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It is commonly assumed that surfaces modify the properties of sta-
ble materials within the top few atomic layers of a bulk specimen
only. Exploiting the polarization dependence of resonant elastic x-
ray scattering to go beyond conventional diffraction and imaging
techniques, we have determined the depth dependence of the full
three-dimensional spin structure of skyrmions, i.e., topologically
non-trivial whirls of the magnetization, below the surface of a bulk
sample of Cu20SeO3. We found that the skyrmions change expo-
nentially from pure Néel- to pure Bloch-twisting over a distance of
several hundred nanometers between the surface and the bulk, re-
spectively. Though qualitatively consistent with theory, the strength
of the Néel-twisting at the surface and the length scale of the varia-
tion observed experimentally exceed material-specific modeling sub-
stantially. In view of the exceptionally complete quantitative theoret-
ical account of the magnetic rigidities and associated static and dy-
namic properties of skyrmions in Cu20SeO3 and related materials,
we conclude that subtle changes of the bulk properties must exist at
distances up to several hundred atomic layers into the bulk, which
originate in the presence of the surface. This has far-reaching impli-
cations for the creation of skyrmions in surface-dominated systems,
and identifies, more generally, surface-induced gradual variations
deep within a bulk material and their impact on tailored functional-
ities as an unchartered scientific territory.
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A n extraordinary variety of experimental and theoretical tools has
made the exploration and technological exploitation of surfaces
of bulk materials one of the most thriving topics in the natural sciences
(1, 2). As the underlying interactions and associated effects of charge
screening occur on atomic distances, it is broadly assumed that sur-
faces do not modify the bulk properties of inherently stable materials
beyond the top few atomic layers. Moreover, only a few studies have
addressed the evolution of materials properties with atomic resolution
far below surfaces, since conventional methods do not provide the
necessary information (3-5).

The local orientation and magnitude of the magnetization in spin
textures is particularly amenable to track gradual variations of the
interplay of different energy scales over large distances, reflecting
sensitively even the weakest interactions. Such spin textures have been
of great fundamental and technological interest for many decades,
ranging from field-theoretical questions to spintronics applications (6—
8). For instance, great efforts have been dedicated to measurements of
magnetic domains in bulk materials using polarized neutron imaging
(9, 10), but the spatial resolution of a few micrometers achieved to date
exceeds largely the atomic scales of interest. Much higher resolution
has recently been reported using hard x-ray scattering in transmission
geometry (11). However, for the micrometer-sized crystals required
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in these studies, surfaces dominate the scattering volume such that the
link with genuine bulk properties cannot be addressed unambiguously.
Moreover, a sophisticated reconstruction of the magnetization profile
is required, making the interpretation of the experimental data rather
demanding.

To clarity the effects of surfaces on the properties of a bulk ma-
terial deep below a surface, skyrmions in chiral magnets are ideally
suited from an experimental point of view, as the spins exhibit changes
of orientation in all spatial directions. X-rays are perfectly matched
to the length scales of the magnetic periodicities, suggesting that
studies of the spin structure with increasing depth as controlled by
the scattering angle or the photon energy, should be possible (12). In
addition, representing chiral spin textures, the dichroism of soft x-ray
scattering permits reconstruction of the full three-dimensional spin or-
der, providing information on gradual variations (13, 14). Last but not
least, high-quality single crystals are available as a key precondition
for meaningful experimental results.

On a different note, skyrmion materials are also ideally suited
for the investigation of the effects of surfaces on the bulk from a
theoretical point of view, as a remarkably complete material-specific
quantitative account has been developed (15—-18). At the heart of the
formation of skyrmions in bulk chiral magnets is a hierarchy of en-
ergy scales comprising, in decreasing strength, exchange interactions
with coupling J, Dzyaloshinskii-Moriya (DM) spin-orbit interaction
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with coupling D, and higher-order crystal field terms. All of these
interactions are controlled by the atomic positions and symmetries
of the underlying crystal structure. While the ratio of the exchange
coupling and the DM interaction, J/D generate changes of the spin
orientation at a material-specific modulation length, J/D ~ \/2m,
the character of the DM interactions determines whether Bloch or
Néel twisting is realized.

In our study we exploited that magnetic skyrmions are character-
ized by the topological winding number N and the helicity angle x
(see Fig. 1 for an illustration and the Methods section for the mathe-
matical definition). As shown in Fig. 1 for the two abundant types of
skyrmions observed experimentally in magnetic materials featuring
N =1, notably Bloch- and Néel-type skyrmions, the helicity angle
X assumes the values x = +m/2, and x = 0 or m, respectively.
While the former stabilize in cubic chiral magnets such as MnSi (19),
Fei_.Co;Si (20), FeGe (21), Cu208eO3 (22, 23), and Co,ZnyMn,
(24), the latter have been observed at surfaces and interfaces of thin
film systems (25-28) as well as in bulk systems such as GaV4Ss, and
GaV4Ses, exhibiting strong uniaxial anisotropies and DM interactions
akin to those in interfacial systems (29).

Taken together, an exceptionally complete understanding of dif-
ferent skyrmion hosting materials exists in terms of the underlying
magnetic rigidities and associated static and dynamic properties. In
particular, a universal account of the collective spin excitations across
different magnetic phases for different materials has been reported
(30-35), which reflects these rigidities. In turn, this allows detailed
comparison, how perturbations of the magnetic state propagate in the
bulk environment.

Surfaces represent such a perturbation of skyrmion hosting mate-
rials in two ways. First, atoms at the surface experience a different
balance of local interactions, thus putatively permitting magnetic
moments at the surface to assume energetically more favorable orien-
tations as compared to the bulk (36, 37). Second, due to the lack of
inversion symmetry of the surface additional interaction terms may be
allowed by symmetry. While the former has been predicted theoreti-
cally but not been proven experimentally, the latter has been studied
both theoretically and experimentally in thin films (25, 26) as well as
heterostructures (18, 28).

As the interactions on all scales originate in the coupling of adja-
cent spins s; and s;, this propagation must be determined by the local
atomic arrangement. Hence, according to the commonly accepted
view that the surface affects the atomic positions in the top few atomic
layers only, even the largest possible perturbation of the spin orien-
tation, notably a tilt by 90° away from the original orientation, will
essentially be determined by the interactions and associated magnetic
rigidities of the bulk. In turn, for the case of helimagnetically modu-
lated states with wavelength A\ any perturbation may be expected to
vanish at a distance ~J/D = \/2m, characteristic of the balance of
the underlying interactions.

Recent theoretical and experimental studies have considered the
importance of surfaces on the stability of skyrmions (38—42). The
same energetics of surfaces has inspired the prediction of metastable
states, so-called chiral bobbers (37), as putatively observed by holo-
graphic Lorentz transmission electron microscopy (LTEM) in selected
cubic chiral magnets (42—-44). However, for the thin lamella studied
the interplay of the surface with the bulk cannot be unraveled. More-
over, an abundance of subtle structural and compositional defects
introduced during the preparation of the samples cannot be ruled out.

To the best of our knowledge, the propagation of surface-induced
changes of the spin orientation deep into the bulk at distances up
to several hundred nm has not been studied experimentally before.
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In our study we have addressed this topic in terms of a quantitative
comparison between the rigidities of the magnetic state, as inferred
from the helimagnetic modulation length A, with the propagation
length of surface-induced Néel-twisting, as determined by the helicity
angle x, both recorded in the same measurement. As our main result
we find that the Néel twisting propagates an order of magnitude
deeper into the bulk than expected theoretically, i.e., the heuristically
expected decay length \/27 and Néel decay length inferred from
the helicity x differ by an order of magnitude. This has far-reaching
implications for the stabilization of skyrmions in surface dominated
systems, as well as surface-induced materials properties even deep
inside bulk materials.

Results

To overcome the limitations of conventional imaging and diffraction
techniques in studies of the depth dependence of bulk materials at
distances well below the surface, we performed resonant elastic x-ray
scattering (REXS). By changing the energy of the incident x-rays,
we varied systematically the attenuation depth to perform a quasi-
tomographic mapping of the magnetic state. This goes well beyond
previous depth-dependent REXS studies, which pursued chemical
modifications and the identification of the presence of magnetic phases
only (12, 14, 45).

For our study we chose single-crystal Cu20SeO3, as high-quality
single crystals are readily available and the material is known to be
chemically and structurally stable and well-behaved. Typical exper-
imental and calculated diffraction patterns are shown in Figs. 1 and
2, respectively. The hexagonally long-range ordered skyrmion lattice
phase gives rise to a six-fold diffraction pattern, providing direct infor-
mation on A and thus the hierarchy of magnetic interactions (13, 46).
Using the circular dichroism (CD) from all six magnetic skyrmion
lattice peaks, i.e., the difference between the intensities obtained us-
ing left- and right-circularly polarized incident x-rays, an extinction
direction of this diffraction pattern may be observed at which the
dichroism vanishes (white arrows in Figs. 1 and 2). The orientation of
the extinction direction corresponds directly to the helicity angle x.

As the magnetic properties in CuOSeOs3 originate in the magnetic
moment of the Cu®" ions, we tuned the photon energy across the
Cu L3 3 edge under the (001) diffraction condition (47). Details of
the experimental geometry have been reported elsewhere (47) and
may also be found in the Supplementary Materials. Further, the in-
tensity patterns recorded experimentally for a given incident photon
energy represent a weighted average over photons scattered at dif-
ferent depths. The attenuation profile of the intensity, taking into
account the actual path length of the photons in the material under
the given scattering angle, was determined by means of radiative
transition probability calculations at the Cu L2 3 edge and found to be
essentially exponential (cf. Ref. (48) and Supplementary Materials).
We carefully confirmed that parasitic signal contributions due the
effects of natural dichroism and birefringence do not affect our results
as discussed in the Supplementary Materials. For what follows, we
define a sampling depth normal to the surface, d,, representing the
point where the scattering intensity has dropped to 1/e, where d, as
a function of photon energy is shown in Fig. 2 A.

Data were recorded in the skyrmion phase under an applied mag-
netic field of 32 mT at a temperature of 57 K as a function of photon
energy. All REXS diffraction patterns displayed the same basic orien-
tation of the sixfold intensity pattern akin to the calculated patterns
shown in Fig. 1 (C1) through (C4). In addition, all patterns displayed
a well-defined extinction direction, which was found to change as a
function of photon energy, characteristic of a helicity angle changing
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Fig. 1. lllustration of skyrmion order ranging from Néel to Bloch twisting with increasing depth below a surface. (A7-A4) Real-space hedgehog spin configuration on the surface
of a sphere for skyrmions with winding number N = 1 varying between pure Néel-twisting (A7) and pure Bloch-twisting (A4). The surface of the spheres corresponds to
order-parameter space. (B17-B4) Planar spin configuration varying between pure Néel-twisting (B7) and pure Bloch-twisting (B4). A stereographic projection connects the planar
patterns shown in panels (B1) through (B4) with the hedgehog configurations shown in panels (A7) through (A4), respectively. (C71-C4) Calculated dichroic REXS diffraction
pattern associated with a hexagonal lattice composed of the spin configurations shown in panels B1 through B4. The orientation of the extinction line marked by a white
arrow corresponds to the helicity angle x denoted on the right hand side of the panels. Consequently the chirality of the skyrmions can be straightforwardly determined (see
Supplementary Materials). x = 180° (C1) and x = 90° (C4) correspond to pure Néel- and pure Bloch-twisting, respectively. (D) Schematic illustration of the change from
Néel to Bloch twisting with increasing depth below the surface. The color coding reflects the z-direction of the magnetization.

with depth. Shown in Fig. 2 B is the helicity angle, xm as a function
of energy determined directly from the measured diffraction patterns.
The red curve in Fig. 2 B reflects the depth dependence as inferred self-
consistently from the experimental data when taking into account the
depth dependent intensity attenuation (see text and Fig. 3 for details).

Typical intensity patterns for 931.25eV and 932.45eV as asso-
ciated with values of d, of ~31nm and ~77 nm featuring helicity
angles of 155° and 127° are shown in Figs. 2 C and D, respectively.
This suggests that the skyrmions are right-handed (see Supplemen-
tary Materials). All data were resolution-limited without indications
of radial or azimuthal broadening, corresponding to A = 57.58 nm
in excellent agreement with the literature (22). The lack of radial
broadening as a function of photon energy implied that the magnetic
modulation length A, which is purely determined by the ratio of the
exchange and DM interactions, did not change as a function of depth.

The change of xm as a function of energy reveals a variation of
the skyrmion lattice between Néel and Bloch twisting with increas-
ing depth. This may seem surprising, as an averaging of scattering
intensities featuring gradual changes of x with each layer contribut-
ing equally to the average would result in the loss of a well-defined
extinction direction in the diffraction pattern. However, assuming a
monotonic change of x with increasing depth, where the intensity
contributed by each layer is weighted according to an exponential
attenuation profile as inferred from experiment, an intensity pattern
with a well-defined extinction line is expected as illustrated in Figs.
2Eand F.

Shown in Fig. 3 A is the measured helicity angle xm as a func-
tion of sampling depth d, (cf. Figs.2(A) and (B)). The orienta-
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tion of the plot has been rotated to better emphasize the evolution
with increasing depth, as qualitatively illustrated in Fig. 1D. We
note, that the experimental data oversample the underlying depth
dependence Xexp(z). The measured values xm(d,) were fitted
self-consistently, taking into account the energy dependent attenu-
ation of the photon intensity. We assumed an exponential variation
Xexp(2) = (Xoep —90°) exp(—2/ Lexp) +90° with pure Bloch twist-
ing (x = 90°) deep in the bulk. The helicity at the surface, ngp, and
the helicity decay length, Ly, are fit parameters.

As shown in Fig. 3B, we find ngp = 179.8° at the surface of
the bulk sample, i.e., a pure Néel state. This Néel state changed
monotonically into a pure Bloch state, x(z) — 90° on a helicity
decay length Lex, = 62.5nm. We note that the red line in Fig.
2 B and the diffraction patterns in Figs. 2 E and F, take into account
Xexp(2) as shown in Fig. 3B.

Discussion

The helicity decay length observed experimentally, Lexp = 62.5 nm,
seems deceptively close to the magnetic modulation length A =
57.58 nm. However, as emphasized above the relaxation is heuris-
tically expected to occur on a length scale A\/27 ~ 9.1nm, i.e., it
is expected to occur on a distance that is significantly shorter than
experimentally observed. Moreover, numerical calculations of the
effects of surfaces have recently established that the presence of a
magnetic field additionally modifies the decay length to be expected
(40).

To obtain deeper insights, we have therefore carried out material-
specific numerical calculations of the helicity decay length, Ly, tak-
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Fig. 2. Key aspects of polarized REXS for the determination of the depth dependence
of skyrmion lattice order in CusOSeQs3. (A) Energy dependence of the penetration
depth of photons tuned to the Cu L2 3 edge under the (001) diffraction condition
in Cu0SeO3, where d,, corresponds to the depth at which the scattering intensity
has decreased to 1/e. (B) Helicity angle x.,, as a function of photon energy taken
directly from the measured REXS diffraction pattern. The red line corresponds to the
depth dependence as inferred self-consistently from the experimental data (see text
for details and Fig. 3). (C,D) Typical experimental REXS intensity pattern observed
for photon energies of 931.25eV and 932.45 eV, respectively. All patterns recorded
experimentally were resolution limited with a well-defined extinction direction (white
arrow). (E,F) Calculated REXS intensity pattern based on the intensity attenuation
profile taking into account the depth dependence inferred from the experiment (cf.
Fig. 3).

ing into account the exchange interactions, J S-S, the isotropic DM
interaction in a cubic crystal structure, ﬁij . (S’; X gj), and the effects
of dipolar interactions (49, 50). The absence of radial broadening
of the diffraction spots implies that the ratio J/D did not change as
a function of depth. Since it seemed extremely unlikely that both
interactions change such that the ratio is unaltered, this suggested
also that the interactions are quantitatively unchanged with increasing
depth.

In our calculations we focused on two scenarios. Model 1 consid-
ered an unconstrained surface, whereas model 2 assumed a pure Néel
state at the surface. The latter may be justified with the presence of
additional DM terms due to the symmetries of the surface, referred to
as interfacial DMI. Details of the numerical implementation may be
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Fig. 3. Depth dependence of skyrmion helicity in Cu2OSeOs. Pure Néel-twisting at
the surface penetrates deep into the bulk and turns into pure Bloch-twisting below
several hundred nanometers. (A) Attenuation depth d, versus measured helicity
angle x as shown in Figs. 2A and 2B, respectively. The red line represents the depth
dependence of xexp, taking into account self-consistently the energy dependence
of the intensity attenuation with increasing depth. (B) Depth dependence of the
helicity angle in Cu2OSeO3 determined experimentally (this corresponds to the
red curve in panel (A)). Pure Néel-twisting (ngp = 179.8°) at the surface (z =
0) changes exponentially into pure Bloch-twisting (xexp = 90°) below several
hundred nanometers. (C) Comparison of xxp With material-specific calculations.
The experimentally observed helicity decay length is Leyx, = 62.5nm. Model 1
considers an unconstrained surface. For the interaction strength .J/ D taken from the
experimentally determined value of A two major differences are observed: (i) Néel-
twisting at the surface is much weaker (x7y, ; = 135° < x0y, = 179.8°), and (i)
Bloch twisting is reached much faster, where L¢, = 5.4 nm. Model 2 assumes pure
Néel twisting at the surface (X?h,2 = 180°), where L, = 5.4 nm is the same as
for model 1.

found in the supplementary online information. Shown in Fig. 3 C is
a comparison of Xexp (%) with key results of our calculations. In both
models we found that the Néel twisting at the surface changed into
Bloch twisting in the bulk following essentially an exponential depth
dependence in excellent qualitative agreement with experiment.
However, in model 1 the helicity angle at the surface stabilized
at X?h,l ~ 135° and the Néel-twisting extended into the bulk with
a helicity decay length Ly, ~ 5.4nm. Thus, x2, as well as L
for the unconstrained surface (model 1) were much smaller than
experiment. Further, when forcing the surface to exhibit pure Néel
twisting (model 2), we also found the same short helicity decay length
Ly, ~ 5.4nm. Observation of the same value of Ly in model 1
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and 2 is not surprising, as the bulk properties are expected to control
the decay length of a perturbation of the magnetic state as explained
above.

It is important to note that the theoretical and experimental curves
in Fig. 3 C are roughly parallel, i.e., the difference is over an order of
magnitude, regardless of the precise helicity angle reached. Thus, the
results of our calculations underscore the heuristic argument that the
propagation of perturbations into the bulk is determined by the balance
of exchange and DM interactions and vanish at distances of order
A/27. In fact, the difference between theory and experiment is over
an order of magnitude taking into account the effect of the applied
field (40). The long-range character of dipolar interactions, having
been included in our calculations, does not change these conclusions.
This raises the questions, first, whether these effects are specific to
the skyrmion lattice order, and, second, in which way the rigidity of
the magnetic order in the bulk may be affected by the surface?

Unfortunately, for the scattering and magnetic field geometries
accessible with our experimental set-up, it was not possible to obtain
comparable information on the depth dependence of any of the other
magnetic phases. However, it is interesting to note, that Lorentz TEM
holography has recently been reported for FeGe and Feg.95Co¢.05Ge
(41, 51). In these studies Néel-twisting is observed on the surfaces
(top and bottom) of a thin lamella. Unnoticed by the authors of these
studies, the data reported in these papers entail the same discrepancies
we report here for bulk Cua0SeO3 using REXS. However, as pointed
out above the sample geometry required for LTEM is different and
changes of the crystal structure as well as defects due to the thinning
process cannot be ruled out.

Further, the resolution-limited evidence that the modulation length
as a function of photon energy and associated probing depth does not
change, renders local changes of the microscopic interactions due to
changes of the atomic positions highly unlikely. This includes surface-
induced magnetic anisotropy, which may not cause a change from
Néel to Bloch twisting. These considerations point at a dynamic origin
of the softening of the magnetic rigidity as most likely explanation,
e.g., due thermal fluctuations or magneto-elastic coupling.

Concerning the effects of thermal fluctuations we note that a re-
markably complete theoretical and experimental understanding of
spin waves in cubic chiral magnets has been developed, including
Cu208e0s3 (30, 31, 34, 35, 52-54). This includes the effects of criti-
cal fluctuations within a Brazovskii scenario of a fluctuation-induced
first order transition and the stabilization of the skyrmion phase by
virtue of thermal Gaussian fluctuations (55, 56). However, when we
explored the effects of finite temperatures in our calculations, we did
not find any indications of substantial changes of the helicity angle at
the surface as well as the helicity decay length. A different mechanism
may be connected to the effects of magneto-elastic coupling. Here
Raman studies in the related compound MnSi (57) suggest unusual
magnon-phonon coupling effects. Unfortunately, quantitative experi-
mental and theoretical exploration of this possibility is well beyond
the scope of our study and motivates further investigation planned for
the future.

In summary, determining the full three-dimensional spin order in
the skyrmion lattice of Cu2OSeO3 by means of polarized REXS as
a depth dependent probe, we find pure Néel twisting at the surface
that changes gradually into pure Bloch twisting deep within the bulk.
Combining our results with material specific modeling, we are forced
to conclude that surfaces affect the properties even at distances up to
several hundred atomic layers. These effects are of great importance
when tailoring skyrmions in nano-scaled systems, as surfaces ap-
pear to favor skyrmions energetically much stronger than anticipated
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theoretically (38—41).

Whereas early work considered the formation of hexagonal
skyrmion lattices purely as the result of a minimization of the to-
tal energy (19, 58, 59), recent studies address the additional effects
of symmetry breaking of surfaces or strain-imposed modifications of
the interactions. For instance, an edge twist effect was proposed and
putatively observed, causing a canting of the magnetization along
the boundary of a specimen that potentially stabilizes individual
skyrmions, skyrmion clusters, and skyrmion chains (39, 60-62). Fur-
ther, it has been argued that surface confinement in combination with
finite system thickness affects the equilibrium regime of the skyrmion
lattice phase uniformly, causing twisted helicity angles and extra mod-
ulations along the thickness (36, 41, 63). Even non-axisymmetric 3D
skyrmion modulations (64-67), as well as metastable surface configu-
rations referred to as chiral bobbers, have been proposed (37, 63, 68).
It is important to emphasize that none of these mechanisms explains
our findings. On the contrary, our observations of a much stronger
Néel twisting induced by the surface of a bulk crystal than anticipated
theoretically, imply that all of these effects may be much stronger
quantitatively than anticipated.

In view that microscopic methods such as as LTEM, magnetic
force microscopy, and scanning tunneling microscopy used so far in
studies of nanoscale systems hosting skyrmions provide information
on selected magnetization components only, quantitative tomography
of the full 3D structure will be essential. Here, REXS offers a new
avenue, providing direct access to depth-resolved information of the
chirality and helicity even for small scattering volumes. This repre-
sents an important methodological step forward as it permits to study,
e.g., a possible attractive nature of skyrmion tubes in thin platelets
where soft x-rays are able to probe the entire thickness of the specimen,
permitting the full reconstruction of the skyrmion characteristics.

On a final note, our results may also have far-reaching implica-
tions for the general understanding of structure versus functionality
relationships beyond the magnetic textures investigated here. Namely,
they indicate that surfaces play a much more important role than
hitherto assumed. This motivates the experimental and theoretical
investigation of the precise atomic structure and associated dynamical
properties in bulk materials deep below their surface, representing
unchartered territory.

Materials and Methods

Sample. Single crystalline CuoOSeO3 was grown by chemical vapor
transport, and subsequently characterized by single crystal diffraction
(using Cu K « radiation) and electron backscattering diffraction, in
order to confirm the crystal quality and single-chirality. A carefully
polished (001)-surface was used for the REXS experiments, which
were carried out at the RASOR diffractometer on beamline 110 at the
Diamond Light Source (UK).

Skyrmion lattice phase. In the skyrmion lattice phase (i.e., at 57K
and in an applied field of 32 mT along the [001]-direction), the six
magnetic peaks appear as satellites surrounding the (0,0,1) Bragg
peak, with the modulation wavevector ¢ = 0.0158 r.l.u. In the
(hk1)-plane, the azimuthal angles ¥; describe the orientation of the
wavevectors q;, where 1 = 1,2, ... 6 and ¥;; = ¥; + 60°, with
¥ € [—180°,180°). The coordinate system is illustrated in Fig. 2, in
which we define ¥ = 0° along the ¢, direction (see also Supplemen-
tary Figure S2).

CD-REXS technique. For the purpose of our study, we define the
circular dichroism signal (the CD-REXS signal) as the difference
in diffraction intensities for the same skyrmion peak at the same
geometrical condition, as obtained using left- and right-circularly
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polarized soft x-rays. In our experiment, the CD-REXS was recorded
by integrating a series of reciprocal-space-map scans for each
polarization separately, followed by normalization and subsequent
subtraction of the left- and right-circularly polarized patterns (for
details see refs. (13, 47, 69)). The direct CD-REXS pattern shows six
magnetic peaks with varying CD amplitudes Icp (W), and a distinct
boundary that separates the positive and negative halves. In the
(hk1)-plane, the extinction vector that characterizes the boundary
always passes through the center of the plane [i.e., the (0,0,1)
reciprocal space point], and its direction varies with photon energy.
Its physical meaning is further discussed in the Supplementary
Materials.
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