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The miniaturization of transistors is approaching its limits owing to challenges in
heat management and information transfer speed’. To overcome these obstacles,
emerging technologies such as spintronics?are being developed, which make use of
the electron’s spin as well asits charge. Local phenomena at interfaces or structural
defects will greatly influence the efficiency of spin-based devices, making the ability
to study spin-wave propagation at the nanoscale and atomic scale a key challenge**.

The development of high-spatial-resolution tools to investigate spin waves, also
called magnons, at relevant length scales is thus essential to understand how their
properties are affected by local features. Here we detect bulk THz magnons at the
nanoscale using scanning transmission electron microscopy (STEM). By using
high-resolution electron energy-loss spectroscopy with hybrid-pixel electron
detectors, we overcome the challenges posed by weak signals to map THz magnon
excitations ina thin NiO nanocrystal. Advanced inelastic electron scattering
simulations corroborate our findings. These results open new avenues for detecting
magnons and exploring their dispersions and their modifications arising from
nanoscale structural or chemical defects. This marks a milestone in magnonics
and presents exciting opportunities for the development of spintronic devices.

The use of spin currentsininformation transistorsis predicted to offer
non-volatility, faster data processing, higher integration densities and
lower power consumption®”, thanks to degrees of freedom emerging
in quantum materials that exhibit unique spin-dependent properties,
including topologically protected spinstates®. At the same time, recent
developments in antiferromagnetic spintronics have demonstrated
that antiferromagnetic materials, such as NiO, provide a promising
platform for spin injection and transport in the THz domain® and
spin-torque control’. Magnons, the collective excitations of the spin
lattice in ferromagnets and antiferromagnets, which can be visual-
ized semiclassically as a wave of precessing magnetic moments', are
becoming a cornerstone of quantum technology" through proposed
spin-current-based device architectures. Of crucial importance are
localized phenomena at the nanoscale and atomic scale, such as the
scattering of spin waves at heterointerfaces and structural defects in
materials, which can affect spin injection, spin-wave transmission,
spin-torque switching and spin-to-charge conversion. As aresult, the
ability to achieve (sub-)nanometre-resolution magnon detection is
considered one of the main challenges in the field of magnonics**.
Electrons as a probe for magnon excitations are commonly used
through surface scattering of low-energy electronsin reflection high-
resolution electron energy-loss spectroscopy (HREELS), using either

spin-polarized or non-polarized electron sources'®? ™, Although
HREELS can examine the energy-momentum dispersion of magnons
with highenergy resolution, itis limited to the study of surface excita-
tions of ultrathin films over large length scales owing to limitationsin
the scattering cross-sections, spatial resolution and penetration depth
intrinsic to the technique. Similarly, other experimental approaches
widely used to study magnons at high energy and momentum resolu-
tions, suchasinelastic neutronscattering, time-resolved Kerr micros-
copy*®or Brillouin light scattering”, are also fundamentally limited to
spatial resolutions of hundreds of nanometres and often tolarge sample
volumes. Consequently, magnon information from nanometre-sized
features, such as defects and buried interfaces, is not accessible. New
approaches in vector magnetometry using nitrogen-vacancy (NV°)
centres sensing have recently shown great promise in mapping surface
magnetic textures and detecting magnons at the nanometre-scale
with high sensitivity'®'’, although the fabrication of NV -point-defect
sensors remains challenging.

Since its first demonstration®**, meV-level (vibrational) electron
energy loss spectroscopy (EELS) in a scanning transmission electron
microscope has been developing at a swift pace. Several key experi-
mental milestones have been achieved: the detection of atomic-level
contrast in vibrational signals?, the spectral signature of individual
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impurity atoms®, spatially resolved measurements on point and line
defects in crystalline materials**%, as well as momentum-resolved
measurements using nanoscale beams*?. With energy losses owing to
magnon excitations occupying the same spectral window as phonons,
ranging fromafew to afew hundred meV in solid-state materials'®2 ™,
the promise of detecting magnons in an electron microscope is excit-
ing from both fundamental research and applications points of view.

Recent theoretical studies on inelastic magnon scattering in an
electron microscope confirmed the detectability of magnons as dif-
fuse inelastic scattering and demonstrated the tantalizing prospect
of obtaining atomically localized magnon information®-%°, This
exploratory work also highlighted experimental challenges such as
the separation of phonon from magnon diffuse scattering, as the latter
ispredicted tobe several orders of magnitude weaker than the former
and yet occupy a similar energy-loss span. Here we tackle the chal-
lenges of detecting magnons at the nanoscale using high-resolution
EELSinthe scanning transmission electron microscope and we present
the first direct detection of magnons with STEM-EELS. Furthermore,
we demonstrate that, at the interface between a NiO thin filmand a
non-magnetic substrate, the magnon signal is exclusively confined
within the film, confirming that magnons can be mapped with nano-
metre spatial resolution. We show that, although challenging, the
detection of the inherently weak magnon signal is possible, thanks in
part to the dynamic range of hybrid-pixel electron detectors®*. The
experiments are supported by state-of-the-art numerical simulations
of electron scattering®, underpinned by atomistic spin dynamics (ASD)
simulations®.

The primary challenge in achieving magnon EELS is that the energy
ranges of phonon and magnon losses overlap, with the weaker magnon
signal likely to be overshadowed by the inherently stronger lattice vibra-
tion modes. However, these types of loss follow different dispersion
relations® and, thus, should be differentiable in momentum-resolved
experiments, given a suitable choice of material whose magnon and
phononbranches are sufficiently separated in momentum and energy.
For this purpose, we have selected NiO as a model system; as well as
being of interest for spin-transfer-based devices®, its dispersion rela-
tions of phonon and magnon modes have been shown to meet our
requirements of momentum and energy separation in the THz range**,

Aschematicrepresentation of the experimental geometry used for
the momentum-resolved experimentsis presented in Fig. 1a. The instru-
ment’s electron optics are adjusted to alow convergence angle to form
adiffraction-limited nanometre-sized electron probe, while achieving
sufficient momentum resolution (Methods). The electron probe is
keptstationary onaregion of interest of the NiO crystal, across which
the zone-axis orientationis perfectly maintained, estimated to extend
no further than a few nanometres from the nominal probe position.
The stability of the microscope sample stage, with typical drift meas-
ured ofless than 0.5 nm per hour, enables hours-long acquisitionsona
nanometre-sized area of the NiO crystal (Methods), atimescale still far
shorter than necessary for magnon spectroscopy experiments using,
for example, inelastic neutron scattering, for which days of integra-
tion from bulk samples can be required. A narrow rectangular (slot)
collection aperture for EELS is used for the angle-resolved measure-
ments®. Theslotapertureis aligned to select arow of systematic Bragg
reflections (Fig. 1b) and to produce two-dimensional intensity maps of
energy loss (or frequency) w versus momentum transfer q.

Figure 2 shows examples of such measurements acquired along the
220and 002 rows of systematic Bragg reflectionsin NiO (correspond-
ingtothel' > MandT > X q paths, respectively). Figure 2a,b shows
the as-acquired intensity maps of energy versus momentum transfer
(w-qmaps). The w-q maps show two intense bands dispersing around
30 and 50 meV, which correspond to the NiO longitudinal-acoustic
(LA) and longitudinal-optical (LO) phonon branches, respectively,
in agreement with previous experimental® and theoretical work®*°,
These are labelled on Extended Data Fig. 2, in which gain LA phonon
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Fig.1|Experimentalgeometry of momentum-resolved EELS. a, Schematic
representation of the geometry of w-q vibrational EELS measurements using
arectangularslot collection aperture. b, Experimental diffraction pattern
along the NiO[110]zone axis ata2.25 mrad convergence angle, with the
monochromatingslitinserted, showing the orientation of the slot EELS
collectionaperture alongthe 220 row of systematic Bragg reflectionsin
diffraction space. Scalebar,2.5A™,20 mrad.

branchesarealso visible (higher energy-gain branches are outside the
recorded energy window).

Because the intensity of magnon EELS is expected to be much lower
than that of phonons®?°, and given that magnon modes in NiO occur
at higher energy losses compared with phonons, scaling the data by
the square of the energy loss (intensity x £%) provides a useful means
to enhance the visibility of weaker features above the decaying zero-
loss-peak tail in the meV range, while avoiding possible errorsin back-
ground fitting; see Supplementary Note 1. The scaled but otherwise
unprocessed w—qmaps, presented in Supplementary Fig. 1b,e, readily
show further spectralbands above 80 meValongI' > MandT »> X, which
are present but hard to discernin the non-scaled data.

Subtracting the background from the tail of the phonon signal using
afirst-order log-polynomial model offers a clear illustration of the
dispersion of the two spectral bands above 80 meV, showninFig.2c,d
for thel' > Mand T »> X directions (with signal-to-noise ratios (SNRs)
of 22 and 59, respectively; see Supplementary Note 3 for details on
SNR estimation). Supplementary Note 2 explores the robustness of
different background models.

In Fig. 2¢, two lobes of spectral intensity are visible on either side
of the M point, witha maximum peak at 100 meV. The intensity of the
lobes is asymmetric around the M point, with a stronger signal between
I'and M compared with the lobe between Mand I'. The intensity tends
to O towards each of the Brillouin zone vertices. The same asymmetry
is also evident in the 002 data (Fig. 2d) but the separation between
lobes is less pronounced along the shorter I' > X distances owing to
limited momentum resolution and spectral smearing caused by aver-
aging. Supplementary Fig. 3 shows how better branch separation can
be achieved with less averaging at the cost of higher noise and lower
SNR, as discussed in Supplementary Note 3.

The presence of these bands in the non-scaled datais confirmed in
Fig. 2e by the integrated intensity profiles of the w—q map over a nar-
row momentum window (Ag = 0.22 A™, to avoid spectral broadening
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Fig.2|Momentum-resolved vibrational EELS measurements of NiO.

a,b, As-acquired w-qmapsalong the 220 and 002 rows of reflections,
respectively, showing the dispersion of the NiO LA and LO phononbranches.
For clarity, the intensity of the maps (calibrated inelectrons, e’) isshown on
alogarithmic colourscale. ¢,d, Background-subtracted w—q maps showing
the dispersion of the magnonbands at about 100 meV. e,f, Integrated spectra
atthe momentum positions marked by arrowsin panelsaandb. Insets,

through momentum averaging) at g =1.24 A™, the value at which the
intensity is maximum along I' > M, marked by the yellow arrows and
dashedlinesinFig.2a. This highlights the shape of the peak, with aris-
ing edge from 80 meV reaching a maximum at about 100 meV, before
aweaker feature extending up to 120 meV. Similarly, in the integrated
intensity profile of the I' > X q path in Fig. 2f, the band at 100 meV is
observedatg=0.97 A" (overaAg = 0.2 A" window; Fig. 2d), compara-
tively further away fromther point thanthe band observedinthel > M
direction. This signalis unambiguously above the experimental error,
asillustrated in Fig. 2e,f by confidence bands (pink-shaded areas) ata
5o confidence level (ois the standard deviation, calculated by assum-
ing that the magnon scattering and noise populations are Poisson
distributed; see Supplementary Note 3).

The observed spectral bands emerge in the same energy-momen-
tum space inwhich magnon modes are expected for NiO. The magnon
density of states is known to shift to higher energies with decreasing
temperature®, so the acquisition temperature difference explains
aroughly 20 meV blueshift between EELS (room temperature) and
neutron experiments (10 Kinref. 37),aconclusion borne out by simu-
lations discussed below. Furthermore, the asymmetry of detected
bands along both q paths, including their appearance most promi-
nently above background further away fromTI in the I > X direction
than along theI' > M direction, is consistent with neutron-scattering

Energy loss (meV)

background-subtracted spectra (green-shaded area), obtained by removinga
first-order log-polynomial model (blue line) from the raw signal (grey-shaded
area).Pink-shaded areasillustrate the error bars as confidencebandsata+/-50
level (ois the standard deviation, calculated by assuming that the magnon
scattering and noise populations are Poisson distributed; see Supplementary
Note 3).

experiments®*. Here the asymmetry is also probably the result, in
part, of the lower intensity away from the direct beam.

Owingto the overlap of the elastic (or zero-loss peak (ZLP)), phonon
and magnonsignals along q, it is difficult to quantify the absolute inten-
sity of the observed bands we attribute to magnons. Nevertheless, an
estimate canbe givenby theintegral of the signal withinthel > M > T’
window (excluding I' points); after background subtraction (Fig. 2c),
the integrated magnon intensity is estimated as roughly 8.5 x10*e".
For comparison, the corresponding integrated phonon intensity (for
all branches) over the same Aq is three orders of magnitude higher,
about 2.0 x 107 ", whereas the total integrated intensity across the
slot aperture, assumed to be representative of the total beam inten-
sity impinging on the sample, was 5.2 x 10° 7, in agreement with the
expected relative intensities of the magnon and total scattered EELS
signals®. A similar intensity analysis holds for the I’ > X data.

To support our experimental findings, we have performed first-
principles calculations of momentum-resolved phonon and magnon
EELS using parameters that reflect the experimental conditions, in
particular the sample temperature, magnetic environment and the
electron-optical parameters of the microscope (Methods). Figure 3
summarizes the results of the simulations for both experimental q
paths. We observe phonon EELS bands reaching up to about 70 meV
for both q paths, with a small gap around 40 meV (Fig. 3a,c). This

Nature | www.nature.com | 3



Article

Phonon
a q A7
0 2.13 4.26
70 4
60
50
3 -
>
£ 4 2
o 2 &
& S £
& 30 =
g 2
w
20
10
0 -9
T M |
¢ q A7
0 1.50 3.00
70 -4
60
50
s s
1S 2
o 40 2
o @ 2
8 2 u £
o
g 30 8~)—
2 k<]
w
20
10 h
0 -9
r X I

Fig.3|Calculated vibrationaland magnon EELS of NiO. a-d, Simulated
momentum-resolved EELS (dispersion curves) of phonon (a,c) and magnon (b,d)
excitations, alongthel > MandT > X q paths of the Brillouin zone for NiO,

matches the two dominant features observed in the experimental
momentum-resolved phonon EELS datasets, albeit withasslightly higher
energy-loss gap at 50 meV. Owingto the long acquisitiontimes required
toreveal the emergence of the magnon bands, and the chosen balance
between momentum and spatial resolutions, some spectral smearing
obscures the finer details of the experimental phonon dispersion. For
completeness, a better-resolved w—-q map is presented in Extended
Data Fig. 2 comparing very favourably with the calculated phonon
dispersion in Fig. 3a (but in which the magnon signal is fainter as a
result of shorter integration), and data accumulation is discussed in
Supplementary Note 3. The rich pattern observed in phonon simu-
lations contrasts with magnon simulations, which show negligible
fractional scattering intensities at energy losses below 60 meV, with
two broad-yet-well-isolated peaks at energy losses between 80 and
120 meV (Fig.3b,d).

The theoretical calculations closely match the features emerging
above the phonon EELS background observed in experiments (Fig.2).
The maximum simulated magnon EELS intensity appears around
100 meV at room temperature, as observed experimentally, whereas
simulations of the magnon dispersion at 10 K (Extended Data Fig. 3)
predictan energy-loss peak close to 120 meV, as expected from neutron
experiments at this temperature. The measured asymmetry along the
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momentum axis, also presentin neutron-scattering data, is well repro-
duced, showing a considerably higher intensity for the magnon EELS
peak closer to the I’ point in the centre of the diffraction plane when
compared with the peak near the 220 or 002 I’ points, respectively.
Thisis intrinsic to the magnon EELS scattering strength, although, as
discussed above, it is exacerbated experimentally owing to the lower
intensity away from the direct STEM-EELS beam. Similarly, along the
momentum direction, the calculated magnon intensity maximum
is comparatively closer to the X point than to the M point, asin the
experiments. Furthermore, the intensity peak shapeinthe energy-loss
direction matches the experimental observations, with an extended
spectraltailtowards120 meVintheI > M calculations, compared with
aslightly more rounded peak centred at 100 meV in the I' > X case.
Theoretical and experimental integrated spectraand dispersions are
shownsideby sidein Extended Data Fig. 4 and abroadened version of
the simulations to mimic the finite experimental resolution is shownin
Supplementary Fig. 4. These illustrate the excellent match and confirm
theinterpretation of the experimental intensities around 100 meV as
being the spectral signature of scattering arising from magnon excita-
tions in the nanometre-sized NiO crystal.

Akeyadvantage of STEM-EELS isits unique ability to examine spectral
signals at high spatial resolution. Spatially resolved measurements



Fig.4|Spatially resolved magnon EELS measurements across aNiO thin
film. a, High-angle annular-dark-field image of a30-nm NiO thin film grown
onaYSZsubstrate. b, Experimental diffraction pattern along the NiO[110]
zone axisata31l mrad semi-convergence angle, with the monochromatingslit
inserted, showing the off-axis displacement of the round EELS collection
aperture along the[002] direction (marked by the black arrow). ¢, Asymmetric

across a30-nm-thick film of NiO grown on top of an yttrium-stabilized
zirconia (YSZ) substrate demonstrate the potential of this technique for
mapping magnons at the nanometre scale. Figure 4 shows a dark-field
EELS experiment?, in which an angstrom-sized electron probe is ras-
tered across the sample, the EELS signal being collected by a circular
aperture displaced off the optical axis (Methods). This geometry was
suggestedin earlier work to be favourable for spatially resolved magnon
detection®. Anaveraged spectrum shows a well-defined magnon peak
at100 meV (Fig. 4e), whereas—notably—the integrated map (Fig. 4d)
shows that the signal is confined within the NiO film, disappearing
completely within a sub-nanometre distance of the interface with
the (non-magnetic) YSZ substrate and into the hole above the film
surface. Spatially resolved spectral variations are explored in Sup-
plementary Note 6.

Inelastic magnon simulations for a thin slab of NiO are consistent
with the experiments and predict a smaller intensity of the magnon
signal at the edges of the slab compared with its centre, withabroader,
more featureless post-peak tail (Supplementary Figs. 7 and 8). The thor-
oughinterpretation of signal differences near heterointerfaces would
require the development of appropriate modelling frameworks and the
observed drop insignal intensity observed near the interface with YSZ
may have other causes (for example, beam propagation). Nevertheless,
this experiment demonstrates unambiguously the nanometre-scale
mapping of magnons in an electron microscope.

Discussion and conclusions

Our observation of magnon excitationsin STEM-EELS arrives adecade
after the milestone report of the detection of phononsin anelectron
microscope®. We may reasonably expect further developments of
magnon EELS to follow a similar trajectory and pace as its phonon
counterpart, with a blueprint for studies of magnon dispersions and
their nanoscale modifications in the vicinity of surfaces, interfaces
or defects. These will create a radical new way of studying magnet-
ismand spin-wave excitations at the length scales relevant for device
fabrication, using widely applied numerical analysis techniques, for
example, to extract exchange interaction parameters, using spatially
resolved experimental data. In this context, we emphasize that, as well
as the spatially resolved magnon map in a thin film (Fig. 4), the w-q
measurements were performed with a probe diameter smaller than
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(displaced) annular-dark-field image acquired during EELS measurements.

d, Integrated intensity map of the magnon peak over the energy window
indicated by ashaded area, after background subtraction, asillustrated in
ewiththesignalintegrated over the whole NiO film area (the background-
subtracted versionis presented, pink curve, inset). Scale bars,15nm (a); 7.7 A7,
60 mrad (b); 5nm (c,d).

2 nm, with a10-nm-wide region of interest at most, across which the
NiO single crystal was perfectly on axis to enable a careful examina-
tion of the chosen diffraction directions, as illustrated by images of
the area used for the experiments (Extended Data Fig. 1). This combi-
nation of high spatial resolution with the flexibility to optimize the
acquisition geometry for dispersion measurements when sample
size, heterogeneity or spatial selectivity are important is unique to
STEM?. Although momentum resolution is limited in the nanoprobe
regime, balancing momentum and spatial resolutions will be neces-
sary to understand the underlying scattering physics and spin-wave
propagation in nanoscale objects.

The much lower cross-section for scattering of fast electrons from
magnons compared with phonons?®% remains a challenge. In our
experiments, calculations suggest that we can expect to detect one
electronscattered by magnons only every 1-2 s, whereas there canbe
thousands of phonon-scattered electrons every second under equiva-
lent settings. This may limit the ability to differentiate magnon dis-
persions from phonon branches present within the same region of
w-q space, placing constraints on the choice of materials systems for
which the direct observation of magnon peaks will be possible in the
immediate future.

However, several systems of interest for magnonics, including
metals®* and oxides*, present favourable separation between pho-
nons and magnon branches, with relatively high magnon scattering
cross-sections. There are therefore many materials to explore as the
technique develops, for which low detection efficiency and spectral
overlaps are not prohibitive.

Furthermore, alternative strategies can be deployed to enableamore
effective, albeitless direct, detection of magnons in STEM-EELS in cases
for which magnons and phonon branches are close. The interaction
of magnons with other excitations in the same energy range can give
rise to other quasiparticles such as magnon polarons (the hybridized
state between phonons and magnons), which offer less challenging
spectroscopic fingerprints. These interactions are characterized by
modifications of the dispersion behaviour (for example, the appear-
ance of spectral band anticrossings)****. Preliminary reports suggest
that this strategy may be promising***¢. Similarly, the different depend-
ence of magnons on external sample stimuli (for example, temperature)
compared with phonons may provide an efficient means to disentangle
the magnon signal from higher-intensity features.
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Finally, continuing technological and methodological developments
in STEM-EELS are opening experimental avenues. Electron-counting
detectors enable measurements hampered only by Poisson noise™..
Although comparatively shorter experiments are an advantage for the
STEM-EELS approach, the exceptional stability of STEM instruments
with low sample drift, operating at reduced acceleration voltages
minimizing sample damage combined with advanced data-acquisition
procedures such as multiframe recording®, make it possible, in princi-
ple, tosubstantially increase acquisition times, approaching day-long
timescales that are common in techniques such as angle-resolved
photoemission*® or inelastic neutron scattering, while retaining
nanoscale or atomic-scale spatial resolutions. Longer acquisition
times will provide an efficient mitigation strategy to circumvent the
low magnon EELS signal, leading to higher-fidelity detection at high
spatial resolution. With the availability of tools such as variable-field
pole pieces* and liquid-helium-temperature stages*’, along with
newer-generations monochromators, future magnon STEM-EELS
experiments will gain new controls over magnetic field and extended
temperature ranges. These can be used to suppress magnon or pho-
non modes or to enhance energy separation, marking a new era for
magnonics studies at the nanometre scale.
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Methods

Materials and specimen preparation

Electron microscopy specimens were prepared conventionally froma
commercially available NiO single-crystal substrate (Surface Prepara-
tion Laboratory) by crushing (pestle and mortar), dispersingin chloro-
formand drop casting onstandard lacey carbon support grids. Further
specimens were prepared by focused ion beam, using a Hitachi NX5000
Ethos triple-beam instrument, from a30-nm-thick NiO thin film grown
onaYSZ substrate by molecular-beam epitaxy. Sample thickness was
estimated using the standard log-ratio method from low-loss EELS
spectra to be approximately 30-40 nm in the areas used for all of the
data presented here. Grains with asuitable zone-axis orientation were
specifically chosen so that their diffraction patterns aligned close to
the main axis of the slot aperture for momentum-resolved acquisitions.
Small rotational adjustments were carried out using the microscope’s
projector lens system, to ensure perfect alignment of the row of diffrac-
tion spots to the slot axis. When this was not possible, the sample was
removed from the microscope and rotated to match the measured rota-
tion of pre-screened grains of interest. The effective regions of interest
across which the crystal areas were both thin enough, overhanging
any lacey carbon support material and perfectly on zone axis (judged
from the symmetry of the observed intensities in the diffraction pat-
tern) were estimated to be no larger than 10 nm across in most cases.

High-resolution EELS and data processing

High-resolution EELS measurements were performed in a Nion Ultra-
STEM 100MC ‘HERMES' aberration-corrected dedicated scanning
transmission electron microscope. The instrument is equipped with
aNion-designed high-resolution ground-potential monochromator,
aNion Iris high-energy-resolution energy-loss spectrometer and a
Dectris ELA hybrid-pixel direct electron detector optimized for EELS
at low acceleration voltages®. The instrument was operated at 60 kV
acceleration voltage to minimize sample damage and take advantage
of higher inelastic cross-section for EELS experiments*?, with the elec-
tron optics adjusted to achieve a 2.25 mrad convergence angle corre-
spondingto adiffraction-limited electron probe approximately 1.3 nm
in diameter (Extended Data Fig. 1). Although smaller convergence
angles can be achieved, this choice offered an adequate balance
between probe size, momentum resolution and electron optics stabi-
lity. The nominal energy resolution was 7.2 meV, set by the position of
the monochromator energy-selection slit and estimated by the full
width at half maximum (FWHM) of the ZLP in vacuum (Extended Data
Fig.2). Some energy broadening occurs with the beam traversing the
sample and with data accumulation (see Supplementary Note 3). The
resulting probe current after monochromation and with the optical
parameters chosen to ensure the highest achievable energy resolution
was about 1 pA. For the momentum-resolved experiments, a rectan-
gular (slot) aperture (0.125 x 2 mm) was used, with the projector optics
adjusted to match the full angular size of the beam to the width of the
slit. The momentum resolution is dictated by the combined effect of
the convergence and collection apertures used. This is often described
using an ‘effective’ collection angle, the quadratic sum of the conver-
gence half-angle a and collection half-angle B (ref. 53). To be exact, the
momentum resolution can be expressed as k./sina + sin?8, in which
kis the electron beam wavenumber and a and 3 are the convergence
and collection semiangles, respectively. In the case of arectangular
momentum-selecting EELS slit, which is here chosen to have a width
intheenergy-dispersive direction that matches the beam convergence,
itis easy to see that the momentum resolution can, for simplicity, be
considered to be limited by the size of the diffraction spots onthe EELS
camera (thatis, the fullbeam convergence angle). Defining the electron
wavenumber as 21/ for a wavelength A = 0.0487 A at 60 kV accelera-
tion voltage, this yields amomentum resolution of Ag= 0.4 A, consis-
tent with previous nanoscale momentum-resolved experiments using

asimilar set of parameters®. The slot aspect ratio allows an angular
range in the momentum direction of 50 mrad. The pixel size along the
momentum direction was 0.057 A per pixel and 0.088 A per pixel
forthel' > M and T »> X directions, respectively. The spectrometer
dispersionwas setto1.0 or 0.5 meV per channel (002 and 220 acquisi-
tions, respectively). Each w—-q dataset was a multiframe acquisition of
the whole two-dimensional extent of the spectrometer camera.
Atypical dataset comprises 15,000 frames, using an exposure time of
75 ms per frame, resulting in an acquisition time of 22 min per single
dataset (limited only by the data-export capabilities of the microscope
operating software). The multiframe stacks were subsequently
assessed for energy drift, aligned using rigid image registration and
integrated. The final data presented here are sums of several such
integrated datasets acquired consecutively (necessary as explained
above owing to data-size-handling limitations) from the same speci-
men area, on the same day and under identical experimental condi-
tions. No other post-processing was applied. The impact of this
averaging on practical energy and momentumresolutionis explored
inSupplementary Note 3.

Specifically, the dataset in Fig. 2a is the sum 0f 90,000 individual
camera frames, acquired along the[110]zone axis of NiO (Fig. 1b) with
adwell time of 75 ms, corresponding to a total of 2 h acquisition time.
Owing to the integration and averaging of several datasets, some
spectral smearing results in an effective energy resolution for the
experiment of 9.2 meV, measured by the FWHM of the ZLP in the final
integrated dataset. The dataset in Fig. 2b is the sum of 60,000 indi-
vidual camera frames, acquired along the [100] zone axis of NiO
(Extended Data Fig. 1) with a dwell time of 75 ms, corresponding to a
total of 1.2 h acquisition time. The effective energy resolution of the
experiment was 11 meV, measured by the FWHM of the ZLP in the inte-
grated dataset. The smaller number of frames required to obtain com-
parable SNRinthe case of the 002 data (Fig. 2b) isbecause of atip change
occurring between the two sets of experiments, resulting in higher
probe currents available at otherwise similar electron optical settings.

Thereproducibility of the results was thoroughly assessed through
the acquisition of numerous independent datasets, across several
days of experiments and on various areas of the samples, all of which
exhibited the same spectral features. For completeness, an extra
dataset is presented in Supplementary Fig. 5. The likelihood of spuri-
ous carbon-related vibrational modes affecting the results (owing to
adventitious carbon build-up or neighbouring support film) was fully
excluded, as spectrarecorded on an area of protective carbon on the
sample prepared by focused ion beam showed an entirely different
energy loss and spectral fingerprint, as illustrated in Supplementary
Fig. 6 and associated discussion.

Spatially resolved high-resolution EELS measurements were per-
formedinthe dark-field (off-axis) geometry®°, using a31 mrad conver-
gence semiangle corresponding to about1 A electron probe diameter
(Fig. 4). The EELS collection semiangle was 22 mrad, with the spec-
trometer entrance aperture displaced by 55 mrad (or 7 A" momentum
transfer) along the [002] direction in momentum space. The energy
resolution was 9 meV, as estimated by the FWHM of the ZLP in vacuum
and the spectrometer dispersion was set to 1.0 meV per channel, with
acamera dwell time of 15 ms per pixel. The data presented in Fig. 4c-e
are the sum of eight multipass spectrumimages (each containing ten
spectrum image frames, for a total of 80 frames) with the electron
beamrastered overal5 x 40-nmarea. Each spectrumimage was aligned
for ZLP and spatial drift before summing the frames*®. For the map
presented in Fig. 4d, the spectral data were denoised using principal
component analysis, as implemented in Gatan’s GMS 3.6 software
suite. Theintensity map of the magnon signal was generated from the
integrated spectral intensity range of 80-130 meV after background
subtraction using a first-order log-polynomial background to model
the decaying intensity tail underlying the preceding phonon signal.
Adetailed analysis of observed spatial variations of the spectral signal
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isprovided in Supplementary Note 6 and Supplementary Fig. 6, includ-
ing a comparison of spectral signatures of the NiO thin film, the YSZ
substrate and the carbon-based protective sample cap, confirming the
distinct and unique fingerprint of the magnon signal.

Theoretical calculations

The study of phonon and magnon excitations through EELS requires
computational methods that accurately capture complex physical
effects, such as multiple scattering and dynamical diffraction, while
addressing the specific challenges posed by different materials sys-
tems. To meet these requirements, we use two distinct approaches:
the time autocorrelation of auxiliary wavefunctions (TACAW) and
frequency-resolved frozen phonon multislice (FRFPMS) methods.
These are described below with an overview of their physics, imple-
mentation and application in this work.

The TACAW method® is anew and versatile framework for simulating
angle-resolved EELS of both phonons and magnons. It works by Fourier
transforming the temperature-dependent time autocorrelation of the
auxiliary electron beam wavefunction. For phonons, TACAW relies
on frozen phonon multislice simulations® using molecular dynam-
ics to generate atomic displacement snapshots. For magnons, it uses
frozen magnon multislice simulations®, incorporating ASD to model
magnetic excitations. This method captures several scattering, ther-
mal and dynamical diffraction effects, enabling the resolution of both
energy-loss and energy-gain processes.

The FRFPMS method*, on the other hand, focuses specifically on
phononexcitations. In this work, it uses snapshots of atomic displace-
ments derived from density functional theory (DFT) simulations to
represent vibrational modes. These snapshots are grouped into fre-
quency bins for detailed spectral decomposition. Although TACAW
could not be applied to phonons in this case because of the absence
of an accurate molecular dynamics potential for NiO, FRFPMS can be
readily applied to snapshots with atomic displacements generated
using phonon dispersions calculated by DFT.

Below, we detail the methodologies used, beginning with the
TACAW-based magnon EELS simulations, followed by the FRFPMS
phonon EELS calculations.

Magnon EELS simulations. The numerical simulations were performed
with the TACAW method®. Specifically, the momentum-resolved EELS
signals were computed as the time-to-energy Fourier transform of
the temperature-dependent time autocorrelation of the electron
beam wavefunction obtained from the magnetic (Pauli) multislice
method>®. ASD simulations in UppASD** were conducted on a16 x
16 x 96 supercell (of dimensions 6.672 x 6.672 x 40.032 nm) of NiO
cubic unit cells, using the experimental parameters reportedinref. 57.
For the spin-Hamiltonian parameters, we used the values from the
bottom row of Table Il in ref. 57. Given that we used a cubic cell, the
nearest-neighbour exchange interaction/, was set as the average
of J;"and J;” from the same row. To account for the effect of the micro-
scope’s objective lens onthe sample environment, a1.5 T static exter-
nal magnetic field oriented along the [001] direction was included.
Oxygen atoms were excluded from the ASD simulations owing to their
negligible magnetic moment. Using a Gilbert damping a =5 x10™*
and a time step of 0.1fs, a thermalization phase of 70,000 steps was
followed by a 7.813 ps trajectory at 300 K for generating snapshots
every 13 fs, enabling the exploration of magnon frequencies up to
159 meV. Note that, from ASD simulations, we determined that the
used parameters of the spin-Hamiltonian predict aNéel temperature
of 304 K, instead of the known experimental value of 523 K. Therefore,
in our calculations, we used an effective temperature 7,=174.4 K, as
300 K =T,(523/304). Intotal, 6,002 snapshots were generated and
the magnon EELS signal was obtained as the average over 115 sets of
301 consecutive snapshots mutually offset by 50 snapshots. Each
set spanned 3.913 ps, providing an energy resolution of .06 meV.

The electron beam exit wavefunctions were computed using the Pauli
multislice method on a numerical grid of 1,344 x 1,344 points with
4,032 slices across the thickness of the NiO supercell, including the
oxygenatoms (with azero magnetic moment). A 60 kV electron probe
with a2.25 mrad convergence semiangle, propagating along the [001]
direction, was used. We have adopted the parametrized magnetic
fields and vector potentials developed in ref. 58 The Debye-Waller
factor (from Table S.Vinthe supplemental material of ref. 57) and the
absorptive optical potential (see Appendix B of ref. 30) wereincluded
tosimulate, inafirstapproximation, the effect of phonon excitations
on elastic scattering.

Phonon EELS calculations. We have used FRFPMS*® with 34 frequency
binsranging from0 THzupto17 THzin 0.5-THz-wide intervals. Within
eachofthe frequencybins, we have averaged over 128 structure snap-
shots. The supercell size for FRFPMS simulations was 10 x 10 x 98 cubic
Bravais unit cells of NiO. For phonon EELS, a conventional multislice
algorithm was used, as implemented in the Dr. Probe code®, using a
numerical grid of 840 x 840 x 784 pixels. Convergence semiangle,
acceleration voltage and aperture shape were all set according to the
experimental geometry.

In contrast to previous applications of the FRFPMS method, we did
not use molecular dynamics to generate snapshots of the vibrating
structure. Instead, we first performed DFT simulations of the phonon
eigenmodes (see below). Using this information, we have generated
structure snapshotsinanapproach followingrefs. 60,61by calculating
atomic displacements owing to random excitation of phonon modes
following their thermal populationat 300 K. However, instead of sum-
mingover all of the phonon modes, we have split them by their eigenfre-
quencies into the above-mentioned 34 frequency bins and generated
sets of 128 snapshots for each frequency bin separately. Considering the
smallunit cell of NiO, this approach brings DFT-level precisionat alower
computational cost than training a machine-learning inter-atomic
potential for subsequent molecular dynamics simulations.

DFT calculations. DFT calculations were performed using VASP®* at
the meta-GGA level using the r’'SCAN functional® with the PAW pseu-
dopotentials®* containing the kinetic-energy density of core electrons.
A2 x2 x2supercell of the conventional standard Fm3munit cell of NiO
was geometrically optimized; the cell shape, cell volume and atomic
positions were allowed to relax to a tolerance of 1meV A™, to capture
the distortion away from the cubic symmetry caused by antiferromag-
neticorderingalongthe[111] direction. For all calculations, al-centred
k-point grid with spacing 21(0.06) A was used with a plane-wave cut-off
of 750 eV. The Python package phonopy®>*® was used to generate the
displacementsrequired to calculate force constantsina4 x 4 x 4 super-
cell of the conventional standard unit cell. The dielectric constant and
Borneffective charges werealso calculatedina4 x 4 x 4 supercell using
thefinite differences approach. These are for use in the non-analytical
correction® ®, required because of the polar nature of NiO.

Phonon modeswere sampled onagrid of 5 x 5 x 49 q points spanning
theBrillouinzone of a2 x 2 x 2 supercell of NiO used in DFT simulations
for calculation of the force matrix. The grid was choseninaway to guar-
antee thatatomic displacements are periodic across the boundaries of
the simulation supercell usedin phonon EELS simulations (see above).

Data availability

The data that support the findings of this study are available from the
corresponding authors on request.

Code availability
Allof the codes used in this work are available from the corresponding
authors onrequest.
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Extended DataFig.1|Imaging of the NiO single-crystal sample. a, Annular the orientation of the EELS collection slot aperture along the (002) row of
dark-fieldimage of the edge of aNiO single crystal, acquired witha2.25 mrad reflections (dashed yellow box). b, Atomic-resolution high-angle annular
semi-convergence angle (about 1.3 nm probe) along the [100] zone axis. Inset, dark-field STEM image acquired using a 31 mrad semi-convergence angle from
experimental diffraction patternalong the NiO [100] zone axisata2.25 mrad the areamarked withayellow square in panela.

semi-convergence angle, with the monochromatingslitinserted, showing
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Extended DataFig.2|Vibrational EELS measurements of NiO. a, EELS the 220 row of NiOreflections, showing the dispersion of the NiO LA/LO phonon
spectrum corresponding to asingle acquisition frame (75 ms) invacuum, branches, as well as the LA gain branch, presented on alogarithmicintensity

showingaZLP measuring 7.2 meV at the FWHM. b, As-acquired w-q maps along scale. The dataset corresponds to 15,000 integrated frames (75 ms each).
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Extended DataFig. 3 |Magnondispersions at different temperatures.
Calculated magnon dispersions corresponding to the dynamical structure
factor computed using UppASD?** for aNiO supercell consisting of 32 x 32 x 32
repetitions of the cubic unit cell with periodic boundary conditions applied in
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alldirections. The ASD simulations were performed using atime step of 0.1fs
over atotal simulation time of 15 ps, with the remaining parameters the same as
inthe main text.
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Extended DataFig. 4 |Experiment versus theory. a,b,d,e, Experimental
background-subtracted (a,d) and calculated (b,e) w—q EELS maps showing the
dispersion of the magnonbands above100 meV.c,f, Extracted spectraovera
narrow momentum window (Ag = 0.22 A™), to avoid spectral broadening
through momentum averaging, at the value at which the intensity is maximum
alongl >M(g=1.24 A" and I > X (¢=0.97 A™), marked by the yellow arrows
and dashedlinesinaandd, respectively. Calculated spectra at the same wave
vector and averaged over a similar momentum window highlight the shape of
the peaks, witharising edge from 80 meV reachingamaximumatabout

100 meV, before aweaker feature extending up to120 meV, with the peak
observedalongl > Xbeingbroader and more rounded.
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