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Magnetic circular dichroism utilizing electrons or X-rays servesasa

powerful tool for the investigation of magnetism in ferromagnets, but
antiferromagnets pose a severe challenge to the technique due to their
vanishing net magnetization. Although transmission electron microscopy
has demonstrated the atomic-scale characterization of antiferromagnetism
using elastically scattered electrons, separating the weak magnetic

signal from the dominant electrostatic background remains challenging,
and applicability is largely limited to perfect crystals. Here we develop
atomic-column-resolved electron magnetic circular dichroismto

resolve antiferromagnetic order using a scanning transmission electron
microscope. By exploiting chirality around individual magnetic atomic
columns, we localize the magnetic circular dichroism signals around the
transmitted electron beam with enhanced strength and signal-to-noise
ratio, enabling atomic-column magnetic measurements. Applying this
technique to antiferromagnets, we not only distinguish the characteristic
G-type and C-type antiferromagnetic orderings in DyFeO, and a-Fe,O,

but also identify a one-unit-cell-thick magnetic dead layer at the buried
DyScO;-SmFeO;interface. Our work establishes a readily accessible
method for atomic-scale magnetic order mapping, with potential
applicationsin fields such asinterfacial magnetism, topological magnetism,
antiferromagnetism and altermagnetism.

X-ray magnetic circular dichroism (XMCD)'? is a powerful
synchrotron-based X-ray absorption spectroscopy technique used
to probe ferromagnetism by exploiting circularly polarized X-rays.
The XMCD signal originates from the excitation of core electrons
into unoccupied conduction states, which requires an imbalance in
the spin density of states in ferromagnets. Due to the absence of net
spin polarization and magnetization, XMCD cannot directly measure
antiferromagnetic materials. Nevertheless, this spinimbalance exists
at the scale of individual atomic columns within antiferromagnets.

Detecting suchlocalized magnetic states could be possible—provided
asufficient spatial resolutionis achieved. Yet, this remains beyond the
reach of current X-ray spectroscopy techniques.
Aberration-corrected transmission electron microscopy (TEM) can
formatomic-sized electron probes, enabling magnetic measurements at
the atomicscale. When high-energy electrons travel through amagnetic
crystal, they acquire both magnetic and electrostatic phase shifts’. Sepa-
rating these contributions is challenging because the magnetic phase
shiftatatomicresolutionis typically three orders of magnitude smaller
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Fig.1|Principle of atomic-column EMCD imaging via STEM-EELS

using transmitted electrons. a, Schematic of the STEM-EELS setup for
antiferromagnet DyFeO, with a G-type spin configuration. The electron beam
propagates along the z axis. The Néel vector is oriented along the x axis. An
ADF detector captures an atomic-resolution image simultaneously with EELS
acquisition. The diffraction pattern contains both non-magnetic and magnetic
contributions. A post-column spectrometer records the EELS signalsona
digital detector. CCD, charge-coupled device. b, Atomic model of DyFeO,
projected along the zaxis. Fe atoms (green and orange) have spin orientations
along +x. Stars mark three real-space electron probe positions. c-e, Simulated
non-magnetic (c), magnetic (d) and total (e) signals in the diffraction plane

o o o o °

EELS intensity

atanenergy loss of 710 eV for the three probe positions defined inb. The
semiconvergence angle is 17.8 mrad and the sample thickness is 22.38 nm.
Dashed circles denote the on-axis EELS entrance aperture. The diffraction plane
extends over g, = +40 mrad and g, = +40 mrad. The integrated non-magnetic
signal from the on-axis EELS aperture is identical for the two chiral positions
(black and red stars), whereas the integrated magnetic signals are opposite in
sign, giving rise to position-dependent chiral EELS signals. f, Schematic of the
total chiral EELS signals in e from two chiral probe positions describedinb,
shown for the Fe L,,, edges. Their difference yields the EMCD signal for asingle
atomic column. g, Three-dimensional datacube obtained from the STEM-EELS
experiment, withxand y representing the real-space scanning dimensions.

thantheelectrostatic phase shift. To address this, unique TEM facilities
have been developed based on phase contrast techniques, including
atomic-plane-resolved electron holography for the ferrimagnet Ba,Fe-
MoOginanultrahigh-voltage (1.2-MV) TEM with a pulsed magnetization
system® and atomic-column-resolved differential phase contrast (DPC)
imaging of antiferromagnetic o-Fe,0,in adedicated magnetic-field-free
TEM’. These experimental constraints hinder broader applicationand
largely confine the techniques to magnetic crystals, limiting their ability
to characterize magnetism at defects.

Electron magnetic circular dichroism (EMCD)® measures ferro-
magnetism using inelastically scattered electrons based on electron
energy-loss spectroscopy (EELS) in TEM. Analogous to XMCD, EMCD
detects element-specific magnetic signals by comparing the EELS
spectra at conjugate reciprocal-space positions, enabling the quan-
tification of spin and orbital moments”®. Despite its potential for the
atomic-scale magneticimaging of antiferromagnets, EMCD faces two
main obstacles: low signal-to-noise ratio due to weak inelastic signals
from an off-axis experimental setup’ and spatial resolution that is
limited to atomic planes by a three-beam diffraction geometry’® 2,

In this paper, we introduce an atomic-column-resolved EMCD
technique implemented in a standard STEM-EELS" " setup on a com-
mercially available aberration-corrected scanning TEM (STEM). Our
redesigned diffraction geometry preserves atomic-columnresolution
by operating on the zone axis and enhancing the signal intensity by an
order of magnitude through on-axis acquisition compared with con-
ventional off-axis setups. Applying this technique to antiferromagnets
DyFeO,and a-Fe,0,, weresolve their distinct G-type and C-type antifer-
romangtic orderings at the atomic-column level. We further map the
magnetic dead layer (MDL) at the buried DyScO;-SmFeO; interface,
revealing aone-unit-cell-thick region of suppressed magnetismas the
antiferromagnetic coupling remains intact.

Principle of atomic-column EMCD
Figure 1a shows the experimental setup for atomic-column EMCD in
a STEM. An atomic-sized electron probe passes through an antifer-
romagnetic crystal, in which inelastic scattering occurs as electrons
interact with the magnetic atoms, exciting transitions such as those
from 2p to unoccupied 3d orbitals at the Fe L, , edge. In a standard
STEM-EELS setup, an annular dark-field (ADF) detectoris used to collect
high-angle-scattered electrons to image atomic columns, whereas an
EEL spectrometer records inelastic scattering signals simultaneously by
usinganon-axisEELS aperturein the diffraction plane to generate aspec-
trumonadigital detector. For amagnetic crystal, in which time-reversal
symmetry is broken, the EELS signal contains both non-magnetic and
magnetic (EMCD) components'®”. By analysing the distribution of these
signalsin the diffraction plane, the EMCD signals can be isolated.
Conventional EMCD signals are obtained under a three-beam
geometry by measuring the off-axis chiral EELS signals at two conju-
gate positions in the diffraction plane®, where the EMCD signals are
dispersed across four quadrants with low intensity. Considering the
chirality around individual magnetic atomic columns, whichis absent
in non-magnetic ones, EELS signals are also chiral across magnetic
atoms and EMCD signals can be extracted in real space'®. To verify this,
we take the example of antiferromagnetic orthoferrite DyFeO,, which
has a G-type spin configuration (Fig. 1b). The Fe spins form a regular
pattern of alternating magnetic ordering across the entire lattice”. The
atomicmodelis projected along the zdirection (zone-axis geometry)
and the spins are oriented along the x axis. We placed the electron
probe at two symmetrical positions around a magnetic atom column
(Fig. 1b, stars). We then simulated the distribution of non-magnetic
and magnetic signals in the diffraction plane (Fig. 1c-e). The dashed
circle marks the position of the on-axis EELS entrance aperture used
for signal acquisition.
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Fig. 2| Atomic-column-resolved EMCD signals in the G-type antiferromagnet
DyFeO,. a, Atomic model of DyFeO; projected along the zaxis, showing the spin
orientations of the Fe atoms. b, Simulated real-space magnetic EMCD signals

for the region shownin a. The Fe atomic model is overlaid to highlight the EMCD
signal distribution, with the chiral+and chiral- positions indicated. ¢, ADF image
and elemental maps of Dy, Fe and O calculated from a STEM-EELS datacube

after template-matching processing. The rightmost panel shows a combined
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elemental map. d, Averaged chiral EELS and EMCD signals obtained from the
chiral+and chiral- positions across the entire STEM-EELS datacube. e f, L, (e)

and L, (f) EMCD maps generated by integrating the EMCD signals at the L,,, edges.
g h, EMCD signals for individual atomic columns in the horizontal (g) and vertical
(h) directions, corresponding to the dashed rectanglesin e.Imagesinc,eand f
have the same size. Scale bar, 5 A.

When the electron probe is positioned on the centre of an atomic
column (marked by a blue star), the EMCD signal distributions are
antisymmetricin the diffraction plane, resulting in a net zero magnetic
signal in the on-axis EELS aperture (Fig. 1d). At two symmetrical posi-
tions that are offset from the atomic column (marked by black and red
stars), the non-magnetic signal is symmetric with respect to the centre
ofthediffraction plane (Fig. 1c), and the integrated signalinthe aperture
remains unchanged. By contrast, the magnetic signals are antisymmetric
and thesign of the integrated signal is reversed (Fig.1d). Therefore, the
EMCD signals can be obtained by subtracting the total chiral EELS signals
(Fig. 1e) from the two symmetrical positions around the magneticatom
columns, as schematically showninFig. 1ffor the Fe L,,, edges. By using
this approach, the entire magnetic lattice can be scanned to generate

athree-dimensional datacube, in which the x and y axes are real-space
positions (Fig. 1g). By extracting the EMCD signals from each atomic
column, the magnetic ordering can be mapped with atomic-column
lateral resolution. Note that the spins here are oriented perpendicular
to the electron beam direction'®*°, unlike in conventional EMCD where
they are parallel to the electron beam®. This configuration localizes the
magnetic signalaround the directly transmitted electronbeam, enabling
the use of an on-axis EELS acquisition setup and the enhancement of
signal intensity (Supplementary Note 1and Supplementary Fig.1).

Imaging antiferromagnetic order in DyFeO,
We simulated EMCD signals for G-type DyFeO, with atomic-column
resolution (Methods) for an electron probe that was scanned across
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Fig. 3| Atomic-resolution EMCD signalsin a-Fe,0;. a, Atomic model of a-Fe,0,
projected along the [1120] direction, with the spin orientations of Fe atoms
aligned along [1100] within the a-b plane. b, Simulated real-space EMCD signal
distribution for the region shownina. The chiral+and chiral- regions are
indicated. c, ADF image obtained after template-matching processing.d, Combined
elemental maps of Feand O. e, Averaged chiral EELS and the corresponding EMCD

signals extracted from the chiral+and chiral-regions across the entire STEM-EELS
datacube. f,g, EMCD maps generated by integrating the EMCD signals at the L; (f)
and L, (g) edges, respectively. h, Line profiles extracted from the Lyand L, EMCD
maps showninfand g, respectively, averaged in the horizontal direction. Images
inc,d, fand g have the samessize. Scale bar, 5 A.

the entire atomic model (Fig. 2a). The electron beam was aligned along
the zaxis and the Fe spins were oriented along the x axis at room tem-
perature. The Néel temperature of DyFeQ, is Ty, = 645 K. The magnetic
moment of Dy is quenched at room temperature (Tﬁy =4.5K)”andis,
therefore, neglected here. For each scanning point in the supercell,
the non-magnetic and magnetic EMCD signalsin the diffraction plane
were calculated. The simulation was performed for an accelerating
voltage of 300 kV, abeam convergence semiangle of 17.8 mrad and a
sample thickness of 22.38 nm. Diffraction patterns for each scanning
point are provided in Extended Data Fig. 1. The simulated real-space
distributions of the EMCD signals are shown in Fig. 2b for Fe (Supple-
mentary Note 2 and Supplementary Fig. 2). The atomic-column-resolved
EMCD signals are clearly distinguishable with an alternating pattern,
showing alocalized distribution between the Fe atomic columns, as
indicated by the overlaid atomic model. We define the chiral+and chi-
ral- positions in Fig. 2b. By subtracting the EELS signals at these two
chiral positions, the EMCD signal from the individual atomic columns
can be isolated. Since the experimental conditions affect the EMCD
signals significantly'®”, we also calculated the EMCD intensity as a
function of the convergence semiangle and sample thickness
(Extended DataFig. 2). We found that the EMCD signal remains stable

for sample thicknesses below 40 nm and for convergence semiangles
between 10 and 25 mrad, offering feasibility for experiments.

A STEM-EELS datacube was recorded experimentally from a
DyFeO;, crystal, with a pixel size of approximately 0.3 A. Details of
the setup and parameters are provided in Methods and Extended
DataFig. 3. To enhance the signal-to-noise ratio, atemplate-matching
method was applied®>* (Methods). Elemental maps were calculated
by integrating the EELS signals at the Dy M;,, Fe L, and O K edges
(Fig.2c). The composite image reveals the atomic-column positions
and species. To visualize the EMCD signal, the EELS signals were
first summed at all of the chiral+ and chiral- positions (Fig. 2b).
The procedure is outlined in Extended Data Fig. 4. The summed
chiral+ and chiral- EELS signals, as well as the resulting EMCD sig-
nals obtained by calculating their difference, are shown in Fig. 2d.
Noticeable contrast of opposite signis visibleatthe L,and L, edges,
demonstrating the feasibility of measuring EMCD at the atomic scale
for antiferromagnets that have zero net magnetization. The ratio
of orbital to spin magnetic moment was calculated by applying the
sum rules”® to the EMCD signals shown in Fig. 2d, yielding a value of
0.01+ 0.01. This negligible value indicates that the orbital magnetic
moment is quenched for Fe** ions occupying the octahedral crystal
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Fig.4 |MDL at the DyScO;-SmFeO, interface. a, Atomic models of DyScO,
and SmFeO; oriented along the zaxis. The spins in SmFeO, are aligned along
the yaxis. b,c, ADF image (b) and combined elemental maps (c) of Dy (blue), Sc
(violet), Sm (pink) and Fe (green) across the interface. d, EMCD map generated

byintegrating the EMCD signals at the L, edge. The layer and column numbers
areindicated in sequence. e,f, Extracted profiles of elemental mapping and
integrated EMCD signals for individual atomic columns across the interface. The
MDL is marked by dashed lines and pink rectangles in b-f. Scale bar, 1 nm (b).

fieldin DyFeO;and is consistent with the results of density functional
theory calculations®.

Real-space EMCD mapsfor theL;and L,edges are shownin Fig. 2e f.
Togenerate these maps, chiral+and chiral-signals were separated from
defined regions and averaged to improve the signal-to-noise ratio.
Following background removal and post-edge normalization of the
chiral EELS data, the EMCD signal was obtained through subtraction,
and the EMCD maps were generated by integrating the differential
signal at the respective L, and L, edges. Details of data processing are
givenin Extended Data Fig. 5. The alternating L, and L, patternsin the
real-space maps are associated with antiferromagnetic ordering and
are consistent with the simulations shownin Fig. 2b. Furthermore, the
EMCD signals from individual atomic columns were extracted along
the horizontal and vertical directions marked in Fig. 2e (Fig. 2g,h). The
negative L, (L,) and positive L, (L;) signals are clearly resolved for the Fe
atom columns. These features demonstrate successful atomic-column
imaging of antiferromagnetic ordering in DyFeO,. The antiferromag-
netic ordering was further verified by analysing the atomic-column
EMCD signals on the assumption that the spins were oriented along the
yor zdirections (Extended Data Figs. 6 and 7, Supplementary Notes 3
and 4, and Supplementary Figs. 3 and 4). The negligible EMCD signals
in these measurements confirm that the spins are oriented along the
xdirection.

Imaging antiferromagnetic orderin «-Fe,0,

Todemonstrate its applicability to different antiferromagnetic struc-
tures, we applied our technique to haematite (a-Fe,0;). a-Fe,0; has a
hexagonal crystal structure and exhibits nearly C-type antiferromag-
neticordering, with aNéel temperature of T = 950 K. The Fe** magnetic
moments are aligned parallel within each (0001) basal plane, showing
in-plane easy anisotropy in the < 1100 > direction. The magnetic
moments are antiparallel between successive (0001) planes, resulting
in antiferromagnetic order. In our experiments, a thin Fe,O, sample
was oriented along the [1120] zone axis with its spins aligned along
[1100] (Fig. 3a). The simulated real-space EMCD distribution reveals
that the magnetic signals are localized between adjacent (0001) Fe
atomic planes (Fig. 3b). To extract the EMCD signal, we separately inte-
grated the EELS signals in alternating chiral+ and chiral- regions
(marked in Fig. 3b) between the Fe atomic planes and calculated their
difference. Data were processed using the procedure described for
DyFeOs. An ADF image and the corresponding elemental map reveal
the atomic structure and elemental distribution (Fig. 3¢,d). Summed
EELS signals from the chiral+ and chiral- regions yield distinct EMCD
signals (Fig. 3e), confirming the feasibility of atomic-column EMCD
for C-type antiferromagnets. The integrated EMCD signals at the L,
andL,edgesreveal the expected antiferromagnetic contrast (Fig. 3f,g),
consistent with the simulated results (Fig. 3b). Aline profile of the EMCD
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intensity across the (0001) planes (Fig. 3h), shows alternating signal
polarity, consistent with an antiferromagnetic coupling.

MDL at the DyScO,-SmFeO, interface

MDLs—regions in which magnetic order is significantly suppressed—
often form at interfaces between magnetic materials and adjacent
substrates or capping layers, critically influencing spintronic device per-
formance and fundamental magnetic interactions. However, directly
probing these interfacial MDLs at the atomic scale remains challenging
duetothelimited spatial resolution of conventional magnetic charac-
terization techniques. Here we apply atomic-column-resolved EMCD
to map the magnetism across the interface between DyScO, and the
antiferromagnetic SmFeO, (Fig. 4a, Methods and Extended Data Fig. 8
show the film growth and structural characterization). The small lat-
tice mismatch between DyScO; and SmFeO; leads to a fully coherent
interface (Fig. 4b).

SmFeO; has anorthorhombic crystal structure with a Néel temper-
ature ofaround 640 K. The Fe*" ions exhibit G-type antiferromagnetic
ordering with spins oriented along the y axis*, whereas the Sm**ions
are non-magnetic at room temperature (Fig. 4a). This contrasts with
the x-axis spin orientation in DyFeO; (Fig. 2a). In this case, the EMCD
signals are distributed between adjacent Fe columns, as demonstrated
in simulations (Extended Data Fig. 6). Elemental and EMCD signals
mappings are shown in Fig. 4c,d, and the corresponding line profiles
across the interface are presented in Fig. 4e,f. The localized EMCD
signals between adjacent Fe columns in Fig. 4d confirm that the spins
areoriented along the y axisin SmFeO,. The column-by-column EMCD
spectraare showninSupplementary Note 5and Supplementary Fig. 5.
Theseresults unambiguously reveal amagnetically suppressed inter-
facial region with a thickness of one unit cell as the antiferromagnetic
coupling is preserved (Fig. 4d). The fully strained nature of the thin
film allows us to conclusively attribute this magnetic suppression to
interfacial interdiffusion, as evidenced by the chemically intermixed
region (Fig.4e, pink areas) withacompositiondescribable as (Sm,_Dy,)
(Fe,.,Sc,)0;. Although previous studies proposed various mechanisms
for MDL formation, including interfacial diffusion, strain effects and
emergent magnetic coupling®, our direct measurements provide
definitive evidence that chemical interdiffusion plays adominantrole
inthis system.

The measurement of antiferromagnetic ordering across theinter-
face benefits from atomic-columnlateral resolution. With a minimum
Fe-Fe atomic-column spacing of approximately 2.65 A in the present
system, our method is also well suited for probing magnetic variations
atother defects, such as twin boundaries, stacking faults, and, in prin-
ciple, dislocations or point defects, provided that the atomic arrange-
ment is well defined and that the sample can tolerate the required
electron dose (Supplementary Note 6 and Supplementary Fig. 6). By
comparison, atomic-column-resolved DPC imaging typically relies
on spatial averaging over several neighbouring unit cells to recon-
struct local magnetic fields’, which restrictsits applicability to nearly
perfect crystalline regions. Similarly, although electron holography*
and conventional EMCD'* canachieve atomic-plane resolution, they
lack atomic-columnlateral resolution and are intrinsically insensitive
to G-type antiferromagnetic order due to the zero net magnetization
per atomic plane.

Conclusions

We establish an atomic-column-resolved EMCD method for the
element-specific mapping of magnetic order in antiferromagnets at
the atomic scale. The combined zone-axis diffraction geometry and
on-axis experimental setup make it broadly accessible in a standard
aberration-corrected STEM with EELS. This capability isdemonstrated
not only by resolving G-type and C-type antiferromagnetic orders in
DyFeO; and a-Fe,0; crystals but also by probing defective regions
through mapping an MDL at the buried DyScO,-SmFeO; interface.

This technique canbe used for studying antiferromagnetismand
interfacial magnetism, and isreadily extendable to emerging phenom-
enasuch as altermagnets® and topological magnetism®, It also offers
the potential to link magnetism with atomic and electronic structure,
particularly at domain walls and interfaces that exhibit exchange bias
oremergent magnetism. In the future, the use of amagnetic-field-free
environmentinthe TEM**?’ canbe used to preserve intrinsic magnetic
configurations, offering advantages for performing atomic-resolution
magnetic studies of ferromagnets and other materials that may be
affected by external magnetic fields.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541565-026-02134-z.
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Methods

Sample preparation

ADyFeO,single crystal was grown using a floating zone method*’. The
[0001]-oriented a-Fe,0, single crystal was purchased from MTI Cor-
poration. Epitaxial thin film of SmFeO, were grown on a DyScO,(001)
substrate using the pulsed laser deposition technique. The substrate
temperature and oxygen pressure during deposition were set to 850 °C
and 0.05 mbar, respectively. Pulsed laser deposition was performed
with aKrF excimer ultraviolet laser (1 =248 nm), using an energy den-
sity of 1.5J cm™ and a repetition rate of 2 Hz. After deposition, the
films were cooled to room temperature at a rate of 10 °C min™ under
an oxygen partial pressure of approximately 0.5 bar. For the TEM and
EMCD experiments, the samples were initially thinned to electron
transparency by using a focused-ion-beam system (Helios NanoLab
600i, FEI) equipped with an Omniprobe 200+ micromanipulator at
30 kV. The amorphous layer on the sample surface was removed at
2 kV. The focused-ion-beam lamellae were further processed with Ar
ionsat3 kVonaBal-TecRES101ion-beam milling systemand at 900 V
and 500 V on a Fischione NanoMill 1040 system, to thin them further
and to eliminate surface damage.

EMCD simulations

EMCD simulations were performed using MATS (v. 2) software,
which uses a combined multislice and Bloch-wave method*-**. Chiral
EELS signals in the diffraction plane, which are evaluated based on a
double-differential scattering cross-section for momentum-resolved
inelastic electron scattering, can be expressed as a linear superposi-
tion of non-magnetic and magnetic EMCD contributions within the
dipole approximation:

ﬁ xAXN(E)+BxM(E)

OF0N2 ’

where N(E) and M(E) are the non-magnetic and magnetic EMCD signals,
respectively. For non-magnetic materials, M(E) is zero. The coefficients
A and Brepresent the intensities of the non-magnetic and magnetic
EMCD signals, respectively. They are determined from the product of
Bloch coefficients and momentum transfers® and are influenced by
experimental parameters, including the crystal structure, sample thick-
ness and imaging conditions. Therelative intensity of the EMCD signal
is defined as the ratio B/A. Magnetic signals from the three Cartesian
directions can be separately calculated by modifying the momentum
transfer terms.

In the simulations, the orthogonal supercells of DyFeO,, a-Fe,0,
and SmFeO; were constructed and oriented along the desired direc-
tions, withthe electron beam parallel to the zaxis. Allaberrations were
set to zero. The accelerating voltage, beam position, convergence
semiangle and sample thickness were adjusted asrequired. An energy
loss of 710 eV, corresponding to the Fe L, edge, was used to calculate
the energy-selected diffraction patterns. At afixed electron-beam posi-
tion, the distributions of the non-magnetic and magnetic EMCD signals
were computed for each pixelin the diffraction plane. The diffraction
patternrange was set to +40 mradinthe g, and g, directionswithastep
size of 2.5 mrad (Figs. 1c-e, 2b and 3b, and Extended Data Fig.1). Note
that in antiferromagnetic DyFeO,, the Fe atoms form two magnetic
sublattices with opposite spin orientations. In our simulations, we
explicitly separate the non-magnetic and magnetic contributions from
eachsublattice. The final EMCD signal is obtained by taking the differ-
encebetween their respective magnetic contributions. The details are
presented in Supplementary Note 2 and Supplementary Fig. 2.

STEM experiments

The atomic structure of the crystals was imaged using high-angle
annular dark-field (HAADF) STEM and integrated DPC STEM
(Extended Data Fig. 8). Experiments were conducted on a Thermo

Fisher Scientific Titan Themis Z microscope operated at 300 kV. This
microscope is equipped with a probe corrector, a four-segment DF4
detector and a Gatan GIF Continuum K3 dual-EELS system. The con-
vergence semiangle for STEM imaging was set to 25 mrad, with collec-
tion semiangles of 50-200 mrad for HAADF imaging and 8-42 mrad
forintegrated DPCimaging. The beam current was 30 pA. Integrated
DPC images were reconstructed from four-segment images, making
use of a high-pass filter to eliminate low-frequency information. Data
acquisition and processing were performed using commercial Velox
software (version 3.18). The sample thickness was measured using
position-averaged convergent beam electron diffraction (PACBED)
(Extended Data Fig. 3). The convergence semiangle for PACBED was
approximately 6.75 mrad and PACBED patterns were recorded using the
K3 camera. PACBED simulations were performed using the Dr. Probe
software® for the same parameters as those used in the experiments.

Atomic-column EMCD experiments

Atomic-column EMCD experiments used the same experimental setup
as conventional atomic-column STEM-EELS, using an on-axis EELS
entrance aperture and requiring no additional facilities or modifica-
tions. The convergence semiangle was optimized to be ~17.8 mrad.
The collection semiangle was calibrated to be ~40 mrad. EELS signals
were recorded using a K3 camera installed on the post-column Gatan
imaging filter. Thebeam current was set to 50-80 pA witha pixel dwell
time of 2-3 ms, as aresult of its resistance to irradiation damage. The
pixelsize was 0.325 A and the EELS energy dispersion was set to 0.35 eV
per channel.

The primary difference between this setup and that used for con-
ventional EMCD results from the localization of the magnetic sig-
nals around the directly transmitted electron beam, which allows
for the use of an on-axis aperture, and, in turn, offers a significantly
improved signal-to-noise ratio compared with previous off-axis acqui-
sition methods (Supplementary Note 1 and Supplementary Fig. 1).
This concept relies on the magnetization being oriented perpendicu-
lar to the electron-beam direction, facilitating the redistribution of
signals in the diffraction plane''*. Moreover, the zone-axis EMCD
geometry is robust against beam misorientation, maintaining stable
signal strength and spatial distribution for tilt variations up to 5 mrad
in DyFeO; (Supplementary Note 7 and Supplementary Fig. 7). This tol-
eranceissignificantly broader than that of aconventional three-beam
configuration'2, which typically requires sub-milliradian alignment
to preserve signal integrity.

Extraction of atomic-column-by-atomic-column EMCD signals
Atomic-column EMCD signals were extracted from the experimental
STEM-EELS datacubes, in which the x and y directions correspond to
the scanning regions in real space and the z axis represents energy
loss. The STEM-EELS experiments generate three data files: an
atomic-column-resolved ADF image (size, m X n), a corresponding
low-loss EELS datacube (size, m x n x p) and a high-loss EELS datacube
(size, m x n x p). Energy calibrationis first performed on the high-loss
datacube by aligning the peak of the low-loss datacube to zero using
the DigitalMicrograph software (version 3.53). Subsequently, data
processing involves (1) summing the EELS signals at the chiral+ and
chiral- positions, as defined in Figs. 2b and 3b, to visualize the aver-
aged EMCD signals (Figs.2d and 3e) and (2) mapping the EMCD signals
inreal space with atomic-column resolution (Figs. 2e,f, 3f,g and 4d).

Inthefirst case, the procedureis outlined in the form of aflowchart
(Extended DataFig.4). The positions of the Dy and Fe atomic columns
areidentified and fitted based onthe ADF image. For each of the defined
chiral positions (chiral+and chiral-), the EELS signals are extracted and
summed. Post-processing steps, including background removal and
post-edge normalization, are applied to the two chiral EELS signals.
The EMCD signal is obtained by calculating the difference between
the chiral+and chiral- signals (Fig. 2d).
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Inthe second case, the procedureisoutlined inExtended DataFig. 5.
Asinthefirst case, the Dy and Fe atomic-column positions areidentified
and fitted from the ADF image. Taking the position of the Dy atoms as
the centre, aregion of interest with asize of 50 x 50 pixelsis extracted.
Theregions of interest are divided into two groups: the ADF stack for
chiral+ (50 x 50 x N*) and the ADF stack for chiral- (50 x 50 x N°). There
is a half-unit-cell offset between the two chiral datasets. Note that
this offset leads to the mixing of inequivalent atomic sites in DyFeO,,
particularly the oxygen sublattices, when subtracting the two stacks
to obtain the final EMCD maps. This issue arises in DyFeO; but does
not occur in all systems, such as in a-Fe,0; (Fig. 3). However, since
the EMCD technique is element specific, misalignment of the oxygen
sublattice would not significantly influence the EMCD maps at the Fe
L edges (Supplementary Note 8 and Supplementary Fig. 8 discuss the
simulation test and discussion), particularly after the background
removal and post-edge normalization of the EELS signals at each pixel
(Extended DataFig. 5, in which the spectrumimage of the Fe sublattice
after background removal and post-edge normalizationis nearly identi-
calbetween the two datasets). Additionally,in STEM-EELS experiments
withalongacquisitiontime, instrumental instabilities and sample drift
canintroduce distortions in both ADF and the EELS stacks, leading to
slight deviations from perfectly conjugate probe positions.

To address the potential misalignments arising from both lat-
tice distortion and sample drift, we applied non-rigid image registra-
tion between the chiral+ and chiral- datasets. This approach ensures
accurate alignment before subtraction, thereby minimizing residual
lattice offsets and preventing potentional artificial contrast. Then, the
two ADF stacks are summed to generate two ADF images. The same
procedure is applied to the high-loss datacube, yielding two EELS
datacubes (chiral+ and chiral-) with improved signal-to-noise ratio.
Finally, post-processing steps, including background removal and
post-edge normalization, are applied to the two datacubes. The EMCD
datacubeis obtained by calculating the difference between the chiral+
and chiral-datacubes. The magnetic ordering maps shownin Fig. 2e,f
were obtained by integrating the EMCD signals at the Lyand L, edges.
Forthe DyScO,-SmFeO;interface, signal averaging was performedin
a similar way, with data acquired by conducting multiple STEM-EELS
measurements across the interface.

Additionally, we processed our data using the alternative
approach outlined below, without applying a half-unit-cell shift
described in Extended Data Fig. 5. (1) We defined the mean Fe L-edge
spectrum (Fe_mean) as the average of the two chiral spectrashownin
Extended DataFig. 4. (2) We compared this Fe_mean spectrum with the
Fe L-edge spectra extracted from the Dy-site regions in the spectrum
images. (3) We calculated the difference between the Dy-site region of
interest spectra and the Fe_mean spectrum at both L;and L, edges to
generate the EMCD maps. On the basis of this procedure, we calculated
the EMCD mapsatthel;andL,edges (Extended DataFig. 9) for DyFeO,,
and Supplementary Note 9 and Supplementary Fig. 9 discuss these
data for the DyScO,-SmFeO; interface. The results also clearly reveal
the antiferromagnetic ordering, providing complementary validation
of our conclusions.

Data availability

Raw experimental data and key processed results for this study are
available via Zenodo at https://doi.org/10.5281/zenod0.18238440
(ref. 34). All other data supporting the findings of this study are
includedinthearticle andits Supplementary Information. Additional
information related to this work canbe obtained from the correspond-
ing authors upon reasonable request.
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Atom model: DyFeO,

Extended Data Fig. 1| Simulated distributions of Fe EMCD signals across a

i

12

5

&,

e

*

o

e

Y

b 15 .

X axis

unit cell of DyFeO;. a, Atomic model of DyFeO, projected along the z direction,

with the Fe spins oriented along the x-axis. b, Mesh grid representation of the
unit cell, consisting of a15 x 19 grid. The grid points mark the scanning probe

positions in real space. ¢, Simulated nonmagnetic signals in the diffraction plane
ateach probe position. Each individual image in ¢ shows the signal distribution in
the diffraction plane, spanning g.= £40 mrad and g, = £40 mrad. d,e, Simulated

Scanning positions: 15 x 19

14.....0..0.........0
13‘O.OVO.. ® 0 e 0000600000000
12..,..... ® 000000600 000000
11....,’.. ® 0000006000000 00
10_.A._._0 ® 0000006000000 00
9‘...'0'0 ® 0000006000000 00
8*.'.'.'. © 0 0000000000000
7_.‘0_.'0 ® 0000006000000 00
6.‘,...,. ® 0000006000000 00
5_. ® 0000000000000 00 00
40000000.00000000000
3‘.A._0A0 ® 00000060000 0000
2_OA._O_. ® 0000006000000 00
10..................
0 ® © 0000600000000 00099
O~ AN MTOLOMNOOODO T ANMTWOLONOOOD®
T T T T T T T T T
X oA W e ¥ oW W g 0.4
B A B &
e e o N 0.3
W WP B8 ol 0.2
S o = & |
Rl R £ 104
% ¢ O B oW W R ®oN B oW 5
e % B W W ¥ %o& o B 0
) % 1z i F X ® A e
5 W B # & A oA -0.1
& 72 2 » P4
G 6 13 g 0.2
Gl Gl E v % %
L T v B B & W 03
RO o N et > o B oW ¥ W -0.4
EEEE R EEEEEEEEE TN 0.4
v & K A E R E LR O T O I
2 S T I de dr B b W e o2 R 0.3
B 9 A% 3
: i % 2% 5 o
A% A e Mo R Ao B ok g
= noE R R R R 9 8 B A g oy B
B % R R OB &K P % g 2 o B R F E 2 0
o %R XN E s R EREE R
o (L R e S e R
4 PO o4 v § g b4
3 Sy Bk & T S % -0.2
P& A - e s ot
g 55 T 6 e e
1% Rk B g R NEREE R Y
% R B R F F 2 = % ok E® 5 ¥ oz -0.4

EMCD signalsin the diffraction plane at each probe position for Fe sublattices
with spin orientations along the +x and -x directions, respectively. f, Total EMCD
signals at each position, obtained by computing the difference betweend and e.
By integrating the signals in the diffraction plane using an on-axis EELS entrance
aperture (collection semi-angle 40 mrad) in d-f, areal-space mapping of the
EMCD signals across the unit cell is obtained, as shown in Fig. 2b.
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convergence semi-angle (CA). The sample thickness is 22.38 nm. d, Relative
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intensities of EMCD signals plotted as a function of sample thickness for DyFeOs,.

The CAis17.8 mrad. e, Relative intensities of EMCD signals plotted as a function

of CA for three different sample thicknesses of DyFeO,. In the experiments, the
sample thickness is approximately 13 nm for DyFeO,.
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EMCD diffraction geometry

k-] Enterance aperture:!

a~17.8 mrad

Simulation

a~17.8 mrad
thickness =13 nm

Before STEM-EELS experiments

Extended Data Fig. 3 | Experimental diffraction geometry and setup for the
atomic-column EMCD technique. a, Experimental diffraction patternrecorded
from DyFeO, oriented along the z-axis. The white dashed circle marks the EELS
5mm entrance aperture, which has a collection semi-angle 8 of approximately
38 mrad inthe current experiments. The convergence semi-angle ais 17.8 mrad.
b, Experimental PACBED pattern for DyFeO, oriented along the z-axis. The

PACBED

Experiment

a~6.75 mrad

Simulation

a~6.75 mrad
thickness =13 nm

After STEM-EELS experiments

convergence semi-angleis 6.75 mrad. ¢, Simulated diffraction pattern for the
same conditions asin a. d, Simulated PACBED pattern for the same conditions
asina.The sample thicknessis determined to be 13 nm using PACBED. e,f, ADF
images recorded before and after STEM-EELS acquisition. The green boxine
marks the regions used for STEM-EELS acquisition. No significant changes in the
sample were observed after the experiments.
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Data Processing Procedures for Atomic-Resolution EMCD Signal Extraction

ADF image Low-loss datacube  High-loss datacube

EELS LS (aligned)

Pre-processing EELS data

(ADF image, LL, HL): energy
calibration

Load Data
ADF image, HL_aligned

Find and index atom columns
based on ADF image

Define ROI of chiral positions in real
space for signal extraction based on
ADF image

ADF image with defined ROls (chiral+ regions: small points;
Apply ROI to HL_aligned chiral- regions: small green points) for EMCD signal extraction

extract chiral+ and chiral- EELS
signals

Post processing:
1. Averaged to obtain two chiral EELS
2. Background removal
3. Post-edge normalization
4. Calculate the difference

x10*
—chiral +
3 ——chiral - 1
—background + |
,-_\2'5 —background -
2 5 —normalized chiral +
© . .
; normalized chiral -
215 —EMCD
©
=
L |\ -
0.5 \ N ————s 4o et ottt e
0 e N . ) .
600 650 700 750 800 850
Energy Loss (eV)

Extended Data Fig. 4 | See next page for caption.
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Extended DataFig. 4| Data processing procedure for atomic-column-by-
atomic-column EMCD signal extraction. (1) The STEM-EELS experiments
generate the following data files: ADF image; low-loss EELS (LL); high-loss EELS
(HL). Anenergy calibration is performed based on the LL data using Digital
Micrograph software. (2) The ADF image is used to identify and fit the positions of
the Dy and Fe atomic columns. The Fe columns are indexed using different colored
dots to distinguish their spin orientations. (3) In order to extract EMCD signals

from the chiral+and chiral- positions, regions of interest (ROIs) - represented by
yellow and green small dots - are defined and localized at the Dy atom positions
based on the EMCD simulations shown in Fig. 2b. (4) All of the EELS signals at
the chiral+and chiral- positions are summed. (5) Post-processing, including
background removal and post-edge normalization, is applied to the two chiral
EELS signals. The EMCD signal is the difference between these two signals.
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Data Processing Procedures for Atomic-Resolution EMCD Signal Mapping
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Data processing procedures for mapping atomic-
column-by-atomic-column EMCD signals. (1) The STEM-EELS experiments
generate the following data files: ADF image; low-loss EELS (LL); high-loss EELS
(HL). An energy calibration is performed based on the LL data using Digital
Micrograph software. (2) The ADF image is used to identify and fit the positions of
the Dy atomic columns. The Dy columns are indexed with two colored dots, which
serve as the centers of the regions of interest (ROIs) for the chiral+and chiral-
groups. An ROl size of 50 x 50 pixels is used for template matching. The ROls are
extracted and categorized into two groups: chiral+and chiral-. (3) The chiral+

and chiral- groups of ADF stack images are aligned and averaged to produce

two final ADF images. Template matching and non-rigid image registration are
used to correct distortions and misalignments between the two stacks. (4) The
same alignment procedures are applied to the HL data, yielding two chiral EELS
datacubes with animproved signal-to-noise ratio. (5) Post-processing, including
background removal and post-edge normalization, is performed on both chiral
EELS datacubes to generate two processed HL stacks, in which the spectrum
image of the Fe sublattice is shown using an energy integration window from 680
to 780 eV. The EMCD datacube is obtained by taking the difference between these
two processed stacks.
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-

Extended Data Fig. 6 | Discussion of atomic-column-by-atomic-column EMCD
measurements in three spatial directions. a, Atomic model of DyFeO, (SmFeO,)
projected along the zdirection. b-d, Atomic model of DyFeO; (SmFeO,) with Fe
spins oriented along the x, y and zdirections, respectively. e,i, Real space map of
the simulated nonmagnetic signal across the unit cell. f-h, j-1, Real space maps of
the simulated EMCD signals across the unit cell for DyFeO, and SmFeO,, assuming
that the magnetizationis along the x, yand zdirections, respectively. The actual
spin orientations and corresponding EMCD maps are marked using dashed
rectangles for DyFeO,infand SmFeO,ink, respectively. The EMCD signals for
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the x direction areisolated from those for the y direction. The EMCD signals for
thexandydirections canbe distinguished by extracting signals from different
regionsinthe STEM-EELS data. The EMCD signals for the zdirection are almost
negligible, due to the antisymmetric distribution of the signals in the diffraction
plane. For most antiferromagnetic materials, the magnetic field required for spin
flipping (that is, to reorient the magnetic vector in the direction of the external
magnetic field) is much higher than the field applied by a fully-excited objective
lensinthe TEM (-2T).
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Extended DataFig. 7| Extraction of atomic EMCD signals from the
y-component spin orientation contributionin DyFeO,. The upper left panel
shows the atomic columns fitted and indexed on the ADF image. The upper right
panel shows amagnified region, on which regions of interest (ROIs) are marked
for the chiral+ (green small circles) and chiral- (yellow small circles) positions,

corresponding to the distributions of the EMCD signals in Extended Data Fig. 6¢
and Extended Data Fig. 6g when the spins are aligned along the y-axis. The lower
panel shows the summed chiral EELS signals and the final EMCD signals. The

negligible EMCD signals confirm that the magnetizationis oriented along the x
direction, as expected.
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Extended Data Fig. 8| Atomic-resolution images of aDyFeO, crystaland a SmFeQ;interface along the z-axis. The interface is not clearly identifiable due
DyScO,-SmFeO03 interface used for atomic-column EMCD measurements. to the similar atomic numbers of Sm and Dy. d, The interface can be resolved
a,b, HAADF-STEM and iDPC-STEM images of the DyFeO, crystal along the z-axis, by calculating the vertical strain e, using geometrical phase analysis (GPA).
respectively, with overlaid atomic models. ¢, HAADF-STEM image of the DyScO;- e, Elemental maps of Dy, Sc, Sm, Fe and O across the interface.
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Extended Data Fig. 9 | Extraction of EMCD signals for DyFeO, without applying  corresponding EELS stack after template matching.

o

the half-unit-cell shift described in Extended Data Fig. 5. a, ADF image after ¢, The chiral +, chiral-and mean EELS signals. d,e, EMCD maps atthe L;and L,
template matching. The Dy (blue) and Fe (red) atomic columns are marked with edges obtained by comparing the EELS signals at the Dy sites with the mean Fe
corresponding colored dots. The chiral+and chiral- regions used for chiral EELS L-edge spectrum. f, Representative EMCD signals from five selected Dy sites, as
signal extraction are indicated by yellow and green circles, respectively. b, The indicatedind.
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