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Interface-Induced Stability of Nontrivial Topological Spin
Textures: Unveiling Room-Temperature Hopfions and

Skyrmions

Ferhat Katmis,* Valeria Lauter,* Rawana Yagan, luri S. Brandt, Arash M. Cheghabouri,
Hua Zhou, John W. Freeland, Clodoaldo I. L. de Araujo, Michelle E. Jamer, Don Heiman,

Mehmet C. Onbasli,* and Jagadeesh S. Moodera*

Topological spin configurations, such as soliton-like spin texture and

Dirac electron assemblies, have recently emerged in fundamental science and
technology. Achieving stable topological spin textures at room temperature is
crucial for their use as long-range information carriers. However, their creation
and manipulation are hindered by multi-step field training and competing in-
teractions. Thus, a spontaneous ground state for multidimensional topological
spin textures is desirable, with skyrmions forming swirling, hedgehog-like spin
structures in two dimensions and hopfions as their twisted 3D counterparts.
Here, the first observation of robust and reproducible topological spin textures
of hopfions and skyrmions observed at room temperature and in zero magnetic
field is reported, which are stabilized by geometric confinement and protected
by interfacial magnetism in a ferromagnet/topological insulator/ferromagnet
trilayer heterostructure. These skyrmion-hopfion configurations are directly
observed at room temperature with Lorenz transmission electron microscopy.
Using micromagnetic modeling, the experimental observations of hopfion-
skyrmion assemblies are reproduced. This model reveals a complete picture of
how spontaneously organized skyrmion lattices encircled by hopfion rings are
controlled by surface electrons, uniaxial anisotropy, and Dzyaloshinskii-Moriya
interaction. This study provides evidence that topological chiral

spin textures can facilitate the development of magnetic topological carriers,
paving the way for ultralow-power and high-density information processing.

1. Introduction

In order to minimize both size and power
dissipation in future electronics, using spin
degrees of freedom rather than strictly elec-
tronic charge, a durable and robust re-
manence will be required against exter-
nal perturbation.'?] In addition, the de-
sired stability to thermal fluctuations at
room temperature may be achieved by topo-
logical protection of the states encoded
in chiral spins. Thanks to their intrigu-
ing quantum features, topological insula-
tors (TIs) hold immense promise for ad-
vancing technological applications to new
heights.>77l When the ferromagnetic in-
sulator (FMI) that surrounds the TI ac-
quires a nonuniform magnetization, the in-
terplay between Dirac electrons and the do-
main wall gives rise to a chiral state.['8-20]
A unique interfacial chiral spin texture can
be stabilized via coupling surface states
with magnetic anisotropy thus bringing
new functionalities to TI systems./?!-31]

Dissipation-free topologically protected
surfaces of TIs serve as a unique platform
for the formation of skyrmion-hopfion
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assemblies.323°] Similar to 2D skyrmions, hopfions are soliton-
like topologically protected spin textures that have been theoreti-
cally discovered and empirically confirmed in different material
systems.3>#] The origin of such localized helical magnetic
textures is the competition between the Dzyaloshinskii-Moriya
interaction (DMI) favoring non-collinearity and the Heisen-
berg exchange interaction favoring collinear alignments.[*-3]
Achieving stable, topological multi-dimensional soliton-like spin
textures and Dirac electron assemblies at room temperature re-
mains challenging due to multi-step field training methods and
competing interactions. To enable their use as long-range and
dissipation-free information carriers at nanoscale, a spontaneous
stable ground state for these textures is highly desirable.

We report the first observation of hopfion—skyrmion configu-
ration at room temperature under zero applied magnetic field in
a trilayer FMI-TI-FMI heterostructure of EuS—Bi, Se;—EusS thin
film. Remarkably, these hopfion—skyrmion assemblies are ob-
served far above the bulk Curie temperature of EuS, ~17 K. The
chiral nature is driven by the interfacial DMI between adjacent
FMI and TI, while the coupling strength at the two interfaces pro-
vides a tunable non-collinear spin texture as well as skyrmion lat-
tice and hopfions. Through extensive characterizations and imag-
ing, it is demonstrated that the chiral spin configuration exists at
ambient temperature, even though the total magnetic moment
reduces beyond the Curie temperature, evidently enabled by the
strong DMI and interfacial coupling. Finally, the entire trilayer
structure undergoes a phase transition between a ferromagnet
and a unique combination of skyrmion and hopfion phase, which
is confirmed by real space observation using a Lorentz transmis-
sion electron microscope (LTEM).

2. Results and Discussion

Magnetically coupled EuS—Bi,Se;—EuS hybrid trilayer struc-
tures were grown using a well-optimized epitaxial technique.[®!
The trilayer films were grown simultaneously on silicon nitride
(Si;N,) membranes and on sapphire substrates to study the
spatially- and depth-resolved magnetic configuration; further in-
formation is provided in the Experimental Section.

We performed high-resolution LTEM, which enables lateral
magnetization mapping,>**! while the film quality was surveyed
with conventional high-resolution transmission electron mi-
croscopy (HRTEM) techniques. The top view and cross-sectional
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view are shown in Figure la—c, respectively; the spatial atomic
distribution of a trilayer is shown in Figure S9 (Supporting In-
formation). The initial EuS layer deposited on the membrane ex-
hibits a textured structure that serves as an effective seed layer for
the subsequent growth of TI. This layer reduces the interface en-
ergy, promoting the 2D growth of the TI layer. Over time, the TI
layer evolves through the merging of smaller domains into larger
domains, such coalescence resulting in either twin domains or
a single expanded domain. To distinguish such domains, we la-
beled the regions; Region 1 is identified for polycrystalline phases
and is confirmed by a broad ring electron diffraction pattern. Re-
gion 3 was taken on a twin domain. The cross-section cut shown
in Figure 1b was made along a single-domain island as in Region
4. The trilayer configuration is clearly evident in the cross-section
view. The area that has been highlighted reveals sharp interfaces
between each atomic layer, as shown in Figure 1c. The position
of the atoms, the van der Waals gap, and the EuS monolayers are
all straightforwardly distinct. The interface between the EuS and
Bi, Se, layers is clearly defined, with an abrupt interface transition
without chemical interdiffusion, according to the atomic density
profile fitting. Typically, a weak van der Waals connection forms
at the interfacial region between the S and Se layers located di-
rectly on top of each other with a typical gap size of 2.45 + 0.1 A,
which is confirmed by an X-ray diffraction analysis for the layers
grown on sapphire (See Figure S1, Supporting Information).

LTEM experiments were carried out on single crystalline
domains of different sizes at room temperature, shown in
Figure 2. In a zero magnetic field, we observe skyrmions ar-
ranged in a triangular-symmetric lattice with bright spots of
20+5 nm diameter at the vertices of the triangles and are spaced
3545 nm apart from each other in Figure 2c. This type of spon-
taneous ordering is associated with the deflection of the elec-
tron beam due to the features of the curled magnetization of
skyrmion core.[3*¢] Observing ring like features, attributed to
hopfion rings, surrounding the lattices of triangularly structured
skyrmions is another significant finding.

It is remarkable that the dynamics and stability of skyrmions
and hopfions may be influenced by one another. We observed
that when an out-of-plane magnetic field is applied, the density
of skyrmions increases, and hopfions become more organized in-
side each island, as shown in Figure 2a,b. From the figure, itis es-
timated that increasing the applied field decreases the skyrmion
diameter down to ~10 nm before Heisenberg exchange-limited
length-scale regime is reached, which is consistent with previ-
ously observed skyrmion sizes.[”1% The value of the saturation
field depends on the size of the island and can be estimated as
1 Tesla or more, which exceeds the LTEM bias capability. By ex-
amining different islands, it was found that the diameter of the
skyrmions and the nature of the lattice formation were similar
on different islands.

As can be seen in Figure 1, the trilayer creates crystalline do-
main islands, and between the islands there is a region with
polycrystalline characteristics, which has a lower damping nature
than the crystalline region. This magnetic and structural confine-
ment opens the way for nucleation of hopfions at the boundaries
of the islands. Owing to the strong magnetic properties of soli-
tons, they were found to also act on the polycrystalline region,
where standing wave patterns of spins are generated as a result
of collective spin excitation.’”] As can be seen in Figure 2f and
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Figure 1. a,b) High-resolution TEM measurements for trilayer EuS—Bi,Se;—EuS (5 nm-5 QL-5 nm) grown on a Si3N, membrane. In (a), the HRTEM
top-view image of a large area of a sample grown on a grid. The dark regions are single crystalline domains surrounded by polycrystalline lighter region,
which are labeled as Region 1. A single domain island is labeled as Region 4. A closer look at a crystalline domain, where two domains merge to form a
twin boundary labeled as Region 3. Selected area electron diffraction patterns of the corresponding regions (1, 2, 3, and 4) are shown between (a) and
(b). In (b), a cross-sectional bright-field TEM image of the trilayer sample on a membrane is shown, and an associated enlarged image of the highlighted
region of one interface is indicative of well-oriented large crystallites in c.
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Figure 2. a—h) Lorentz TEM measurements at room temperature for trilayer EuS—Bi,Se;—EuS (5 nm-5 QL-5 nm) grown on Si;N, membrane. The
LTEM was performed when the field is ON in (a), and OFF in (b) at room temperature. A closer look at one of the truncated islands, where the triangular
skyrmion lattice is formed with a periodicity of 35 &+ 5 nm with the size of each skyrmion 20 + 5 nm. In (c), the distinct skyrmion lattice line cut is seen
along |, I, and Il in (a). In (d), the magnetic field applied out-of-plane by the microscope objective lens when the sample is tilted shows an increase in
the density of skyrmion in the lattice as in the histogram data. The applied out-of-plane component of the magnetic field is 1.53 T, “Field ON” condition.
The periodicity is shown as the integrated intensity histogram of the lateral cross-sectional along 11l without field (in red) and with field (in black). In
(e), a schematic illustration of the imaging configuration while manipulating the sample under a magnetic field. In (f), standing wave patterns of spins
outside of the crystal region are plotted along the line intersecting IV in (b). These peaks demonstrate the presence of skyrmion lattice points at the
edge, along with the hopfion ring. Additionally, clear spin wave formations surrounding the island exhibit wave-like characteristics that are clearly visible
in (b). Above it is the schematic graphic that serves as a guide for the eyes. In (g), a closer look at one of the smaller size triangular islands where the
perfect triangular lattice is formed with the same periodicity. The integrated intensity histogram for the island seen in (g) is displayed along each of the
three side edges in (h).
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the Figure S2 (Supporting Information) showing how standing
wave patterns of spins propagate with the magnetic field, the
periodicity of the standing waves and the hopfion diameter de-
creases with increasing perpendicular field as in Figure S2b (Sup-
porting Information). Furthermore, as can be seen in Figure 2g
with linear cuts in 2 h along the three edges, we observe the
interference pattern of standing wave patterns of spins excita-
tions at a long-range scale in such independent islands (Figure
S2, Supporting Information). The height profile analysis con-
firms that the observed magnetic phenomena are intrinsic to the
EuS/Bi, Se; /EuS heterostructure, with line cuts along the red and
black dashed lines in Figure S2c—e (Supporting Information) re-
vealing the characteristic truncated island morphology of epitax-
ially grown Bi, Se; exhibiting thickness variations of ~2 QLs be-
tween adjacent structural units. LTEM demonstrates that both the
magnetic contrast and the emergent hopfion—skyrmion assem-
blies maintain structural and magnetic coherence across islands
despite these thickness fluctuations.

Our systematic investigation across various thickness combi-
nations (Bi,Se;: 10-20 nm; EuS: 1-10 nm) demonstrates that
interfacial spin textures remain qualitatively consistent, with
the EuS thickness primarily affecting overall magnetic mo-
ment while maintaining constant interfacial exchange coupling
strength per unit area. The magnetic proximity effect decays ex-
ponentially into Bi,Se; with a characteristic length scale of ~1-
2 nm, confining the induced spin texture to interface regions
and allowing the opposite surface to approach intrinsic helical
Dirac states beyond ~6-8 nm thickness. Laterally, Bi,Se, forms
truncated islands of 50-200 nm that serve as fundamental struc-
tural units, with magnetic domains (100-500 nm) creating sce-
narios where individual islands may contain single domains or
span domain boundaries, resulting in intriguing multi-domain
configurations. This island-limited geometry provides an advan-
tageous framework for studying topological surface state inter-
actions with magnetic proximity effects across both structural
and magnetic boundaries while maintaining consistent behavior
within homogeneous regions.

To investigate the long-range magnetic order, continuous epi-
taxial trilayer EuS—Bi,Se;—EuS films were grown on a single
crystal c-plane sapphire (Al,0,(0001)) substrate, see Experimen-
tal Section for details. In epitaxial trilayers, bulk volume- and
surface-sensitive techniques were used to confirm the existence
of sharp chemical and electronic interfaces, as has been used in
the case of bilayer samples.[®] The bottom and top EusS layers have
six-fold symmetry due to the nature of the rotating domain, either
on the substrates or on Bi,Se;, respectively. From the structural
investigation as shown in Figure S1 (Supporting Information),
the bottom-up crystalline symmetry of the top EuS makes both
layers structurally identical.

Although proximity-induced magnetic phenomena are appar-
ent from the macroscopic magnetization measurements (see for
example, Figure 3a,b), the contribution of interfacial magnetism
between EuS and Bi, Se, at low temperatures is small compared
to the bulk magnetism of EuS. Interfacial effects at high temper-
atures become more apparent when bulk magnetism mostly van-
ishes above the Curie temperature.l®! Element-specific X-ray ab-
sorption (XAS) and X-ray magnetic circular dichroism (XMCD)
measurements were performed using total electron yield detec-
tion mode, which provides enhanced surface/interface sensitiv-
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ity compared to bulk fluorescence yield. XMCD spectra for the
Eu?" state as a function of temperature show a sign of signifi-
cant interfacial coupling, as presented in Figure S10 (Support-
ing Information). While XMCD at Se L-edges showed magnetic
dichroism, spectral overlap with one of the Eu edges prevents
unambiguous attribution to Se magnetization. The observed in-
terfacial magnetic proximity effects are confirmed through com-
plementary polarized neutron reflectometry analysis. It is cru-
cial to emphasize that due to the highly localized nature of
the exchange interaction, achieving an exceptionally sharp, well-
defined, and clean interface between EuS and TI is impera-
tive to ensure the necessary effective magnetic proximity cou-
pling. Therefore, careful handling is essential during their forma-
tion and subsequent magnetic interfacial structuring in order to
minimize any unwanted contamination from leftover chalcogen
atoms. >8]

For elucidating the spin texture and the spacial distribution of
magnetism in the trilayer films, we employed the depth-sensitive
polarized neutron reflectometry (PNR) to reveal the non-collinear
magnetic order along the two interacting heterointerfaces. In the
case of bilayer samples, the ferromagnetism at 5K extends to
about 2 nm into the T1layer, while due to such short-range nature
the time-reversal symmetry could only be broken in the vicinity
of the interfacial region.l®] When an additional magnetic inter-
face is created near to the other interface, close enough to in-
teract, the total magnetic configuration changes dramatically. To
overcome the anisotropy, the PNR reflectivity profiles R* and R~
were measured at 300 K in saturating in-plane external magnetic
field of 1 and 5 T. PNR results reveal that the two coupled inter-
faces make both EuS layers in FMI-TI-FMI trilayer totally mag-
netic to much higher temperatures, the corresponding depth pro-
files of neutron structural, magnetic and absorption scattering
length density (NSLD as green, MSLD as grey, and ASLD as pur-
ple) are shown in Figure 3e for 300 K, and 5 K in Figure S3 (Sup-
porting Information). The corresponding spin asymmetry (SA)
data are shown in Figure 3c,d for 1 and 5 T, respectively. As an
indicator of Eu atoms, the ASLD depth profilel*! ends right at
the Bi,Se; interface, indicating that no Eu atoms were found in
the Bi, Se, layer. Consequently, PNR provides concrete proof that
these trilayer heterostructure exhibits room-temperature ferro-
magnetism produced by proximity. Depth-sensitive PNR reveals
that in tri-layer EuS/Bi,Se;/EuS heterostructures, both EuS lay-
ers maintain magnetization throughout their entire 5 nm thick-
ness up to 300 K, representing a significant enhancement over
bi-layer samples where magnetization was retained only in a
narrow ~2 monolayer of EuS interfacial region. This suggests
that the sandwiched Bi,Se; layer acts as a magnetic mediator,
extending interface-driven magnetic stabilization through long-
range coupling mechanisms, with the double-interface geometry
providing stronger magnetic coupling than conventional bi-layer
configurations.

Using micromagnetic models based on the Landau-Lifshitz—
Gilbert (LLG) formalism and aided by the LTEM, SQUID, and
PNR data, the origin of protected chiral magnetism at vari-
ous temperatures has been examined for the occurrence of the
magnetic texture skyrmion-hopfion assembly (See Experimen-
tal Section for details in the Supporting Information). Experi-
mental observations of the chiral spins were closely reproduced
using micromagnetic modeling and their numerical solutions.
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Figure 3. a—e) Superconducting quantum interference device (SQUID) magnetometry and PNR measurements for trilayer EuS—Bi,Se;—EuS, In (a),
measurements of M (H) at low field and temperature in a parallel and perpendicular field configuration for 4 QL-trilayer (EuS (5 nm)—Bi,Se; (4 QL)—EuS
(5 nm)) and 5 QL-trilayer (EuS (5 nm)—Bi,Se; (5 QL)—EuS (5 nm)) samples. The M(H) at high field region for a 4-QL trilayer sample with parallel
and perpendicular arrangement is displayed in the inset. (b) shows the M(H) for the 5 QL trilayer at high temperatures in parallel and perpendicular
field configurations. The corresponding spin-asymmetry (SA) ratio and model fits shown by solid lines, SA = (R* — R™)/(R" + R™), derived from the
simultaneous fitting of the polarized neutron reflectivity measurement shown for 4 QL-trilayer samples under 1T in (c) and 5 T in-plane field in (d). (e)
displays neutron nuclear (NSLD, green), magnetic (MSLD, grey), and absorption (ASLD, purple) scattering length density profiles across the trilayer
epitaxial sample which were recorded at 300 K with in-plane field of 1and 5 T.

Phase diagrams of hopfion with skyrmion lattice under different
geometric confinement have been generated in a broad param-
eter space, such as different DMI settings, uniaxial anisotropy
parameters, and saturation magnetizations.

The effects of changes in the DMI and saturation magnetiza-
tion M, on the stability of a single skyrmion island are illustrated
in Figure S4 (Supporting Information), where the initial settings
without hopfion are displayed. The results can be categorized into
three areas: 1) A skyrmion with an out-of-plane magnetic orien-
tation for lower M,, and lower DMI can occur in certain areas.
2) A skyrmion might still be stabilized under different magnetic
parameter combinations and increased M, for the in-plane film
magnetization. 3) The increased DMI dominates the system and
produces a labyrinth-like magnetism because of the decreased

anisotropy and exchange energy. Note that the parameter window
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M,,, and DMI that stabilizes the hopfion with skyrmion lattice in
the models are consistent with the earlier experimental results.[®!

Figure 4 illustrates how the formation of skyrmion and hop-
fion rings are influenced by the geometrical confinement, with
island sizes of 100 (Figure 4a), 300 (Figure 4b), and 500 nm?
(Figure 4c). The geometrical size defines the scale of the hop-
fion and skyrmion lattice. This imposes strong demagnetization
fields, and the symmetry is broken at very small geometric sizes,
as in case of the 100 nm island, in Figure 4a, due to competition
between the edges and magnetic features. Furthermore, after re-
laxation of the model, the influence of the DMI constant and the
saturation magnetization on the stability of the hopfion ring pro-
tecting the skyrmion lattice is demonstrated. The ring diffuses
into the triangle geometry’s borders at low DMI and M,,,, and
the magnetic features’ topology is lost. The hopfion ring remains
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Figure 4. a—n) Micromagnetic simulations of magnetic texture with hopfion rings for trilayer films. The corresponding simulations for Figure 2g were
run on regular triangle geometry with sizes at 100 in (a), 300 in (b), and 500 nm? in (c). The entire isosurfaces of the skyrmion and hopfion lattice
construction are matched with experimental data in (b), due to their accurate size and shape by convenient M,, and DMI parameters. Skyrmion lattice
surrounded by a hopfion ring initialized in a uniform domain of +m (white) in a triangular geometry as features of -m (black) and ran a simulation to
obtain a final relaxed output. In (d), a large range was also run for the corresponding uniaxial anisotropy parameters K,; with DMI,,4 = 4.56 X 1078 |
m=2, Ay, = 1.94x 107" | m~", and M,,, = 37.6 kA m~1 with regular triangle geometry with sizes at 300 nm?2. The phase profile along the x-z plane
at different y positions is displayed in (e—h), while the lateral view is depicted in the x—y plane is shown in (i-n). Lateral cross-sections were extracted
at different EuS thicknesses, specifically at +1, +2, and +4 nm, corresponding to their distances from each Bi,Se; interface, where the + and — signs
indicate positions within the top and bottom EusS layers, respectively. The color bar represents the spin phase changes corresponding to increasing
azimuthal and polar angles.

Adv. Mater. 2025, e11754 e11754 (6 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A 181D 3|cedl[dde ayy Aq pausenob ae s9le O 8sh JO Ss|nl 10} ArIq1T 8UIUO AB|IM UO (SUOIIPUOD-PUE-SWLBY WD A8 | 1M Ae1q 1 U1 |UO//SdNY) SUORIPUOD PUe SWie | 38U 89S *[5202/80/8T] Uo AReiqiauljuo 8|1 ‘Alomriode] uolieN aBprd Ye0 Aq #5/ TTSZ0Z Bwipe/z00T 0T/I0p/wod A8 | 1w Azeiqijeuljuo psoueApe//Scily oy pepeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

unbroken at higher DMI and M,,,, as particularly seen at DMI =
4.56 x 107° ] m~2 and M, = 37.6 kA m~. This is also demon-
strated for the reduced number of lattice-forming skyrmions,
shown in the Figure S6 (Supporting Information), similar to the
observed features in the experimental data of Figure 2g. By rig-
orously checking the derived parameters during both the coarse
(Figure S7, Supporting Information) and fine (Figure S8, Sup-
porting Information) evolution phases, a comprehensive analysis
of the entire parameter space was performed. This study revealed
a relatively narrow operating regime that favors the formation of
skyrmion-hopfion assemblies.

From our micromagnetic analysis, the ring in-plane diameter
is 21 nm, and each skyrmion has a diameter of 20-25 nm for
various numbers of confined skyrmions and independent of ge-
ometries as in the experimental observation. These results sug-
gest that the fingerprint of the topological magnetic ordering is
unique for the geometric confinement and intrinsic magnetic pa-
rameters. For zero or low uniaxial anisotropy constant K ; (0-10?
] m~3), the magnetic features exhibit a diffused ground state as
shown in Figure 4d. When K, is increased to 10° ] m~ in the out-
of-plane direction (+z), the magnetic topological order exhibits
the skyrmion-hopfion assembly that resembles the LTEM results
shown in Figure 2g. In the high K, regime (10°-10° ] m~), the
uniaxial anisotropy energy term starts dominating over the other
magnetization terms including DMI, demagnetization, or geom-
etry effects, intralayer exchange (A,,), interlayer exchange, and
Ruderman—Kittel-Kasuya—Yoshida (RKKY) interaction. The hop-
fion and the skyrmion lattice could be stabilized in the micromag-
netic models when the exchange, in-plane demagnetization, and
the DMI fields are selected.

Previous studies suggested a similar stabilization mechanism
in which RKKY,/® the Bloembergen-Rowland interaction,®!]
spin-orbit coupling,!®?l and antiferromagnetic coupling on the
surface help to stabilize the interface magnetism.[**] Micromag-
netic models show that antiferromagnetic chiral ordering is sta-
bilized for both interfaces at the same time when the RKKY en-
ergy term is included. The fact that an RKKY term is needed for
the stability implies that the magnetism at both EuS-Bi,Se; in-
terfaces is likely coupled. The phase diagrams provide evidence
that the stable magnetic topological ordered features could be
achieved under the explored material parameter space, as shown
in Figure S11 (Supporting Information).

Our micromagnetic simulations predict Néel-type skyrmions
in the ultra-thin film limits, and we have ensured that the simu-
lation closely match those of the experimental conditions.[>!>>64]
The Fresnel oscillations that are observed consistently in both
our simulations and experiments align with the expected fea-
tures for Néel-type skyrmions, especially in the presence of in-
terfacial DMI. We cannot observe bulk/Bloch skyrmions to be
stabilized in ultra-thin film limit as in phase profile analysis
Figure 4e-n. Once the thickness increases to 20 nm EuS, we
show that bulk/Bloch skyrmions are obtained in our micromag-
netic models as shown in Figure S12 (Supporting Information).
The skyrmion phase profile observed in Figure S12 (Supporting
Information) is consistent with the definition of the bulk/Bloch
skyrmion.[]

Our analysis reveals topological features consistent with hop-
fions, clearly distinguishing them from skyrmion bags. Specifi-
cally, our system consists of ultra-thin layers, only a few nanome-
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ters thick, where DMI arises exclusively from interfacial effects.
The dimensional confinement in our system gives rise to unique
magnetic configurations that differ significantly from those ob-
served in bulk-like materials.[®®] The simulated and analyzed
structures are governed by this interfacial DMI and strong in-
plane demagnetizing fields, resulting in the confinement of the
spin phase profile of hopfions to within a few unit cells. To clar-
ify, we have performed a detailed 3D analysis of the magnetic
textures in our simulations, and a thorough investigation of the
magnetization profiles along all spatial dimensions as shown in
Figure 4 and Figure S12 (Supporting Information). These anal-
yses clearly demonstrate that the observed structures possess a
non-trivial topology, which is characteristic of hopfions, rather
than mere stacking of skyrmion bags.

A systematic comparison of EuS/Bi, Se;/EuS heterostructures
and bulk-like FeGe systems reveals significant differences in the
demagnetizing field effects due to the ultrathin nature of the
films. In contrast to bulk FeGe,**! these nanometer-scale struc-
tures exhibit significantly modified demagnetizing fields. Anal-
ysis of radial, azimuthal, and polar spin phase profiles in het-
erostructures with 20 and 5 nm thick EuS layers confirms the
presence of fiber-like nontrivial topological configurations, in-
cluding hopfion rings and skyrmions. Increasing the film thick-
ness reduces the strong in-plane demagnetizing fields, facilitat-
ing appearance of swirling or fiber-like topological textures of
hopfions, distinctly different from those in bulk FeGe. The di-
mensional confinement in these thin films induces unique mag-
netic configurations, governed by the interfacial DMI and strong
in-plane demagnetizing fields, which confine the spin phase pro-
file of the hopfions to a few unit cells. This extreme spatial con-
finement challenges the visual reconstruction of hopfion geome-
tries compared to the more flexible formation in bulk FeGe, high-
lighting the critical influence of interfacial and confinement ef-
fects on topological spin textures.

The interface coupling also depends on the initial configura-
tion, whereas the magnetic topological ordered structures are sta-
ble once initialized in the forms indicated in the phase diagrams.
Despite the large in-plane demagnetizing field in the nanoscale
geometric confinement of the irregular shape trilayers in the re-
manent state, the robust stability of the hopfion with skyrmion
lattice at room temperature reported in other studies!®’%® sug-
gests that these additional energy terms will be necessary to
maintain the equilibrium lattice at room temperature. It has been
discovered that, for the parameter choices considered in the mod-
els, the topological order is unstable at room temperature. Reli-
able prediction of magnetic order at room temperature is ham-
pered by the uncertainty in magnetic parameters such as DMI,
RKKY, and other uniaxial or strain-related anisotropy constants,
as well as the crucial role of surface states. Nevertheless, the
room temperature magnetic order can be partially reproduced
when the uniaxial anisotropy parameter is on the order of 107 and
108 ] m=3.

The geometric confinement identified in our study enables
room-temperature zero-field stability by providing a controlled
platform to demonstrate the underlying interfacial phenomena.
This confinement reveals the fundamental stabilization mecha-
nisms governing topological spin textures at ferromagnet-TT in-
terfaces, where long-range magnetic ordering extends through-
out the entire ferromagnetic layer thickness. Our findings
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illuminate the fundamental physics governing topological struc-
ture stabilization, providing pathways to engineer wider area in-
terfacial systems through alternative approaches such as interfa-
cial engineering or strain modulation that replicate the beneficial
effects of geometric confinement.

The first-principles study!®®! identified magnetic proximity ef-
fects in trilayer EuS/Bi,Se;/EuS systems, demonstrating expo-
nential decay of interlayer exchange with topological insulator
thickness. While the concept of hidden DMI suggests opposite-
sign interfacial DMI at top and bottom interfaces due to inver-
sion symmetry,!%®7%l experimental validation shows DMI is in-
trinsically short-range and localized within 1-2 nm of FMI/TI
interfaces.[''”!] Given our ~5 nm Bi,Se, spacer thickness, the
interfacial DMI fields at opposite surfaces remain effectively in-
dependent without direct coupling, while interface-level asym-
metries from domain boundaries and crystallographic imperfec-
tions naturally break the inversion symmetry conditions required
for hidden DMI cancellation.

3. Conclusion

These findings demonstrate the capability to generate multi-
dimensional spin textures, such as hopfions and skyrmions,
on topological insulator surfaces through precise control of in-
terfacial coupling and geometric confinement. The combina-
tion of experimental observations and micromagnetic modeling
reveals that interfacial Dzyaloshinskii-Moriya interactions and
spin-momentum locking at the topological insulator interface are
key to stabilizing these textures at room temperature. These spin
structures potentially enable low-dissipation information manip-
ulation, which could, with further engineering advances in elec-
trode design and operating conditions, eventually contribute to
more energy-efficient data storage and transmission technolo-
gies. The ability to engineer stable spin textures through inter-
face design offers a pathway to integrate these topologically pro-
tected states into spintronic devices, where they could enable
low-power, high-speed operations. Moreover, the potential inter-
action of these textures with quantum states, such as Majorana
fermions, opens avenues for topological quantum computing.
The robustness of these structures at ambient temperatures po-
sitions them as promising candidates for practical applications
in next-generation memory, logic, and sensing devices.

4. Experimental Section

Material ~ Growth: The epitaxial growth of both trilayers
(EuS—Bi,Se;—EuS) grown on sapphire and membrane were performed
simultaneously. The entire process was carried out in a custom-built
molecular beam epitaxy setup equipped with an electron beam evapora-
tor for EuS deposition and effusion cells with 5 N (99.999%) purity Bi and
Se at a base pressure of 2 x 1070 Torr. As a final stage, all multilayers
were protected in situ with amorphous Al,O; layers. From the bottom
up, each interface formation and structural evolution were monitored by
an in situ reflection high-energy electron diffraction apparatus. Due to the
high reactivity of Eu atoms and dissociation problems of S, the initial EuS
was evaporated congruently from a single electron-beam source at 260
+ 5 °C with a rate of 1.0-1.5 A s™'. After the first EuS layer growth, the
temperature of the effusion cells was increased to prevent Se incorpora-
tion into the layer. The temperature of the substrate was maintained at
240 + 5 °C, while the temperature of the cells was raised; this procedure
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takes ~1 h. Bi and Se were then co-evaporated with a flux ratio of 1:15 A
growth rate of 1-2 A min~" was utilized to create an ultra-smooth surface
in order to prevent kinetic surface roughening. The temperature of the
effusion cells was lowered immediately after Bi,Se; growth. The growth
stage was maintained at growth temperature during the cooling down
process of the cells. As the temperature of the cells dropped, the second
EuS layer was deposited with the same growth methodology as the initial
layer. Finally, in the same deposition chamber, 5-10 nm amorphous
Al,O; was deposited in situ as a protective layer to all trilayer films. An
energy dispersive spectroscopy (EDS) map showing the trilayer sample
grown on the Si3sN, membrane’s spatial atomic distribution. Based on
the element mapping as shown in Figure S9 (Supporting Information),
the elements Bi, Se, Eu, and S were uniformly distributed across the film
surface.

Structural Analysis:  Crystal-truncation rod (CTR) measurements an-
alyzed by coherent Bragg rod analysis (COBRA) method was used
to render the real space electron density profile across the interfacial
area with atomic accuracy, in an effort to shed light on the interface
microstructure.[”] The CTR measurements were carried out at the Beam-
line 12-1D-D of Advanced Photon Source (APS), Argonne, using a six-circle
diffractometer with an X-ray energy of 20 keV (wavelength 4 = 0.6199 A)
beam. Using the COBRA approach, the sample’s specular CTR (00L) for
both the bilayer and trilayer film configurations was examined. The inter-
face between EuS and Bi,Se; layers, as well as between Bi,Se; and sap-
phire single crystal, were clearly delineated from the total electron density
profile. Resolving the interface bond clearly demonstrates a sharp inter-
face transition in the absence of any chemical inter-diffusion. Se atoms
were in direct contact with either the S layer on EuS or the last oxygen
layer of sapphire for bilayer films. Bi,Se; was terminated at each interface
by the Se layer, and the S layer was directly stacked on top of the Se layer by
interfacial van der Waals bonding spacing of 2.45 A. Overall, an excellent
epitaxial cube-on-hexagon growth connection was seen for EuS (111) on
Bi,Se; and sapphire.

SQUID magnetometry measurements were taken to observe the magne-
tization state of the multilayer systems and performed in a quantum de-
sign MPMS superconducting quantum interference device (SQUID) mag-
netometer. Both in-plane and out-of-plane magnetic properties were mea-
sured in the temperature range of 5-400 K and applied magnetic fields up
to5T

Lorentz Microscopy measurements!”3] were performed on samples grown
on silicon nitride grids at room temperature. The good quality of trilayer
structure was achieved in well-defined grains. From the TEM images it
is possible to note regular arrays of helical magnetic structures with lat-
tice parameter depending on the grain geometry. The Cs-probe corrected
transmission electron microscope FEI Titan Themis 80-300 kV, was em-
ployed to perform HRTEM, EDS, and LTEM using Fresnel method (out-
of-focus). The experiments were carried out at 300 kV and RT. A special
Lorentz lens allows LTEM imaging in magnetic field-free conditions when
the standard objective lens was switched off. By appropriately increasing
the objective lens excitation, a magnetic field arises and was perpendicu-
lar to the sample surface. However, before exciting the objective lens, in
order to apply a magnetic field to the sample, it was tilted up to 40°. For
the “Field-ON” configuration shown in Figure 2, the applied out-of-plane
component of the magnetic field is 1.53 T. Specifically, the defocus values
were 34 um for conventional TEM imaging and from 0.89 to 1.38 mm for
magnetic imaging.

Exit wave function of diffracted electrons in LTEM (non-magnetic crys-
tal, no external magnetic field): To capture the Fresnel oscillations of trans-
mitted electrons in LTEM, the exit wave function of electrons were ini-
tially defined, considering the periodicity of the nonmagnetic crystal struc-
ture. Subsequently, the spin structure was incorporated, which exhibits an
incommensurate periodicity relative to the reciprocal wave vector of the
lattice.

The translational symmetry of the crystal brings a reciprocal lattice wave
vector G. In a crystal with a periodic potential, V(r) = V(r + a), where a
is a lattice vector. This periodic lattice potential leads to the Bloch wave
solutions with wave vector k and v, (r) = uy, (r + a); w(r) = uy (r)e’ *. The
exit wave function in LTEM becomes: Wi () = Wincident (€9, where

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A 181D 3|cedl[dde ayy Aq pausenob ae s9le O 8sh JO Ss|nl 10} ArIq1T 8UIUO AB|IM UO (SUOIIPUOD-PUE-SWLBY WD A8 | 1M Ae1q 1 U1 |UO//SdNY) SUORIPUOD PUe SWie | 38U 89S *[5202/80/8T] Uo AReiqiauljuo 8|1 ‘Alomriode] uolieN aBprd Ye0 Aq #5/ TTSZ0Z Bwipe/z00T 0T/I0p/wod A8 | 1w Azeiqijeuljuo psoueApe//Scily oy pepeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

¢(r) is the phase shift introduced by the crystal potential. For a thin crystal
of thickness t, ¢(r) is

[

¢ (0)=17 [V d y

o

<

Fresnel oscillations arise due to the interference of multiple scattered
waves. A crystal potential with a Fourier expansion in the reciprocal lattice
can be used to describe the transmitted electron wave function. Thus, the
transmitted wave can be written as a sum of diffracted waves

2

) _ , . A
WYirans (1) = ZAGe:(k+G) ") = |Wtrans (r)| = ZACe’(k+G) r 2
G G

The amplitudes of the diffracted waves Ag were determined by the scat-
tering conditions, which depend on both sample and measurement pa-
rameters. Here, I(r) is the intensity observed in LTEM. This expression
contains the interference terms AgA7, and ¢l(C - G) 11, which lead to the
oscillatory patterns in the intensity corresponding to the LTEM Fresnel os-
cillations of nonmagnetic crystals.

When the spin order with wave vector q, was introduced, that is incom-
mensurate with the crystal wave vector G and Vj are the Fourier compo-
nents of the spin-modulated magnetic potential: Vi, (r) = X, quiq". For
a magnetic crystal with spin ordering, the total potential contains the con-
tributions from the periodic lattice potential Ve (r) and the spin wave
potential Viyin (); Viotal (r) = Viatice (F) + Vspin (1) When external magnetic
field was applied, the Schrédinger equation must be modified to include
the Aharonov—Bohm phase, which includes the vector magnetic potential
(V x A = B) that modifies the electron wavefunction’s phase. The Zee-
man interaction term also modifies the spin-dependent potential

2 2
2 (V= EA) W () + Vi ()W () = Ew () G)

Under a constant magnetic field B = BZ, the vector potential can be ex-
pressed in the symmetric gaugeas A = 1/2Bxr = 1/2B (—y% + x§). The
Zeeman interaction accounts for the coupling of electron’s magnetic mo-
ment to external magnetic field. This interaction modifies the different spin
wave potential from Vi, (r) to Viyin (r) + AVzeeman- The modified wave
function is now subject to the total potential from the lattice, spin wave,
and the Zeeman contribution: Viye,/ (r) = Viagtice () + Vpin (f) + AVZeeman-
The phase shift in the exit wavefunction becomes

[ 2 e
9 ()= 37 [ Vigw (52 dz 7 [ A~ dr (4

The exit wave function for magnetic crystal with spin wave order under
magnetic field is thus W (f) = Wincident (r)e®0)

Wirans () = ZAGZI(HC)JH% JAdr ZAqei(Hq)‘,H% [ Adr 5
¢ q

2

2 i [ Adr|? i(k+G)- i(k+q)-
1) |V/trans (")| _ |elh J Adr ZAGel(k+G) "4 ZAqe/(k+q) r (6)
G q

The Aharonov—Bohm phase contribution cancels out in the intensity
expression shown in the final I(r).

| (r) — ZAGei(k+G)-r + ZAqei(k+q)<r (7)
G q

The Fresnel oscillations from crystal lattice symmetry remain un-
changed by an external magnetic field, while the g-vector in the second
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summation term depends on the field due to skyrmion or spin wave disper-
sion. This was the only field-sensitive component. These experiments con-
firmed that the external field modifies spin wave dispersion, that the ob-
served LTEM contrast was purely a lattice effect. The field-induced changes
in spin wave dispersion altered the peak positions, phases, and intensities
of Fresnel oscillations, demonstrating that the observed LTEM contrast
was magnetic in origin. Thus, Fresnel fringes originated from the interplay
of lattice symmetry, skyrmion structures, and spin wave dispersion.

PNR measurements were performed on the magnetism reflectometer
at the Spallation Neutron Source at Oak Ridge National Laboratory.[74-77]
Neutrons with wavelengths within a band of 2-8 A and with a high polar-
ization of 99% to 98.5% were used. Measurements were performed in a
closed cycle refrigerator (Advanced Research System CCR) with an applied
external magnetic field by usinga 1.15 T Bruker electromagnet and in a top-
loading closed-cycle refrigerator combined with a 5 T cryomagnet (Cryo-
magnetics). Using the time-of-flight method, a collimated polychromatic
beam of polarized neutrons with the wavelength band A4 impinged on the
film at a grazing incidence angle, 0, where it interacts with atomic nuclei
and the spins of unpaired electrons. The reflections Rt and R™, were mea-
sured as a function of momentum transfer, Q = 4 x sinf/ 4, for two neu-
tron polarizations with the neutron spin parallel (+) or antiparallel (-) to
the direction of the external field, H,,. To separate nuclear from magnetic
scattering, the data were presented as the spin-asymmetry (SA) ratio SA =
(RY(Q) - R (Q))/(RT(Q) + R™(Q)). Avalue of SA = 0 indicates that there
was no magnetic moment in the system. Being electrically neutral, spin-
polarized neutrons penetrated the entire multilayer structure and probed
the magnetic and structural composition of the film through buried inter-
faces down to the substrate. PNR was a highly penetrating depth-sensitive
technique to investigate the magnetic and chemical composition of the
system with 0.5 nm resolution.[”®] The NSLD and MSLD depth profiles
corresponded to the depth distribution of the chemical and IP magnetiza-
tion vector distributions at the atomic scale, respectively. Spin-polarized
neutrons at grazing incidence penetrated the entire multilayer film down to
the substrate and provide depth-resolved information about the structure
and the magnetization vector of the film through buried interfaces. It was
noted that neutron interactions with Eu atoms were affected by unpaired
f-electrons with unique magnetic properties. The distinct characteristics
of Eu led to variations in the neutron absorption scattering length density
(ASLD), in contrast to other elements. It was essential to closely examine
the distinctive properties of materials containing Eu atoms while analyzing
their neutron absorption behavior.[*°] To spatially resolve the net magneti-
zation vector through the depth of trilayer configurations, the authors used
a time-of-flight method using a highly collimated polychromatic beam of
polarized neutrons impinging on the film under grazing incidence and in-
teracting with atomic nuclei and the spins of unpaired electrons providing
the information on the depth profile of the nuclear and magnetic scatter-
ing length densities (NSLD and MSLD) corresponding to chemical and
in-plane magnetization vector distributions, respectively.l’477]

Micromagnetic simulations, the authors proposed a model of a hop-
fion ring encircling the skyrmion lattice based on the trilayer system
(EuS—Bi,Se;—EuS) shown in Figure 1. Using MuMax3 softwarel’®] based
on LLG equation, micromagnetic modeling was conducted to investigate
the feasibility of constructing such a system using the following material
parameters: saturation magnetization M, = 37.6 X 10* Am~', Heisen-
berg exchange constant A, = 1.94 x 107 | m~', interfacial constant DMI
=4.56 x 107¢ | m~2 and Gilbert damping constant a = 0.3. The mesh was
setto 1x 1x 1nm3 fora 100, 300, and 500 nm? geometry, with each EuS
and Bi,Se; layers having a thickness of 5 nm. For each top and bottom
interface layer of EuS, M,,, was reduced to one-third of its original value
and the simulation was relaxed for the hopfion—skyrmion system.

Having a narrower hopfion ring would not survive against the edge
effects and dipolar fields from the skyrmion lattice. The anisotropy field
was chosen as K,; = 1.0 x 10 | m~3 in the out-of-plane (+2) direction.
Due to this high value, the authors observed little or no relaxation of the
magnetic features as this anisotropy field overcomes the demagnetization
field. Hopfions were expected to show chirality in three dimensions, and
the moments surrounding the ring will swirl around it;[8%] however, due
to the high uniaxial anisotropy field, the authors did not observe these
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effects (Figures S7 and S8, Supporting Information). The width of the hop-
fion kept it intact even in proximity to the skyrmion lattice, and despite the
strong demagnetization or dipolar interactions between them. If the mag-
netic features were allowed to relax further, one could expect the hopfion
to lose its symmetric shape and the shape of its domain walls extending
to the edge of the geometry due to edge interactions (Figure S8, Support-
ing Information). The modeling identified the material parameter ranges
(M, and DMI) needed for stabilizing the skyrmion lattice with and with-
out the hopfion ring. These ranges are presented in Figures S4 and S5
(Supporting Information) for irregular hexagon islands.

XMCD: The samples were examined using XMCD to verify interfacial
magnetic coupling. At the Advanced Photon Source’s beamline 4-ID-C,
a number of soft X-ray absorption spectroscopy investigations were con-
ducted by simultaneously measuring the bulk-sensitive fluorescence yield
and the surface-sensitive total electron yield. Initially, the magnetic condi-
tion of the EuS layer was investigated. With a valence state of 2+, the EuS
layer exhibited a significant XMCD, and its lineshape was in line with a local
moment of 7 ug per atom. Figure S10 (Supporting Information) displays
the XMCD spectra for the Eu?* state as a function of photon energy as
a function of temperature to obtain the magnetic properties of Eu atoms
after the moments were aligned by an applied perpendicular 5 T field train-
ing. The scans shown were averaged over many scans and analyzed with
X-ray energy over the Eu Ms-edge (~1128 eV, 3ds;, — 4f transition) at a
step resolution of 0.2 eV. The magnetic information derived from the
XMCD was related to the 7 ug /Eu?* ion moment.

Every experiment was thoroughly examined, with conclusions drawn
from supporting data from further experiments. A definitive, trustworthy
result depends critically on the quality of the samples. It is evident from
these experimental results, using various approaches and high-quality ma-
terials that interfacial magnetism exists on both the short- and long-range
scales up to ambient temperature.[3381]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. X-ray diffraction analysis for epitaxial bi- and tri-layer films grown on sapphire. a, In
order to shed light on the interface microstructure we performed sets of crystal-truncation rod
(CTR) measurements and employed coherent Bragg rod analysis (COBRA) to determine the real
space electron density profile across the interfacial region with atomic precision. The CTR
measurements were performed with a six-circle diffractometer. The specular CTR (00L) of the
bilayer and trilayer samples configuration were analysed by the COBRA method. From the
density profile, b, for bilayer and c, trilayer, the interface between EuS and Bi2Ses layers are well
defined either in bilayer or trilayer. Sharp interface transition is shown without any chemical
inter-diffusion by resolving the interface bond, clearly. Se atoms are in direct contact with the
last oxygen layer of the sapphire. The Bi2Ses is terminated with the Se layer at the interface and
the S layer is in direct stacking with the Se layer on top of it via interfacial bonding separation by
~2.45 A. Overall, EuS (111) on Bi2Sesz-Sapphire shows a good epitaxial cube-on-hexagon
growth relation.
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Figure S2. a, Hopfion and spin density wave formation. There is a discernible periodicity in the
excitation between two separate island spin density waves when the field is off. b, A
perpendicular field causes both the hopfion diameter and the wave periodicity to decrease. It also
shows the potential pattern of interference. The line cuts are shown below for each. For the
"Field-ON" configuration, the applied out-of-plane component of the magnetic field is 1.53 T. c,
Height profile obtained from the line cut indicated by red and black dashed lines in d, revealing
the characteristic truncated island morphology of epitaxially grown Bi2Ses with thickness
variations of ~2 QL between adjacent islands. d, Top-view TEM image showing the surface
morphology of the trilayer layer film, with visible island formations characteristic of van der
Waals material growth. e, LTEM image, displaying magnetic contrast that remains consistent
across islands of varying thickness, demonstrating that the observed magnetic phenomena are

intrinsic to the EuS / Bi2Ses / EuS heterostructure.
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Figure S3. PNR and SQUID magnetometry measurements for trilayer EuS—Bi.Ses—EuS, PNR
results for 4 QL-trilayer (EuS (5 nm) — BizSes (4 QL) — EuS (5 nm)) at 5 K in comparison with
300 K data. In a, the corresponding spin-asymmetry (SA) ratio and model fits are displayed with
solid lines, SA = (R*—R")/(R*+R"), is derived from the reflectivity measurement fitting for 4 QL-
trilayer sample. In b, neutron nuclear (NSLD, green), magnetic (MSLD, grey) and absorption
(ASLD, purple) scattering length density profiles are shown along the trilayer portion of the
epitaxial sample which were recorded at 5 and 300 K with an in-plane 1 T field. In c,
measurements of M(H) at 5 and 300 K temperature in a parallel and perpendicular field
configurations for 4 QL-trilayer (EuS (5 nm) — Bi2Ses (4 QL) — EuS (5 nm)) sample. Compared
to the sample shown in Figure 3, this one is distinct. This has a couple orders of magnitude larger
saturation moment at 300 K, however the low temperature values is 25% lower. In d, the

saturation moment versus temperature data is shown for 5 QL-trilayer sample.
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95  Figure S4. Micro Magnetic Modelling without hopfion, the effect of change in the DMI and
96  saturation magnetization on the stabilization of a single skyrmion island without hopfion ring.
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Figure S5. Micromagnetic simulations of magnetic texture with hopfion rings for trilayer films.

The corresponding simulations for Figure 2a were run on irregular hexagon geometry with sizes

at 100 in a, 300 in b, and 500 nm? in c. The entire isosurfaces of the skyrmion and hopfion lattice

construction are matched with experimental data in b, due to their accurate size and shape by

convenient Msat and DMI parameters. In d, a large range was also run for the corresponding
uniaxial anisotropy parameters Ku1 With DMling = 4.56 x 10 J m?, Aex = 1.94 x 104 I m, and

Msat = 37.6 KA m with regular triangle geometry with sizes at 300 nm?2.
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Figure S6. Micromagnetic simulations of 3 skyrmions with hopfion ring formation for trilayer

films. The corresponding simulations for Figure 2g were run on regular triangle geometry, which
includes 3 skyrmions, with sizes at 100 in a, 300 in b, and 500 nm? in c. The entire isosurfaces of
the skyrmion and hopfion lattice construction are matched with experimental data in b, due to
their accurate size and shape by convenient Msa: and DMI parameters. A large range was also run
for the corresponding uniaxial parameters with DMI =4.56 x 10% I m?, Aex=1.94 x 104 J m™,
and Msat = 37.6 kKA m™,
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Figure S7. Micromagnetic model on extended parameters for key material parameters. The
effect of increasing a few orders of magnitude of the key material parameters in our study from
those in the initial model shown in a, where we obtain DMI = 4.56 pJ m?, Msat = 37.6 KA m™,
and Ku1 = 1x10% (Aex is fixed in all figures at 1.94x10* J m). Increasing the interfacial DMI
strength to 1 mJ m converts the skyrmion lattice and hopfion ring into a magnetization state of
a strip-like domain as we allow them to relax in the micromagnetic model as shown in b. In c,
having a high anisotropy constant, 10° J m, a couple of orders of magnitude larger prevents the
initial magnetization state from relaxing, and we observe the high symmetry shapes of the
skyrmion lattice and hopfion ring. The strong perpendicular uniaxial anisotropy field inhibits the
moments from canting or reorienting themselves and overpowers the shape anisotropy effects.
Having an order of magnitude larger Msat, 376 kKA m, in d, increases the demagnetization field
effect (allows for large domain formation) and shape anisotropy, dissolving the magnetic

features in the ferromagnetic layers.
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Figure S8. Micromagnetic model on extended parameters. In a, the effect of introducing the
DMI constant between 5.0 pJ m to 50 mJ m2 for the magnetic features with high saturation
magnetization Msa = 800 kA m* and high uniaxial anisotropy Ku1 = 1x10% J m™ are shown. High
Msat increases the magnetostatic interactions and the demagnetization energy that induces strip-
like domain formation. Increasing the DMI allows the strip-like domain system to dominate
around these features and eventually converts the ring and skyrmion lattice into a system of such
domains. In b, results show that keeping Msat and DMI high at 800 KA m™ and 10 mJ m?,
respectively, while increasing the uniaxial anisotropy constant restores the ring and skyrmion
lattice initial magnetization states, and the strip-like domain system disappears, which also
shown for a finer sweep of Kui in c. In d, finer sweep for the region at the vicinity of Ku1=1.5 x
10* 3 m with DMI = 4.56 x 10%J m?2, Aex = 1.94 x 104 I m%, and Msat = 37.6 KA m™ with

regular triangle geometry with sizes at 300 nm?.
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Figure S9. HAADF and EDS measurements for trilayer samples grown on a grid. Energy

dispersive spectroscopy (EDS) map displaying the spatial atomic distribution of a trilayer sample
grown on SisN4 membrane. The elements Bi, Se, Eu, and S are evenly dispersed throughout the
film surface, based on the element mapping pictures. The element molar ratios of Eu:S and Bi:Se
are around 1:1 and 2:3, respectively, as anticipated for grown materials. Because of their lower
packing ratio, crystallite areas contrast less than polycrystalline regions. The presence of distinct
domain sizes is validated using high-angle annular dark field (HAADF) pictures, in which the
contrast of the images is approximately correlated with the square of the atomic number of the
chemical species under investigation. The temperature of deposition affects both the domain size
distribution and their inter-domain spaces. At low temperatures, the domain sizes decrease down
to 2-10 nm; nevertheless, at high temperatures, the situation drastically shifts and causes a
notable rise up to a few of hundred nm. The sharp rise in crystalline sizes suggests that either
larger domains are directly growing, or tiny domains are coalescing because of the species’

greater mobility at higher temperatures.
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Figure S10. High-Temperature XMCD data analysis for EuS-Bi2Ses interface. The XMCD (X-
ray Magnetic Circular Dichroism) spectra as a function of photon energy for Eu?* state is shown,
where the spectra are taken as a function of temperature to get magnetic features of Eu atoms
after aligning the moments by 5 T applied field for both EuS (5 nm) — Sapphire in b and EuS (5
nm) — Bi2Ses (5 QL) — Sapphire samples in a and b. The depicted scans were evaluated with X-
ray energy over Eu Ms-edge (~1128 eV, 3ds2 — 4f transition) using ~0.2 eV step resolution and
averaged out from several scans. From the temperature dependence measurements, according to
Curie-Weiss at 250 K, it is expected to have 60% of the 150 K value, however, at 250 K, we
observed 83% of the 150 K value where similar behaviour was observed with SQUID
magnetometry measurements.? Given that the control sample's signal in b deviates from Eu's

line shape, it is most likely a derivative artifact from sample charging.
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Figure S11. Micromagnetic model for interlayer exchange coupling and RKKY for trilayer
system. In a, the bottom layer and in b the top layer z-slice image of the skyrmion lattice
simulated results are shown. Here, we introduced the antiferromagnetic coupling (AFM) between
the top and bottom ferromagnetic layers of EuS. The Ruderman-Kittel-Kasuya-Yosida (RKKY)
constant was swept for the range shown Figures a, and b for two values of out-of-plane uniaxial
anisotropy constant Ku1. The effect was mediated through the scaled exchange constant between
the top and bottom interfaces that were initialized with a Neel skyrmion lattice and a hopfion
ring with z-plane mirrored magnetization profiles. The rest of the material parameters used in
these runs were as before. The RKKY constant was varied from 0 to -0.2 mJ m, where the
strength of AFM coupling can be a function of the spacer layer thicknesst®! and can act
proportional to the TI layer thickness.!
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Figure S12. Extended micromagnetic simulation across the entire thicker trilayer
heterostructure. The micromagnetic simulation of EuS (20 nm) / Bi=Ses (5 QL) / EuS (20 nm)
shows a 3D representation across the thickness of each EuS layer. The simulation illustrates the
skyrmion lattice surrounded by the hopfion in the antiferromagnetically coupled EusS layers
through Bi2Ses layer, which is not explicitly included in the simulations and is marked as a grey-
crossed area. The phase profile along x-z view at different y positions is shown in a to e, while
the lateral view is depicted in the x-y plane in f to 0. Lateral cross-sections were taken at
different EuS thicknesses, specifically at £2, £3, £6, +10, and +13 nm, corresponding to their

distances from each BizSes interface, where + and - signs indicate for the top and bottom EuS
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layers, respectively. The color bar shows the spin phase changes for increasing azimuthal and

polar angles.
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