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Abstract

The combination of topological insulators, i.e., bulk insulators with gapless, topo-
logically protected surface states, with magnetic order is a love-hate relationship that
can unlock new quantum states and exotic physical phenomena, such as the quantum
anomalous Hall effect and axion electrodynamics. Moreover, the unusual coupling be-
tween topological insulators and ferromagnets can also result in the formation of topo-
logical spin textures in the ferromagnetic layer. Skyrmions are topologically-protected
magnetization swirls that are promising candidates for spintronics memory carriers.
Here, we report on the observation of skyrmionium in thin ferromagnetic films coupled
to a magnetic topological insulator. The occurrence of skyrmionium, which appears
as a soliton composed of two skyrmions with opposite winding numbers, is tied to the
ferromagnetic state of the topological insulator. Our work presents a new combination
of two important classes of topological materials and may open the door to new topo-
logically inspired information-storage concepts in the future.
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Dissipationless currents in topological insulators (TIs) have been an area of intense re-
search in the past years.' TIs are bulk insulators, but with gapless surface or edge states.
The topological surface state (TSS) in three-dimensional (3D) T1Is is characterized by spin-
momentum locking, whereby counter-propagating states always appear in pairs.>? Magnetic
doping of the TI, on the other hand, can lift this degeneracy and split the spin-polarized
bands.®* In particular, out-of-plane magnetic moments can open a mass gap in the TSS
and lead to quantized Hall conductance if the Fermi energy is tuned to reside in this mass
gap.’ This quantum anomalous Hall (QAH) state has been theoretically predicted®!? and
experimentally confirmed in Cr- and V-doped (Sb,Bi)s(Se,Te)s,'' 17 and it is a prerequi-

2,14,18,19

site for unlocking a plethora of quantum phenomena, also paving the way for future

applications. 2%-21

An alternative way of introducing a magnetic gap in the Dirac states,® or to raise the



1,223 is by means of proximity-coupling to a ferro-

transition temperature of a magnetic T
or ferrimagnetic thin film.?42% Ideally, the magnetic exchange coupling is via the Dirac
electrons, in turn leading to gapless chiral edge states in the TI. When the magnetic material
is not homogeneous, e.g., if it is patterned or contains domains, a one-dimensional, gapless
chiral edge state can appear at the discontinuity.%2”

Magnetic skyrmions, on the other hand, are topologically stable, swirl-like magnetization

28-31

configurations. Skyrmions are proposed as next-generation information carriers that al-

32,33 oiven their

low for high-density storage, logic operation, and low-energy consumption,
topological protection which prevents their unwinding, as compared to, e.g., ordinary mag-
netization vortex patterns, and the ease of manipulation as compared to magnetic domain

walls. 2931

In chiral bulk magnets, where the Dzyaloshinskii-Moriya interaction (DMI) results
from the broken inversion symmetry, the formation of skyrmion is governed by a hierarchy
of energy scales, reaching from strong exchange interactions, spin-orbit coupling, to crystal
field terms.?* Moreover, the naturally broken inversion symmetry at the surface allows for
a superexchange interaction to take place via spin-orbit coupling, leading to a DMI term as
well. 3335737 In surface DMI systems, such as Pt/Co/AlO, /Pt, nanoscale bubble skyrmions
have been observed at room temperature.?33%39 In magnetism, the topology of spin order
manifests itself in the topological winding number (/N) which plays a pivotal role for the
determination of the emergent properties of a system.3? N is an integer that counts the
number of times the physical space fully covers the order parameter space, and it can be
experimentally determined by resonant x-ray scattering.?® Skyrmions in bulk DMI systems
typically have a winding number of N = 1, whereas e.g. Lay_5,511,9,Mny,O7 carries N = 2
skyrmions.! Another type of skyrmion are N = 0 systems with a double-twisted core,

4243 or target skyrmion,** has been been theoretically

so-called skyrmionium, 27 vortex,
proposed and experimentally verified,*> %" most recently in the frustrated kagome magnet
Fe3Sn,*® and a patterned FeGe nanodisk.?® Moreover, isolated skyrmionium has been nu-

cleated by optical means,*? and its motion can be controlled by magnetic field gradients*”



and spin-polarized currents,® opening the door for their application in spintronics devices.
Here, we report the observation of skyrmionium in a ferromagnetic layer, proximity-
coupled to a magnetically doped TI. Using x-ray photoemission electron microscopy (XPEEM),
we are able to unambiguously identify the topologically non-trivial skyrmion state in the fer-
romagnetic top layer, while the magnetically doped TI is below its transition temperature
T and long-range ordered. Once heated above the magnetic ordering temperature of the
magnetic TI, the skyrmionium spin texture disappears. This shows that magnetic config-
urations of distinct topology can be imprinted in a ferromagnetic layer, depending on the
TSS-mediated exchange coupling strength with respect to the ferromagnetic layer thickness.
We discuss this observation in the context of gapped chiral edge states, which seem to medi-
ate the additional exchange interaction, giving rise to the non-collinear magnetic patterns.
XPEEM is a powerful tool for the element-selective imaging of magnetic domains with

51,52 The magnetic contrast is provided by

a lateral resolution of 10’s of nm (see Methods).
x-ray magnetic circular dichroism (XMCD) that detects the difference in x-ray absorption
depending on the relative orientation between incident x-ray helicity vector P and mag-
netization, i.e., M by Ixmcp = P - M. Compared to other magnetic imaging techniques,
XPEEM produces a signal that is directly proportional to the projection of the local spin
moments onto the x-ray helicity vector.?® For our experiments, we chose an incident angle
of the x-rays of 16°, making XPEEM sensitive to all three magnetization components and
thus ideally suited for studying complex spin textures.?*

The measured XPEEM contrast (Figure 1) shows the same magnetization direction in
the center of the ring as in the surrounding matrix, and a reversed magnetization in a ring
around the center. This magnetization pattern can be obtained by nesting two skyrmions
with opposite winding number, i.e., N = +1, leading to a composite object with winding
number 0 (Figure 2a-d). By changing the azimuthal direction of the incident x-rays with
respect to the magnetic object by 90°, it is possible to determine the symmetry of the

magnetization pattern.®® While the basic shape of the contrast is the same for the x-rays



coming in from the left (Figure 1a) and from the top (Figure 1b), the dark red feature rotates
with the beam, consistent with a rotationally invariant magnetization pattern.

Due to the existence of the DMI, there are essentially two different types of individual
skyrmions that can be classified depending on the character of the domain wall delimiting
the central domain: Bloch skyrmions and Néel skyrmions. The former are often referred
to as chiral skyrmions. Both have a S? winding number (“skyrmion number”) N = +1 (cf.
ref.5%).

A skyrmionium, as a composite particle, is derived from these basic skyrmion structures
(cf. Figure 2). While the total S? winding number of this composite object is zero, the cross-
sectional cuts through the center of the magnetization pattern consist of two subsequent 27
domain walls of Bloch or Néel character with a net rotation sense and thus a nonzero S*
winding number £2 (cf. ref.?). For this reason we may distinguish the following structures
shown in Figure 2: (a) diverging Néel-type (diverging at its center), (b) converging Néel-
type, (c) left-chiral Bloch-type (rotation sense with respect to its center), and (d) right-chiral
Bloch-type. The cross-sectional cuts through the center of the magnetization patterns are
shown below. Néel-type walls show a cycloidal continuous rotation of magnetic moments
within a plane normal to the domain wall. For instance, a “left-handed” cycloidal spin spiral
has a structure |\ — "\ 4] as one proceeds from left to right, which corresponds with
a converging Néel type skyrmion. In this notation, the diverging Néel-type can therefore
also be called “right-handed”. Note that the nonzero S' winding number of this cut is not
at variance with the topological triviality of the skyrmionium as the magnetization can vary
on S? as is evident if one considers a series of cuts that are parallel to a cut through the
center of the skyrmionium. This fact is reflected by the triviality of the homotopy group
m(S?%) = 0.5

The corresponding simulated XPEEM contrast images are shown further below in Figure
2, which were obtained for the x-rays coming from the left (middle row, f-i) and from above

(bottom row, k-n), using M by Ixycp = P - M. Note that a conventional skyrmion and



skyrmionium have fundamentally different XPEEM contrast, as shown for a diverging Néel-
type skyrmion in Figure 2e,j,0. Comparing these calculated contrast patterns with the
experimental data shown in Figure 1, we can conclude that the observed magnetization
texture is diverging Néel-type skyrmionium, rather than a single skyrmion.

The magnetic TI films, Cr-doped SbyTeg, were grown by molecular beam epitaxy (MBE)
on c-plane sapphire substrates, as described in the Methods section and Ref.5"%® Cr-doped
(Sb,Bi),Tes has been the key material for observing the QAH effect.'™1¢ In these films the
Landau level spectrum is easily observable, even at higher Cr doping levels, 215 and the
magnetic ordering temperature can be above 100 K without loss of crystalline quality.5°
Subsequent to loading the samples into the ultra-high vacuum chamber of the XPEEM
system, the Cr-doped ShyTes samples were sputter-cleaned. X-ray absorption spectroscopy
(XAS) was carried out at the Lo 3 edges of Cr at a temperature of 70 K (Figure 3c). The
XAS lineshape is indicative of nominal Cr?*, consistent with substitutional Cr doping on Sb
sites®™%! Next, a ferromagnetic top layer with a low magnetocrystalline anisotropy, NigyFeq
(NiFe, for short), was deposited in-situ using an electron beam evaporator. By using a
knife-edge, a 20-um-wide wedge was deposited (layer thickness ranging from 0 to 3 nm).
Wedge-shaped films are an easy way to study the effects of the ferromagnetic layer thickness
on the magnetic coupling scenario.

By tuning the energy of the incident x-rays to the L3 edges of Fe and Cr, respectively,
the magnetization patterns in both the ferromagnetic top layer and the magnetic T1I layer can
be determined independently. This unique ability is crucial in order to separate the trivial
effects of dipolar coupling, or other direct proximity effects, from additional, TI-related
mechanisms. Figure 2a shows a distribution of mostly oppositely magnetized domains in the
magnetic TI film (at 70 K, i.e., below T), measuring several 100 nm in size. By varying
the temperature, and judging from the disappearance of the Cr-XPEEM domain pattern in
the Cr:SbyTe; film at 100 K (Figure 3b), a magnetic transition temperature of ~100 K was

determined above which it shows no magnetic long-range order.



Next, we investigated the temperature-dependence of the magnetic contrast in the fer-
romagnetic top layer by recording XPEEM images at the Fe edge. Figure 4 shows overview
images obtained at different temperatures (increasing from top to bottom) across the NiFe
wedge. At all temperatures, above the edge, no contrast is found (the edge is almost horizon-
tal). With increasing NiFe film thickness (towards the bottom of the image), larger magnetic
features appear at 60 K. With increasing temperature (80 K), but still below the T¢ of the
magnetic TT film, ring-like features can be observed in the lower half of the image. Once the
temperature is increased above the T of Cr:ShyTes, the magnetic contrast in the top layer
almost completely disappears (lower image, obtained at 120 K). By comparing the magnetic
domain pattern observed in the ferromagnetic top layer (Figure la and Figure 4, top) with
that of the magnetic TI (Figure 3a), it can be concluded that both patterns are not directly
correlated. Nevertheless, the magnetic contrast in the NiFe layer is directly dependent on
the magnetic state of the underlying magnetic TT film.

Next, the magnetic contrast was studied as a function of applied field. Using a special
sample holder, magnetic fields of up to 50 mT were applied perpendicular to the sample
surface.%? The XPEEM measurements were then carried out at the Fe edge in the applied
field as indicated. Figure 5 shows the field dependence of the magnetization in the NiFe film
at a temperature of 40 K (field increasing from top to bottom). The edge of the NiFe wedge
is roughly horizontal (at the very top of the images). At a low applied field, the region close
to the edge shows a number of magnetic features that extend into the thicker areas of the film
(the wedge thickness ranges from 0 to 3 nm). The crescent-shaped feature in the bottom-
right corner starts to separate off from the edge, forming isolated skyrmionium, as the field
is increased to 4 mT. Further, another ring starts to form as the field is increased to 4.4 mT.
At 8.8 mT, this second ring starts to decompose, while the dominant skyrmionium ring
structure gets stronger in contrast. It also moves further away from the edge and reduces in
diameter. Above 11 mT, the diameter increases again, until above 13.2 mT, the skyrmionium

structure fully disappears. No signs of a skyrmion pair are found, which is a possible decay



process for unzipping N = 0 skyrmionium into a skyrmion pair with N = 41.46 Instead,
a possible decay scenario could be analogous to 27 domain walls via decay through the 3
dimension. ¢

The investigation of a wedge-shaped ferromagnetic film, proximity-coupled to a magnetic
TI, has the unique advantage of probing the different coupling regimes in a single experiment.
If the NiFe film is very thin, it is not ferromagnetically ordered and no contrast is observed
in XPEEM. As the thickness increases, proximity coupling dominates the behavior of the
film, until above a certain thickness, the demagnetization energy starts to dominate. This
behavior suggests the presence of an interfacial coupling term that is unique to the underlying
TI.

However, if the coupling would be directly linked to the TSS, it should only be weakly
temperature dependent.% In contrast, we found that the occurrence of skyrmionium is di-
rectly linked to the T of the long-range magnetically ordered state of the TI. Note that
neither the magnetic TT above its transition temperature, nor an undoped TT thin film sub-
strate (SbeTes film on c-plane sapphire), leads to the observed non-trivial magnetization
pattern. Whereas in the undoped case of a ‘normal’ TT (quantum spin Hall (QSH) state),
the gapless TSS is characterized by counter-propagating, spin-momentum locked electrons,
below T in a magnetically doped TI, the exchange coupling between the Dirac electrons
and the magnetic impurities opens up a gap in the TSS spectrum.%!? This gives rise to
spin-polarized channels (QAH state) (Figure 6, right hand side). This exchange coupling
mechanism could also be the origin of the additional interfacial coupling term in our case,
however now coupling the moments in the ferromagnetic top layer (Figure 6), which breaks
down as the TSS becomes gapless above T;. Note that the observation of the QAH effect
in transport experiments is restricted to temperatures below 1-2 K in our materials, 142>
however, a magnetic gap should nevertheless exist up to T¢.

Another aspect worth considering is the effect that the spatially nonuniform magnetiza-

tion distribution in NiFe layer has on the TI, which can lead to emerging phenomena. 46



For example, a magnetic domain wall in proximity to the Dirac electrons generates a chi-

27,64,66-69 511d vice versa. In

ral edge state, which in turn alters its dynamics and stability,
skyrmions, this can lead to confinement of Dirac states at circular positions where the out-
of-plane magnetization vanishes, further leading to charging.™ In skyrmionium this could
lead to two rings carrying dissipationless edge currents around the center of the structure.

Recently, it was suggested that the persistent currents carried by the Dirac electrons in
TI-ferromagnet structures have a similar effect on the magnetization dynamics as an intrinsic
DMI interaction in B20-type helimagnets.®”® The values of the effective DMI constant
D favoring skyrmionium (or larger skyrmions) have to be large enough to suppress the
simple ferromagnetic state, yet smaller than the values leading to higher order skyrmions. 6
In simulations of skyrmion formation in a confined geometry (nanodisk), a value of D >
4 mJm~2 was given.?6 It can be expected that the effective D for our system is very small
given the large diameter of skyrmionium on the pum scale.

Finally, note that the strong spin-transfer torque effects which were observed in the
context of magnetization switching in NiFe/Bi,Ses bilayers?® do not play a role in our case
as no magnetic domains are observed in the NiFe films when the magnetic TT film is above
T¢, nor in case of NiFe/ShyTes.

In summary, we presented experimental evidence for the formation of topologically non-
trivial magnetization patterns on the surface of a ferromagnetic layer, coupled to a magnetic
TT below its ordering temperature. The formation of skyrmionium, a soliton composed of
two skyrmions with opposite topological numbers, is intimately linked to the occurrence of
magnetic order in the TI, and thus a fully spin-polarized TSS. Passing through the mag-
netic phase transition suppresses this magnetic coupling scenario, consequently removing the
additional surface DMI. In our work, we presented the interplay between two of the most
intriguing topologically ordered solid state systems, thereby inspiring future work into engi-

neered surface interactions. The combination of magnetic layers and TIs opens the door to

topological spintronics, and potentially enables novel quantum computing devices, e.g., the



design of magnetically confined quantum bits,”* which are isolated from surrounding TSSs

and further topologically protected.
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Sample preparation. The Cr-doped SbyTes magnetic T1 thin film samples were grown by
molecular beam epitaxy (MBE) on c-plane sapphire substrates from elemental sources. A
typical flux ratio of Te:(Cr-+Sb) of 10:1 was maintained to suppress Te antisite defects. Our
established two-step growth recipe was used, starting with an undoped, ~5-nm-thick ShyTes
nucleation layer at a substrate temperature of (Ty,, = 200 °C), followed by an annealing step
and further overgrowth of the doped film at 250 °C). For more details see Ref.5"58 After
transferring the samples to the x-ray photoemission electron microscope (XPEEM) system,
they were carefully sputter cleaned at p = 1.2 x 10~® mbar for 10 min each at 1.1 keV,
800 eV, and finally 400 eV (I = 20 pA), respectively. After x-ray spectroscopic analysis (see
Fig. 3), a permalloy (Nig;Fe;9) wedge was deposited in-situ, allowing for a fast screening of

thickness-dependent coupling effects.

FElement-specific magnetic characterization. X-ray absorption spectroscopy (XAS) and mag-
netic circular dichroism (XMCD) ™7 were carried out in the XPEEM system®! at beamline
UE49-PGM1 (BESSY II, Berlin, Germany).™ XPEEM is capable of spatially resolving the
magnetization of a sample surface element-selectively with a resolution down to 30 nm over a
5-pm-wide field-of-view.?? The magnetic contrast in XPEEM is relying on XMCD, which is
the difference between the XAS signals obtained with oppositely circularly polarized soft x-
rays, tuned to the absorption edge of an element of interest. In XPEEM, the photoelectrons
ejected from the surface™ pass through a series of lenses to obtain a magnified image of the
relative orientation of the local magnetization with respect to the incoming x-ray beam,
enhanced by using oppositely circularly polarized light. For investigating the Fe and Cr
Lo 3 edges, the x-ray energy was tuned to 700-730 eV and 570-600 eV, respectively. The
sample normal was tilted 16° away from the direction of the incident x-ray beam, making
XPEEM sensitive to all three components of the magnetization vector, whereby the sen-

sitivity towards in-plane components is three times that of the our-of-plane component.’*

Unlike other magnetic imaging techniques, such as electron holography, Lorentz transmission
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electron microscopy, and magnetic force microscopy, XPEEM produces a signal that is di-
rectly proportional to the local magnetic moment of the sample, rather than to the magnetic
induction or external stray field created by the sample.?® Consequently, the application of
inverse recovery methods, which do not give unambiguous information about the magnetiza-
tion pattern, can be avoided. Using a special sample holder, magnetic fields of up to 50 mT
were applied perpendicular to the sample surface while maintaining temperature control at

low temperatures.%? Unless otherwise stated, the magnetic state was imaged at remanence.
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Figures
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Figure 1: Isolated skyrmionium — XPEEM observation and contrast simulation.
XPEEM images obtained at the Fe L3 edge of the NiFe top layer at a temperature of 44 K
in zero applied magnetic field. The incoming x-ray directions are indicated: (a) coming from
the left and, (b), 90° azimuthally rotated, coming from above. The XMCD contrast has

been normalized.
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Figure 2: Spin texture models and their corresponding XPEEM images. The
first row shows possible skyrmionium spin models: (a) (center) diverging Néel-type, (b)
converging Néel-type, (c) (center) left-chiral Bloch-type, and (d) right-chiral Bloch-type.
Below, cuts through the center show the magnetization in the cross-sectional plane. The
middle (f-j) and bottom row (k-o) show the corresponding, simulated XPEEM contrast
patterns for the x-rays incident from the left and from above, respectively. Note that the x-
ray beam is incident under 16° with respect to the surface normal, i.e., all three magnetization
components contribute to the XPEEM image. For comparison, a conventional Néel-type

skyrmion is shown in the last column (e,j,0), for which the contrast is distinctly different
from any of the skyrmionium configurations.
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Figure 3: Magnetic properties of the underlying magnetic topological insulator
film. (a) XPEEM image of the magnetic domain structure in Cr:SbyTes, with the energy
of the x-rays tuned to the Cr L3 edge. The image was taken at 70 K. The T of the film is
~100 K, based on the loss of magnetic contrast seen in (b). Note that the remaining contrast
is due to a defect that was used for focusing. (c) XAS of an Cr:ShyTe; film measured at the
Ly 5 edges of Cr at 70 K in zero applied magnetic field. The XAS lineshape is consistent
with nominal Cr valence state of 24, as expected for substitutional Cr doping on Sb sites.
The samples have out-of-plane easy axis anisotropy. >’
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Figure 4: Temperature-dependence of the XPEEM contrast in the NiFe top layer
measured at the Fe L3 edge in remanence. Prior to the imaging at the indicated
temperature, the sample was subjected to a field of 88 mT. The complex magnetic contrast
in the NiFe film vanishes once the sample is heated above the T of the magnetic TI film of
~100 K. The images cover a NiFe film thickness from 0 nm to the indicated values.
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Figure 5: Field-dependence of the XPEEM contrast in the NiFe top layer, mea-
sured at the Fe L3 edge at a constant temperature of 40 K. The measurements were
taken in a constant applied magnetic field as indicated. With increasing field, the radius of
the isolated skyrmionium shrinks. Above 13.2 mT, the skyrmionium vanishes. The images
cover a NiFe film thickness from 0 to 0.9 nm.
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Figure 6: Illustration of the spin-polarized TSS-mediated DMI interaction leading
to the formation skyrmionium in the ferromagnetic NiFe film. Below the T¢ of the
magnetic T, i.e., in the QAH state, a gap appears and the TSS is fully spin-polarized. Above
T, i.e., in the ‘normal’ QSH state, there is an equal population of spin-up and spin-down
electrons.
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