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In this work, we provide fundamental insights into the scattering mechanisms of non-spin-
polarised electron beams with magnetic systems, as implemented in modern meV-level scanning
transmission electron microscopy electron energy loss spectroscopy (STEM-EELS) instruments.
We demonstrate that the charge contribution to electron-probe-magnon scattering is significant,
exhibiting a near-quadratic dependence on the electron probe’s momentum. This contribution
can surpass spin-based interactions by orders of magnitude at higher beam acceleration voltages.
Furthermore, unlike spin-based interactions, the charge-based interaction strongly depends on the
relative angle between the probe’s wavevector and the local magnetic moments. We derive ana-
lytical expressions for both spin-based and charge-based interactions in EELS, comparing them
with established inelastic neutron scattering results and elucidating conditions under which each
scattering mechanism dominates. This formalism is applied to yttrium iron garnet, a prototypical
magnonic material. Our findings are crucial for guiding future experiments and data analysis in
nanomagnonics, paving the way for high spatial resolution magnon spectroscopy via STEM-EELS.

1. Introduction

Current trends in information technology, such as improvements in hardware efficiency, advances in
cooling systems, and a shift towards more efficient cloud and hyperscale data centers are driving the
demand for scalable and energy-efficient data processing and storage solutions. The energy consumption
of this sector has continued to increase significantly over the past few years [1, 14], solving this rather
challenging problem drives the search for alternative technologies to meet the rising energy demand. One
possible solution is the adoption of spintronics-based devices to harness the production, transmission,
and processing of information using spin waves, which are dynamic Eigen-excitations of magnetically
ordered materials, often described in terms of their quanta, which are termed magnons [3, 37].

The systematic investigation of the generation, manipulation and identification of magnons requires
a focus on improving the methodologies for probing these phenomena. Magnons are commonly studied
using inelastic neutron scattering (INS) techniques [2, 21, 27, 45], which provide meV energy resolution
and the ability to probe short-wavelength magnons, albeit with poor spatial resolution [18, 58]. Time-
resolved magneto-optical Kerr microscopy [29, 38, 50, 54, 55, 59] and Brillouin light scattering (BLS)
[46] offer high energy resolution for probing the energy-momentum dispersion of magnons. In addition,
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resonant inelastic x-ray scattering (RIXS) provides momentum-resolved measurements of magnetic excit-
ation with meV energy resolution [17, 47]. However, their spatial resolution is limited to hundreds of
nanometers, and these techniques, with the exception of RIXS, are limited to long-wavelength spin waves
due to the small momentum of the light sources [46, 57].

In addition to photons and neutrons as a probe for magnons, electrons have also been utilized
mainly in reflection geometry, employing reflection electron energy loss spectroscopy (REELS) [60, 62].
Theoretical approaches for evaluating the electron energy loss spectra of magnons have been developed
focusing on exchange-like interactions of a spin-polarised probe with the magnetic solid’s local spins
[15]. Furthermore, the computation of magnon electron energy loss spectroscopy (EELS) utilizing Pauli-
multislice simulations has also been recently reported [7, 16, 64]. While the Pauli-multislice approach
provides a powerful framework for incorporating beam properties and dynamical scattering, it inherently
obscures direct insight into the explicit dependencies on the scattering vector, beam voltage, and the rel-
ative angle between the electron wavevector and local magnetic moments.

Despite these advances, a fundamental understanding of electron-spin system interactions, where
electron energies are an order of magnitude higher than those in REELS, remains lacking, particularly
discerning spin-spin and charge-spin interactions. Developing an analytical formalism is beneficial to
meeting the growing demand for higher spatial resolution in nanomagnonics, which can be achieved via
scanning transmission electron microscopy (STEM)-EELS, by guiding experiment design and data ana-
lysis. We note that high-energy electron probes (e.g. >60keV) in STEM geometry have proven highly
effective for quasiparticle spectroscopy. Notably, meV-resolution STEM-EELS has made significant strides
in phonon spectroscopy, achieving atomic-level contrast [23], detecting spectral signatures of individual
impurity atoms [24], and enabling spatial- and angle-resolved measurements of defects in crystalline
materials [26].

The interaction of magnetic moments with the electron beam is weaker, compared to the Coulomb
potential, by up to 3 or 4 orders of magnitude, which makes their detection challenging [33, 36].
Recently, experimental applications of meV-level STEM-EELS to directly probe magnons has been
reported [30], as well for detecting magnon-phonon coupling [44]. Hence, this technique, recently
demonstrated in a world-first set of experiments [30], uniquely combines the high spatial resolution
needed to study exchange magnons at thin-film interfaces and defects with atomic resolution, while
maintaining an energy resolution comparable to that of INS. All of this is accomplished with a signific-
antly shorter acquisition time compared to INS and RIXS. These advances are due to recent advance-
ments in detection technology, such as the adoption of hybrid-pixel detectors for EELS applications,
which led to a drastic improvement in the detectors’ dynamic range and background noise levels, allow-
ing signals a mere 1077 of the full beam intensity to be detected [42]. In addition, improved monochro-
mator and spectrometer designs have resulted in increased energy resolution, in particular at lower accel-
eration voltages (4.2 meV at 30kV [31]).

In this work, by utilizing second quantization we evaluate the double differential cross-section to
provide fundamental insights into the scattering mechanism of non-spin-polarised electron beams with
magnetic systems, as implemented in modern meV-level STEM-EELS instruments, with a focus on both
spin and charge contributions to the total electron-probe-magnon scattering. We show that the charge
contribution is significant and has a near-quadratic dependence on the electron probe’s momentum,
hence can be orders of magnitude stronger than the spin-based interaction at higher beam acceleration
voltages. Additionally, in contrast to spin-based interaction, we show that the charge-based interaction
strongly depends on the relative angle between the probe’s wavevector and the solid’s local magnetic
moments.

We also derive analytical expressions for spin-based and charge-based interactions in EELS, and com-
pare the results with those of INS, a standard method for the momentum-resolved analysis of quasi-
particle dispersion relations [28]. Furthermore, our work provides insights into the conditions under
which either spin or charge scattering dominates.

The formalism developed in this work was applied to yttrium iron garnet (Y;Fe;Oy;, or YIG), a pro-
totype magnonic material, due to its exceptionally low Gilbert damping (~10~>) even in thin films [10]
and electrically insulating nature [8, 52], qualities that make it an ideal foundation for spin-wave-based
logic devices. Additionally, its appeal has been further increased by successful demonstrations of fast
domain wall motion [6], magnetization switching and oscillation at low current densities in spin-orbit
torque devices [11, 22, 61], as well as highly efficient information transfer [12, 13].
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2. Methods

Given the small magnitude of the energy transfer via magnon scattering compared to the typical energy
of the probe electrons, the first Born approximation can be applied. This allows us to describe the
inelastic scattering probability of electrons by magnons through the double differential cross-section, as
given in equation (1). It provides the relative intensity of scattered particles into a solid angle d€2, with a
wave-vector within a small range around k; given by dk;. Assuming N scatterers in the target material,
and a monochromatic beam with wave-vector ko in the z-direction with a particle current density (j,).»
the double differential cross-section is [35, 51]:

d’o lNOVZno,nl,ao,ol Pﬂopﬁnk%“nlvalakl‘Hint€r|n070'0ak0>|25 (Eno + Eo — Enl - El)

ddl, N (27)* R (jo),

(1)

Here, we describe a scattering process in which the spin-system undergoes a transition from state
with energy E, to state n; with energy E,,.

As derived by Sturm [51], the double differential cross section depends on k3. This arises from
the definition of the cross-section, being a ratio of the scattered particles and incoming particles. It is
defined in terms of the number of scattered particles per unit time into a solid angle d2 and energy
range dE;. For the scattered particles, this is proportional to the number of available final states. The
density of these final states, D(k;), in momentum space is given by

D(k) =V/(2n)’. (2)

When converting this to a form that depends on solid angle and energy, a volume element in k-space
(d®k;) is used. In spherical coordinates, this volume element is d*k; = k?dk;d(2. The term for the density
of states in the momentum and energy volume element becomes:

D (k) &k, = V/ (2r)’ KB dk,dS, (3)

which gives the square dependence with k;.

Simultaneously, the scattered particle changes its state from momentum ky and spin o, with energy
Ey to momentum k; and spin o; with energy E;. The interaction between the particle and the mater-
ial is represented by the interaction Hamiltonian Hipeer- Here, P,, and P, denote the probability of the
material to be in state 1y and of the beam to be in the spin state oy, before any scattering event. Also, N
represents the number of scatterers, Ny is the number of particles in state ky, and V is the volume that
defines the box normalization.

The choice of the interaction Hamiltonian Hiye, is the central point of the discussion. In our
case, we are focusing on the electron beam’s interaction with the system’s magnetic structure. The
Hamiltonian includes the interaction between the magnetic field generated by both the intrinsic mag-
netic moments of the electrons and the orbital angular momentum, with the probe’s magnetic moment
and charge, hence we can write Hipter = Hismer + I:Iicmer, where the first term takes into account the spin-
based and the second the charge-based interactions.

For the spin-based interactions we note that the formalism is similar to the INS case. This approach
leads to a pair of terms, an exchange-like term and a term involving the spin-orbit interaction [35]. For
systems where the orbital angular momentum is negligible, only the former term is taken into account.

The charge-based interaction leads to an alteration to the electron beam’s canonical momentum
caused by the vector potential originating from the magnons in the magnetic solid. Below we describe in
more detail how both interactions are treated in our calculations. A more detailed derivation is provided
in the Supplementary Material.

2.1. Spin-based interaction

Here, the interaction between the probe’s magnetic moment and the magnetic field produced by the
magnetic lattice is considered [35]. In principle, both spin and orbital angular momentum give rise to
the total atomic magnetic moment. We will assume the orbital angular momentum contribution to be
small compared to the spin angular momentum. This assumption is valid for cases where the crystalline
field quenches the orbital contribution to the total magnetic moment [4], which is a valid approximation
for many 3d transition metal systems and is particularly valid in d° systems, where L = 0, which is the
case for YIG [9]. This allows us to set the Landé g-factor to be purely from spin, i.e. g = 2. The spin of
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the electron beam is defined in terms of the Pauli matrices &, hence the spin-based interaction is given
by,

S ~
Hipter = —1186 - B (4)
where pp is the Bohr magneton and B is the sample’s magnetic induction field. Given the previous
assumption of purely spin magnetic moments, B can be written as the contribution of each magnetic
moment at sites r; in terms of the spin operators S;, where j labels the different lattice spins positions,
giving us,

S _MO#BA SX r—r])
Hiper = ZV X <r—r]|3> : (5)

Here, r is the position at which the magnetic field is measured, and V, is the vector differential
operator which acts in the position vector r. Assuming that the scattering electron does not interact with
the system before and after the scattering event, i.e. no multiple scattering events, in line with the first
Born approximation, we can write the total wave function as a product between a plane wave and the
magnetic states,

ki, 01, m:) — [ki)|oi) ;) (6)

for i =0,1. Here, |k;) = ﬁe’ik‘"r is the state of the probing beam, while |n;) represents the state of the

solid, which for our purposes is only transiting between magnetic states, such that Hy|n;) = Ej|n;) with
Hj being the Heisenberg Hamiltonian.

The procedure to derive the double-differential cross-section from the interaction given in
equation (5) follows the same approach as for the neutron scattering case [34, 48], giving us,

dosp _ (‘mpops 2&25 Sup (qw) (7)
a0aE, "7l ) ko & apOap (D

with
I A
E(q) = G4 1-48y  —d4d: (8)
—4qzqx —q.9y 1—4q.4;

where the following identity is used,

1 . .
0 (En,+ By — By, — 1) = o~ / el (Fn =B )t/ ety )

™

with w = (Eo Ey) /% [48]. The scattering vector has been defined as q = k; — ky, with its normalized
form g = , and the spin-scattering function,

1 * —iwt —iq-(rj—rs o
Sas (@) = 30 S F @Fy @) [ die e ) (52 0)5] () (10)
I’
where Fj(q) and its conjugate F;'(q) are the magnetic form factors. In this context (S]?‘(O)Sﬁ (1)) can be
recognized as the spin-spin correlation function.
2.2. Charge-based interaction
The interaction of the (non-spin polarised) electron beam with the magnetic sample via charge is

described by starting with the Hamiltonian for the entire system, comprised of the magnetic lattice and
the incoming high-energy electron [39],

(11)
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Here, H, is the Hamiltonian for the solid, including the kinetic and potential energies of the electrons
and ions in the solid. The remaining terms represent, respectively, the kinetic energy of the incoming
electrons with charge e and mass m, and the interaction between the incoming high-energy electron and
the ions and electrons in the solid.

The momentum operator is given by p = —ihV,, where & is the reduced Planck constant and V, is
the vector differential operator with respect to the position of the incoming electron r. Expanding the
squared term in the kinetic energy, and given that in a transmission electron microscope, the electron’s
high momentum, and kinetic energy ensures that the magnetic field’s influence on the electron’s state is
small enough to treat the A% term as negligible, and under the Coulomb gauge condition, we obtain,

H= Ho—h—Vz—&—zﬁA V —eV. (12)

The third term represents the magnetic interaction of the incoming electron with the solid, which
depends solely on the electron’s charge, and can hence be termed a ‘charge-based interaction’.

Modeling the magnetic lattice as a set of magnetic dipoles leads to the vector potential A being writ-
ten as,

s Mo . r—r;
A=— X — 13
w2 =) 0

where iy is the permeability of free space, and fi; is the magnetic moment operator of the j’th atom.
With our assumption of orbital quenchmg, the magnetic moment can be written in terms of the spin

operators S with the relation o= —2/15S, where p13 = eli/2m is the Bohr magneton, giving us,
i+ Mopus f_ T—T
A=— S;x ———— 14
27 Z<] |r—r]-|3) (14
i

allowing us to write the third term in equation (12) as the charge-based interaction,

HS oo = —i “O’“LB ( )Vr. (15)
|r—f|3

Substituting equation (15) into Fermi’s golden rule of equation (1), and following similar steps as in
the spin-based interaction, taking the incoming electron beam to be along the z-direction ko = k¢,z, we
obtain,

P _ (o) Bl e )50 0 (16)
dQdE, T2 e e 9 apas\Q
with
N e T
E@=|-G4 GG O (17)
0 0 0

and S,5(q,w) as defined in equation (10).

The derivations above show that the charge-related interaction leads to a similar form of double dif-
ferential cross-section as in equation (7), but with different dependencies on the scattering vector and
electron beam momentum.

The calculation of the spin-scattering function S,s(q,w) can be performed in a variety of ways,
under the linear spin-wave approximation for bulk systems [19, 56] and thin films [40], and using atom-
istic spin dynamics [25]. Here, we will use the approach described in [19], where the Holstein—Primakoft
transformation is used, and the bosonic creation and annihilation operators are projected on their diag-
onalised counterparts using the Bogoliubov transformation. Furthermore, ‘Kubler’s trick’ [32] is used,
which allows for the calculation of the magnon modes with the freedom to align the local spins in an

arbitrary orientation. In this approach the spin operator in the local reference frame (S'j), is connected
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to the laboratory reference frame (§j), by the unitary matrix R; which is defined such that in the local
reference frame, the spin always points in the z-direction, given by,

costljcosp; cosfsing; —sinb);
Rj= —sing; CosQ; 0 (18)
sinflcos¢; sinfd;sing; cosd;

such that, §j =R, §]~, where ¢; and ¢; are the polar and azimuthal angles, respectively, of the spins in
the laboratory reference frame.

To illustrate the developed formalism, we apply it to YIG. The magnetic order in YIG is due to the
exchange interactions between the Fe** ions, and it has negligible magnetic anisotropy [43]. To cal-
culate the spin-scattering function, we will use the exchange parameters obtained from fitting INS in
[43], up to the 6th nearest neighbors exchange interactions. We note that for the third nearest neighbors,
there are two possibilities of exchange parameters J3, and J3, as seen in figure 1. These two exchange
paths are dissimilar and can be distinguished due to the symmetry of the crystal when rotated about
the bond vector between the neighbors. The J5, exchange path exhibits a two-fold symmetry, while the
J3» exchange path obeys the higher D3 symmetry point group [43]. These parameters have also been
recently computed within the formalism of the atomic force theorem yielding similar results [20].

For the magnetic form factor, we used the values for Fe** given in [5].

3. Results

The theoretical framework presented here has the material-specific physics entirely encapsulated within
the dynamic spin-spin correlation function, S,3(q,w). While we have calculated this function using a
localized Heisenberg model, which is the physically appropriate description for an insulator like YIG,
our formalism is readily applicable to metallic systems. For such cases, it is a standard and well-justified
approach to calculate S,3(q,w) using an effective Heisenberg model, where the exchange parameters are
derived from first-principles electronic structure calculations that account for the itinerant nature of the
electrons [49, 53, 63].

Having established the generality of our framework, we now turn to the specific interactions it
describes. The distinctions between the spin and charge-based interactions stem from their depend-
ence on three factors: the scattering vector q, the variation in intensity relative to the angle between
the beam’s orientation and that of the local magnetic moments, and primarily, the dependence on the
beam’s momentum ky. To further compare the momentum dependence of the spin-based fsg(g, ko) and
charge-based interactions fcp(q, ko), we rewrite them in terms of the incident beam wavevector (ky) and
scattering vector (g), using the relation g = k; — ko.

{fSB (q,ko) = L

> (19)
fes (9,ko) = % + %

We visually compare equations (19) for q and ky in figure 2. As in the inelastic scattering of elec-
trons by phonons [41], the charge-related magnon scattering function exhibits an overall stronger g2
dependence. The spin-based scattering function, on the other hand, simplifies to fsg(g, ko) ~ 1 for the
typical scattering regime where g < ko. Comparing the two, suggests that the magnon EELS signal
will be strongest in the first Brillouin zone for the charge-based interaction, in contrast to spin-based
interactions, which will display a stronger signal at larger g, where large in this context is scaled by k.
However, we also note that the magnetic form factor is also g-dependent, hence the overall variation
depends on the degree of ionicity in the crystal [5].

The most significant difference lies in their dependence on the beam’s momentum. For high-energy
electrons, such as those used in a transmission electron microscope, where kg is large, the term k% /q* in
the charge-based interaction will overwhelmingly dominate. This quadratic dependence ensures that at
the high acceleration voltages typical of modern STEM-EELS, the charge-based interaction is the dom-
inant scattering mechanism. This high-energy regime is not only crucial for these experiments but also
fundamentally distinguishes them from earlier implementations of magnon REELS, which operated at
considerably lower acceleration voltages. We note that the two terms in fcg(q,ko) would be of similar
magnitude only in a regime where the ratio ky/q approaches unity, which corresponds to either a very
low accelerating voltage or a very large momentum transfer.



10P Publishing

New J. Phys. 27 (2025) 113505 J A do Nascimento et al

® Fe Octahedral
@ Fe Tetrahedral
@ vitrium

Figure 1. Crystal structure and magnetic exchange paths in yttrium iron garnet (YIG). The conventional unit cell of YIG is rep-
resented, with the majority tetrahedral sites marked in mustard and the minority octahedral sites in purple. Yttrium is depicted
in teal color, and the vertices of the polyhedra implicitly represent oxygen. The first octant of the YIG unit cell is highlighted,
showing the two distinct Fe’t sites and their exchange paths. The bottom panels represent the dissimilar two-fold J3,, and D3 3
symmetries for the third nearest neighbors.

In figure 3 we compare the magnon EELS momentum dispersion diagram of YIG for the spin-based
term using equation (7) and the charge-based contribution using equation (16). The color bar intensity

2
is given in terms of the interaction coupling constant <%) , for 200 keV electrons. We note 200 kV

is a standard high acceleration voltage for STEM machines. The calculated EELS spectra reproduce the
key features of the experimental INS data in reference [43] (cf figure 2(f)), particularly that the same
modes are active and, as expected, the spin-based component also follows the same intensity relative to
q as INS. The chosen scattering path [HHH] highlights the distinction between the two scattering mech-
anisms. Owing to its dependence on momentum transfer g, the charge-based interaction is dominant

at and near the zone center, but its intensity diminishes rapidly with increasing g. Conversely, the spin-
based interaction allows for the magnons to be observed clearly at larger scattering vectors, where the
charge contribution is suppressed. However, the charge-based component contains a prefactor dependent
on the incident electron momentum, ko, which is large for high acceleration voltages. Consequently, this
interaction remains significant even at higher scattering vectors g, note the color bar scale. Under the
previous discussion, note that both the intensities given in the figures 3(a) and (b) coexist in the EELS
spectra.

Furthermore, we note that the spin-scattering function S,3(q,w) is linearly dependent on the Bose—
Einstein distribution [19, 40]. This implies that magnon creation is influenced by the existing magnon
population, leading to increased EELS peak intensity at higher magnon densities. This suggests that, on
top of thermally produced magnons, an externally pumped spin wave, generated via methods such as
microwave excitation, spin-transfer torque, or an optical pump, would lead to a momentum-dependent
intensity change, particularly at small scattering vector q and energies.

In all previous discussions, using the definition of the spin orientation given in equation (18), we set
the magnetic moments to align parallel to the z-axis by setting § =0 and ¢ =0, with the electron beam
also directed along the z-axis.

Next, we discuss the intensity dependence of the relative orientation of the beam wavevector and the
local magnetic moments. We evaluate the EELS for the path N—1I'" — H keeping ¢ =0 and varying the
value of 6 for an electron beam of 200 keV. For the spin-based interaction shown in figure 4 the effect
of changing the relative angle between the probe wavevector and the local magnetic moments is small.
The intensity change is captured by the interplay of £ (q) given in equation (8) and the spin scattering
8(q,w), the components of which are modulated by the relative orientation between the probe and the
magnetic moments.

In contrast, we see a strong dependence on the magnetic moment’s orientation in the charge-based
interaction as shown in figure 5. In this context, we show a large dependence of the scattering intens-
ity along the path I' — H as a function of the polar angle of the magnetic moments. This observation
underscores the influence of magnetic moment alignment on the scattering process. We can also see that
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Figure 2. Cross-section dependence with the scattering vector q and incoming electron beam energy Ej is shown for (a) spin-
based interaction, (b) spin-based interaction taking the magnetic form factor for Fe into account, (c) charge-based interaction
and (d) charge-based interaction taking the magnetic form factor for Fe** into account. Color bar intensity is given in terms of
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Figure 3. Inelastic scattering by magnons: (a) theoretical evaluation of spin-based EELS, (b) charge-based EELS. All the calcula-
tions were performed for a relative angle between the probe’s wave vector and the magnetic moment vector orientation, § = 0.
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the intensity varies with a cosine squared relation with the angle between the magnetic moments’ ori-
entation and the beam wavevector. This property can be potentially useful to probe the magnetization
direction change at nm scale, opening possibilities to study spin-structures at surfaces and interfaces, as
well as topological spin-structures.
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Figure 4. (a)—(d) Spin-related EELS, for varying relative angles 6 between the probe’s wave vector and the magnetic moment
vector orientation, for an acceleration voltage of 200 keV. (e)—(f) Angle-dependent intensity for the points in momentum space
represented by the white and red dashed lines, showing a weak angle dependence on the point represented by the red and white
dashed lines.
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Figure 5. (a)—(d) Charge-related EELS, varying relative angles 6 between the probe’s wave vector and the magnetic moment vec-
tor orientation. (e)—(f) Angle-dependent intensity for a particular point in momentum space, showing a strong angle dependence
on the point represented by the red dashed line (f), but not on the point represented by the white dashed line (e).
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4, Conclusion

In this work, we have shown that non-spin polarised electron probes can be a powerful tool for probing
magnons in addition to neutrons. We provide physical insights into electron-magnon scattering by quan-
tifying the theoretical EELS, considering separately the spin-based interaction and charge-based interac-
tion. We reveal contrasting behavior where the charge-based interaction exhibits a quadratic dependence
on the beam momentum ky, while the spin-based interaction follows an inverse relationship k, ! sim-
ilar to phonons. Conversely, the charge-based interaction shows the same q~? dependence with the scat-
tering vector as in the case of phonons, a relation not present in the spin-based interaction. This rela-
tion points to a possible enhancement of the magnon-related peaks in contrast to the phonon-related
peaks for higher acceleration voltages. In addition, the high spatial resolution nature of the STEM-EELS
probe, together with the magnetic moment orientation sensitive nature of the non-spin polarised EELS
spectrum, offers prospects to probe local differences in the orientation of the Curie/Néel vector relat-
ive to the electron beam momentum. In summary, our study contributes to a deeper understanding of
electron-matter interactions offering insights for the design and interpretation of experiments aimed at
probing the magnetic properties of materials at the nanoscale utilizing modern STEM-EELS techniques.

Supplementary material

See supplementary material for the detailed derivation of the double-differential cross-section for both
spin- and charge-based interactions.
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