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X-ray beams with orbital angular momentum (OAM) are a promising tool for x-ray characteriza-
tion techniques. Beams with OAM have a helicity—an azimuthally varying phase—which leads to
a gradient of the light field. New material properties can be probed by utilizing the helicity of an
OAM beam. Here, we demonstrate a novel dichroic effect in resonant diffraction from an artificial
antiferromagnet with a topological defect. We found that the scattered OAM beam has circular
dichroism at the antiferromagnetic Bragg peak whose sign is coupled to its helicity, which reveals the
real-space configuration of the antiferromagnetic ground state. Thermal cycling of the artificial an-
tiferromagnet can change the ground state, as indicated by reversal of the sign of circular dichroism.
This result is one of the first demonstrations of a soft x-ray spectroscopy characterization technique
utilizing the OAM of x-rays. This helicity-dependent circular dichroism exemplifies the potential
to utilize OAM beams to probe matter in a way that is inaccessible using currently available x-ray

techniques.

X-ray-matter interactions are central to advanced
characterization techniques such as x-ray absorption
spectroscopy (XAS) and resonant x-ray scattering
(RXS), which have transformed our understanding of
magnetic, electronic, and orbital ordering phenomena in
materials. Typically, these measurements involve vary-
ing the incident x-ray energy and polarization, giving rise
to element-specific resonances that enhance signals from
magnetic and orbital ordering and dichroic effects. These
sensitive techniques can reveal non-trivial spin textures
or nano-ordered phases that are difficult to probe with
other methods. Some examples include multipolar or-
der [1-5], charge ordering in high-temperature supercon-
ductors [6], and ordering in strongly correlated electron
systems [7, 8] and other quantum materials [9, 10].

Quantum materials such as topological insulators, an-
tiferromagnets, and complex oxides are increasingly ex-
plored for technological applications. Antiferromagnets
are particularly interesting for spintronic applications.
Due to the antiparallel spin arrangement of the two sub-
lattices, antiferromagnets have net zero magnetization.
They have no stray magnetic field, can be used at high
frequencies, and are not easily susceptible to external
magnetic fields. Ferromagnetic materials can be easily
studied with x-rays, due to their magnetization that leads
to x-ray magnetic circular dichroism (XMCD) in XAS.
However, the absence of net magnetization in an anti-
ferromagnet usually leads to zero XMCD, except in the
special case of chiral spin textures [11-14].

Scattering techniques then are one of the most direct

ways of measuring the staggered moments of an antiferro-
magnet. Colinear antiferromagnets can be studied using
linear dichroism that occurs in XAS and RXS. Further-
more, the azimuthal angle or polarization dependence of
RXS can identify domains in antiferromagnets with spin
spirals [5, 15-19] or chiral order [20]. In general, how-
ever, no techniques exist to directly probe the real-space,
ground-state configuration or sublattice specific magne-
tization in an antiferromagnet.

A possible route to advance these techniques is by dis-
covering a new kind of dichroism that takes advantage of
the orbital angular momentum (OAM) of x-rays. Here,
we show how OAM beams created through RXS can dis-
tinguish between the two degenerate ground states of an
artificial antiferromagnetic lattice with a topological de-
fect. Right- and left-circularly polarized x-rays scatter
differently from the antiferromagnet, and the resultant
dichroism differs depending on the magnetic configura-
tion as well as the helicity of the OAM beam that is
produced. The observation of helicity-dependent circu-
lar dichroism demonstrates the potential for unique light-
matter interactions involving OAM beams. This could
lead to novel ways to probe materials via interactions of
magnetic spins with the helicity of x-ray OAM beams.

OAM is a property of light beams where the wavefront
forms a helix along the propagation direction, and the
phase varies azimuthally, as shown in Fig. 1(a). The
direction of the phase progression (counterclockwise or
clockwise) determines the helicity (positive or negative)
of the OAM beam. Beams with OAM have already found
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FIG. 1. Experiment details. (a) Left: Helical phase front
of a beam carrying OAM with topological charge £ = +1.
The helix represents a surface of constant phase. Right: The
cross-section through an OAM beam has a phase that varies
azimuthally. (b) SEM image of an artificial antiferromagnet
with a Z2 topological defect (left), and XMCD PEEM (right)
showing the antiferromagnetic configuration around the de-
fect. The yellow arrows show the net magnetization direction
around the defect. (¢) Geometry for resonant scattering.

practical uses in the optical wavelength regime, such as
optical tweezers and subwavelength imaging [21-27], and
potential exists for future applications in optical commu-
nications and quantum optics [21-24, 28].

However, exploitation of OAM in x-ray beams is a rel-
atively novel field [29-36], and the interaction between
x-rays carrying OAM and matter has only recently been
studied experimentally [32, 37]. Potential applications
include x-ray holography [30, 31], ptychography [36], and
microscopy [38].

The electric field gradient of OAM beams could lead
to new dichroic effects in XAS, such as enhanced sensi-
tivity to quadrupolar transitions [39-41] and molecular
chirality [32, 42]. Dichroic effects due to the OAM of
light have been observed in extreme ultraviolet resonant
scattering [43], XAS of chiral molecules [32], and the pho-
toelectric effect [44, 45]. Analogous to circular dichroism
(which is based on the differential absorption of right-

or left-circularly polarized light), helicoidal dichroism is
a new type of dichroism utilizing the differential absorp-
tion or scattering of OAM beams with positive or neg-
ative helicity. Additionally, because OAM beams have
non-trivial topology, they could be used to characterize
magnetic skyrmions [30],vortices [43, 46], or other topo-
logical textures [33]. While theoretical predictions have
been made [39, 42], experimental verification of the spec-
troscopic applications of x-ray OAM beams is very lim-
ited [32].

One method to generate x-ray beams with OAM is
to use an artificial antiferromagnet with a built-in topo-
logical defect [34]. An artificial antiferromagnet can be
created by fabricating a square array of dipole-coupled
nanomagnets. The nanomagnets are rectangular, so their
strong shape anisotropy constrains the magnetization to
align with the long axis, thereby creating an analog of an
Ising system. Due to the asymmetric interaction between
nearest neighbors, the system exhibits an antiferromag-
netic ground state. Artificial antiferromagnets are widely
studied as artificial spin ice systems [47, 48], for under-
standing thermal fluctuations in metamaterials [49-53],
and as candidates for magnonics applications [53-55].

RXS from such nano-arrays gives rise to magnetic
diffraction [34, 52, 56, 57]. In a previous study, it was
shown that x-rays with OAM are created when diffracted
from an artificial antiferromagnetic lattice with a topo-
logical edge defect [34]. Interaction with the defect im-
parts its topology to the beam. This leads to scat-
tered beams with OAM related to the defect’s topological
charge, which can be directly observed using interference
effects [34]. In this study we show that in addition to
the OAM quantum number information, the antiferro-
magnetic Bragg peaks exhibit a novel helicity-dependent
circular dichroism that can be utilized to determine the
real-space, ground-state configuration of the artificial an-
tiferromagnet.

An edge defect in a lattice can be characterized by its
topological charge Z, equal to the number of edge dis-
locations. We fabricated Z2 artificial antiferromagnetic
lattices (with topological charge of 2) using electron-
beam lithography and lift-off on ferromagnetic permal-
loy (Feo.sNig2) [58]. Real-space imaging was done us-
ing scanning electron microscopy (SEM), as seen in Fig.
1(b). The defect can be quantified by the Burgers vector
t = 2ai, with & defined along the direction of the edge
dislocations.

Photoemission electron microscopy (PEEM) with
XMCD was used to investigate the antiferromagnetic
state. The beam energy was tuned to the Fe L3 edge
(707.6 €V) to obtain magnetic contrast. Images were
taken for right- and left-circularly polarized x-rays inci-
dent along the [-1,1] direction [58]. An XMCD image is
created by taking the difference between images for op-
posite polarizations, resulting in bright and dark islands,
as seen in Fig. 1(b). Bright and dark islands have a



component of magnetization parallel or antiparallel, re-
spectively, to the in-plane direction of the x-rays. This
information can be used to extract the magnetic config-
uration [58].

Since the magnetic lattice spacing is twice that of
the structural lattice, the magnetic configuration effec-
tively has one edge dislocation with a topological charge
Z,, = +£1, which depends on the magnetization sur-
rounding the defect. Thus, our sample array contains
a structural and magnetic defect with different topologi-
cal charge. We define the magnetic configuration in Fig.
1(b) as the Z,, = +1 defect, with net clockwise magne-
tization surrounding the defect.

We have characterized the antiferromagnet using co-
herent RXS at the Fe L3 edge with the scattering geom-
etry shown in Fig. 1(c). The Burgers vector was paral-
lel to the in-plane direction of the incident x-ray beam
(the Z-direction). The incident beam was a typical Gaus-
sian x-ray beam used for scattering experiments (without
OAM). The lattice gives rise to a diffraction pattern with
peaks from the structural and magnetic lattices. Struc-
tural peaks appear at (H, K) when H and K are even
integers, whereas magnetic peaks appear when H and K
are odd integers. This is because the periodicity of the
antiferromagnetic lattice is twice that of the structural
lattice. Any peak with a component of its scattering
vector parallel to the Burgers vector (i.e., any peak with
H # 0) will have a non-zero OAM [34], whose value is
fh, where £ is equal to the diffraction peak order H.

The diffraction pattern in Fig. 2(a) is the sum of scat-
tering for right- and left-circularly polarized incident x-
rays. The pattern has magnetic peaks at H = +1 and
structural peaks at H = 0. The magnetic peaks have
OAM, leading to characteristic peaks with a central dark
spot due to the phase singularity. The structural peaks
at H = 0 have no OAM, because the scattering is per-
pendicular to the Burgers vector. Additionally, the scat-
tering vector is related to the helicity of the beam. The
peaks at H = +1 have OAM values ¢ = +1, meaning is
has positive helicity and the phase wraps counterclock-
wise as seen in Fig. 1(a). On the other hand, peaks at
H = —1 have OAM values ¢ = —1, meaning that it has
negative helicity and the phase wraps clockwise.

It was previously shown [34] that the magnetic diffrac-
tion peaks from the Z2 lattice differ for right- versus
left-circularly polarized incident x-rays, but the spec-
troscopic power of this measurement was not yet deter-
mined. While dichroism was observed, it was not real-
ized that it is related to the helicity of the outgoing OAM
beam and the specific magnetic sublattice ordering. The
dichroism can be quantified by the circular asymmetry:
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where I,.. and I;. are the scattered intensities for right-
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FIG. 2. Resonant x-ray scattering from an artificial antifer-
romagnet. (a) Sum of diffraction patterns for right- and left-
circular polarizations. (b) Circular asymmetry occurs at the
peaks. Red/blue corresponds to positive/negative values. (c)
Temperature-dependent circular asymmetry measured along
the line marked in (b). The asymmetry disappears upon heat-
ing above the antiferromagnetic transition temperature.

metry has a distinct pattern, as shown in Fig. 2(b), which
is related to the helicity of the OAM beam. The asym-
metry is half positive and half negative at each peak,
so it switches sign when the phase changes by . The
asymmetry pattern also reverses sign upon changing from
H = +1to H = —1. The dichroism is then linked to the
helicity of the beam, since changing from H = +1 to
H = —1 also changes the OAM from ¢ = +1 to { = —1.

For H = +1 peaks, the asymmetry implies that
the right- (left-) circularly polarized x-rays scatter with
higher intensity to the top (bottom) half of the diffracted
beam. In other words, the x-rays and their interaction
with the material’s spin degree of freedom scatter circu-
larly polarized light in a way that depends on the helicity
of the scattered beam. We note that for a defect-free an-
tiferromagnet, right- and left-circularly polarized Gaus-
sian beams should scatter with the same intensity at the
antiferromagnetic Bragg peaks [58]. This is why antifer-
romagnets do not usually give rise to circular dichroism.

Since H = =£1 peaks arise due to the antiferromag-
netic ordering, the peaks and dichroism should disap-
pear above the antiferromagnetic Ising transition tem-
perature, which is Ty ~ 380 K for this artificial antiferro-
magnet [34]. To confirm this, we performed temperature-
dependent measurements, as shown in Fig. 2(c). At
room temperature, a line profile through an H = +1
peak clearly shows the half-positive, half-negative dichro-
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FIG. 3. Resonant x-ray scattering calculations. (a) Calculated diffraction from the artificial antiferromagnet with a Z2 defect.

(b) The two possible ground states, (Z,, = =£1), overlaid on an SEM image.
(d) Phase of the beams for H = +1. The direction of the phase gradient (white

corresponding to the configurations in (b).

(c) Simulated circular dichroism patterns

arrows) interacts differently with the magnetic defect configurations, giving rise to distinct asymmetry patterns.

ism distribution. This persists to at least 320 K. At 380
K, there is no longer any dichroism, confirming that the
peaks and dichroism disappear once the antiferromag-
netic state is suppressed by thermal fluctuations.

To investigate how RXS can be used to distinguish
between the two degenerate ground states of the antifer-
romagnet,—shown in Fig.3(b)—we used resonant scat-
tering calculations. The resonant scattering amplitude
from the n'" scatterer in a magnetic system is usually ex-
pressed to first order in magnetization using the electric-
dipole approximation:

fn = fo(E)E™ - €—ifi(E)(€" x €) - My (2)

where fy and fi are energy-dependent constants, € and
€ are the polarization of the scattered and incident x-
rays, respectively, and m,, is the magnetization direction.
The intensity I of scattering is equal to the sum over all
scatterers:

I=1y foc'T™ (3)

where ¢ is the scattering vector (¢ = K — E) and 7, is
the position of the n'" scatterer.

Scattering from the 10 x 10 um? nanomagnet array was
calculated [58]. The resulting intensity profile is shown
in Fig. 3(a) for the sum of right- and left-circularly po-
larized incident x-rays. The experimental scattering pat-
tern is reproduced well, with OAM beams with a central
dark spot due to the phase singularity appearing at the
expected (H, K) values. Differences between the experi-
mental and theoretical peak shape are due to additional
interference effects that arise from the coherent x-rays
used in the experiment [58].

Next, we calculated the difference in scattered inten-
sity for right- or left-circularly polarized incident x-rays.
We simulated the two possible magnetic ground states,
as shown in Fig. 3(b), with defects of topological charge
Z,, = %1. Figure 3(c) shows the resulting circular
dichroism. The Z,, = +1 configuration matches the ex-
perimentally observed pattern in Fig. 2(b). The pattern
reverses for Z,, = —1, showing that this can be used to
distinguish between two antiferromagnetic ground states.
This also reproduces the circular dichroism observed pre-
viously for a different scattering geometry [34, 58].

The phases of the scattered OAM beams at H = %1
are shown in Fig. 3(d). Considering the H = +1 peak,
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FIG. 4. Changing the antiferromagnetic ground state. The
(H,K)=(1,-1) peak is shown. When heated to 380 K and
cooled back to room temperature, one of two antiferromag-
netic ground states randomly forms. The room-temperature
dichroism is shown after each of six subsequent thermal cy-
cles.

we can see the relationship between the dichroism and the
winding magnetization around the defect. When the de-
fect winds in the same (opposite) direction as the OAM
phase, the right-circularly polarized beam is scattered
preferentially down (up), and similarly the left-circularly
polarized beam is scattered preferentially up (down), giv-
ing rise to the dichroism patterns in Fig. 3(c).

The two ground states are degenerate, so they should
form with equal probability if the antiferromagnet is
heated above Tn and returned to room temperature.
After cooling, a flip of the dichroism would indicate a
change in ground state. To test this, we performed se-
quential measurements on an artificial antiferromagnet
after heating to 380 K and cooling back to room temper-
ature. As shown in Fig. 4, the room-temperature dichro-
ism forms in both configurations with about 50-50 prob-
ability, which is expected for random thermal switching
between two degenerate ground states.

The helicity-dependent circular dichroism that we re-
port here can be observed if the scattering pattern is
spatially resolved at the detector. The integrated inten-
sity of an antiferromagnetic Bragg peak is the same for
right- and left-circularly polarized light. Thus, our re-
sult is consistent with polarization-dependent resonant
scattering. As anticipated, it is difficult to study antifer-
romagnetic domains due to their zero net magnetization,
particularly in the case of phase domains where the order
parameter remains the same, but the phase is shifted by
180 degrees [19]. For the case of scattering from the arti-
ficial antiferromagnet presented here, helicity-dependent

circular dichroism in the scattered OAM beam can deter-
mine the real-space antiferromagnetic configuration. It is
likely that with a beam size smaller than antiferromag-
netic domains, it will be possible to determine the precise
ground state by measuring the phase dichroism. Further-
more, in coherent diffraction where a speckle pattern is
present, the phase dichroism could be used to differen-
tiate domain structures that are geometrically identical,
but opposite in phase.

In our experiment, complete understanding of an anti-
ferromagnetic ground state configuration implies we can
access sufficient information to characterize the specific
antiferromagnetic sublattices (i.e., where magnetization
is parallel, antiparallel, or perpendicular to the x-ray
beam), which could lead to new techniques for imaging
antiferromagnetic domains. A promising future avenue
will be to first create an OAM beam and then use it
to measure resonant diffraction from a traditional anti-
ferromagnet. Given the small size of the incident OAM
beam, it is also naturally suited for nano-diffraction ap-
plications, where it could identify domain walls, chiral
defects, or topological defects. Furthermore, if an OAM
beam can be used to measure specific spin sublattices, it
could also be used as a direct method for measuring spin
currents.

Finally, an analogy can be drawn to the photonic spin
Hall effect (PSHE). The PSHE describes photons with
different circular polarizations (i.e., photons with op-
posite spin angular momenta) displaced in opposite di-
rections after interacting with a medium with inhomo-
geneous refractive index. For the PSHE, the photons
and spatially varying refractive index play a role simi-
lar to charge carriers and the electric potential gradient
in the ordinary Hall effect. Experiments demonstrating
the PSHE often use metamaterials (structures engineered
to have properties different than those of the constituent
material) to study this spin-orbit interaction of light [59-
62]. In the present case, our artificial antiferromagnet
also acts as a metamaterial, and the interplay between
spin and orbital angular momentum leads to a process
where different circular polarizations are scattered asym-
metrically.
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