Direct Observation of Twisted Surface Skyrmions in Bulk Crystals
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Magnetic skyrmions in noncentrosymmetric helimagnets with D,, symmetry are Bloch-type mag-
netization swirls with a helicity angle of £90°. At the surface of helimagnetic thin films below a
critical thickness, a twisted skyrmion state with arbitrary helicity angle has been proposed, however,
its direct experimental observation has remained elusive. Here, we show that circularly polarized
resonant elastic x-ray scattering is able to unambiguously measure the helicity angle of surface
skyrmions, providing direct experimental evidence that a twisted skyrmion surface state also exists
in bulk systems. The exact surface helicity angles of twisted skyrmions for both left- and right-
handed chiral bulk CuzOSeQg, in the single as well as in the multidomain skyrmion lattice state,
are determined, revealing their detailed internal structure. Our findings suggest that a skyrmion
surface reconstruction is a universal phenomenon, stemming from the breaking of translational sym-

metry at the interface.

Magnetic skyrmions are localized, axially symmetric
solutions of the nonlinear field model [1]. They are usu-
ally treated as a two-dimensional objects, which manifest
themselves as magnetization swirls with non-zero topo-
logical winding number [2]. Their structures possess a
nontrivial topology, leading to novel magneto-electrical
transport effects [3-7] and new spin dynamic proper-
ties [8-10], enabling spintronic device concepts [11-13].
However, recent studies highlight that the surface of a
three-dimensional skyrmion structure plays a crucial role
and governs the physical properties of the system [14-24].
The surface is also key for device applications [16, 20-23].
Therefore, the characterization of the magnetic structure
of skyrmions near the surface, which is distinctly different
from its bulk character, is a challenging, yet important
task with profound consequences for skyrmion science.

A skyrmion can be represented using the local mag-
netization unit vector m(p, ¢) = (sin © cos ®, sin O sin P,
Acos ©), where (p, 1) are the real-space polar coordinates
[1, 2]. Such an axial-symmetric expression can be un-
derstood by looking at the two structural parts. First,
© = O(p) describes the radial profile, i.e., the out-of-
plane magnetization component m, that evolves from
the center to the boundary of a skyrmion. A\ = +1 is
the polarity. We define A = +1 corresponding to the
core magnetization being parallel to +z, and vice versa.
Second, ® = 1 + x is the in-plane (mg-m,) configura-
tion, where x is the helicity angle [2] [see Fig. 1(d)]. The
helicity is defined as H = sgn(x), and the chirality is de-
fined as C = MH. For details regarding the conventions
used, see supplemental materials [25]. In systems with
broken inversion symmetry, the key ingredient that sta-
bilizes magnetic skyrmions is the Dzyaloshinskii-Moriya
interaction (DMI) [26], which is composed of Lifshitz in-
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variants [27]. The exact form of these invariants depends
on the crystallographic symmetry, resulting in skyrmion
textures with different point group symmetry and he-
licity angle [27]. In noncentrosymmetric bulk helimag-
nets with D,, symmetry such as MnSi [28], Fe;_,Co,Si
[29], FeGe [30], and Cuy0SeOj3 [31], the skyrmion he-
licity angle x takes the values of +£90°, commonly re-
ferred to as left- and right-handed Bloch-type skyrmions
[32]. In monolayer or multilayered ferromagnetic materi-
als [11, 12, 33-35], skyrmions have C,,, symmetry, which
leads to xy = 0° or 180°, commonly referred to as diver-
gent and convergent Néel-type skyrmions, respectively.
In Heusler compounds such as MnPtSn, Doy skyrmions
with y = +7/2 and negative winding number have been
observed [36]. Moreover, skyrmions with C), and Sy sym-
metry have been predicted to exist [27, 32].

Recent theoretical work by Rybakov et al. [14] pre-
dicted a modification to the skyrmion structure that oc-
curs at the surface of a thin helimagnet, termed a chi-
ral surface twist [14, 15, 17-19]. On the surface of a
noncentrosymmetric bulk ferromagnet, due to the break-
ing of the translational symmetry, the one-dimensional
chiral twist becomes evident in the saturated state. It
manifests itself as a canting of the surface magnetization
that deviates from the saturation magnetization direc-
tion, as, e.g., observed in MnSi/Si epitaxial thin films
[15]. Such a mechanism is also active in the case of
skyrmions at the surface, leading to a deviation from
the £90° helicity angle for D,-type structures due to
the boundary confinement effect [14, 17]. The formation
of chiral skyrmion twists with x(z) «x z was studied in
nanolayers of cubic helimagnets with thicknesses below
the critical thickness of 8.17 Lp, where Lp is the heli-
cal modulation pitch [14, 17, 18]. This mechanism can
also be regarded as the key to stabilizing the skyrmion
phase in a broader range of temperatures and fields for
thin films [17], extending the bulk skyrmion phase-space



pocket. Nevertheless, such a surface skyrmion state was
only indirectly observed by comparing phase diagrams of
specimen with varying thickness obtained from Lorentz
transmission electron microscopy (LTEM) studies [17].
Since LTEM is not sensitive to the helicity angle at the
very surface of a 3D sample [19, 29, 37, 38], the direct
experimental observation of twisted surface skyrmions re-
mained elusive.
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FIG. 1. (a) Ilustration of the modified surface skyrmion
structures in a bulk sample. The skyrmions are left-handed.
We define z = 0 as the top surface, which is probed by REXS.
(b) x is defined as the angle between the z-axis (red dotted
line) and the m, = 0 magnetization vector (cyan) in the z-y
plane. (c,d) Helicity angle profile as a function of z for the
surface twisted state with minimized energy (red curve) and
the uniformly stacked Bloch-type skyrmion structure (dot-
ted black line), for left- (c¢) and right-handed (d) skyrmion
system. (e) Energy density distribution, w, along z for the
twisted surface state with the x(z) profile shown in (¢) and
(d) (red curve), and for the standard uniform skyrmion model
(dotted line).

It is believed that y = £90° skyrmions stack uniformly
along the skyrmion tubes [17, 28]. Nevertheless, in anal-
ogy to the thin-film limit, the lack of exchange neigh-
bors at the open boundary of a bulk helimagnet will alter
the local energy density configuration [11, 33, 39], subse-
quently modifying the surface magnetic structure, i.e., a
‘magnetic surface reconstruction’. The core local energy
density can be written as [2, 40]

=A(Vm)?+Dm-(Vxm)-B -m, (1)

where the first term represents the isotropic exchange in-
teraction with exchange stiffness constant A, the second
term is the DMI with reduced scalar DMI constant D

(in a continuum model), and the third term is the Zee-
man interaction with applied field B. We show that the
ansatz

x(z) = xoe */tr —C - 90° , (2)

is indeed lowering the energy of the system compared to
the uniformly stacked 3D skyrmion crystal (i.e., x(z) =
+90°). Figure 1(a) illustrates the magnetic surface states
on the top and bottom surface of an extended bulk crys-
tal. The applied magnetic field is perpendicular to the
parallel surfaces. The helicity angle is twisted at the
both surfaces, whereby the modified skyrmion structure
is converging on the top surface and diverging on the
bottom surface. The quantitative evolution of the helic-
ity angle along the z-direction, obtained by minimizing
the energy using the micromagnetic material parameters
of Cuy0SeO3 [10], is shown in Fig. 1(c). Instead of form-
ing the modulated x(z) profile as predicted for thin lay-
ers [17], the twisted skyrmions undergo an exponential
decay of the deformation into the bulk, eventually re-
covering the xy = —90° Bloch-type skyrmion state. The
helicity angle profile can thus be described by two param-
eters: the top surface helicity angle x(0) = xo + 90° and
the penetration length L,. Figure 1(d) shows the x(z)
profile for same material system with opposite chirality
(i.e., D ——D), representing the same surface twist be-
havior. For both cases, the energy density distribution
w along z for the twisted state (red curve) is shown in
Fig. 1(e). Compared to the uniformly stacked Bloch-
type skyrmion state (black line), the overall energy is
lowered, suggesting that the reconstructed surface state
with x(0) = —134.3° and L, = 7.1nm is more stable.

So far, the direct experimental determination of the
skyrmion helicity angle remained elusive [25]. Here, we
introduce a powerful experimental method for the unam-
biguous determination of x of a skyrmion-carrying ma-
terial using circular dichroism (CD) in resonant elastic
x-ray scattering (REXS). REXS can be visualized as an
elastic two-step process, in which a photon is emitted
from the intermediate state after photon absorption. At
the soft x-ray Cu Lg 3 edge, the process is dominated
by electric-dipole transitions [41, 42]. The CDREXS sig-
nal, as measured by the intensity difference of a magnetic
peak using incident left- and right-circularly polarized x-
rays, can be directly related to all three components of
the magnetization vector [42-45]

Iep(q) = 2|7y * Im{[k, - M*(q)] (ks x k;) - M(q)} , (3)
where F) relates to the photon energy dependent ab-
sorption, k; and k are the incidence and scattered x-
ray wavevectors, q is the momentum transfer, relating
to the reciprocal-space vector in the magnetic lattice,
and M(q) are the Fourier components at q. A two-
dimensional skyrmion lattice leads to six magnetic peaks,
described by the azimuthal angle ¥, separated by 60°



(see x = —90° pattern in Fig. 2). Introducing a 2D
skyrmion lattice structure to Eq. (3) using a computer
simulation leads to a dichroic pattern in reciprocal space.
As illustrated in the middle-circle gallery of Fig. 2, the
six skyrmion peaks have varying circular dichroism am-
plitudes, and can be separated into two opposite halves
with positive and negative dichroism. The direction of
the line dividing the two halves (yellow and blue color on
the left and right, respectively) is marked by a red arrow.
At this line the dichroism vanishes, so we will call this
the extinction direction. Importantly, as can be verified
from Fig. 2, the angle of the extinction direction directly
corresponds to the helicity angle. In other words, while
x evolves from 0° to 360°, the extinction direction ro-
tates by the same angle (see Supplemental Movies 1 and
2 [25]).

X=-90°

X=90° -1

FIG. 2. Lookup ‘clock’ for determining the skyrmion he-
licity angle x. For a given magnetic field direction (here
B || —z), the extinction direction (red arrow) that separates
the positive and negative dichroic peaks uniquely corresponds
to x. The center image shows an arbitrary in-plane-oriented
skyrmion lattice. Its motif structure carries one of the fixed x
patterns shown in the outer-circle gallery. The middle-circle
gallery shows the corresponding dichroism patterns. For (in-
plane) disordered skyrmion lattices, the discrete spots degen-
erate into a dichroic ring, however, preserving the extinction
direction (inner-circle gallery) which is the hallmark of the
spin motif and independent of the skyrmion lattice orienta-
tion. If the magnetic field is reversed, the dichroic patterns
show the inverted contrast.

Note that the angle of the extinction direction only
depends on Yy, and is independent of other parameters.
For example, for fixed y, if the skyrmion lattice is ro-
tated azimuthally (e.g., due to a sample rotation about

the momentum transfer), the azimuthal angle of the six-
peak pattern will rotate accordingly, however, the angle
between the extinction direction and the z-axis (i.e., the
intersection of -z scattering and z-y surface planes) will
remain the same. This is due to that fact that while
the lattice is rotated, the magnetic structure of each
individual skyrmion is invariant for azimuthal rotation
(see Supplemental Movie 3 [25]). If one constructs a
skyrmion system composed of differently (in-plane) ori-
ented lattices, all leading to different peak positions, we
find the peaks to degenerate into a dichroic ring (shown
in the inner-circle gallery of Fig. 2, also see Supplemental
Movie 3 [25]). This system represents the case of disor-
dered skyrmions, each with the same x. This dichroic
ring pattern is therefore representative of the spin motif,
and can also be used to study many-skyrmion systems
that lack long-range order, such as multilayered thin films
[11, 12, 33-35]. It is then also clear that the extinction
direction does not depend on the overall orientation of
the sample in the setup. The CDREXS principle is sum-
marized by the ‘lookup clock’ shown in Fig. 2, and can
be analytically written as

Icp(¥) =AY sin(¥ + ) (4)
where Y = 4|F; |*m%k* M2 sin 6 is independent of ¥, and
k = |k;| = |ks|, Mg is the saturation magnetization of

the material, and 0 is the diffraction angle. A strictly
relates to the magnetic field direction, i.e., A = —sgn(B)
[2]. Therefore, in a CDREXS measurement, once the
field direction is chosen, A is determined. Thus, x is
unambiguously identified.

We performed CDREXS experiments on polished sin-
gle crystals of Cua0SeOs with well-defined cuboidal
shape, measuring 2 x 3 mm? in the z-y plane, and 1 mm
in thickness (z-direction). We measured crystals of both
crystalline chiralities. REXS is an ideal technique for
probing the magnetic structure near the sample surface
owing to the short attenuation length of soft x-rays [21].
The skyrmion lattice phase is reached within a rather
narrow temperature range of 55-57 K and a moderate
applied field normal to the (001) surface of ~20-45 mT
[21, 41, 46]. Reciprocal space mapping in the g;-¢, plane
that is normal to the magnetic field direction around
(0,0,1) peak was then carried out [21], from which the cir-
cular dichroism signal distribution at a photon energy of
933.5eV was obtained. Figure 3(a) shows the CDREXS
results for the skyrmion lattice phase at 56 K, in a field
of 32mT along the —z-direction. A dichroic pattern is
observed, in agreement with the theoretical calculations
shown in Fig. 2. From this dichroic pattern, the extinc-
tion direction can already be roughly determined. By
comparing Fig. 3(a) to the ‘clock’ in Fig. 2, it can be
concluded that the skyrmions are left-handed. If the sur-
face skyrmions would have been Bloch-type (x = —90°),
as in the bulk, the extinction direction should be aligned
along the y-axis. In order to quantitatively obtain y, a



fitting of all six peaks to Eq. (4) has to be performed, as
shown in Fig. 3(b). From this fit, x = —128° is obtained,
as marked by the extinction direction in Fig. 3(a). There-
fore, it is obvious that skyrmions on the surface of the
bulk crystal are twisted and converging with y = —128°
[see inset of Fig. 3(b)].
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FIG. 3. Experimental determination of x of surface-
twisted skyrmions. (a) Dichroism pattern for a left-handed
Cuz08e03 crystal with B || —z and the determined extinc-
tion direction (red arrow). (b) Fitting of the dichroism signal
for the six skyrmion lattice peaks to Eq. (4) yields y = —128°.
The skyrmion motif is shown as the inset. (c)-(d) Dichro-
ism pattern and fit for a right-handed crystal with B || —z,
and (e)-(f) with reversed magnetic field direction (B || z).
(g) Dichroism pattern for a multidomain skyrmion lattice
state, obtained by tilting the field 15° off the sample nor-
mal (B || —z, right-handed crystal). (h) Tilting the field also
tilts the skyrmion tubes so that the x-rays probe further along
the tubes (d2 = di/cos15° ~ 1.04d;). Moreover, the differ-
ence in dichroism profile Icp(¥) between both measurement
scenarios is due to the tube tilting (illustrated by the shaded
brown area), which is ~98 nm deep below the surface. Taking
the difference, Alcp (), yields a x = 91° profile, indicating
that the bulk state is indeed a standard Bloch-type skyrmion
state.

Further, a single-crystal with opposite crystalline chi-
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rality (as confirmed by electron backscatter diffraction
[21]), but with same shape and size, was investigated.
As shown in Fig. 3(c,d), by applying a 32mT field along
the —z-direction, the extinction direction is opposite to
the previous case. By comparing with Fig. 2, it is clear
that the vortex has right-handed chirality. The extracted
X from Fig. 3(d) is 129°. This suggests that although the
sign of the DMI is reversed, the surface skyrmions show
the same degree of twisting [see inset of Fig. 3(d)].

To investigate the magnetic state on the bottom sur-
face of the 3D skyrmion crystal, we make use of the fact
that the magnetic states of the bottom and top surface
are exchanged when reversing the polarity of the field, as
shown in Fig. 1(a). In particular, by flipping the mag-
netic field, the chirality is conserved, leading to both the
polarity A and helicity H being reversed. In our case,
when B || z, A = —1. The experimental dichroism pat-
tern is shown in Fig. 3(e), which appears to be identical
to Fig. 3(c). However, the data has to be fitted using
Eq. (4) with A = —1. This leads to an extracted x value
of —51.7°, as shown in Fig. 3(f). The divergent swirl
structure [inset of Fig. 3(f)] is oppositely twisted com-
pared with the structure on ‘opposite’ surface [inset of
Fig. 3(d)]. These findings fully agree with the theoreti-
cal predictions for the surface twisted behavior discussed
above.

Nevertheless, the measured surface twist of x = 129°
is slightly smaller than the theoretical value of 134.3°
[see Fig. 1(d)]. This discrepancy is possibly due to the
calculated probing depth of the soft x-rays. The probing
depth is mainly given by the attenuation length L., mea-
suring the depth in the z-direction at which the incident
intensity drops to 1/e of its initial value [see inset of Fig.
3(d)]. L, is determined by the energy dependent absorp-
tion cross-section of the material and the angles of the in-
cident and scattered x-rays. At the used photon energy of
933.5eV we calculate L, ~ 98nm [47]. Although x-rays
probe deep enough to ‘see’ the bulk state (L, > L,), the
CDREXS intensity contributions from different depths in
the material are different. In general, the total intensity
can be written as I3 (V) = [~ Icp (¥, ) exp(—z/L.)dz.
Therefore, most of the intensity contribution comes from
the top layer near the surface.

The fact that L, > L, provides us with a strategy
for retrieving the bulk skyrmion helicity angle by tilt-
ing the magnetic field. Figure 3(g) shows the dichroism
pattern for a multidomain skyrmion state, obtained by
tilting the field by 15° away from the surface normal. The
probing area is much larger than that in Fig. 3(c) due to
the enlarged beam size, in order to observe the necklace-
like pattern. The measurements was taken directly after
CDREXS was done in the non-tilted configuration [data
shown in Fig. 3(c,d)]. As discussed above [25], the extinc-
tion direction is independent of the in-plane orientation
of the skyrmion domains, therefore a clear dichroic ring
pattern is observed, from which a distinct extinction di-



rection can be obtained. We further fit the dichroism
peaks using Eq. (4), giving a reduced x of 122° [see Fig.
3(g)]- In order to quantitatively compare the scattering
intensity to the non-tilted case, we reduced the beam size
to be identical to that used in Fig. 3, and measured a sin-
gle domain skyrmion lattice. The dichroism amplitude is
thus normalized to the non-tilted case in Fig. 3(d), which
is also plotted in Fig. 3(h) as the dotted blue curve.

The inset of Fig. 3(h) explains the reduced x value for
a tilted field. Here we make the approximation that the
dichroism contribution to the total measured dichroism
pattern I& (0) can be neglected for z > L. For the non-
tilted case, L, = dy, which is the length of the skyrmion
tube probed by the x-rays (see inset of Fig. 3(d)). There-
fore, It°' (W) = Odl Icp (Y, 2) exp(—2/L,)dz. By tilting
the field, the skyrmion tubes are tilted with respect to
the surface, allowing for the x-rays to effectively probe
further along the tubes (depth dy). The dichroism pat-
tern can then be written as I3°*(0) = I1°%(¥) + AI(T),
where AI(U) will be representative for the bulk state.
Figure 3(h) shows the AI(¥) profile obtained by sub-
tracting I¥°(¥) from I°*(¥) (blue and red curves).
The fitted value of x = 91° directly suggests that bulk
state skyrmions are standard right-handed Bloch-type
skyrmions.

In summary, we have demonstrated a novel experi-
mental method for the accurate measurement of the he-
licity angle of skyrmions. It is suitable for both or-
dered skyrmions, as found in noncentrosymmetric heli-
magnets, as well as disordered skyrmions, as found in
multilayered systems. Therefore, it can be widely ap-
plied to the study of the detailed internal structure of
all types of skyrmions, reaching beyond current state-of-
art skyrmion characterization techniques. Moreover, we
provide the first direct experimental evidence of the exis-
tence of a twisted skyrmion surface state, and show that
such a surface state also exists in bulk samples. Our find-
ing suggests that the skyrmion surface reconstruction is
a universal phenomenon, owing to the breaking of trans-
lational symmetry at the interface. This varying helicity
angle also highlights that y is an additional degree of
freedom of skyrmions, which may be further exploited
for applications.
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