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Observation of Magnetic Helicoidal Dichroism with Extreme Ultraviolet Light Vortices
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We report on the experimental evidence of magnetic helicoidal dichroism, observed in the interaction of
an extreme ultraviolet vortex beam carrying orbital angular momentum with a magnetic vortex. Numerical
simulations based on classical electromagnetic theory show that this dichroism is based on the interference
of light modes with different orbital angular momenta, which are populated after the interaction between
light and the magnetic topology. This observation gives insight into the interplay between orbital angular
momentum and magnetism and sets the framework for the development of new analytical tools to

investigate ultrafast magnetization dynamics.
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Beyond plane waves, light beams may feature helical
wave fronts, with the Poynting vector precessing with time
around the beam’s propagation axis [1]. The number of
intertwined helices spiraling clockwise or anticlockwise
defines the topological charge £ € Z, which is associated
with the orbital angular momentum (OAM) of the light
vortices. This is independent from light’s polarization state,
which instead is associated with a spin angular momentum
(SAM) [2]. OAM light beams are nowadays harnessed for
an ever increasing scope of applications covering different
fields, from microscopy [3-5] and biology [6,7] to tele-
communications [8,9] and quantum technologies [10,11].
Vortex beams also play a role in spectroscopy, where the
coupling between the OAM and the internal degrees of
freedom of atoms, atomic ions, or molecules has been
exploited to transfer OAM to these species [12—15] and to
enhance enantiomeric sensitivity [16,17]. Also, a rich
variety arises for the investigation and manipulation of
topologically complex objects, such as chiral magnetic
structures [18] and skyrmions [19-21]. In the same way as
tuning the wavelength is used to achieve chemical contrast,
or tuning the polarization to achieve magnetic contrast,
controlling the OAM state of a vortex beam has the
potential to provide topological contrast in systems pos-
sessing a well-defined handedness. This general statement
can eventually find applications in many different extreme
ultraviolet (XUV) and x-ray based techniques, like elastic
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or inelastic scattering and photoelectron emission. The
study of magnetic structures is a particularly appealing
case, for their practical importance and for the possible
control of their topology.

Over the last decade, the development of highly coherent
sources and tailored optical schemes has opened new
possibilities for generating structured light vortices in the
XUV [22-29] and x-ray [30-35] regimes, paving the way
to their spectroscopic applications. In this context, mag-
netic helicoidal dichroism (MHD) has been recently pre-
dicted [36], in analogy to the SAM-dependent magnetic
circular dichroism (MCD). Upon interaction (reflection or
transmission) of a pure Laguerre-Gaussian mode of topo-
logical charge # with a magnetic surface, MHD consists in
an intensity redistribution into all modes 4+ n in the
outgoing beam, where n represents all the azimuthal
decomposition coefficients of the magnetic structure sym-
metry [36]. Different from MCD, MHD is sensitive to
the overall topology of the spin texture, it vanishes for
homogeneous structures, and is not self-similar if one
inverts either the topological charge of the beam or the
magnetization direction.

Among a great variety of magnetic structures in two [37]
or three dimensions [38], magnetic vortices (MVs) are
particularly promising for technological applications
[39,40]. They can form in mesoscopic dots that are
much larger than their thickness [41], leading to a planar

© 2022 American Physical Society
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magnetization with curling direction either clockwise
(m = +1) or anticlockwise (m = —1), which we can
associate with a toroidal moment [42,43]. They have been
shown to be particularly robust against perturbations [44]
and present a rich subnanosecond dynamics [45]. Because
of their symmetry, MVs are also a particularly simple test
case for MHD, since they only present n = 41 [36].

In this Letter, we report on the experimental observation
of MHD by measuring the resonant scattering of XUV
radiation carrying OAM from a permalloy (Py, Fe,(Nig)
dot in MV micromagnetic configuration. We compare the
experimental results to theoretical predictions [36] and we
interpret them in terms of the interference between the
different £ 4+ n modes of the reflected light. Our study
illustrates the potential of MHD as a new optical tool for the
investigation of magnetic structures and their topology.

The experiment was performed at the DiProl beam line
[46] of the FERMI free-electron laser (FEL) [47] using the
setup sketched in Fig. 1(a). The spatially coherent close-to-
Gaussian FEL beam is focused on the sample by one of
three available silicon zone plates [48] mounted on a
movable stage. One is a Fresnel zone plate producing a
focused beam with # = 0; the other two are spiraling zone
plates (SZPs) that impart OAM to the beam with either
¢ = —1 or £ = +1. The properties of the zone plates are
detailed in [26]. An electron microscope image of the SZP
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FIG. 1. (a) Schematics of the experimental setup at the DiProl
beam line, showing the incoming FEL beam with planar wave
front, a SZP that imparts OAM to the FEL beam, the sample
placed between the poles of the electromagnet and the image of
the scattered beam. (b) Scanning electron microscope image of
one SZP (£ = +1). (c) Far field image of the interference pattern
of the corresponding OAM beam and the undiffracted, OAM-free
beam, featuring a spiraling intensity pattern. (d),(e) Magnetic dots
S1 and S$2 with corresponding remanent magnetization after
applying a pulse of saturating external field H as in (a). An
opposite field reverses the curling direction m of the remanent
magnetization in both samples.

for £ = +1 is shown in Fig. 1(b), while in Fig. 1(c) the
direct image of the beam with OAM collected by a CCD
camera shows the expected spiral-shaped far field inter-
ference pattern with the undiffracted beam [26,49].

The photon energy was set to 52.8 eV in order to match
the Fe 3p — 3d core resonance [50]. This approach, which
is standard in x-ray dichroism, allows one to simultane-
ously enhance the magneto-optical effects (that would be
otherwise negligible at XUV wavelengths, compared to
charge scattering) and to introduce element selectivity. The
linearly p-polarized XUV beam impinged on the center of
the sample at an angle of 48° from the normal, i.e., close to
the Brewster extinction condition, in order to maximize the
magnetic signal. Using a knife edge scan, we measured a
spot size of about 4 pym (full width at half maximum) at the
sample plane, in agreement with previous characterizations
[51]. The reflected beam is collected by a CCD camera
placed 150 mm from the sample.

The samples [S1 and S2, Figs. 1(d) and 1(e)] are two
identical and z-rotated ellipsoidal Py dots with a triangular
indent, prepared on the same Si substrate. They are 80 nm
thick, their short diameter is 15 pm, and they are protected
by a &3 nm Al layer (oxidized in air) (see Supplemental
Material [48]). Their exact shape was optimized by micro-
magnetic calculations [52] in order to satisfy two criteria:
(i) feature at remanence a single stable MV with a diameter
larger than the XUV beam spot size; (ii) enable the
switching of the remanent vortex curling direction m by
in situ application of a moderate external magnetic field
pulse. The calculated remanent magnetization after a
420 mT in-plane magnetic pulse [arrow in Fig. 1(a)]
shows that MVs with m = —1 and m = +1 are formed
in S1 and S2 [Figs. 1(d) and 1(e)], respectively, providing a
simple way of cross-checking our experimental results.
Reversing the magnetic pulse direction switches the sign of
m in both MVs. Further experimental details are given in
the Supplemental Material [48].

For each sample, we evaluate the dichroic signal by
switching the sign of the external magnetic field pulse
before measuring at remanence, so that no mechanical or
optical adjustment of the setup is required, guaranteeing
optimal stability in the measurement conditions. Also, in
this way, nonmagnetic contributions to the scattered inten-
sity are largely suppressed from the difference signal.
Figures 2(a)-2(f) show the experimental dichroism on
the intensity profile of the reflected beam for three incom-
ing £ values and for the two samples. Details of the data
analysis are given in the Supplemental Material [48]. For
sample S1, we observe a left-right asymmetry for £ =0
[Fig. 2(c)] and opposite spiral asymmetries for opposite
topological charges of the OAM beam ¢ = +1 [Figs. 2(a)
and 2(e)], showing the differential dependence on the
topological charge of the OAM beam. The measured
MHD signal is on the order of 20%. The result is
reproduced in S2 [Figs. 2(b), 2(d), and 2(f)], where the
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FIG. 2. (a)-(f) Experimental dichroism (corresponding to
MHDm) for £ = —1,0,+1 for MVs in dot S1 (top) and S2
(bottom). (g)—(1) Numerical simulations for the same experimen-
tal parameters. (m),(n) Same as (e),(f), with the same color scale,
but with a constant magnetic field applied during the acquisition
in order to homogenize sample’s magnetization; to be used as a
reference. The images corresponding to (a)—(d) can be found in
the Supplemental Material [48].

color pattern is reversed since the two samples always have
opposite m. This demonstrates the magnetic nature of the
observed dichroic signal rather than possible asymmetries
induced by the experimental setup. It is worth noting that
the symmetry relations observed in Figs. 2(a)-2(f) are
almost canceled when the MV topology is perturbed by
applying an external magnetic field (Figs. 2(m) and 2(n)
and Supplemental Material [48]). The azimuthal Fourier
component with period 2z [48], which generates a signal of
4+20% in presence of the MV, is strongly reduced (down to
ca. £5% amplitude) when an external magnetic field erases
the vortex structure.

In order to interpret the experimental results, we imple-
mented a numerical model for MHD based on Ref. [36],
with a perfect Gaussian beam as input, ideal optics, and
perfect centering of the beam on the MV. The results of
the simulations for the same scattering geometry as in the
experiment are shown in Figs. 2(g)-2(l). They can be
directly compared with Figs. 2(a)-2(f), showing a good
agreement for all configurations. Quantitatively, the exper-
imental dichroism is lower than expected. We believe this is
mainly due to the nonmagnetic signal coming from the

oxidized Al-capping layer not taken into account in the
simulations [48]. The imperfect symmetry of the exper-
imental images [evident, e.g., in Figs. 2(c) and 2(d)] is due
to the approximate alignment of the OAM beam on the
vortex core, which is impossible to visualize in situ (see
Supplemental Material [48] for more details). Here it is
important to stress that the dependence of the MHD signal
on the topological charge is not linked to the particular
chosen reflection geometry close to the Brewster angle.
From further simulations [48] we predict that, even close to
normal incidence, the asymmetry for # = 0 (left-right) is
different from ¢ = +1 (top-bottom), while the spiral
asymmetry of Fig. 2 is due to a combination with geometric
effects [36].

In general, in order to evaluate the MHD, three relevant
combinations of differences between signals obtained with
given values of topological charge of the beam and the
curling direction of the MV can be considered [48].
Defining I, the far field intensity of the reflected beam,
we classify these three kinds of dichroisms as [36]

MHD? = (If,m - I—f,m)/(lf,m + I—f.m) (la)

MHDm = (I, = 1s—p)/ (g +1p—m) (1b)
MHDZm = (If,m - I—f,—m)/(lf,m + I—f.—m)' (IC)

The dichroism presented in Fig. 2 corresponds to MHDm,
since switching the magnetic field direction corresponds to
switching the sign of m in the MV for a fixed value of 7. In
Fig. 3, the other two kinds of MHD from simulations are
shown. The dichroic intensity map of MHDm [Figs. 2(g)
and 2(k)] differs from MHDZ [Figs. 3(a) and 3(b)], which
ensures a nonzero MHDZm [Figs. 3(c) and 3(d)]. This is a
crucial difference with respect to MCD, where switching
the sample magnetization or the light polarization leads to
equivalent results. From the experimental point of view,
changing m is obtained simply by a magnetic field pulse.
On the contrary, changing £ implies replacing the SZP,
affecting the photon beam trajectory and amplifying the
issues in photon—vortex-core alignment already mentioned
above. This makes our experimental observation less
reliable for MHD? and MHD?#m than for MHDm [48].
In order to complement the theoretical analysis proposed
in [36], it is interesting to look into the physical mechanism
at the origin of MHDm. The local values of the magneto-
optical constants are proportional to the curling magneti-
zation, and the reflectivity matrix will thus depend on the
azimuth ¢. This can be used to intuitively retrieve the
simple selection rule AZ = +1 for reflection by a MV [36].
In fact, the magnetization terms of the MV, and hence the
reflectivity coefficients, vary as cos(¢) up to a constant
phase term, while the azimuthal dependence of the incom-
ing electric field due to the OAM is cos [—(27/A)z — €],
with 4 and z being the light wavelength and the propagation
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FIG. 3. Numerical simulations with same experimental param-

eters of (a),(b) MHD? for different m and (c),(d) MHDZm for
different combinations of # and m.

direction, respectively. Without considering geometric
effects [36], the magnetic contribution to the outgoing
electric field is given by the product of those two terms and
will thus show (£ £ 1)¢ components, and only these, while
the nonmagnetic one is only given by a reflection of the ¢
mode. The propagation of the # and # + 1 modes to the far
field will result in interferences in the intensity profile,
which is what causes the asymmetries of MHD. Note that
this is valid for every incoming #, including # = 0.

To be more specific, let us consider a p-polarized beam
with &;, = 0, which is a standard Gaussian plane wave
without OAM. Figure 4(a) shows the far field simulated
intensity after reflection from a m = +1 MV, featuring a
left-right imbalance that reverses for the case m = —1 [48],
leading to MHDm [Fig. 2(i)]. If we suppress the propaga-
tion of the outgoing mode Z,,, = 0 in the simulation and
leave only 7, = %1, we obtain the intensity in Fig. 4(b).
This is the typical shape of a Hermite-Gaussian beam of
index 1. We can draw two important conclusions. One is
that even a standard Gaussian beam with £ = 0 reflected by
a magnetic structure such as a MV contains equal weights
of modes with opposite nonzero OAM. This is a largely
overlooked observation that can be used as a fresh way to
look at magneto-optical scattering phenomena. The second
conclusion is that the dichroic signal in MHD originates
from the interference of the main incoming mode £, =
¢, with the newly generated ones. This can also be seen,
for example, for the case of ¢;, = 1. In Fig. 4(d), where
Cou = 1 1s suppressed from the reflected beam, one finds
signatures of a second-order Hermite-Gaussian beam,
while the full beam of Fig. 4(c) is the result of the
interference with the central mode, including the £ =1

eout =0,1,2

FIG. 4. (a) Far field intensity of a beam with ¢;, = O reflected
by a MV with m = +1. (b) Same as (a) when the outgoing mode
Cout = Cin 18 suppressed. (c),(d) The same results as (a) and
(b) when ¢, = 1.

mode. In this case, a spiraling shape is obtained. Its
mirrored image on the horizontal axis is obtained when
one considers ¢;, = —1 instead, mirrored on the vertical
axis when ¢, = —1 and m = —1 and mirrored on both axis
when ¢, = +1 and m = —1 [48]. The fact that these four
cases are not equivalent explains why MHDm and MHD?
are different, and thus the existence of MHDZm.

In conclusion, we presented the experimental evidence
of magnetic helicoidal dichroism in the resonant reflection
of an XUV beam that carries OAM by a magnetic vortex
and found a good agreement with theoretical predictions. In
particular, we identify the specific dependence of MHD on
the sign of the optical () and magnetic (m) vortices. Other
configurations of OAM and light polarization could be
explored [48], providing altogether a new way to look at the
magneto-optical scattering process in terms of OAM, as
discussed also for the case of an # = 0 incoming beam.

It is straightforward to extend this approach to other
complex magnetic structures. For example, in analogy with
the recent observation that infrared vortex beams with
opposite £ are sensitive to dipolar chiral nanohelix [53,54],
one can envision to use MHD for XUV and soft x-ray
beams with OAM in order to detect the helical direction of
complex 3D spiral spin structures [55] or to study chiral
domain walls and skyrmions in magnetic films with strong
Dzyaloshinskii-Moriya interaction [56]. Conversely, differ-
ent structures can be engineered in order to tailor or analyze
the OAM content of a light beam [33,35]. A limit of our
interpretation is that it is based on classical electromag-
netism. A microscopic theory has still to be developed and
questions about a possible local exchange of OAM between
light and matter remain open. Finally, the feasibility of this
experiment with a FEL source naturally opens up the
study of MHD in the time domain, as recently performed
in nanoplasmonics [57,58]. MHD could then become a
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powerful experimental tool for the study of the ultrafast
dynamics of magnetic materials and of their topological
properties [59,60], but also a way to control and manipulate
them, in a similar fashion as in the inverse Faraday effect
with SAM [61].
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