedfs(Sup )Re3fs( 25 )ReSf5 Ty )1, O s shown to
result in a weaker EMCD signal, when compared to completely ordered
Sr,[Fe]p, [Re]p, O, while the EMCD signal measured from disordered Sr
[Fe4/sRe; 5103 almost vanishes due to the presence of dominant anti-
ferromagnetic Fe®>*-O?7-Fe**bonds. Cation substitution and dis-
ordered phases are believed to be the primary reasons for a significant
weakening in the RT magnetization of pristine SFRO-ORe obtained
using macroscopic VSM measurements. Our approach provides an im-
proved understanding of structure-property relationships at the nm
scale in double perovskites with different structural complexities.
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