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ABSTRACT: Magnetically coupled interfaces formed from perovskite oxides with different
B-site ordering periodicities have not been studied extensively due to challenges in synthesis
and a lack of adequate parent phases. Here, we use aberration-corrected analytical scanning
transmission electron microscopy to identify the atomic structure and chemistry of a perov-
skite oxide interface that exhibits different B-site ordering periodicity on the atomic scale.
The interface is formed from the 1:1 B-site-ordered double-perovskite Sr,Fe,, Re,  Og
and the 1:2 B-site-ordered triple-perovskite Sr;Fe,ReO,. First-principles calculations on
the superlattice model with the same modulation of B-site ordering periodicity observed
experimentally show that magnetic coupling between Fe and Re atoms at the interface
results in characteristics of ferromagnetism, in contrast to the antiferromagnetic nature of
the parent phases. The results suggest that tailoring of B-site ordering periodicity for tuning
interfacial magnetism at perovskite oxide interfaces can be potentially applied in epitaxial

Double perovskite

Triple perovskite

growth of superlattice thin films with magnetically engineered interfaces.

KEYWORDS: triple- and double-perovskite oxides, interfacial magnetic coupling, electron magnetic circular dichroism,

Sirst-principles calculations, scanning transmission electron microscopy

1. INTRODUCTION

The stacking order of B-site cations plays a significant role in
determining the electromagnetic properties of perovskite oxide
interfaces,"”” allowing researchers to develop a wide range of
novel artificial crystals.* The traditional construction of perov-
skite oxide interfaces in superlattice thin films typically relies on
the use of building blocks that have the same B-cation-ordering
periodicity (n:m), resulting in interfaces between (ABOj;), and
(AB'O,),,,. Previous studies have focused primarily on using the
thickness ratios of sub-layers as controllable parameters for
modulating B-site cations in thin-film superlattices based on
the —[(ABO,),/(ABO,),,],— system. Advanced thin-film syn-
thesis methods provide flexible control of the values of n and
m in such layers, from a single unit cell up to thicknesses of sev-
eral nm.® The study of superlattices makes interfacial phenom-
ena more evident using repetitions of the same nim
periodicity.” !

In contrast, perovskite oxide interfaces between thin films
with different B-site order periodicities, e.g, —[(ABO;),/
(ABO,),,],—/-[(ABO;),,/(ABO;), ]~ are often overlooked.
Generally, such interfaces can be engineered by varying the
Assite cations, the B-site cations, the oxygen stoichiometry, or
combinations of these variables within the constituent blocks,
such as (ABO;) and (AB'O,). In the present work, the A-site
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is fixed across the interface, thereby allowing us to focus specif-
ically on the effect of changing the B-site cation ordering peri-
odicity. Compared to conventional perovskites, double-
perovskite (A,BB'O,) and triple-perovskite (A;BBB"Oy) struc-
tures enable a wider range of heterovalent transition-metal com-
binations at the B-sites. This compositional flexibility provides
additional degrees of freedom for tailoring magnetic properties
such as half metallicity,'* giant magnetoresistance (GMR 13
and multiferroicity.'* The B-site cation stacking order and peri-
odicity are significantly different between 1:1 B-site-ordered
double perovskites and 1:2 B-site-ordered triple perovskites
From the perspective of crystallography, a 1:1 B-site-ordered
double perovskite provides crystallographically equivalent
6-fold-coordinated sites B, and B, with 1:1 layering alternating
along [lll]Pc, with an ordering vector of 1/2[111]* in a NaCl-
type arrangement.'® The B, and B, sites can be occupied either
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by elements B and B’ individually or by a combination of B and
B’ in certain ratios. In contrast, the 1:2 B-site-ordered triple
perovskite contains B}, B,, and B, atoms on crystallographically
triple-equivalent 6-fold-coordinated sites with an ordering vec-
tor of 1/3[111]*.

Previous reports have suggested that the cation ratio and
periodicity of B and B'atoms can influence the magnetic suscep-
tibility of double and triple perovskites."®!” Among double
perovskites, Sr,FeReO, (SFRO) has emerged as a key material
due to its high Curie temperature (~400 K), intrinsic ferrimag-
netism, and interlayer antiferromagnetic interactions. Structural
and compositional modifications of SFRO have further demon-
strated its potential to function as a room-temperature ferro-
magnetic insulator, rendering it a promising candidate for
efficient charge transport and spin manipulation under ambient
conditions.'® However, in complex SFRO perovskite oxides, it
is essential to distinguish between the thermodynamic stability
of the crystallographic host lattice and the kinetic stability of
specific ordering or defect states accommodated within that lat-
tice. Our previous studies have demonstrated that, under given
temperature and oxygen chemical potential, the double-
perovskite framework itself constitutes the stable structural
phase, while variations in B-site rock-salt ordering and oxygen
nonstoichiometry represent distinct configurational states of
the same parent phase rather than separate thermodynamic
phases.'® These ordering or defect states may be readily stabi-
lized during synthesis, particularly under constrained growth
conditions, but often evolve irreversibly upon annealing toward
a reproducible terminal configuration.'® Accordingly, subse-
quent analysis is confined to these thermodynamically stable
phases.

The 1:1 B-site-ordered double perovskite can be expressed as
Sr,Fe,, Re, O, where the x value is used to measure the devi-
ation from ideal 1:1 atomic occupation of Fe and Re in
Sr,[Fel, [ e] Oy For instance, a 1:1 B-site-ordered double-
perovsklte Srz[zFe Rely O can turn into a semiconductor
with spontaneous magnetlzatlon below 475 K*° by changing
the element ratio to Sr,[Fe]y [Fe1 /3Re, /3] O, with the x value
of 1/3. Fe/Re perovskites with similar nomlnal compositions
may adopt different B-site ordering. Crystallographically, a Fe-
rich Sr;Fe,ReO, phase can be described as 1:1 B-site-ordered
St,[Fegs;Req 43]p [Feg76Re54]5 O with a different Fe to Re
ratio on the B, and B, sites, exhllglts ferromagnetic (FM) order
below 450 K, and has a saturation magnetization of 1.10 g/
mol.*' Beyond the 1:1 B-site-ordered double-perovskite struc-
ture, the SryFe,ReO, phase, which can also be described as
1:2 B-site-ordered Sr;[Fe]y [Fe] [Re]; Oy with ordered

—[Fe—Fe-Re],— occupation, is theoretlcafly predicted to be
antiferromagnetic (AFM), as identified in our previous
research.”” These examples highlight the fact that periodicity
and ordering occupancy have a significant impact on the mag-
netic behavior of double- and triple-perovskite oxides. The dif-
ference in the crystallographic structure between the 1:1
B-site-ordered double-perovskite Sr,Fe,, Re, O, and the 1:2
B-site-ordered triple-perovskite Sr,Fe,ReO, therefore makes it
possible to construct a perovskite oxide interface.

In this work, we describe an interface, at which the B-site
stacking order is based on the 1:1 B-site-ordered double-
perovskite Sr,Fe,, Re, O, and the 1:2 B-site-ordered triple-
perovskite SryFe,ReO,. The atomic-scale structure, composi-
tion, and valence states of the resulting triple-/double-perov-
skite oxide interface are studied by using aberration-corrected
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scanning transmission electron microscopy (STEM), electron
energy-loss spectroscopy (EELS), and nanodiffraction. In addi-
tion, given the rarity of the experimentally observed interface
and the predicted modulation of magnetic coupling by B-site
ordering periodicity, we employed electron magnetic circular
dichroism (EMCD) as a high-spatial-resolution, element-
specific magnetic spectroscopy technique. Since its experimen-
tal demonstration in the TEM,*> EMCD has been developed
through theory,”*2” dynamical diffraction,”®*° vortex,**™3
channeling effect,®* in-plane geometries,35 and nanoscale®®3’
to atomic’®™*' magnetic measurements. All of the above were
used to experimentally determine the B-site cation sequence,
including the use of EMCD to probe the projected net Fe mag-
netic moment. We then perform first-principles calculations of a
superlattice structure model of 1:1 B-site-ordered double-
perovskite Sr,FeReO, and the 1:2 B-site-ordered triple-
perovskite SryFe,ReO, based on the experimental results, to
gain insight into interfacial magnetic coupling. By comparing
different possible magnetic configurations, we find that
exchange coupling between Fe and Re atoms at the interface
between the triple perovskite and the double perovskite is
prone to be FM, as a result of the difference in B-site periodicity
and strong coupling between the Fe 3d and Re S5d orbitals,
which differs from the AFM coupling between Fe and Re atoms
exhibited by the bulk double- and triple-perovskite structures.
Our results provide a strategy for tuning B-site cation order
periodicity to construct perovskite oxide interfaces with emer-
gent interfacial magnetic coupling, thus opening a promising
avenue for the exploration of new concepts of materials for
high-performance spintronics.

2. METHOD SECTION
2.1. Sample Preparation

Polycrystalline Sr,Fe,, Re, , O, samples were synthesized from a
nominal stoichiometric ratio of SrCO,, Fe,O,, and ReO; powders
using both a conventional solid-state method and spark plasma
sintering with a Sumitomo Coal Mining SPS-1050. The
Sr,[Fe], [Fe Re, ] Oy sample was produced from a nominal stoi-
chiometric ratio of §rCO3, Fe,0;, and ReO; powders, which were
mixed thoroughly via ball milling and pressed into pellets. To address
the volatility of Re, the Sr,[Fely [Fe,/¢Res/s]s O5 sample was
synthesized with an excess of 15 mol% Re and therefore had no Re
deficiency. The Sr3[Fe]Bl[Fe]Bz[Re] 9/Sr2[Fe]B [Fe, /oReg 65 O
interface was found in certain crystalhne partlcles in the
Sr,[Fe]y [Fe Re, ] O, sample. TEM specimen preparation was per-
formed ulsing conventional methods of mechanical grinding, dimpling,
polishing, and Ar ion milling using a Bal-Tec Res-101 system.

2.2. Atomic-Scale Structural and Chemical
Characterization

Atomic-resolution high-angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) was performed using an
FEI Titan 80-300 microscope equipped with a three-condenser-lens
system, a monochromator unit, and a CEOS probe corrector. STEM
imaging was carried out at an accelerating voltage of 300 kV using a
probe current of 80 pA. Atomic-resolution HAADF STEM imaging
was performed using a probe convergence semi-angle of 25 mrad.
The HAADF detector inner and outer collection semi-angles were
64-200 mrad. Energy-dispersive X-ray spectroscopy (EDXS) elemental
mapping was carried out at an accelerating voltage of 200 kV using an
FEI Titan G2 80-200 CREWLEY equipped with FEI
ChemiSTEM/Super-X EDXS detection technology comprising four
Si drift detectors with an energy resolution of <136 eV at Mn Ko

https://doi.org/10.1021/acsami.6c08939
ACS Appl. Mater. Interfaces 2026, 18, 50054—50063

920z Jequigydag /| uo Jasn HOMINM WNYLNIZONNHOSHOA Ad Jpd J6€680-9202-We/1 222Te89/7S00S/9€/8 L /4Pd-ajoiue oIwee/B10°soe sqnd woly papeojumoq


http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c08939

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(10 keps). The atomic occupancy of the A-site of Sr and B-site ordering
of Fe/Re cations was investigated using EDXS elemental mapping of the
Sr Ka signal at 14.133 keV, the Fe Ko signal at 6.405 keV, and the Re
Lot signal at 8.652 keV in STEM mode. The datasets had a size of 218 X
479 X 2048 channels and were recorded for 1000 s, with total counts of
approximately 1,423,026. The data were processed using Bruker Esprit
software and homemade Python code. Statistical analysis of the cation
compositions was obtained from elemental maps recorded over regions
of several tens of nm in size for arbitrary grain orientations.

2.3. EELS Experimental Conditions

EELS and EMCD measurements were performed using FEI Cubed
Themis 60-300 STEM operated at 300 kV X-FEG with a monochroma-
tor, a probe corrector, an image corrector, and equipped with a Gatan
Quantum 965 ER spectrometer. The probe size used for the nanoscale
EELS/EMCD experimental condition was approximately 2 nm under
microprobe mode. The probe convergence semi-angle was approxi-
mately 0.84 mrad, and the EELS collection semi-angle was 1.91 mrad.
The energy dispersion was 0.15 eV/channel, and the energy resolution,
estimated from the full width at half maximum of the zero-loss peak, was
approximately 0.9 eV. The Fe L, , edges were acquired from the double-
and triple-perovskite regions under two-beam diffraction conditions.
EEL spectra were processed by zero-loss-peak deconvolution, pre-edge
background subtraction, and normalization. No smoothing was applied
to the EMCD difference spectra used for analysis.

2.4. First-Principles Calculations and Image Simulations

Magnetic and electronic structure calculations of the interface were
performed using density functional theory (DFT) via the Vienna Ab
initio Simulation Package.** In order to implement these calculations,
the projector augmented wave (PAW)"® method was used with a
plane-wave basis, and the exchange—correlation interaction was treated
using the Perdew—Burke—Ernzerhof (PBE) functional with the general-
ized gradient approximation (GGA).** A 3 X 1 X 6 k-point mesh was
generated with a fine precision of 0.03 7/ Angstrom in the first irreduc-
ible Brillouin zone (BZ) using the Monkhorst—Pack method after per-
forming convergence tests. The convergence criteria for total energy
and maximum force were set to 107> €V and 0.01 eV/A, respectively.
The cut-off energy was set to 550 eV.

In order to ensure accuracy of the calculation, a quasi-Newton algo-
rithm was utilized for initial geometric optimization. Spin polarization
was considered when determining the magnetic structure. The DFT
+ U method was utilized to correct for self-interaction errors in sys-
tems involving transition-metal atoms.”® Specifically, the on-site
Coulomb repulsion U was set according to previous reports, with
U= 32 eV for Fe and U =1 ¢V for Re.” Due to computational lim-
itations, we were only able to consider 14 A between adjacent inter-
faces in the four-state calculation. The interface models contained
120 and 240 atoms with lattice parameters of a = 5.61 A b =2689
A, and ¢ = 9.71 A. All atom positions in the interface model were fully
relaxed. The four-state calculations for the bulk triple-perovskite

Sr,[Fe] B‘[Fe] Bl[Re] 5,0, with the P3m1 space group and the double-
perovskite Sr,[Fe], [Fe Re, ], O, were performed in 2 X 2 super-
cells, each containinlg 60 atoms, 2using a3 X 6 X 2 k-point mesh and
a 12 X 7 X 4 k-point mesh for structure optimization and calculation
of the DOS, respectively. Post-processing of the data was facilitated
using the VASPKIT software package.*’

Average formation energy of the triple-/double-perovskite oxide
interface with different magnetic coupling settings was initially calcu-
lated according to eq I:

Eform — Esystem ; Eatoms (1)

In this expression, Eg,,.., E ioms Eqtome ad 1 denote the formation
energy, the ground state energies of the interface model and isolated
atoms, and the number of atoms in the system, respectively.
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The four-state method is a mapping analysis approach, in which one
defines the spin dimer for each superexchange path of interest as a
structural fragment that contains the two interacting spin sites. The
electronic states of the spin dimer were calculated using first-
principles calculations. The energy difference of the four states and
the magnetic moment values collectively determine the exchange
parameter J;, based on the Heisenberg spin Hamiltonian, eq 2:

Hyp = Z, 1SS, )
=]

where J;; is the exchange coupling parameter and S; and S; are the spin
moment vectors at sites i and j, respectively.

Based on DFT-relaxed theoretical models, HAADF STEM image
simulations were performed using the multi-slice method implemented
in Dr. Probe software. Simulation parameters for the electron source
and collection angles were consistent with the experimental
conditions.*®

3. RESULTS AND DISCUSSION

3.1. Experimental Determination of the Atomic Structure
of the Triple-/Double-Perovskite Oxide Interface

A high-angle annular dark-field scanning transmission electron
microscopy (HAADF STEM) image shows the interface
between the 1:2 B-site-ordered triple-perovskite Sr,Fe,ReO,
and the 1:1 B-site-ordered double-perovskite Sr,Fe,, Re, Og

viewed along the [11 O]I)C zone axis (see Figure 1). Here, the x
value in Sr,Fe,, Re, O is used to measure the deviation from
ideal 1:1 atomic occupation of Fe and Re in Sr,FeReO,. As a
result of a local deficiency in Re caused by its volatility during
the preparation process, the 1:2 B-site-ordered triple-perovskite
Sr,Fe,ReQ, phase could be synthesized in the parent phase of
the 1:1 B-site-ordered double-perovskite Sr,Fe;, Re, O, The
triple-perovskite phase is rare within a bulk, which can only be
observed from the local sample region via high-resolution
STEM imaging, rather than the macroscopic X-ray diffraction
(XRD) technique, which was summarized in our previous
study.”* The crystal structure from XRD of the polycrystalline
sample Sr,Fe,, Re, O, containing the triple-perovskite
Sr,Fe,ReO, phase only shows the characteristic peaks (011)
and (110) of the double-perovskite Sr,Fe,, Re, O, with the
I4/m space group.”” The absence of distinct diffraction peaks cor-
responding to the triple-perovskite phase indicates its low volume
fraction and limited long-range ordering. Consequently, the den-
sity of this double-/triple-perovskite oxide interface structure
remains relatively low.

Atomic number (Z) contrast of atomic columns with
different elemental compositions is visible in Figure la, with
Fe (Z = 26) columns appearing weakest, Re (Z = 75) columns
appearing strongest, and Sr (Z = 38) columns in between. The
HAADF STEM image of the interface between the 1:2 B-site-
ordered triple-perovskite Sr;Fe,ReO, and the 1:1 double-
perovskite Sr,Fe,, Re, Oy shows a different periodicity on
each side of the interface. Nanodiffraction patterns recorded
from the two phases are shown in Figure 1b,c. The different
B-site ordering of the two phases leads to distinct symmetries
that are reflected in their nanodiffraction patterns. In
Figure 1b, fractional super-reflection spots such as %{TIT}PC

and 2 {TIT}PC (marked using yellov_v tfiangles) indicate the pres-
ence of a triple periodicity along (111), in 1:2 B-site-ordered

https://doi.org/10.1021/acsami.6c08939
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e
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Figure 1. High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF STEM) image and nanodiffraction of the
Sr,Fe,ReO,y/Sr,Fe,, Re, O interface. (a) Green solid rectangle
indicates the area used for elemental mapping. The inset in the green
dashed rectangle shows a simulated HAADF STEM image of the
SriFe,ReO,/Sr,Fe, , Re, O interface based on the model shown
in Figure 4a below. (b,c) Nanodiffraction patterns recorded from the
1:2 B-site-ordered Sr;Fe,ReO, phase and the 1:1 B-site-ordered
Sr,Fe,, Re,_ O phase, respectively. Fractional super-reflection spots
(such as %{TII}PC, ${111},.) and half-integer super-reflection spots

(suchas {111 }pc) are marked by yellow triangles in (b) and green tri-
angles in (c), respectively.

Sr3Fe2ReO9 In Figure Ic, half-integer super-reflection spots
such as 3 {111}PC (marked using green triangles) are present in
the double-perovskite Sr,Fe, Re; O, indicating the presence of
a double periodicity along K1 lipc

The crystallographic character of the interface plane was fur-
ther assessed using the pseudo-cubic framework. In both the
1:1 B-site-ordered double perovskite and the 1:2 B-site-ordered
triple perovskite, the B-site ordering modulation occurs along
the pseudo-cubic [lll]Pc direction, corresponding to alternating
B-cation planes normal to [111] .. In the HAADF-STEM projec-
tion, the observed interface trace, marked by orange triangles in
Figures 1 and 2, separates regions with distinct 1:1 and 1:2
B-site periodicities while preserving coherent corner-sharing
perovskite connectivity across shared Fe/Re—O octahedral net-
works. Therefore, the experimentally observed interface is
assigned to a pseudo-cubic (111),,-type plane, across which the
B-site stacking sequence changes from —[Fe-Fe—Re] — on the
triple-perovskite side to —[Fe-Re],— or Fe-rich —[Fe—Fe, Re,
oJ,— ordering on the double-perovskite side. This assignment is
consistent with the nanodiffraction evidence for 1/3[111]* and
1/2[111]* ordering vectors and with the DFT interface model
used for the magnetic coupling calculations.

The atomic-resolution elemental maps shown in Figure 2
reveal atomic columns of Sr, Fe, and Re in green, red, and blue,
respectively. The two phases are connected by shared Re and
Fe atoms. The arrangement of Fe and Re atoms in the triple-
perovskite SryFe,ReO, phase is highly ordered, without visible
anti-site occupation. In contrast, in the double-perovskite
Sr,Fe,, Re, O, phase, Fe atoms occupy B, sites and addi-
tional Fe atoms appear randomly on the original B, positions
of Re atoms. Furthermore, as shown in Figure SI, the
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quantitative statistical analysis of energy-dispersive X-ray spec-
troscopy (EDXS) spectra recorded from a relatively large area
under the off-axis conditions suggests that the Fe/Re ratios
are 2.02 + 0.03 (~2:1) and 1.39 + 0.03 (~7:5) for the triple-
perovskite Sry[Fe]y [Fely [Re]y 0O, and double-perovskite
Srz[Pe]Bl[Fel/éRes/éjBZO(), respectively. The 1:2 B-site-
ordered  —[Fe-Fe-Re] — in  the triple-perovskite
Srs[Fe]y [Fely [Re]; Oy and the 1:1 B-site-ordered —[Fe—
Fel/éRes/é]n— ‘in the double—perovsklte Sr,[Fely [Fel/éRes/
o) 8,0 are clearly distinguished and consistent with 'the Z con-
trast of the images shown in Figure la.

To precisely determine the position of the interface, a unit-
cell-by-unit-cell analysis of the Fe:Re ratio was conducted across
the triple-/double-perovskite oxide interfaces, as shown in
Figure 2e. The elemental mapping region contains a 218 X
479-pixel spectrum image with 2048 energy channels; the real-
space scan area is approximately 5.81 nm X 2.64 nm. Figure 2f
shows Fe:Re ratios close to 2 on the triple-perovskite side.
Across the interface, the local projected ratio decreases to approx-
imately 1.4 and then increases gradually to approximately 1.7 fur-
ther into the double-perovskite region. The ratios represent the
average statistical result obtained from the directly selected
region of specific phases. The definition of the interface is deter-
mined by the location with a significant change in the Fe:Re ratio
indicated by the orange triangles in Figure 2e/f. The deviation is
caused by local variations in Re content resulting from the vola-
tility of Re during sample growth. It is also noted that there is a
discrepancy in the Fe:Re ratio obtained from EDXS mapping
through Bruker Esprit software. A local Fe:Re ratio of approxi-
mately 1.7 is observed under zone-axis conditions, whereas a
broader area yields a ratio close to 1.4 under off-axis conditions.
This variation may be attributed to the nonuniform distribution
of Fe and Re atoms and the channeling effect***" inherent to
EDXS measurements collected along the zone axis. For the quan-
titative numerical processing methods, please refer to the
Supporting Information.

3.2. Phase-Resolved EMCD Measurements of the Projected
Fe Magnetic Response

The valence states of Fe atoms in the two phases were
assessed from a combined comparison of the Fe L;-edge energy
position, the L;, white-line fine structure, and the L,/L,
white-line intensity ratio with reference Fe-oxide spectra previ-
ously reported Fe’*  electron  energy-loss  (EEL)
spectra.’’ The spectra acquired from the double-perovskite
Sr,[Fel, [Fe1 s6Reg /6] Og and  the  triple-perovskite
Sr;[Felg [Fe] [ elp 0 o regions exhibit closely similar L;-edge
posmons and white- hne shapes, supporting the a551gnment of
predominantly trivalent Fe in both regions within the energy
resolution of the present measurements.'” The change in
valence most likely occurs for Re, which is understandable
due to the larger width of the 5d band of Re than the 3d
band of Fe. As a result of the stable chemical valences of
Sr** and O*", the unchanged valence of Fe**, and conservation
of charge, the valence states of Sr,[Fe]y [Fe1 seRes sl O and
Sr3[Fe] [Fely [Re] O9 can be inferred to be
Sr,[Fe? ] |:Fe1/6 Res/6 ]B and  Sr;[Fe**], [Fe¥*],
[Re®t], 09, respectively. 1 ’

Flgure 3b,c shows the normalized Fe electron magnetic circu-
lar dichroism (EMCD) spectra, as well as EEL spectra, recorded
from a region of double-perovskite Sr,[Fe]y [Fe, qRes sl Og
and a region of triple-perovskite Sr;[Fe]y [Fe]y [Re]y O,

https://doi.org/10.1021/acsami.6c08939
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Figure 2. Atomic-resolution elemental mapping of the Sr;[Fe]y [Fe]y [Re]s Oo/Sr,[Fe]y [Fe, sRes sl O interface, showing (a) Sr in green,
(b) Fe in red, (c) Re in blue, (d) elemental mixed Sr, Fe, and Re' mappmg as well as the HAADF STEM image, and (e) elemental mixed Fe and
Re mapping. (f) Statistical Fe/Re ratios of the B-site transition metals on a unit cell by unit cell basis. On the triple-perovskite
Sry[Fely [ elg [Re] O side, the unit cell is —[Re—Fe—Fe]—, while on the double-perovskite Sr,[Fe], [Fe Re]_x]B Oy side, the nominal 1:1 unit cell
is —[Fe—Re] For clarlty, the unit number in (e) corresponds to that in (f), and the interface pos1t10n is indicated by a pair of orange triang]es.
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Figure 3. (a) Electron energy-loss (EEL) near-edge fine structures of the Fe L, ,-edges acquired from the double- and triple-perovskite regions and
used for Fe-valence assessment. Normalized EEL spectra acquired at the positive “S,” (blue) and negative “S_” (orange) positions from (b) double-
perovskite Sr,[Fe] [Fe, cRes ] Oy and (c) triple-perovskite St;[Fe]y [Fe]y [Re] (O, regions, respectively. The yellow lines show the electron
magnetic circular dichroism (EMCD) spectra. The green lines show the cumujatlve mtegral of the residual-baseline-corrected difference spectrum.
The insets were recorded under two-beam conditions, where {111 }pc systematic reflections were excited with an electron probe.

respectively, at room temperature. The experimental EEL spec- of Figure 3c indicate the presence of a triple periodicity along
tra marked by “S,” (blue) and “S_” (orange) were acquired at (T1T),, in 1:2 B-site-ordered SrsFe,ReO,.

the positive (+) and negative (—) Thales positions, respectively, For EMCD acquisition, the specimen was tilted from the
as indicated by green dotted circles in the insets, on the diffrac- [110] . orientation to a two-beam condition by exciting the
tion patterns under two-beam conditions with {ITO}PC system- {1 11? systematic reflection. The required specimen tilt was
atic reflections excited. The EMCD signal comes from the apprommately 7 degrees. The nanobeam convergence semi-
difference between the normalized “S,” and “S_” EEL spectra. angle was approximately 0.84 mrad related to the EELS collec-
The half-integer super-reflection spot of 1{ 111}, is present tion semi-angle of 1.91 mrad. The yellow line in Figure 3b

shows a significant Fe EMCD signal with opposite intensities
at Fe L; and L, peaks in double-perovskite Sr,[Fe]y [Fe,,
oReg /6]BO indicating its ferrimagnetic coupling between Fe

in the double-perovskite as shown in the inset of Figure 3b,
while the very weak intensities of fractional super-reflection
spots such as 3 {111}, and ${111},  as shown in the inset
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atoms at B, and B, sites. The green lines show the cumulative inte-
gral exhibiting a systematic excursion across the L, edge, followed
by an oppositely directed contribution across the L, edge. This
behavior is larger than the cumulative fluctuation obtained from
the nonedge baseline regions and supports the presence of a statis-
tically resolvable projected Fe dichroic response within the approx-
imately 2 nm probed region. In comparison, the yellow line in
Figure 3c reveals no comparable, statistically resolvable L,/L,
dichroic response in triple-perovskite Sr,[Fely [Fe]Bz[Re]BBOw
which is obtained under the same acquisition and processing con-
ditions. This result establishes only that no projected net Fe mag-
netic response is resolved within the sensitivity and spatial
averaging of the present experiment. It does not directly demon-
strate antiferromagnetic coupling between Fe atoms at the B,/B,
sites, where distinguishing between compensated finite local
moments, cancellation within the probed volume, an unfavorable
projection of the magnetic moments, or a signal below the exper-
imental detection limit remains challenging.

This observation is consistent with the theoretical prediction
in our previous research.*” Although our previous work demon-
strated that the spatial resolution of the EMCD imaging can
reach 4 A with atomic plane resolution,®® resolving the mag-
netic response plane by plane across the present ( lll)Pc-type
interface would require a spatial resolution of approximately
2.2 A under a suitable EMCD diffraction geometry, which is
beyond the practical sensitivity of the present experiment.
Extracting EMCD signals therefore provides complementary
information on the projected Fe magnetic response across the
double-/triple-perovskite oxide interface. Therefore, density
functional theory (DFT) calculations can be employed to pro-
vide more insight into magnetic properties of the interfaces,
which are constructed by the perovskite oxides with different
B-site ordering periodicities.

3.3. First-Principles Comparison of Competing Interfacial
Magnetic Configurations

The experimentally determined B-site stacking sequence is used
as the structural constraint for the DFT + U interface model.
However, the local spin directions at the interface are not
assigned from the EMCD experiment. Instead, ferromagneti-
cally and antiferromagnetically coupled interfacial configura-
tions are introduced separately as alternative theoretical
starting configurations, relaxed, and compared through their cal-
culated energies and exchange parameters. The experimentally
resolved cation arrangement is therefore used as the structural
basis for the first-principles calculations, while the alternative
magnetic configurations are introduced as theoretical hypothe-
ses rather than as experimentally assigned spin states.

In order to investigate interfacial magnetic coupling modu-
lated by the periodicity of B-site stacking ordering, we con-
structed a superlattice model of 1:2 B-site-ordered triple-
perovskite Sr3[Fe]Bl[Fe]Bz[Re]B309 with space group P3m1**
and 1:1 B-site-ordered double-perovskite Sr,[Fe], [Re], Oy
with space group I4/m,*® containing triple-/ double-f)erovsfdte
oxide interfaces with 120 atoms in total with the available com-
putational resources (cf. Figure 4a). The B-site ordering at the
triple-/double-perovskite oxide interface in this model is
consistent with the experimental observations of the atomic
structure shown in Figures 1 and 2. Here, we select

Sr3[Fe]Bl[Fe]BZ[Re]B309 with space group P3ml, which is
energetically more stable than that with space group P3cl as
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demonstrated in our previous study.”* To focus on the effect
of the B-site-ordered periodicity, an ideal Fe:Re ratio of 1:1
was adopted in double-perovskite Sr,[Fe]y [Rely O It is
worth noting that the experimental Fe:Re ratio in double-
perovskite oxides is larger than 1:1, so the effect of excess Fe
atoms occupying the B, sites on the interfacial magnetic cou-
pling is discussed in detail in the Supporting Information.

The ground states of magnetic structures of the triple-
perovskite Sr;[Fe]y [Fe] [Re] Oy phase” and the double-
perovskite Sr,[Fe]y 1[Re]BZO6 phiase52 as shown in Figure 4b,c,
respectively, reveal lG—type2 AFM coupling of nearest-neighbor
Fe and Re cations or Fe and Fe cations between adjacent
{111}, planes due to Fe-O-Re and Fe-O-Fe superexchange
interactions. To evaluate the energetically favorable magnetic
structure of the Sr3[Fe]Bl[Fe]Bz[Re]B309/Sr2[Fe:|BI[Re:|3206
interfaces, the formation energies of four magnetic structures
including nonmagnetic structure (cf. Figure S2a), FM structure
(cf. Figure S2b), AFM structures with antiferromagnetically
coupled interfaces (cf. Figure S2c), and ferromagnetically
coupled interfaces (cf. Figure S2d) were calculated. As summa-
rized in Table S1, the calculations demonstrate that the AFM
structure with the ferromagnetically coupled interface has the
lowest formation energy, which is 5 meV/atom lower than that
of the AFM structure with the antiferromagnetically coupled
interface. The Re and Fe atomic layers at the very interface
energetically favor FM coupling rather than AFM coupling in
the bulk phases.

To further investigate the effect of the interaction between
Fe 3d and Re S5d orbitals on interfacial magnetic coupling,
we calculated the projected density of states (DOS) of
adjacent Fe and Re layers at the very interface of
Sr;[Fe]y [Fels [Re]y Oy/Sr,[Fely [Re]; O marked by a
blue shadow in Figurse 4a with those of the adjacent Fe and
Re layers in bulk triple-perovskite Sr;[Fe]y [Fels [Re]g Oy
(cf. Figure 4b) and double-perovskite Srzl[lze]Bz[Re]l;O6
(cf. Figure 4c). It is evident that the overlap between Fe 3d
and Re 5d orbitals at the very interface of triple-/double-
perovskite oxides with enhanced interplay at the
orbital level is significantly larger than that observed in
the bulk triple- and double-perovskite oxides, revealing the
ferromagnetically coupled interface, which is consistent with
the calculation results of formation energy in Table SI. In
contrast, the local DOS of the adjacent Fe and Re layers in
triple-perovskite ~ Sr;[Fe]y [Fe]Bz[Re]B;O9 and double-
perovskite Sr,[Fe]; [Re]y Oy show antiferromagnetic cou-
pling between Fe and Re atoms in bulk phases.

Moreover, we applied the four-state method*”** to calculate
the Fe-O-Re and Fe-O-Fe superexchange parameters (cf.
Table 1) for the Sr;[Fe]y [Fe]y [Re]y Oy/Sr,[Fely [Rely O
interface, the triple-perovskite S2r3[Fe:rB [Felg [Re]ll3 Oy and
the double-perovskite Sr,[Fe]y [Re]; Oy l(cf. Fizgure 4), further
demonstrating ferromagnetic 1c0upli;1g between Fe and Re
atoms at the very interface of Sr;[Fe]y [Felg [Relg Oy/
Sr,[Fe]y [Rel, O, A negative value of the exchange parame-
ters J indicates FM coupling, whereas a positive value indicates
AFM coupling. The Fe—O-Re interface exhibits FM coupling
for both pair @ and pair ®, with magnitudes of —0.0357 eV
and -0.0228 eV, respectively, while all other positive J
values of the pairs from ® to ® demonstrate AFM coupling
at both sides of double- and triple-perovskite oxides in this
interface model. These findings align with the results
obtained from the calculations of formation energy and
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Figure 4. Atomic structure and magnetic coupling of (a) Sr;[Fe]; [Fe]y [Re] Og/Sr,[Fe]y [Re]; O interface model with the interface indicated

by orange triangles, (b) Sr3[Fe:|Bl[Fe:|B2 [Re] 5,05 with the P3m1 space group, and (c) Sr,[Fe] B, [Re]Bzoé. The atomic structures in panels (a—c) show
Sr in green, Re in silver, Fe in gold, and O in red. Spin-down and spin-up magnetic moments are represented by violet and red arrows, respectively. In
the right figure in (a), the projected density of states (PDOS) of Fe and Re atoms at the very interface marked by a blue shadow reveals their fer-
romagnetic coupling, while in the right figures in (b) and (c), the PDOS of adjacent Fe and Re atoms show their antiferromagnetic coupling,

DOS. Previous research has indicated that in the double-
perovskite Sr,[Fe] [Re]s Og, which is a d°-d” system with
Fe in the 3+ state and Re in the 5+ state, local Hund exchange
readily occurs, leading to d*-d* charge fluctuations and the
emergence of magnetism.** In the case of the triple-perovskite
Sr;[Fely [Felg [Re]g Oy, our EELS measurements shown in
Figure 3a indicate that the valence of Fe** remains the same,
suggesting that there is an increase in the valence of Re from
5+ to 6+. This observation is understandable due to the lower
localization of the 5d band of Re compared to the 3d band of
Fe. The strong interaction between the electrons on Fe 3d
and Re 5d orbitals, the magnetic coupling corresponding with
LDOS as shown in Figure 4a, allows the electron hopping and
exchange effect between adjacent Fe and Re atomic orbitals,
which contributes to the interface FM coupling.

In addition, as previously noted, experimental observations
reveal a Fe:Re ratio of 1.4:1 in the double-perovskite Sr,Fe,
+Re O leading to a deviation from the ideal Fe:Re ratio
of 1:1. We therefore constructed a 120-atom supercell model
of the Sry[Felp [Fely [Re]y Oo/Sr,[Fe]y [Fe, 6Res/s]p O

1

interface, with excess Fe occupancy at B, sites in the double-
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perovskite Sr,Fe,, Re, O side (cf. Figure S7). The calculated
formation energies, density of states, and exchange parameters
show that the antiferromagnetic bulk regions with a ferromag-
netically coupled interface remain energetically favorable in
this Fe-substituted model (Tables S3 and S4). Separately, to
assess finite-size effects in the ideal 1:1 interface model, we
scaled up the Sr;[Fe]y [Fe]y [Re]y Oy/Sr,[Fely [Rely O
supercell from 120 to 240 atoms. The ferrom:ignetic?illy
coupled interface remained energetically preferred over the
antiferromagnetically coupled configuration (Figure S10 and
Table S2), indicating that this energy preference in the ideal
interface model is not a finite-size artifact. By calculating the
formation energy, DOS, and exchange coupling parameters
with the same theoretical calculation methods as described in
detail in the Supporting Information, it is also demonstrated
that the AFM structures with ferromagnetically coupled
interfaces are favorable in the Sr3[Fe]Bl[Fe]Bz[Re]Bsog/
Srz[Fe]Bl[Fel/6Res/6]BZOG interfaces. The periodicity of B-site
stacking ordering, rather than excess Fe atoms, plays a domi-
nant role in FM coupling at the double-/triple-perovskite oxide
interfaces.

https://doi.org/10.1021/acsami.6c08939
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Table 1. Exchange Parameters (J) (in eV) for the
Sr, [Fe]Bl[Fe]BZ[Re]3309/ Sr,[Fely [Re]BZO6 Interface
and Their Corresponding Ordered Structure
Sr;[Fe]y [Fels [Re]g O, in the P3ml Space Group
and Srz[i’e]Bl[i{e]Bsz with the I4/m Space Group

coupling
structure angle (deg) pair atoms ] (eV) type
Sr3[Fel, [Felp [Re]y Oy 166 1 Fe-Re -0.0357 FM
/S [Fel,, [Ref}, O 166 2 Fe-Re -00228 EM
interface 179 3 FeRe 00095 AFM
179 4 Fe—Re 0.0091 AFM
180 S Fe-Fe 0.0114 AFM
180 6 Fe-Fe 0.0129 AFM
180 7 Fe—Re 0.0019 AFM
8

170 Fe-Re 0.0067 AFM

Sr3[Fel [Fely [Re]y Oy 180 9  Fe-Re 0.0106  AFM
: ) 180 10  Fe-Re 0.0049 AFM
180 11  Fe-Fe 0.0408 AFM

Sta[Fel, [Re];, Os 180 12 Fe-Re 00437 AFM
170 13 Fe-Re 00465  AFM

4. CONCLUSIONS

We identify atomic structure, valence state, and elemental distribu-
tion at the interfaces between ferrimagnetic double-perovskite
Sr,Fe,, Re,  O4 and AEM triple-perovskite Sr;Fe,ReO, with dif-
ferent B-site ordering periodicities through atomic-scale HAADF
STEM imaging, nanodiffraction, EDXS mapping, EELS, and nano-
beam EMCD. The DFT calculations on the superlattice model of
1:1 B-site-ordered double-perovskite Sr,[Fe], [Re] Og and 1:2 B-
site-ordered  triple-perovskite Sr3[Fe:|B‘[Fe]];z[Re]];309 with the
same B-site ordering modulation observed experimentally reveal
emergent FM coupling between Fe and Re atoms at the interfaces
due to the enhanced hybridization between Fe 3d and Re 5d orbitals
in the density of states analysis. By comparison, the calculations indi-
cate that adjacent Fe and Re atoms in both parent phases favor anti-
ferromagnetic coupling. The experimentally resolved ordering
discontinuity, together with the calculated preference for ferromag-
netic interfacial coupling, suggests that B-site ordering periodicity
may provide a route to tune interfacial magnetic interactions. This
concept may be relevant to the design of epitaxial thin films with
engineered interface magnetism, although direct experimental verifi-
cation of the interfacial spin configuration remains necessary.
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