nature nanotechnology

Article

https://doi.org/10.1038/s41565-026-02270-6

Atomic-scale visualization of three-
dimensional magnetization vectorswith
competing spin Hamiltonianinteractions

Received: 24 January 2026

Accepted: 4 August 2026

Published online: 8 October 2026

W Check for updates

Qi Wang ® %39, Miao Zhang'**°, Gustav Bihlmayer ®*, Jizhou Li®°®, Anhua Wu®,
Wenhao Di®, Liangbi Su®, Yulei Song"??, Shih-Wei Hung®", Jan Rusz®’,
Rafal E. Dunin-Borkowski® 2 & Xiaoyan Zhong ® >

The spin Hamiltonian describes the energy of a magnetic system,

which originates from interactions between electron spins that have a
three-dimensional (3D) vectorial nature and atomic-scale arrangement. It
iscrucial to know the energy contributions associated with spin behaviour,
such as superexchange coupling, Dzyaloshinskii-Moriya interaction,
Zeeman energy in external fields and single-ion anisotropy (SIA), for a
fundamental understanding of the ground state and dynamics of magnetic
materials. An experimental method, capable of resolving local 3D spin
vectors onthe atomicscale, is needed to provide direct correlation between
the competing energy terms and corresponding atomic configurations.
Here we demonstrate abeam-shift-based four-dimensional electron
magnetic circular dichroism technique, which achieves quantitative 3D
vector magnetometry and infers the energy contributions to the spin
Hamiltonian on anindividual atomic plane basis. The spatial resolution

of 2.25 A enables evaluation of spin Hamiltonian energy terms within
individual atomic planes. In a canted antiferromagnet, YFeO,, we confirm
anasymmetric spin reorientation of the magnetic spin moments on the two
antiferromagnetic spin sublattices. The inferred superexchange coupling,
Dzyaloshinskii-Moriya interaction, SIA and Zeeman energies provide
atomic-level insight into the interplay between these spininteractions
duringafield-induced spin reorientation transition. The observed
asymmetry in spin reorientation angle arises primarily from the SIA and
opposite Zeeman energies of the adjacent antiferromagnetically coupled
atomic planes, resulting in both magnetic spin moments being nearly
aligned with the external magnetic field. By bridging the gap inimaging
resolution for 3D spin vectors and atomic positions, our method opens
anavenue for the atomic-scale characterization and engineering of the
energetics described by the spin Hamiltonian.
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The spin Hamiltonian of amagnetic material is governed by four com-
peting terms’: Heisenberg superexchange, Dzyaloshinskii-Moriya
interaction (DMI), Zeeman coupling and single-ion anisotropy (SIA)*™*.
Together, these interactions determine collinear order, spin cant-
ing, field-driven alignment and crystallographic spin preferences.
Because their magnitudes depend sensitively on bond geometry,
atomic displacements and coordination, subtle structural variations
can reorganize the magnetic ground state. Their interplay underpins
topological skyrmions and hopfions®®, helical spin spirals’, magneto-
electric coupling® and weak ferromagnetism’. Direct evaluation of the
spin Hamiltonianat the atomic scale, however, requires simultaneous
knowledge of the local atomic structure and the three-dimensional
(3D) spin vectors S; of neighbouring sites'’. This capability remains
unavailable: established approaches generally infer spatially averaged
Hamiltonian parameters from bulk specimens, nanoscale magnetic
domains or domain walls™"2, Resolving neighbouring 3D spins together
with their atomic environmentsis therefore essential for determining
how local structure governs competing magnetic interactions.

High-spatial-resolution imaging probes two related but distinct
vector fields: magnetic induction B and magnetization M. Transmis-
sion electron microscopy (TEM) imaging techniques, including off-axis
electronholography™", Lorentz TEM™'®, electron ptychography”® and
differential phase-contrast scanning transmission electron microscopy
(STEM)™?°, visualize the in-plane components of projected B. However,
in antiferromagnets, these measurements have not resolved mag-
netic information from individual atomic planes or columns without
signal averaging. With tilt-series tomography, electron holography**
and Lorentz TEM" can reconstruct all three components of B with
sub-10-nmresolution, still far from the atomicscale™. Instead, electron
magnetic circular dichroism (EMCD)* >’ probes Mand has resolved the
out-of-plane component M, at atomic-plane resolution***, but has not
simultaneously mapped M,, M, and M, at that scale. Atomic-resolution
determination of 3D M therefore remains unavailable®, limiting direct
analysis of local spin Hamiltonian energetics and their response to
structural or external perturbations.

In this study, we report a beam-shift-based 4D EMCD technique
thatenables quantitative measurement of 3D magnetization vectorson
anindividual atomic plane basis froma single dataset acquired at one
fixed specimen orientation, without atilt series. We examine the proto-
type canted antiferromagnetic (AFM) orthoferrite YFeO; and success-
fully map its 3D spin vectors atomic plane-by-plane with its magnetic
orbital moments nearly quenched”, thereby revealing DMI-induced
spin canting and visualizing the field-induced spin reorientation (SR)
transitionbetweenl,andT,inthe presence of a2.5-T magnetic field*.
By combining adjacent-plane spin vectorsS;with their crystallographic
atomic positions and spin Hamiltonian constants reported for bulk sin-
gle crystals, we infer the atomic-plane-resolved superexchange, DMI,
SIA and Zeeman energy contributions. The asymmetric rotation of the
3D spin vectors on the two AFM spin lattices to an external magnetic
field is observed experimentally and interpreted using the inferred
competition between the four spin Hamiltonian energies.

Component-selective 4D EMCD at atomic-plane
resolution

Figure 1a outlines the beam-shift 4D EMCD acquisition technique
used to obtain component-selective magnetic signals from antifer-
romagnetically couplediron atomic planes. YFeO,is oriented undera
three-beam condition (3BC) that excites the selected systematic reflec-
tion Gand places the corresponding AFM-coupled planes parallel to the
incident electronbeam. An atomic-plane-resolved real-space annular
dark-field (ADF) STEM image then defines the beam shift Ax relative
to each atomic plane. Critically, the diffraction geometry is adjusted
so that the diffraction spot G lies along the detector’s horizontal axis
(Fig. 1c), whereas the energy-dispersive acquisition records momentum
transfer g,and energy loss E (Fig. 1d). The focused probe is rastered

across the specimen in the real-space x and y directions while a g,~F
spectrumimageis recorded at every probe position; xis perpendicular
andyis parallelto the AFM planes. Theresulting 4D dataset, x-y-q,-E,
links atomic-plane position, transverse momentum transfer and energy
loss within a single fixed-orientation acquisition.

We have also developed the theory of atomic-scale EMCD imag-
ing of 3D magnetization vectors, for which detailed information is
availableinthe Methods. The magnetic part of the double-differential
cross-section (DDCS), which contains contributions from all of the
M(E), M,(E) and M,(E) components, can be expressed as

Gx dx 2|TG|MX (E)
220 . 2mAx
G sin — M,
0EDQ |Mag & kz(:} ?q v dy da 7 ®
G. g sin M, (E) o
= ), S(Ax,q,G,M(E),
k,G

Here, Ax denotes the lateral probe displacement relative to an antifer-
romagnetically coupled atomic plane of spacingd, g, is the measured
transverse momentum transfer and G labels areciprocal-lattice vector;
full definitions of the remaining quantities are provided in Supple-
mentary Information, section 1.1. For detection of the M,(E) and M,(E)
components, the Fourier shift theorem converts beam shift Axintoa
phase modulation of the reciprocal-space probe wavefunction, pro-
ducing the sin Zmix dependence in equation (1). Sensitivity to M,(E)
arises from interference between the incident probe and
Bragg-scattered beams. Consequently, the coefficients multiplying
the three components exhibit distinct even or odd symmetries under
reversal of Ax, g,, or both (Fig. le-g). Because Ax is controlled in real
space and g, is measured in momentum space, these symmetries can
be isolated from a single 4D EMCD dataset. We therefore define
three analysis strategies: A, = [S(Ax, q,) +S(—Ax, —q,)] - [S(Ax, —q,)
+S(—Ax, qy)], Ay = [S(Ax, q))+S(Ax, —q))| —[S(—Ax, —q,) +S(—Ax, q,)]
and A, = [S(Ax, g,) +S(-Ax, q,)] - [S(Ax, —qy) +S(-Ax, —q,)| . EMCD
spectraextracted fromone 4D EMCD dataset using the three analysis
strategies A,, A,and A, are found to be primarily proportional to
qysin 2T[TA’(MZ(E) , —sin %My(ﬂ and —q,M(E), respectively, while
contributions fromthe other two orthogonal directions are substan-
tially minimized. Exact four-point combinations, sign conventions
and cross-talk analyses are provided in Supplementary Information,
section1.1and equations (16), (18) and (20).

The canted antiferromagnet YFeO; provides an ideal material
system for validating atomic-plane-resolved 3D magnetometry. It
crystallizes in the orthorhombic Pnma structure (a=5.302 A,
b=5.589 A, c=7.622 A) and has three well-defined magnetic anisotropy
axes: the[100] a axis is the AFM easy axis and the direction of the Néel
vector L in the ground state; the [010] b axis is the hard axis; and the
[001] c axis is an intermediate axis along which the net DMI-induced
canted moment lies (Fig. 2a)***°. Atomic-resolution structural and
compositional measurements along the [100] and [010] zone axes
confirm the Pnma model and chemical ordering (Fig. 2b and Extended
Data Figs. 1and 2). This experimentally validated model supplies the
atomic coordinates used, together with crystal symmetry, to constrain
the local DMI vectors D; in the subsequent energy analysis®*. In the
[100]-oriented geometry, the antiparallel magnetization vectors M,
and M;are nearly parallel and antiparallel, respectively, to the incident
beam direction z, making M,(E) the dominant component. The antifer-
romagnetically coupled Fe(022) planes are separated by 2.25 A. To
investigate field-induced SR, a3BC tilted from the [100] zone axis was
chosen. An external 2.5-T magnetic field applied in the TEM along the
[15,1,1]direction close to the easy a axis, is expected to resultin rotation
of the Néel vector towards the [001] c axis, that is, the intermediate
anisotropy axis, confined in the ac plane due to magnetic anisotropy.
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Fig.1|Beam-shift-based 4D EMCD for atomic-plane-resolved 3D
magnetization mapping. a, A convergent electron beam with controlled beam
shift Axis scanned across antiferromagnetically coupled atomic planes with
interplanar distance d on the spin sublattices of a canted antiferromagnetin a
3BC with the G systematic reflections excited. b,d, Real space ADF STEM image in
two dimensions (xandy) (b) and momentum-resolved EELS in two dimensions

(gy,and E) ina4D EMCD dataset (d). ¢, Representative diffraction pattern of a
sampleina3BCwith the g,and g,axes parallel and perpendicular, respectively,
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to the G vector corresponding to atomic planes with AFM coupling. e-g, Three
different analysis strategies A, (e), A, (f) and A, (g), involving subtraction of EMCD
signalsacquired in the positive boxes (pink) from those acquired in the negative
boxes (green) to extract EMCD spectra that largely represent the M,(E), M,(E) and
M (E) components, respectively, from one 4D EMCD dataset. The theoretical
dependences of the analysis strategies on momentum transfer g,and ona
beam-shift-related term sin %X areshown.
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Fig. 2| Crystal structure, magnetic ground state and atomic-scale
characterization of YFeO;. a, Crystal structure and magnetic structure of
YFeO,, with magnetic moments indicated by parallel and antiparallel red arrows,
respectively, to the [100] a axis. L denotes the AFM Néel vector. b, Annular
bright-field STEM image recorded along the [100] zone axis, revealing the atomic
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positions of yttrium, iron and oxygen, shown together with a corresponding
projected structure model, a selected-area electron diffraction (SAED) pattern
and atomic-resolution elemental mapping of yttriumand iron. Scale bars,1nm
(STEMimage), 2 nm™ (SAED pattern).

Dynamical diffraction simulations were performed for YFeO,
under the 3BC with G y,,, excited (Fig. 3a and Extended Data Fig. 3a).

A G-type AFM model tentatively assigned opposite M,, M, and M,

componentsto adjacent sublattices. This model was not used to intro-
duce prior constraints when solving the experimental spin vectors.
Withd,,, =2.25 A, planes sampled at Ax = 0 and +d,,, carry antiparal-
lel moments. The simulated relative dynamical EMCD coefficient
(RCenmea) reproduces the predicted parity in Axand g, for M(E) (Fig. 3b),
M,(E) (Fig. 3c) and M,(E) (Fig. 3d). Exploiting these symmetries,

the A,, A,and A, combinations isolate signals dominated by M,(E),
M,(E) and M,(E), respectively. The simulated target-component
fractions are 92.9%, 90.7% and 82.4%, while 88.8%, 84.9% and 95.0%
of the corresponding signals originate from the target atomic
plane (Extended Data Fig. 3h,k). Thus, a single dataset provides
component-selective, plane-localized observables without assum-
ing the actual spin direction. Integration windows and residual
cross-talk are detailed in Supplementary Information, section 1.1.
We note that these same analysis strategies are equally applicable
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Fig. 3| Simulated component selectivity of beam-shift-based 4D EMCD.

a, Top view of astructural model of YFeOs tilted from [100] to a3BC with the G gy,
systematic reflections excited in a Cartesian coordinate system with the x
direction along G, perpendicular to (022) planes with AFM coupling. The
incident electron beamin the zdirection scans along the x direction, as indicated
by the yellow cones and arrow. b-d, Beam-shift-dependent distributions of the
relative dynamical diffraction coefficient of EMCD (RCecq) Of M,(E) (b), M, (E) (c)
and M,(E) (d) along the g, and g, directions in the diffraction plane as a function of
beam shift Ax from —1d gy, to 1d gy, with astep of 0.25 d(y,). Following the

theoretical predictionsin Fig. le-g and equation (1), three analysis strategies,
A, A and A,, wereimplemented to largely isolate M.(E), M,(E) and M(E),
respectively, while minimizing their mutual cross-talk. For the three strategies,
EMCD signals acquired in the positive red boxes (labelled Il and III, V, and VIiI,
respectively) were subtracted from those acquired in the negative blue boxes
(labelledIand 1V, VI, and VII, respectively). The three black dots in each
beam-shift-dependent distribution of RC,,,.q denote the centre positions of the
G(oﬁ)' transmitted beam and G g,,, disks.

to the complementary [010] geometry in the control experiments
(see Supplementary Information, section 2 for details).

Determination of atomic-plane-resolved 3D
magnetization vectors

Using the geometry in Fig. 1 and the conditions optimized in Fig. 3,
we acquired a4D EMCD dataset from YFeO, under a 3BC tilted from
[100] with G y,, excited. The simultaneously recorded ADF STEM image
resolves 10 consecutive atomic planes with an interplanar spacing
of 2.25 A, as expected for (022) planes (Fig. 4a). Energy-dispersive
X-ray spectroscopy (EDS) mapping and image simulation confirms
that the yttrium atomic planes (blue) align with the bright lines,
and the iron atomic planes (green) are assigned to the dark lines
(Extended Data Fig. 4a,c). The Gy,, disk is parallel to g, (Fig. 1c), ena-
bling g,-resolved electron energy-loss spectroscopy (EELS) at each
probe position. The A, (Fig. 3b), A, (Fig. 3c) and A, (Fig. 3d) analysis
strategies are applied without smoothing or filtering. This approach
allowed for the extraction of three sets (Extended Data Figs. 5-7) of
EMCD spectraingreen, positive (‘+’inred) and negative (‘~"inblue) EEL
spectra for 10 consecutive Fe(022) atomic planes, which are labelled
1-10 (Fig. 4a).

The A,-channel spectra, which are dominated by the M,(E) com-
ponent, reverse sign between adjacent planes and between spectra
summed over the two sublattices (Fig. 4e,f,i,j). Bothsublattice sums dis-
play the expected oppositesignsat theironL;and L, edges. Across all10
planes, the experimental relative strength of EMCD (RS,,,.q) alternates
between positive and negative values (Fig. 4b), providing direct AFM
contrastacross planes. Sublattice-averaged values are —0.148 + 0.042
forodd-numbered planesand 0.124 + 0.028 for even-numbered planes
(Fig.4d), with comparable magnitudes within their uncertainties. The
orbital-to-spin magnetic moment ratio (m,/ms) of iron atoms on all
odd-numbered and even-numbered planes was calculated to be 0.046
(Extended Data Fig. 8d), resulting from the almost-quenched orbital
moments of Fe* ionsin YFeO,. Therefore, the experimentally observed
EMCD signals mainly come from the contribution of 3D magnetic spin
moments, rather than magnetic orbital moments.

In comparison to the pronounced out-of-plane M,(E) signal, by
utilizing the A, analysis strategy with dominant sensitivity to the M,(£)
component, the EMCD spectrum summed over the odd-numbered
spinsublattice (Fig. 4k) shows aweak but observable EMCD signature
with opposite signalsatthe L;and L, peaks, while the EMCD spectrum
summed over the even-numbered spin sublattice (Fig. 41) shows no
discernible EMCD signal. A similar characteristic is also reflected in
the EMCD spectra extracted fromtheindividual atomic planes labelled
5 (Fig. 4g) and 6 (Fig. 4h). The RS, values of the M,(E) component
on the odd-numbered and even-numbered spin sublattices (Fig. 4c)
were calculated to be 0.033 + 0.025 and —0.003 + 0.029, respectively
(Fig. 4d), which are noticeably different from each other. This differ-
ence arises from asymmetric rotation of 3D spin vectors on two AFM
spinsublattices during field-induced spinreorientation, as discussed
indetail in the following section.

In the principal [100]/G y,, geometry, the A,-channel spec-
tra show no systematic sign alternation (Extended Data Fig. 7). The
sublattice-averaged RS,,,.q values, —0.022 + 0.051 for odd-numbered
planesand -0.006 + 0.037 for even-numbered planes, indicate negli-
gible M (E) components. A, sensitivity was independently tested in the
complementary [010]/G,., geometry, in which the moments project
strongly onto the x and y axes. Both A, and A, show sign-reversing
contrast between the AFM sublattices, whereas the A,-derived M,(E)
signal is statistically insignificant (Extended Data Fig. 9). This behav-
iour agrees with the projected magnetic structure and supports sen-
sitivity to in-plane M,(£) and M,(E). Full control data are provided in
Supplementary Information, section 2 and Supplementary Figs. 2-6.
All component-selective spectra and RS,,,.q values reported here are
direct experimental observables; simulations are subsequently used
to determine intrinsic 3D spin vectors.

Simulation-assisted determination of 3D spin
vectors

To determine atomic-plane-resolved 3D spin vectors, we used dynam-
ical diffraction simulations to construct a linear system relating the
experimental EMCD spectra (5,-S_) to the intrinsic M,(E) and M,(E)
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Fig.4|3D vector magnetometry with atomic-plane resolution.

a, Atomic-resolution ADF STEM image and compositional maps (Y, blue; Fe, green)
of YFeO,ina3BC with the Gy, systematic reflections excited in the experimental
Cartesian coordinate system with xalong G o,y along [155]and zalong [15,1,1].
The corresponding 10 Fe(022) atomic planes are labelled 1-10. b, ¢, Experimental
relative strength of EMCD (RS,,,q) profiles extracted using the A, (b) and A, (c)
analysis across the 10 consecutive atomic planes. d, Statistical analysis results.
Symbols indicate arithmetic means and error bars represent the s.e.m. across five
odd-numbered planes (planes1,3,5,7,9; n =5 spatial observations) or five

700 710 720

700

710 720

Energy loss (eV) Energy loss (eV)

even-numbered planes (planes 2, 4, 6,8,10; n =5 spatial observations) for each
magnetic component. e-1, Raw data for positive EEL spectra (red), negative EEL
spectra (blue) and EMCD spectra (green) for the out-of-plane M,(E) (e,f,ij) and
in-plane M,(E) (g,hk,I) components of two consecutive Fe(022) atomic planes
labelled 5 (e,g) and 6 (f,h), and two spin sublattices with all odd-numbered (022)
planes (i, k) and all even-numbered (022) planes (j,1). The results demonstrate AFM
coupling betweenironatoms in adjacent (022) planes along the zdirection, while
the difference inRS,,,.q for M,(E) between the two spin sublattices indicates their
asymmetric rotation during field-induced spin reorientation.

components, while accounting for cross-talk fromadjacent planesand
other magnetic components (Extended Data Fig.10 and Supplementary
Information, section1.1, equations (22)-(26)). The single unique solu-
tion for the intrinsic M,(E) and M,(E) components can be guaranteed
and calculated from this system with the same number of equations and
unknowns. Itis worth noting that a reconstruction algorithm is not
applied here, unlike other tomographic approaches to solving 3D mag-
netization vectors''®. The robustness of the simulation-assisted deter-
mination of 3D spin vectors is discussed in Supplementary Information,
section 3 and Supplementary Fig. 7. Accordingly, we are able to inves-
tigate spin reorientation in YFeO; examined in a 3BC tilted away from
the[100] zone axis in the presence of an external 2.5-T magnetic field.
The RS, values of the intrinsic M,(E) and M,(E) components are pro-
portional to the projected strengths of 3D magnetic spin moments
alongthezandydirections, respectively, in the experimental Cartesian
coordinate system, which can be converted into the crystallographic
coordinate system (Extended Data Fig. 3a). The negligible M, (E) com-
ponent is not considered here. The crystallographic directions of the
magnetic spin moments M, and M; on each spin sublattice are deter-
mined tobe approximately [9, 1,1]and [511], respectively (Fig. 5a). The
3DspinvectorsSoneachspinsublattice (Fig. 5a) and each atomic plane
(for example, planes 1-3; Fig. 5¢) are derived from S = Sh, where the

ironspin S =5/2inthe canted antiferromagnet YFeO; (ref. 32), and fis
the unit vector along the direction of the magnetic spin moments on
eachspinsublattice and each atomic plane (see Supplementary Infor-
mation, section 1.3 for details). The angles between the a axis and the
3D spinvectors of the even-numbered and odd-numbered spin sublat-
tice are labelled a and S, respectively. In the zero-field ground state,
these angles a,and 8, can be calculated theoretically to be +1° (Fig. 5a),
whichis consistent with the experimentally measured angles of approx-
imately +0.7° (ref. 33). In the presence of an external magnetic field of
2.5T,theasymmetric SR angles afor M, of [9, 1,1]and Sfor M, of [511]
on each spin sublattice are determined to be 11.6° + 8.0° from [100]
and 19.5° + 8.2° from [100], respectively (Extended Data Fig. 8a). It is
worth noting that the error bars for the SR angles predominantly come
from the statistical errors of the experimental EMCD spectra, while
the effects of uncertainty in dynamical diffraction coefficients are at
least one order of magnitude smaller (Supplementary Table 1and Sup-
plementary Information, section 3). The observation that 3, > a;, high-
lights a substantial asymmetric spin reorientation. In contrast, a
control experiment was performed in the presence of an external 2.5-T
magnetic field applied along the [1,12,1] direction for YFeO, in a 3BC
tilted by 8° from the [010] b axis, which is the AFM hard axis. The sta-
tistically insignificant M,(E) components onboth spin sublattices along
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Fig. 5| Spin Hamiltonian origins of asymmetric spin reorientationin YFeO;.
a, Schematic diagram showing field-induced asymmetric SR of the magnetic spin
moments (M, and M,) for the two spin sublattices viewed along the [010] b axis.
Inthel, groundstatein zero field, the DMl induces canted angles a, of -1° and

B, 0f1°, resulting in a net magnetization vector (M) along the [001] caxis.Ina
2.5-T magnetic field, the experimental 3D magnetic spin moments M, and M,
undergo an asymmetric rotation. Their projection onto the ac plane yields
asymmetric SR angles of a; = 9.5° and 3, = 16.1° relative to the a axis. b, Calculated

dependence of the reorientation angles a and 8, and the tilting angle of the

Néel vector, projected onto the ac plane, on an external magnetic field. The
calculated asymmetric SR in the two spin sublattices, which is consistent with
the experimental observation, arises from competition between the energy
contributions, especially from Zeeman energy and SIA, to the spin Hamiltonian.
¢, 3D vectors of the magnetic spin momentsS,, S, and S, in three consecutive
Fe(022) atomic planes labelled 1-3.

Table 1| Competing spin Hamiltonian energy terms with atomic-plane resolution in YFeO; with asymmetric spin

reorientation in a 2.5-T magnetic field

Atomic S; Hey® Hpm® H;® Hgia 2° (x107°) Hgia c° (x107°)
planei 1 1 HH - S 2 2
—27iSi - Sp) ;7 Dii - (Si X Sp) ~HpHoFH - S —KaSia —KcSic
1 [-2.31,-0.56, 0.77] 1.257 -27.8 -2.6
-29.22 0.32
-1.285 -29.9 -1.4
2 [2.40, 0.41, -0.57]
-29.37 -0.03
3 [-2.39,-0.43, 0.59] 1.283 -29.8 -1.5
Odd [-2.36, -0.49, 0.68] 1.271 -28.8 -2.0
-29.09 -0.43
Even [2.45, 0.29, -0.41] -1.368 -31.2 -0.7

“meV per atom pair. P/meV per atom.

the [1,12,1] direction (see Supplementary Information, section 2 for
details) further confirm that there is no obvious spin rotation towards
the external field direction close to the AFM hard axis, which is consist-
ent with the theoretical expectation due to magnetic anisotropy.

Inference of spin Hamiltonian energy terms

To quantitatively understand the energetic origin of asymmetric spin
reorientation, we evaluated the competition between the different
energy contributions to the spin Hamiltonian H of canted AFM YFeO,
under an applied field using the following established form*%

H= Hex + HDM + HZ + Hsia,a + Hsia,c

1 1
:‘z%zfy(si'sjﬂ5%}”0“@“%) @)

—HpioH Y, H-S; — K, 3 S’ =K z Sic”,
L l L

where Hy, Hpym, Hz, Hgia g and Hg, . are the Hamiltonians of the super-
exchangeinteraction, the DMI, the Zeeman energy and the SIA, favour-
ing spin along the a and c axes, respectively, §; and S; are two
neighbouring spins, while/;and D; are the symmetric superexchange
constantand asymmetric DMI vector, respectively. The factor1/2 avoids
double counting. K,and K. denote the anisotropy constants along the
crystallographic aand c axes, respectively, while the variables S;, and
S;c refer to the projections of the spin vector S, onto the a and c axes,

respectively, in YFeO;. All of the spin Hamiltonian energy terms listed
in Table 1 are inferred from the 3D spin vectors S determined from
individual atomic planes and spin sublattices (Table 1 and
Supplementary Table 2) and the spin Hamiltonian constants measured
from the single-crystalline bulk materials** (Supplementary Table 3)
according to equation (2). The H,, and Hpy energies on the two spin
sublattices are inferred to be —29.09 + 1.33 and -0.43 + 0.51 meV per
atom pair, respectively, while the H, energies for each spin sublattice
are determined tobe 1.271 + 0.007 and -1.368 + 0.050 meV per atom.
The Hy;, , energies for each spin sublattice are -28.8 £ 1.0 x 10~ and
-31.2+2.0 x107> meV per atom, which is substantially larger than the
Hg, . energies for each spin sublattice of 2.0 + 0.7 x 107 and
-0.7 £1.0 x 10 meV per atom, demonstrating a strong energetic pref-
erence for spinstoalign along the a axis rather than the caxisinthe ac
plane. (see Supplementary Information, section 1.4 for details). Mov-
ing beyond the sublattice average, The H,, and Hpy energies of each
pair of adjacent atomic planes (for example, numbers1and2, numbers
2and3),and the Hy, Hy;, ;and Hg;, . energies for each atomic plane (for
example, number 1to number 3) were calculated and are tabulated in
Table 1, enabling statistical analysis and error estimation of the ener-
geticlandscape of the spin Hamiltonian at the single-atom-layer limit.
From the perspective of the spin Hamiltonian, the observed asym-
metric SR angles of the magnetic spinmoments on the two spin sublat-
tices arise primarily from the combined effects of opposite Hz energies
(leading to both magnetic spin moments being aligned with the exter-
nal magnetic field) and Hg;, energies (favouring the spins to be aligned
tothe a axisin the ac plane).
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To further elucidate the origin of this asymmetry in SR, density
functional theory (DFT) calculations for YFeO, including the Zeeman
term were performed for afield applied 3.8° from the [100] a axis. The
calculated field evolution in the ac plane gives different trajectories
foraand B (Fig. 5b), qualitatively matching the experimental projected
angles of 9.5° £ 6.9° and 16.1° + 7.8°, respectively. The measured 12.8°
tiltangle of the AFM axis is approximately consistent with the 16.1° and
16.5°tilt angles obtained by previous Méssbauer measurements** and
theoretical calculations®, respectively, considering the angular errors
in our experiments®**, This theoretical calculation also supports the
fact that the asymmetric SR angles of the magnetic spin moments on
the two spin sublattices are intrinsic to the competition between the
four energy contributions, in particular H; and Hg;,, to the spin Ham-
iltonianin this system.

Conclusions

We have established beam-shift-based 4D EMCD as a platform for
atomic-scale 3D vector magnetometry that links inferred spin Ham-
iltonian energy contributions (Hey, Hpm, Hz, H;,) to local atomic
configurations. With dynamical diffraction simulations, a single
fixed-orientation acquisition yields atomic-plane-resolved 3D spin
vectors, enabling H,, and Hpy to be inferred between adjacent planes
and H; and Hg, for individual atomic planes. The spatial resolution
of 3D magnetization-vector determination reaches 2.25 A, inferring
atomic-plane-level spin Hamiltonian energy terms. The measured
central values indicate an asymmetric reorientation trend between
the two AFM sublattices, whichis qualitatively supported by theory
and interpreted within the spin Hamiltonian framework. Opposite
Zeeman contributions and single-ion anisotropy provide a quantita-
tive explanation for the different SR angles, with both sublattice
moments rotating within the ac plane in response to the applied
field. Our method can be generally applied to different magnetic
orderings in canted/collinear antiferromagnets, ferromagnets,
helical magnets, and even altermagnets, especially considering that
the investigated YFeO, has altermagnetic symmetry*>*¢, Overall, the
approach combines an experimental platform for atomic-scale 3D
spin-vector measurements with a theoretical framework for
plane-resolved inference of spin Hamiltonian energy contributions.
It therefore provides a basis for investigating and ultimately engi-
neering competing magnetic interactions in materials with complex
3D spinorder.
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Methods

Theory of atomic-scale EMCD imaging of 3D magnetization
vectors

Tounderstand the origin of the 3D EMCD signal in our experiments, in
particular for mapping 3D magnetization in canted antiferromagnets
using controlled beam shifts, we first describe the expressions for the
double-differential scattering cross-section (DDCS) and mixed dynamic
form factor (MDFF) based on a theoretical framework®. Diffraction
patterns of materials consist of atransmitted beam with amplitude T,
andaseries of diffracted disks, each withamplitude 7¢. The assumption
that Tgisindependent of k holds well for thin crystals. In addition, for
a thin sample, 7 is purely imaginary with a small absolute value
(|76 20| < 1), while T, = 1. Following this notation, the DDCS can be
expressedinthe form

o i
— = Z TeTS e XS (q,q',F), 3)
0E0Q kK. G.G'
’ a
kl,kl <3

where k and k’ describe the wave vector and mirrored wave vectors,
respectively, in the convergent electron beams®®. Tgand T correspond
tothe amplitudes of diffraction beams with reciprocal-lattice vectors
G and G/, respectively. xi is a phase contribution from the beam shift
‘aberrations’ C,, and C,, in Krivanek’s notation in terms of a phase
ramp e2k- (&%) S(q,q’, E) is the total MDFF, which is described by the
energy loss E and by the momentum transfers q =Kk;— k- G and
q=k--k'-G"

In a unit cell of the canted AFM YFeO, in the two spin-sublattice
approximation®, four iron atoms occupy two AFM spin sublattices,
which are indexed / € {4, B} with atomic positions u,. The total MDFF
canbewrittenas asumofallatomic MDFFs S,(q,q’, E) ofiron at different
spin sublattices multiplied by phase factors, as listed below:

S@.q.E)= ), e-9us (q.qE), @
1€{A,B}
where the atomic MDFF is

e—2niq-(r—u,)
q?

eZm‘q’ -(r—u;)
q’

i,> <i,

liyy and |f;) are the initial and final states of iron atoms on AFM spin
sublattices of / € {4, Bywithenergies E; and E, respectively,and Eis the
energy loss. In the dipole approximation, the atomic MDFF of iron
atoms in the AFM spin sublattices of / € {A4,B} separates into
non-magnetic and magnetic contributionsin the form

f,> x6(E, —E; +E),
©)

5i@a.5=3(f
iof

S,(q,q’,E)z#[q-N,(E)-q’+i(q><q’)-M,(E)], (6)

where N/(E) is areal-valued symmetric rank 2 tensor containing infor-
mation about the non-magnetic part of the electronic structure and
M,(£) isamagnetization vector containing information about spinand
orbital magnetism and the magnetic dipole term of atoms with atomic
positions u,. In pseudo-cubic YFeO,, the rank-2 tensor JV;(E) is approxi-
mated asisotropic, soits contractionwith qand q’ reducesto the scalar
term N(E)q-q’, where N,(E) is the corresponding scalar function, as
shown below?”:

$i(q.9'.E) ~ # [N(E)q-q' +i(qxq’)-Mi(E)] @)

Substituting equations (7) and (4) into equation (3), the DDCS
of the general spectrum of iron in YFeO, can be rewritten as a linear

combination of the non-magnetic component and the magnetic com-
ponent of the MDFF of the iron atoms on the AFM spin sublattices of
1€{A,B}:

%0 . a’ i
= N, TeT* ec—Xi) 39 oi(q'~a)-u,
JEDQ <iin I(E) K k/ZG G Glgr qzq,z
kK, < ;
, . ®
+ Z Z iTg Tglei(Xk*Xkr) (axq )'I\:'(E) el —a)-u
€{aB K k', G, G’ @q’
kl,k'l < %

This formulation inherently separates the spectrum into a
non-magnetic componentoriginating from the real parts of the MDFFs
and a magnetic component originating from the imaginary parts of
the MDFFs. The latter contribution arises from magnetic dichroism
and constitutes the EMCD signal.

In a thin sample, the Bragg discs for non-zero G have very small
amplitudes. We therefore neglect them in a first approximation. Fur-
thermore, summing over atomsinacrystal leads toa condition where
q - q’ and consequently also k — k’ needs to be a reciprocal-lattice
vector. The expression for the magnetic part of the DDCS fromaniron
atom from spin sublattice ‘A’ located at the origin, that is, with a basis
vector u, =0, canthen be simplified to the following form:

0%0 .
oo A
BEOQ o k,z(; S M
k <2 ()]

A
Mx (D (quz - quy) + My (E) (qux - quz) + Mz (E) (quy - qux)
?q° ’

where Axy ¢ = Ak =Xk — X = Xk — Xk+dS the phase difference between
the k and k’ components of the convergent beam.

Inathicker sample, additional terms are superimposed onto this
contribution. However, at a sample thickness of 16.8 or 20 nm, it is
reasonableto expect that it will constitute amajor contributionto the
distribution of the EMCD signal in the diffraction plane, as a function
of beam position.

Apart from the contributions that are dependent on beam posi-
tion through the phase ramp in the wavefunction of the convergent
probe, there are also contributions from so-called classical EMCD,
whicharise frominterference of the probe with Bragg-scattered beams.
They require non-negligible excitation of the Bragg spots—as in the
classical EMCD geometry, in either the two beam orientation” or the
three-beam orientation used here. In general, any two beams will lead
tointerference effects. In particular, apart from the systematic row of
reflections, in the diffraction patterns other rows of reflections are vis-
ible, originating from different Laue zones. As discussed in refs. 37,38,
this leads to terms of the form

(axq’)-ME)

qZ qr2 (10)

2/T6I3S/(q.9") = 2|Tg|
that is, without an explicit dependence on the phase ramps intro-
duced by the beam shift. Nevertheless, simulations show that even
classical EMCD contributions fromindividual atomic planes have finite
extent*’ and their sign follows the direction of the orientation of the
magnetic moments.

Inthe first experimental Cartesian coordinate system of the YFeO,
sample tilted to a 3BC with the (022) systematic reflections excited,
thex,yandzdirections are defined as G oy, [155]and [15,1,1], respectively
(Fig. 4aand Extended Data Fig. 3a). The corresponding simulated dif-
fraction pattern (Extended Data Fig. 2c) shows astrongly excited Gy,
(encircled by a blue circle) in the zero-order Laue zone (ZOLZ), which
isregarded as G,, while other diffraction spots such as Gzs) (encircled
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by ared circle) in the first-order Laue zone (FOLZ) can also be weakly
excited and projected along the G,and G, directions, leading to contri-
butions from G,and G,componentsinthe first experimental condition.

Similarly, inthe second experimental Cartesian coordinate system
ofthe YFeO,sample tilted to a3BC with the (202) systematic reflections
excited, thex, yand zdirections correspond to G,o,, [929]and [1,12,1],
respectively (Extended DataFig.2b and Extended DataFig. 9a). Analo-
gously, G, (encircled by a blue circle) in the ZOLZ is dominantly
excited as G,, while other diffraction spots such as Gz, (encircled by
aredcircle)inthe FOLZ canalso be weakly excited and projected along
the G,and G, directions, leading to contributions from G,and G, com-
ponents inthe second experimental condition.

According to the Fourier shift theorem, a controlled beam shift
by Axalongthexdirection perpendicularto the (022) atomic planein
the first experimental Cartesian coordinate system introduces a
position-dependent phase ramp e2"*-2x in anincident electron beam,
resulting in a phase difference of Axy ¢ = 2nG - Ax. For M,(E) and M(E),
the strongly excited Go,,) as G,, compared to G,and G,, is dominantin
the phase difference of Ay ¢. As aresult, Ay, c canbe approximated as
Axig, = sin %", whered = d g5, =1/G o). For M(E), the classical EMCD
provides the main contribution. Since G, and M,(E) are parallel, the
term (G, x q) - M (E)in equation (9) is zero, demonstrating that only the
weakly excited G,and G,, rather than the strongly excited G,, can be
used to detect the M (E) component. Therefore, the M, (E) component
isdetected through the classical EMCD approach described in equation
(10). Based on this analysis of the primary sources of M,(E), M,(E) and
M (E), the magnetic component of the DDCS can be approximated as:

%0

e ™ 21761 %252 M,

OE0Q 'Mag
. 2MAX G,qx—Gyq; 2mAx Gyq, qx
+ sin 20 Sl 1, (£) 4 sin 2 ;zq,} M, (E)] "
x dx 2|TG|Mx (E)
. 2mAx
_|Gy g, sin ==M, (B)| = 3 5(Ax, q, G, M(E)),
kG v kG

G, q. sin Z=M, (B)

where S (Ax, q, G, M(E)) is a single item in the summation formula as a
function of Ax, q, G and M(E). Typically, the need for reflections outside
the systematic row results in a small dynamical coefficient in front of
M,(E), asdemonstrated previously*. Careful orientation of the sample
so that excitations of nearby rows of reflections from higher-order Laue
zones are present offers a route to enhance this contribution, as used
in this work.

Crystal growth and structural characterization

High-purity polycrystalline raw material powders of Y,05 (99.99%) and
Fe,0,(99.99%) were precisely weighed inaccordance with the stoichio-
metric ratio 1:1. The homogenized mixture underwent calcination in
a muffle furnace (1,200 °C, 10 h, static air) with controlled cooling
(2°C min™) to room temperature to ensure phase-pure YFeO, forma-
tionviasolid-state reaction. Following calcination, the agglomerated
powder was comminuted through secondary ball milling (8 h). The
refined powder was uniaxially compacted into cylindrical green bod-
ies (10 mm diameter x 50 mm) using a cold isostatic press (120 MPa,
1-h dwell time). Densification was completed via pressureless sin-
tering (1,250 °C, 24 h, air atmosphere). The fabricated ceramic rods
were polished to attain a uniform diameter for subsequent crystal
growth procedures.

Single-crystal cultivation was performed in a four-mirror opti-
cal floating zone furnace under forced air convection (51 min™ flow
rate). Thermal energy input was provided by four water-cooled
quartz-halogenirradiation sources (1.5 kW each). Growth parameters

were optimized at a4 mm h™ translation rate with a counter-rotation
protocol (seed rod, 8 r.p.m.; feed rod, 8 r.p.m.) to maintain a stable
molten zone geometry. The as-grown YFeO, boule had dimensions of
5 mm diameter x 40 mm. The crystal structure of YFeO, was analysed
by X-ray diffractometry. Crystal orientations were determined from
an X-ray Laue photograph.

Data acquisition and analysis
Atomic-resolution STEM experiments, including ADF STEM imaging,
annular bright-field (ABF) STEM imaging and EDS compositional
mapping of YFeO; along zone axis conditions were performed using
adouble spherical aberration (Cs)-corrected JEOL Grand ARMS/TEM
equipped witha cold field emission gun and operated at an accelerat-
ing voltage of 300 kV using a convergence semi-angle of 26.5 mrad.
ABF STEMimages were collected using an annular detector with inner
and outer collection semi-angles of 12 and 24 mrad, respectively. ADF
STEMimages were collected using an annular detector withinner and
outer collection semi-angles of 60 and 180 mrad, respectively, while
simultaneously performing compositional mapping using STEM EDS.
4D EMCD datasets, ADF STEM images and EDS compositional
maps of YFeO; in a 3BC with the desired G systematic reflections
excited were acquired using a convergence semi-angle of 8.95 mrad
at an accelerating voltage of 300 kV. The YFeO, samples were tilted
away from the [100] and [010] zone axes by 7°-8° to achieve 3BCs
with the (022) and (202) systematic reflections excited, respectively.
In the 4D EMCD datasets, a convergent electron beam was scanned
over the YFeO, sample in a 3BC with the (022) or (202) systematic
reflections excited to form momentum-resolved 2D EELS images of
g,and Eat each scanning point and areal-space ADF STEM image with
dimensions along x and y. A spectrometer entrance aperture with a
diameter of 5 mm (corresponding to ~45 mrad) and a dispersion of
0.35 or 0.7 eV per channel were applied, resulting in an energy reso-
lution of ~1 eV. The sample thickness was determined by calibrating
the inelastic mean free path (1) using position-averaged convergent
beam electron diffraction and comparisons with multislice simula-
tions. Application of this calibrated value of A1to low-loss EELS spectra
yielded thickness values of t =16.8 nm and 20 nm for the [100] and
[010] acquisition regions, respectively*’. Detailed data processing and
quantitative analysis are shownin Supplementary Fig.1and discussed
inthe Supplementary Information.

Dynamical diffraction simulation and DFT calculation
For a dynamical diffraction simulation of YFeO; tilted from the [100]
zone axis to a 3BC with the (022) systematic reflections excited, an
initial supercell with the a axis along [042], the b axis along [011]and the
caxis along[100] was built from an orthorhombic unit cell of YFeO,in
the two spin-sublattice approximation®. Here, we ignored the slight
monoclinic distortion of this initial supercell and approximated it by
an orthogonal cell with lattice constants of a=13.29 A, b=9.40 A,
c=5.42 A. Theincident beam was tilted from the [100] zone axis by 8°.
For a dynamical diffraction simulation of YFeO, tilted from the
[010] zone axis to a 3BC with the (202) systematic reflections excited,
aninitial supercell with the @ axis along [402], the b axis along [101]and
the caxis along[010] was built. Here we also ignored the slight mono-
clinic distortion of this initial supercell and approximated it by an
orthogonal one with lattice constants of a=13.06 A, b=9.28 A,
¢=5.59 A. Theincident beam was tilted from the [010] zone axis by 8°.
To calculate the EMCD signal distribution for YFeO, in 3BCs with
the (022) or (202) systematic reflections excited, as mentioned above,
acombined multislice/Bloch-wave method** was utilized for a conver-
gence parameter of 1 x 10, abeam convergence semi-angle of 8.95 mrad
and anaccelerating voltage of 300 kV. The collection semi-angle, which
was determined by the radius of the spectrometer entrance aperture,
was ~17 mrad and ~20 mrad for 3BCs with the (022) and (202) system-
atic reflections, respectively, excited. The step size of the beam shifts
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was set to 0.125d, where dis the interplanar distance between adjacent
(022) or (202) iron atomic planes. All of the parameters that were used
inthe simulations were consistent with those used in the experiments.

DFT calculations were performed in the local density approxi-
mation** using the full-potential linearized augmented plane wave
(FLAPW) method, as implemented in the FLEUR code®. Spin-orbit
coupling was taken into account and the local spin directions were
allowed to freely relax*¢ in an applied field. The crystal structure was
chosenaccording to the experimental data. The basis-function cut-off,
K., and minimal muffin-tin radii, Ry, were chosen toyield K,,,;Ryr = 6,
whilea 6 x 5 x 4 k-point mesh was used. No Hubbard-Uwas used for the
iron dstates, leading to abetter description of spin canting®.

Data availability

Raw experimental data for this study are available viaZenodo at https://
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tary Information. Source data are provided with this paper.
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Extended Data Fig.1| Atomic-resolution structural and compositional dark-field (ADF) STEM images and corresponding atomic-resolution elemental
characterization of YFeO3. (a) Annular bright-field (ABF) scanning transmission ~ maps of Yinblue and Fe in greenalong [100]. Scale bars on all STEM images are
electron microscopy (STEM) image recorded along the [010] zone axis, revealing 1nmand ondiffraction patterns are 21/nm. (b-c) Projected structural models,
the atomic positions of Y, Fe and O, together with a corresponding projected atomic-resolution ADF STEM images and compositional maps showing Fe in
structure model, aselected area electron diffraction (SAED) pattern, annular green, Y inblue and Oinred for YFeO, viewed along (b) [100] and (c) [010].
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Extended Data Fig. 2| Projected magnetic structures and diffraction
geometries of YFeO,. Projected structural models with magnetization vectors
marked using arrows and simulated selected area electron diffraction patterns
for YFeO, viewed along (a) [100], (b) [010], (c) [15,1, T]and (d) [1,12,1].[15,1,1] and
[1,12,1] represent the crystallographic orientations of YFeO, in a three-beam
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condition with the G(o2;) and G(,,) systematic reflections excited, respectively.
Blue circles mark strongly excited (202) and (022) diffraction spotsin the
zero-order Laue zone (ZOLZ), while red circles mark diffraction spots such as
(148) and (417) in the first-order Laue zone (FOLZ).
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Extended Data Fig. 3| Beam-shift dependence and component selectivity of
simulated three-dimensional EMCD signals. Beam-shift-dependent profiles of
integrated relative dynamical diffraction coefficient of electron magnetic
circular dichroism (RC,,,) of three-dimensional (3D) magnetization vectors.
(a) First experimental Cartesian coordinate system of YFeO,in a three-beam
condition (3BC) with the G(q,,) systematic reflections excited, where x along
G022 is perpendicular to the (022) planes and y along [155] and the incident
electron beam direction zalong[15,1,1] are-7° from[011] and [100],
respectively. (b-d) Beam-shift-dependent profiles of integrated RC,,.. for (b)
My (E), (c) M, (E)and (d) M, (E) calculated from the difference inintegrated
RC,n.qbetween thered and blue areasin g, in the (i) schematic 3BC. (e-g) Beam
shift-dependent profiles of integrated RC,,q for (e) M, (), (f) M, (E)and (g)

Contribution (%)

M, (E) calculated from the integrated RC,,,qin the red areain g, in the (j)
schematic 3BC. The colored filled lines show contributions from each atomic
plane, while the dashed lines represent the total signals. (h) Delocalization
contributions of the Fe (022) planes labeled 1through 6 to the target plane #5,
showing the dominant contribution localized at plane #5 itself. (i-j) Schematics
of the detector integration windows used for signal extraction: (i) Extraction
strategy used for the profiles in (b—d), and (j) Extraction strategy used for the
profilesin (e-g). (k) Quantitative comparison of the signal crosstalk, showing the
relative contributions of the M, (E), M, (E), and M, (E) components for each
extraction strategy. The data confirms the dominance of the target magnetic
component inits respective optimized configuration.
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Extended Data Fig. 4 | Experimental and simulated ADF-STEM and EDS
characterization under two three-beam conditions. Experimental and
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maps with Yinblue, Feingreenand O in red for YFeO, in three-beam conditions
with (@) G2, and (b) G(,0,) Systematic reflections excited, together with

simulated annular dark-field (ADF) scanning transmission electron microscopy correspondingline profiles (c) and (d), respectively and corresponding low-loss
images and energy-dispersive X-ray spectroscopy (EDS) compositional color electron energy-loss spectra (e) and (f), respectively. All scale bars are 1 nm.
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Extended Data Fig. 5| Atomic-plane-resolved raw spectra obtained using the
A, analysis. Raw-data positive ‘+’ electron energy-loss (EEL) spectra (red),
negative ‘~’ EEL spectra (blue) and electron magnetic circular dichroism (EMCD)
spectra (green) for (a) each odd-numbered Fe (022) plane labeled 1 through 9 and
their sum; (b) each even-numbered Fe (022) plane labeled 2 through 10 and their
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sum, extracted from a four-dimensional EMCD dataset for YFeO, in a three-beam
condition with the G(o,,) systematic reflections excited using the A, analysis
strategy, representing mainly the out-of-plane M,(E) component of the
three-dimensional magnetization vector along the zaxis as [15, 1,1].
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Extended Data Fig. 6 | Atomic-plane-resolved raw spectra obtained using the
A, analysis. Raw-data positive ‘+ electron energy-loss (EEL) spectra (red),
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spectra (green) for (a) each odd-numbered Fe (022) plane labeled 1 through 9 and
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sum, extracted from a four-dimensional EMCD dataset for YFeO,in a three-beam
condition with the G(o,,) systematic reflections excited using the A, analysis
strategy, representing mainly the in-plane M, (E) component of the
three-dimensional magnetization vectors along the y axis as [155].
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Extended Data Fig. 7 | Atomic-plane-resolved raw spectra obtained using the
A, analysis. Raw-data positive ‘+’ electron energy-loss (EEL) spectra (red),
negative '~ EEL spectra (blue) and electron magnetic circular dichroism (EMCD)
spectra (green) for (a) each odd-numbered Fe (022) plane labeled 1 through 9 and
their sum; (b) each even-numbered Fe (022) plane labeled 2 through 10 and their
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sum, extracted from a four-dimensional EMCD dataset for YFeO,in a three-beam
condition with the G(o,,) systematic reflections excited using the A, analysis
strategy, representing the in-plane M,.(E) component of the three-dimensional
magnetization vectors along the x axis as Ggy2).
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Extended Data Fig. 8 | Sublattice-resolved EMCD spectra and the
orbital-to-spin magnetic-momentratio. (a) 3D directions of magnetization
vectors in the two antiferromagnetic spin sublattices with even-numbered and
odd-numbered atomic planes, showing canting angles of 11.6° from [100] and
19.5° from [100], respectively. (b, ¢) Sum of Fe electron magnetic circular
dichroism (EMCD), positive ‘+’ and negative ‘~’ electron energy-loss (EEL) spectra
extracted from (b) all odd-numbered planes and (c) all even-numbered planes
extracted from the four-dimensional EMCD dataset of YFeO, in a three-beam
condition (3BC) with the Gq,,) systematic reflections excited using the A,
analysis strategy and post-edge normalization. The EMCD spectrain (b) and (c)
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arealmost identical to those in Fig. 4j and Fig. 4i, respectively, using L, ; edge
normalization. (d) ‘+' EEL spectrum of the total planes, arising from the sum of
the ‘+' EEL spectra of all odd-numbered planes and the ‘=’ EEL spectra of all
even-numbered planes; ‘=" EEL spectrum of the total planes, arising from the sum
ofthe ‘~ EEL spectra of all odd-numbered planes and the ‘+" EEL spectra of all
even-numbered planes. The EMCD spectrum of the total planes is achieved by
subtracting the corresponding ‘+’ EEL spectrum from the ‘=’ EEL spectrum. The
orbital-to-spin magnetic moment ratio (m,/ms) of the Fe atoms on the total
atomic planesis calculated to be 0.046, demonstrating the almost quenched
orbital magnetic moment.
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Extended Data Fig. 9 | Atomic-plane-resolved imaging of in-plane
magnetization components in the complementary (202) geometry.
Atomic-plane-resolved imaging of in-plane magnetization componentsin

YFeO,. (a) Atomic-resolution annular dark-field scanning transmission electron
microscopy image and compositional map with Yinblue and Fein green of YFeO,

inathree-beam condition with the G(,,) systematic reflections excited in the
second experimental Cartesian coordinate system with x along G(,,),y along
[929]and zalong[1,12, 1]. The corresponding nine Fe (202) atomic planes are

labeled1to 9. (b-e) Raw-data positive ‘+ electron energy-loss (EEL) spectra (red),

negative ‘=’ EEL spectra (blue) and EMCD spectra (green) from the two
consecutive Fe (202) planes labeled (b, d) 8 and (c, e) 9 extracted from another
four-dimensional (4D) electron magnetic circular dichroism (EMCD) dataset

Atomic Plane No.

Atomic Plane No.

using the (b, ¢) A, and (d, e) A, analysis strategy, representing mainly the in-plane
M, (E)and M,(E) components, respectively, of the 3D magnetization vectors. (f-i)
The sum of the Fe EMCD, ‘+" and ‘~’ EEL spectra extracted from (f, h) all
odd-numbered (202) planes and (g, i) all even-numbered (202) planes using the
(f,g) A and (h, i) A, analysis strategy shows reversed EMCD signals between the
odd-numbered and even-numbered (202) planes. The relative strengths of EMCD
(RS,mcq) for the in-plane components extracted using the (j) A, and (k) A, analysis
across the nine consecutive (202) planes shows almost-reversed signals between
odd-numbered and even-numbered atomic planes, demonstrating
antiferromagnetic coupling of Fe atoms on two adjacent (202) planes along

in-planexand y directions.
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Extended Data Fig. 10 | Simulation-assisted determination of intrinsic simulation coefficients. (c) The corresponding simulation-assisted
atomic-plane spin components. (a) Experimental relative EMCD strength determination of relative strength of intrinsic EMCD for M, (E) and M, (E)
(RS.cq) profiles extracted using the A, and A, analysis across the ten consecutive components, after solving the system of linear equations. Summary symbols of
atomic planes, together with statistical analysis results. (b) A system of linear (a) and (c) indicate arithmetic means and error bars represent the standard error
equations describes the relationship between the intrinsic M, (E) and M, (E) of the mean (s.e.m.) across five odd-numbered planes (planes1,3,5,7and 9; n=5
components and the experimental EMCD spectra (S, — S_) of each spin spatial observations) or five even-numbered planes (planes 2,4, 6,8 and10;n =35

sublattice, where the Cg;,, represents the matrix of dynamical diffraction spatial observations) for each magnetic component.
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