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ABSTRACT

Resonant elastic soft X-ray magnetic scattering (XRMS) is a powerful tool to explore long-
periodic spin textures in single crystals. However, due to the limited momentum transfer
range imposed by long wavelengths of photons in the soft x-ray region, Bragg diffraction
is restricted to crystals with the large lattice parameters. Alternatively, small-angle X-ray
scattering has been involved in the soft energy X-ray range which, however, brings in
difficulties with the sample preparation that involves focused ion beam milling to thin
down the crystal to below a few hundred nm thickness. We show how to circumvent
these restrictions using XRMS in specular reflection from a sub-nanometer smooth crystal
surface. The method allows observing diffraction peaks from the helical and conical spin
modulations at the surface of a Cu,0Se0; single crystal and probing their corresponding
chirality as contributions to the dichroic scattered intensity. The results suggest
a promising way to carry out XRMS studies on a plethora of noncentrosymmetric systems
hitherto unexplored with soft X-rays due to the absence of the commensurate Bragg
peaks in the available momentum transfer range.
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1. Introduction The research on magnetic skyrmions has developed

Recently, noncentrosymmetric magnetic systems
attracted attention due to the stabilization of topologi-
cally non-trivial spin textures through the antisym-
metric Dzyaloshinskii-Moriya interaction (DMI) [1,2].
The competition between DMI symmetric exchange
and temperature results in a variety of magnetic field
induced topological spin-swirling textures, such as sky-
rmions, anti-skyrmions, bi-skyrmions, chiral bobbers,
and merons [3].

into two generic categories, namely, ordered skyrmion
lattices in bulk non-centrosymmetric single crystals
[4], and disordered skyrmion structures that occur in
various ferromagnetic/heavy-metal multilayers and
ferrimagnetic amorphous materials with controlled
interfacial DMI that is induced by proximity to layers
which exhibit a strong spin-orbit coupling [5-7]. The
first category offers a versatile platform for studying
fundamental collective traits of skyrmions through
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specific methods such as neutron and x-ray scattering
as well as ferromagnetic resonance [8], albeit often in
a narrow temperature window that lies below room
temperature. The second category emerged as an
attractive route for applications in storage media
since these skyrmions can be generated and controlled
at room temperature in micro-structured devices [9].

B20-type cubic chiral magnets like MnSi [10], FeGe
[11], FeCoSi [12] are prototype systems hosting Bloch-
type skyrmions, while Néel-type ones were observed
in polar lacunar spinels GaV,Sg [13], GaV,Seg [14],
and tetragonal VOSe20s [15]. Cu,08eO; is one of the
archetypal chiral skyrmion host, which differs drasti-
cally from the other B20 materials, despite belonging
to the same chiral cubic space group P2,3 [16]. In
contrast to the itinerant B20s, Cu,0SeO; is a Mott
insulator showing multiferroic properties and proven
feasibility to control the skyrmion lattice phase by
electric fields [16,17]. Moreover, in contrast to rela-
tively isotropic B20-type magnets, Cu,OSeO3; shows
a strongly anisotropic phase diagram at low tempera-
tures exhibiting additional tilted conical [18], disor-
dered skyrmions [19,20], and even square and
elongated skyrmion phases [21,22], when the external
magnetic field is applied along one of the cubic crystal
axes. Furthermore, low Gilbert damping in Cu,0SeO;
allows investigations of skyrmion dynamics for high-
frequency electronics and spintronics applications in
the GHz frequency range [23,24]. These unique prop-
erties motivate a continuing exploration of Cu; OSeOs.

Over recent decades, X-ray resonant magnetic scat-
tering (XRMS) method became a unique tool to inves-
tigate magnetic materials using polarized X-rays [25-
30]. Although XRMS mechanisms are essentially the
same across all spectral regions and experimental geo-
metries, there are several aspects that distinguish their
practical applications in studies of single crystals and in
soft X-ray energy range. Firstly, long wavelengths of soft
X-rays are limiting the accessible momentum transfer
range Q, often leaving crystalline Bragg peaks outside of
geometrical limits. It is worth to mention here that low-
Q techniques such as small-angle scattering and reflec-
tivity are well-suited for soft X-rays [31]. Secondly,
a high absorption of soft X-rays limits XRMS studies
to very thin (within 500 nm) specimens in transmission,
or to surface layers in diffraction/reflection geometry.
Nevertheless, XRMS has been proven effective for
numerous element-specific studies of fundamental
Fourier components of long-periodic magnetic struc-
tures in single-crystal chiral magnets by utilizing one of
the available geometries [32-34]. Moreover, the possi-
bility to tune the incident circular or linear polarization
of the X-ray beam is particularly exciting for investiga-
tion of the topology of magnetic domain walls and
winding numbers of the spin-swirling spin textures via
circular dichroism [35-40].
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As mentioned above, due to the high absorption at
soft X-ray energies and limited momentum transfer
range, two experimental XRMS geometries are typi-
cally utilized: 1) small-angle X-ray scattering from
thinned crystals in transmission [33,41-46]; and 2)
diffraction in the vicinity of a structural (or
a magnetic) Bragg peak [36,38,47-50]. The latter is
only applicable if Bragg reflection is allowed in the
momentum transfer range available for the wave-
length given at the resonant condition, e.g the L; or
L, edges of a transition metal or the M4 or Ms edges of
a rare-earth element. Up to date, the Bragg diffraction
geometry was mainly utilized to study helical and sky-
rmion satellites of the anomalous reflection (001) in
Cu,08e03. Moreover, information on the surface
structure can be obtained by the diffuse surface
X-ray scattering [51], and this method can be success-
fully extended to the study of the surface magnetic
structure by studying the diffuse magnetic scattering
at resonance [52,53]. For thin films and multilayers,
the specular reflection [35,54,55] and multilayer Bragg
sheet [39,40,56,57] geometries are utilized to detect
magnetic satellites of the corresponding reflection.

So far, detection of the magnetic satellites in
a specular reflection geometry from skyrmionic sin-
gle crystal hosts has not been demonstrated in the
soft X-ray region, mainly due to instruments avail-
ability and due to poor surface quality of the single
crystals. Here, we show experimentally that for
a crystal with sub-nm polished (001) Cu,OSeO3 sur-
face, helical and conical magnetic modulations can
be observed as satellite reflections around the spec-
ular peak (i.e. non-Bragg angle) and that chirality
information of the underlying spin textures is
encoded as dichroic intensity. This proof-of-
principle experiment opens the possibility to explore
a plethora of noncentrosymmetric systems hitherto
unexplored with XRMS due to the absence of Bragg
peaks in the available momentum transfer range at
soft X-ray energies.

2. Materials and methods

A sketch of the experimental geometry is shown in
Figure 1(a). The XRMS experiment was carried out at
the dipole beamline PM-3 [58] of the BESSY II syn-
chrotron (Helmholtz-Zentrum Berlin, Germany)
using the recently commissioned ALICE-II station
dedicated to soft X-ray scattering and coherent diffrac-
tion imaging, an upgraded version of ALICE [59]. The
main new capability of ALICE-II is that the chamber
accommodates a large scattered angle for the two-
dimensional (2D) charge coupled device (CCD) detec-
tor (up to 20 = 144°), as shown in Figure 1(b). This is
achieved by choosing the entrance flange that meets
the required reflected angle for the CCD. The CCD
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Figure 1. (a) Sketch of the experimental geometry. Circularly polarized soft X-rays impinge onto the samples at an angle 6 and
their specular reflection with off-specular magnetic satellites is detected by a position-sensitive 2D detector. The magnetic field B
is applied along the in-plane [110] crystal axis. (b) Top view of the ALICE-Il chamber (conceptual draw): the beam enters into the
main chamber through a flange that can be selected to meet the required acceptance angle of the CCD detector.

itself can be mounted at two different distances with
respect to the sample, namely at 28 cm and at 80 cm,
referred to as low-resolution and high-resolution
options, respectively. Recent upgrade of the endstation
includes motorized beamstop available for both
experimental configurations. Practically, in the low-
resolution setting, the CCD chip can accommodate
a reciprocal space representing up to ~8 nm lateral
structures at a resonant energy of Cu, and for all
available scattering angles.

For the current experiments, the chamber was
mounted in the low resolution (high-Q range) config-
uration and the CCD detector of 2048 x 2048 pixels
(Greateyes GmbH, Berlin, Germany) was centered at
the scattering angle 26 of 36°. An in-vacuum photo-
diode and total electron yield (TEY) detectors were used
for the sample and chamber alignment with respect to
the incident beam direction. The sample was conse-
quently rotated around the 6 axis to access the recipro-
cal space of interest, around the specular reflection. The
base pressure in the chamber was 5 x 1078 mbar.

The energy of the circularly polarized soft X-ray
beam was tuned to the Cu L; edge at E = 931.7 eV to
maximize the magnetic scattering intensity. The
incoming beam was collimated by a pair of vertical
slits in front of the chamber to reduce the incident
beam divergence and hence to improve the angular
resolution of the experiment. XRMS patterns were
collected at the specular reflection condition (0= 18°,
20=36°) and symmetric off-specular + Q, regions
(0= 16°, 26= 36°) and (6= 20°, 26= 36°) to cover
the set of magnetic satellites.

The sample was mounted onto a dedicated sample
holder and fixed by thermally and electrically conduc-
tive silver paint. The magnetic field was applied in the
range of 0 — 270 mT along the [110] crystal axis using
a rotatable electromagnet. The sample temperature
was controlled by a close-cycle cryo-free cryostat
(Stinger, ColdEdge Technologies, Allentown, USA).

All measurements were carried out at the base tem-
perature T = 8 K. The magnetic field dependencies of
XRMS were measured for left and right circularly
polarized soft x-rays. The acquisition time for each
CCD image was 600 s. Detector images measured at
B =200 mT in the magnetic saturated sample state
showing no incommensurate magnetic satellites were
used to subtract the background. The aspect ratio of
the images in the Q-space was corrected to account for
the reflection geometry.

High-quality single enantiomer crystal Cu,OSeOs
was grown by chemical vapor transport (CVT) [60].
The crystal was oriented with a Laue diffractometer,
cut into a cuboid shape with dimensions 5 x 3 x 1
mm?, and mechanically polished [61]. The orientation
of the polished surface was once again confirmed by
X-ray Laue backscattering with sample edges oriented
along (110) and (001) being along the out of plane
crystallographic direction. The surface roughness of
the sample was measured by atomic force microscopy
(AFM) providing the root mean square value of 7 A at
the measured area of 50 x 50 yum? (Figure 2(a,b)). The
surface quality was also confirmed with soft X-rays by
means of rocking the sample about the specular reflec-
tion (Figure 2(c)). The rocking curve shows the full-
width at half maximum (FWHM) of the specular
reflection peak of 0.083° £0.002° confirming the
excellent quality of the crystal surface. The width of a
rocking curve defines the practical limitation of the
method imposed by the overlap between the specular
peak with magnetic satellites. The present quality of
the crystal surface, and magnetic scattering intensity
from helices in the Cu,0SeOj3 crystal would allow one
to resolve off-specular satellites formed by a spiral with
aperiod A up to A ~ 120 nm. Although the mechanical
polishing technique used in the present study does
involve some damage of the crystal surface, most of
the typical problems related to the surface quality
could be avoided by the slow polishing speed.
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Figure 2. (a) AFM image of the polished Cu,0Se0; crystal, demonstrating the exceptionally high quality of the sample’s surface
(0.7nm average roughness). (b) Representative line slice of the topography image. (c) Rocking curve measured around the specular

peak.

Further improvement of the surface quality, such as
removal of scratches by the ion beam or plasma jets
[62] should be considered for higher resolution XRMS
experiments in this geometry.

3. Results and discussions

3.1. Field dependence of magnetic satellite peaks
in a reflection geometry

Typical magnetic phase diagram of Cu,0SeO; at low
temperatures for B||(110) consists of zero-field helical,
field-induced conical and field-polarized phases [18].
Corresponding XRMS and small-angle neutron scat-
tering patterns measured in the diffraction geometry
can be found, for example in Refs. [63] and [18,19].
The XRMS patterns measured in the helical
ground state at B= 0 mT and T = 8 K in the present
study are shown in Figure 3(a) featuring four mag-
netic satellites arising from the proper screw spirals
with a wavevector Q propagating along the in-plane
crystallographic directions [100] and [010]. The
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spiral domain population is unbalanced between the
two easy axes due to the magnetic field training
applied to the sample during previous scans.
Application of a moderate magnetic field of 20 mT
along the middle axis [110] results in the re-
orientation of the spiral domains. The re-population
takes place due to an imperfect alignment of the
magnetic field along the (110), which favours the
spiral domain with smaller angle between its propa-
gation vector Q and direction of the magnetic field.
Right before the transition to the conical phase at B =
20 mT, we observe a fully saturated helical domain
state (Figure 3(b)). Further increasing the magnetic
field results in the transition to the conical state with
Q||B||[110] (Figure 3(c)). Hence, the helical to conical
transition is divided into a two-step process. This
process is reflected in the intensities of the peaks at
Q, = £0.04 nm™' showing an interplay in the mag-
netic field region between 0 and 20 mT (Figure 4(a)).
Next, the more intense helical peak re-orients
towards the field direction manifesting the first-
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Figure 3. (Qx,Q,) maps of the XRMS intensity measured (a) in the multi-domain helical (B = 0 mT), (b) in the single-domain

helicoidal (B = 20 mT), and (c) in the conical (B = 25 mT) states.
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Figure 4. (a) Intensity, (b) position in the k-space (Q) and width (FWHM) of magnetic Bragg peaks vs. magnetic field dependencies

in helical (0<B<20 mT) and conical (20<B<40 mT) states.

order helical to conical transition [64]. The magni-
tude of the spiral wavevector Q decreases as expected
from the sine-Gordon law which is typical for chiral
magnetic solitons (Figure 4(b)) [41,65,66]. Above the
helical-to-conical transition field (B>20 mT) the
intensity of the satellite peaks gradually decreases
while their position remains unchanged as the mag-
netization approaches the field-induced ferromag-
netic state (Figure 4). The slight increase of the
conical Q-vector compared to the helical state
(Figure 4(b)) is consistent with the previous observa-
tion in MnSi [67]. Interestingly, the widths of the
helical and conical peaks are almost constant in the
whole field range (Figure 4(b)). We note that in the
present experiment the width of the satellite peaks is
not limited by the instrument resolution or by the
specular peak broadening, and reflects the coherent
size of helical and conical domains. The apparent
deviations from a gaussian peak structures in the
Figure 4(b) are known to originate mainly from the
intrinsic inhomogeneous shape of the incident beam.

3.2. Chirality sensitivity using circularly polarized
light

Chirality of the magnetic structure is an important
property of the helical and skyrmion phases.
Magnetic chirality in cubic chiral Cu,08eOs3 is
uniquely defined by the underlying chirality of the
crystal structure [68]. X-ray magnetic scattering with
polarized x-rays is an unique tool that can reveal the
occurrence of chiral magnetic structure. In
Figure 5(a) we show XRMS (symmetrical 6 - 260
scans along the Q, direction) measured around the
(001) Bragg peak of the crystal that was set in a helical
phase at a temperature equal to 25 K in our previous
experiment [8]. We probed three basic x-ray polar-
izations, namely circular positive (C"), circular

negative (C™), and linear horizontal polarization
(m). We observe that the intensity of the satellite
magnetic peaks does exhibit a strong asymmetry:
the intensity of the C* is lower with respect to the
intensity of the C~ for the left side peak and this
asymmetry change sign for the right side magnetic
peak. The same scan performed with linearly polar-
ized light shows, however, a symmetric intensity
behavior. This asymmetry probed by circular light is
a direct proof of chirality of the magnetic structure
[35] and is fully consistent with the previous observa-
tion by Zhang et al [36]. The unique helicity of the
magnetic structure, i.e. the absence of co-existing left
and right chirality domains follows the single enan-
tiomerism of the Cu,OSeOs crystal. Further we show
the chirality sensitivity away from the Bragg peak
utilizing C* and C~ circularly polarized light.

Line profiles of the XRMS intensity of helical peaks
at zero field along Q, measured with two circular C*
and C~ polarizations are shown in Figure 5(b).
Intensity ratios between + Q and — Q peaks clearly
change as the x-ray polarization is reversed. This is
a result of two factors: re-population of helimagnetic
domains by the field cycling between the measure-
ments with C* and C~, and actual circular dichroism
of the XRMS intensity due to the topology of the chiral
helical magnetic texture in Cu,0SeO; [36]. From
intensity profiles measured at the same field history
(e.g. blue lines in Figure 5(b)) it is clear that the
intensity ratios between the satellite magnetic peaks
located at Q, = £0.035 nm ™" differ in the positive and
negative intensity slices along Q, and hence represent
the actual chirality contribution to the XRMS effect,
similar to the magnetic scattering around (001) Bragg
peak (compare to Figure 5(a)).

The intensity difference between + Q and — Q
satellite magnetic peaks belonging to the same helical
or conical domain is expected due chirality of the
magnetic texture. For the present experimental
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Figure 5. (a) Soft x-ray magnetic scattering (symmetrical scan along Q,, i.e. 6 - 26) in the helical phase, measured for a vanishing
external magnetic field and at a temperature of 25 K. The intensity for the circular positive (C*) and circular negative (C™) x-ray
helicity shows an asymmetric behavior on the magnetic satellites of (001) Bragg peak at 20= 94.6°. For linear (m) x-ray
polarization, the intensities of the two side peaks are equal. This demonstrates the sensitivity to the chiral nature of the helical
phase at the Bragg condition. (b) Line profiles of the specular-XRMS (non-Bragg) intensity along Q, measured at Q, = £0.105
nm~" with opposite C* and C~ polarizations at zero field. (c) Polarization-dependent line profiles of the XRMS intensity along Q,
measured at Q, = 0 measured through the conical peaks at B = 25 mT.

geometry the dichroic contribution to the scattering
intensity Icp = I¢c- — I¢+ reads as [36]

Icp = —Ysinzgsinecosy/, (1)

where ¢ is the conical angle and y is the azimuthal
angle in the scattering plane (y = 0 corresponds to
Q||Q,), and Y is a constant determined by the XMCD
contrast. In the case of a Bloch-type spin spiral which
is characteristic to chiral magnets, the dichroic inten-
sity follows a cosine law (Equation 1). This equation
implies that the reflection geometry (6#0) is necessary
to detect a finite chiral contribution to XRMS, while in
a transmission experiment the difference between I+
and Ic- is dominated by other scattering mechanisms
such as charge-magnetic interference [42,43,69].
Equation 1 also suggests that for the Bloch-type mod-
ulation, the maximum chirality contribution is
expected at £ = 0 and 180° which corresponds to the
azimuthal angle of the satellite magnetic peaks in the
conical state. Indeed, the intensity switching between
C*' and C™ in the conical state (B = 25 mT) is found
in the line profiles of the XRMS intensity through
Q, = 0 (Figure 5(d)). The dichroic contribution to
the intensity is also proportional to the conical angle

and hence decreases as the system approaches the
field-polarized state.

4. Conclusions

In conclusion, we have demonstrated a proof-of-
principle resonant elastic soft x-ray scattering in spec-
ular reflection geometry on a polished single crystal of
Cu,08e03. By measuring the satellite magnetic peaks
at a base temperature of 8 K and as a function of an
external field we have observed that the helical mag-
netic phase evolves from a multi-domain state to
a single helical state, right before the eventual onset
of the conical phase at B =20 mT. This is a direct
observation of a crossover from a multidomain to
a fully saturated single helical domain phase across
the large surface area probed by the x-ray beam. This
new transition is proposed to originate from the
imperfect alignment of the magnetic field along the
(110) axis which favours energetically the spiral
domain with the propagation vector that is oriented
closer to the magnetic field direction. Moreover, we
show that chirality information, for both helical and
conical phases, is encoded in the asymmetric satellite
peak intensities when comparing the scattering cross-
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sections in a specular reflection geometry for circular
positive with respect to circular negative x-ray beam
polarizations. This is of key advantage since the intrin-
sic chirality of the system cannot be easily reversed
through external stimuli.

The method provides a way to investigate long-
periodic charge, orbital, and spin modulations in the
near-surface regions of polished single crystals, thin
films, and multilayers. XRMS in a specular reflection
geometry is interesting in relation to spin textures in
hitherto unexplored non-centrosymmetric magnets
with resonant soft x-ray scattering, including depth-
sensitive dichroic techniques [48]. Particularly, materials
whose lattice parameters do not allow soft x-ray experi-
ments in the Bragg diffraction geometry, such as chiral
MnSi [10], FeGe [11], FeCoSi [12], CoZnMn [70], polar
GaV,Ss [13], VOSe,O5 [15], and D,z Mn; 4PtSn [71],
Cry1Geyg [71,72], Fe; 9Nig 9Pdy o P [73] are all promising
candidates for future structural and dynamics studies
using the method reported here. Furthermore, the
ALICE-II diffractometer equipped with the 2D detector
provides a great opportunity for the real-space imaging
in reflection geometry by exploiting coherence of mod-
ern synchrotron undulator beamlines.
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