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Transition of Néel-Type and Bloch-Néel Hybrid Skyrmion in
a Metallic Multilayer Material System

Binbin Wang, Ndria Bagués,* Shuyu Cheng, Shekhar Das, Camelia Selcu, Ziling Li,
Jacob B. Freyermuth, Denis V. Pelekhov, P Chris Hammel, Mohit Randeria,
Roland K. Kawakami, and David W. McComb*

Magnetic skyrmions, which are stable, topologically protected spin structures,
have garnered significant interest for their potential in revolutionizing
spintronic applications. This study reveals the room-temperature coexistence
of Néel-type and Bloch-Néel hybrid skyrmions in [Pt/Co/Cu] multilayers
grown by molecular beam epitaxy (MBE). Pulse current is used to switch the
skyrmion type and modulate the stability of the skyrmions. The thermal effect
on the stability of the skyrmions due to the current pulse is also investigated.
The work unveils a broad magnetic phase space, offering unprecedented
control over skyrmion states in metallic multilayers with broken inversion
symmetry. These findings pave the way for diverse applications in spintronics,
including binary data encoding, and provide a novel framework for the

manipulation of multi-type skyrmions.

1. Introduction

Magnetic skyrmions are stable topological spin textures that
can occur in certain types of magnetic materials.'% In
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noncentrosymmetric magnets, three types
of skyrmions are often observed, namely
Bloch-type, Néel-type, and Bloch-Néel
hybrid type,”®! while other topological
spin textures, like antiskyrmions, may also
exist.['*] The type of magnetic skyrmion
that forms is associated with the symmetry
and Dzyalloshinskii—Moriya interactions
(DMI) of spin-orbit-coupling (SOC) ori-
gin in the host material.*) For example,
Bloch-type skyrmions are mainly found
in chiral magnets that have broken inver-
sion symmetry in the crystal, such as B20
compounds and their thin films.>2] In
contrast, the interfaces in artificial het-
erostructures, or bulk crystals with broken
mirror symmetry, can stabilize Néel-type
skyrmions.3"771 Typically, each material
can only host one type of skyrmions, while the coexistence be-
tween multiple types of skyrmions in the same sample has only
been observed very recently.[”18]

Controlling and manipulating two or more distinct types
of skyrmions in a single system could enable new spintronic
phenomena and versatile applications, such as binary data
encoding.[719-22] Traditionally, binary encoding with skyrmions
has relied on modulating chirality. However, we propose a
novel approach where binary states are represented by distinct
skyrmion types, namely Néel type and Bloch-Néel hybrid type
(hereafter “hybrid”), providing an additional degree of freedom
for encoding information. This strategy is advantageous for sys-
tems where chirality is challenging to manipulate but type differ-
entiation is practical. For example, in racetrack memory devices,
Néel and hybrid skyrmions can serve as “0” and “1” states, respec-
tively, with detection achievable using their opposite skyrmion
Hall effects.[!®]

In this study, using Lorentz transmission electron microscopy
(L-TEM) we demonstrate the coexistence of Néel and hybrid
skyrmions at room temperature in MBE grown [Pt/Co/Cu] mul-
tilayers. Moreover, we show that by biasing a pulse current, it
is possible to modulate the stabilization of the skyrmion-type
phases. Further results highlight the role of thermal effects in
triggering the complex behavior of skyrmions. This contribu-
tion opens a new route for nucleating and manipulating multi-
ple types of skyrmions in inversion-symmetry broken magnetic
multilayer systems, which could enrich potential applications in
spintronic devices.
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2. Results

2.1. Coexistence of Distinct Skyrmions

[Pt/Co/Cu]s multilayer specimens are grown on an Al,0,(0001)
substrate with a Pt(111) buffer layer. High-angle annular dark
field (HAADF) and energy-dispersive X-ray (EDX) mapping tech-
niques are used to confirm the layer structure of the sam-
ples. In our previous work, 2! we have systematically stud-
ied the structural dependence of the magnetic properties of
[Pt/Co/Cu]s multilayers and established the presence of mag-
netic skyrmions in the samples showing zero-field magnetic mul-
tidomain states. In this work, we focus on the samples con-
sisting of five periods of Pt(0.4 nm)/Co(1.2 nm)/Cu(0.45 nm)
structures as a representative material in this family (Figure 1A;
Figure S1, Supporting Information). The magnetic hysteresis
loops, as shown in Figure 1B, reveal a dominant perpendicu-
lar magnetic anisotropy (PMA) in the magnetic phase evolu-
tion. Using L-TEM, a labyrinthine magnetic phase is observed
at zero magnetic field that decays into sparse stripes followed
by a skyrmion phase with increasing external magnetic field
strength (Figure 1C-i-iii). Removing the magnetic field after sat-
uration recovers the initial labyrinth state without an intermedi-
ate phase (Figure 1C-iii—v), as evidenced in the bump curve in
Figure 1B, suggesting a rapid shift from a polarized to a mul-
tidomain state. The sheared hysteresis loop suggests that the
transitions between magnetic states are contingent upon their
initial states, a phenomenon also reported in similar material
systems.[8:24-26]

Recent theoretical predictions suggest the possible existence of
room-temperature ferromagnet (FM)-/antiferromagnet (AFM)-
coupled skyrmions in Pt/Co/Z systems (Z = Pd, Cu, Ag, Au, Zn,
and Cd) due to PMA and interfacial DML®%”] Although a Néel-
type configuration is expected for an interfacial DMI system,
we observe the coexistence of both Néel and hybrid skyrmions
in Figure 1C-ii.[?8] Their magnetic signatures are distinguish-
able through contrast variations in L-TEM images under stronger
magnetic fields (Figure S2, Supporting Information), with line
profiles in Figure 1D indicating unique topological features and
uniform sizes of %100 nm.3?! In defocused L-TEM, skyrmions
comprising of Bloch character manifest along the electron beam
without sample tilting, forming closed loops in the projected in-
plane induction field that affect the electron beam convergence,
rendering them visible as phase objects. The opposite contrast of
the Bloch-type skyrmion-like textures suggests that their chiral-
ity can be of either sign. In contrast, Néel-type skyrmions, imper-
ceptible through direct phase contrast, are made visible by tilt-
ing the sample, which yields a contrast from the oppositely po-
larized field at their core and periphery. This results in a charac-
teristic dark and bright paired contrast in L-TEM images. The re-
constructed phase and magnetic induction maps from defocused
image series at a 14-degree tilt (Figure 1E) concur with simulated
phase images (Figure S7, Supporting Information), differentiat-
ing the Néel-type skyrmions by their combination of clockwise
and counterclockwise spin curls, and hybrid skyrmions by singu-
lar spin curls in the induction field map.*") These observations
align with our L-TEM simulation presented in Figure S7 (Sup-
porting Information), which is based on the subsequent micro-
magnetic simulation.
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The appearance of skyrmions with Bloch character in this
material system is rather surprising because of its microscopic
origin that remains an open question, since it is usually in-
duced by the Dresselhaus SOCI®! while some topologically sim-
ilar spin structures can be dipolar stabilized.[**132] One possi-
bility is the competition between the anisotropic symmetric ex-
change and antisymmetric exchange by considering both the
SOC and the spin-charge coupling, as predicted in a recent theo-
retical work.*3 On the other hand, recent theoretical studies have
shown that there might be no interfacial DMI at the Co/Cu inter-
face while the effective DMI is from the Pt/Co interface when
these two layers can be treated as independent (provided that
Co is thicker than 3 MLs).[?”3*] Since the Co/Cu/Pt system con-
sists of multilayers with specifically tailored magnetic properties,
small changes in the properties of individual layers have the po-
tential to affect the competition for exchange and DMI energy.
For example, skyrmion-like structures with opposite Bloch com-
ponents have been reported in Pd/Co bilayer systems, while no
Néel-type skyrmion has been reported.[®]

2.2. Current-Driven Stabilization of Distinct Skyrmion Phases

To study the stability of the skyrmions and their dynamics un-
der bias currents, the multilayer film is mounted on a commer-
cial biasing chip that is connected to an external bias system (see
Methods). To achieve electron transparency, the substrate is back-
thinned to avoid FIB beam damage to the active layers, as shown
in Figure 2A. A thickness gradient is created intentionally to pro-
duce a thermal gradient along the channel because aluminum
oxide is an insulator. Therefore, the thicker substrate will cool
down the [Pt/Co/Cul] layers faster by absorbing Joule heat gener-
ated by the bias current. The relative thickness of the substrate
can be observed by the relative change in the Al and Co EDX sig-
nals, as shown in Figure 2B.

Figure 2C shows the transition in the skyrmion phase within
the same region of the sample after two 100 ns pulses. Before
applying the current pulses, the initial state is a mixture of hy-
brid and Néel skyrmions at 100 mT, as discussed in Figure 1.
After a pulse of 2.6 x 10'" A m~2, some Néel-type skyrmions
nucleated in this region, while hybrid skyrmions still survived
and even a new particle-like magnetic texture was nucleated.
However, after a current pulse with a higher current density of
5.1 x 10" A m~2, most hybrid skyrmions are annihilated and re-
placed by Néel-type skyrmions. This phase change reflects a col-
lective reconstruction of the local magnetization texture rather
than a direct transformation of individual skyrmions. Due to the
substrate thickness gradient, as shown in Figure 2B, a dense state
of Néel-type skyrmions appears more prevalently in thinner sub-
strate regions, where the temperature is higher under the bias
current pulse. This trend is further confirmed by varying the bi-
asing current pulse width, as shown in Figure S3 (Supporting In-
formation). We find that at the same magnetic field, wide current
pulses lead to more nucleation events of skyrmions, suggesting
that the skyrmions are nucleated by thermal effect, which also
agrees with the previous studies.[2426:35-37]

The transition from a sparse hybrid skyrmion state to a dense
Néel skyrmion lattice state is reminiscent of a similar transi-
tion observed in Fe, ;GeTe, flakes, where Néel (Bloch) skyrmion
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Figure 1. Magnetic field dependence of magnetic phase transitions and coexistence of different types of skyrmions in a [Pt/Co/Cu]s multilayer at room
temperature. A) Schematic diagram of a typical cross-section of a multilayer thin film. B) Magnetic hysteresis loops measured with magneto-optical Kerr
effect (MOKE) along the in-plane and out-of-plane directions. C) L-TEM images of the same region under different magnetic fields, with magnetic fields
applied in the order shown in (B). Scale bar is 500 nm. D) Line profiles of different types of skyrmion observed in (C). E) The projected magnetic induction
field mapping of a coexistence of different types of skyrmions at 120 mT (see methods). The color and arrows indicate induction field components
perpendicular to the beam propagation direction.
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Figure 2. Thermal-driven phase transition of skyrmion states under biasing currents. A) Schematic of the device cross-section. B) Device configuration
from electron beam view, where the EDX mapping of Al and Co indicates a thickness gradient from the substrate side (Al,O;). C) Collective phase
transition of skyrmion states after applying 100 ns current pulses. The region transitions from a mixed Bloch- and Néel-type skyrmion phase to a Néel-
dominated phase, with increasing skyrmion density due to thermal effects. Red circles highlight Bloch-type skyrmions, while blue circles indicate areas of
transition to Néel-type. Note the substrate thickness gradient from top (thicker) to bottom (thinner), influencing local temperature. D) A single skyrmion

“on” and “off” after a biasing current of 150 ns at 2.5 x 10" Am~2.

lattices are observed for thinner (thicker) samples.?¥] In
Fe, ;GeTe,, the thickness-induced transition is explained by thin-
ner flakes having weaker dipolar interaction and therefore favor-
ing Néel skyrmion lattices. Meanwhile, the simulation results in
the same work exhibit a general trend of increased skyrmion den-
sity as PMA reduces. In our case, the current pulses heat up the
sample, causing the saturation magnetization M to reduce (see
Figure S11, Supporting Information for the M vs T curve). As a re-
sult, both dipolar interaction and PMA are expected to reduce.!*!
This makes the high-density Néel skyrmion lattice state more en-
ergetically favorable over the sparse Bloch skyrmion state. Such a
picture is further evidenced by increasing the temperature of the
film by DC current, which stabilizes the Néel-type skyrmion in
a dense state (Figure S12, Supporting Information). Meanwhile,
hybrid skyrmions are also present when DC current is applied
(Figure S13, Supporting Information), and the transition occurs

Adv. Mater. 2026, 38, 14228 e14228 (4 of 9)

only when stimulated by a short current pulse. This can be ex-
plained by the existence of an energy barrier between the sparse
hybrid skyrmion state and the dense Néel skyrmion lattice state.
Application of pulsed current overcomes this energy barrier and
brings the system to the more energetically favorable state.
Here, we note that the explanation above does not exclude
other possible mechanisms, like spin transfer and/or spin-orbit
torque. Moreover, local structural properties should also play a
role in the nucleation of skyrmions in this multilayer material
system (Text S2, Figure S8-S10, Supporting Information). As
shown in Figure 2D and Movie S1 (Supporting Information), a
single Néel-type skyrmion is stimulated to nucleate by a current
pulse of 150 ns and then stabilizes (“on”) for a few seconds before
annihilating (“off”). This switching of the “on” and “off” states
can be controlled by short current pulses. More importantly,
the observation that skyrmion is pinned at a specific location
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Figure 3. Magnetic phase diagram of current density and magnetic field dependence. Increasing bias currents are applied to the magnetic phases at
different magnetic fields with a current pulse width of 100 ns. The various magnetic phases are distinguished by different colors, as shown on the right.
For consistency, the magnetic phases are initialized to zero field after the hysteresis loop, before applying the increased current pulse.

suggests the role of bias pulse currents and local inhomogeneous
coupling, while the underlying mechanisms need to be studied
more systematically in combination with multiple characteriza-
tion techniques and microelectromagnetic simulations.

2.3. Biasing the Current Stabilized Magnetic Phase Diagram

Our results enable the construction of the current-dependent
magnetic phase diagram of the material system (Figure 3). Start-
ing from a labyrinthine state at zero magnetic field (after a de-
magnetization process), the magnetic field is then raised to a spe-
cific range before a short current pulse of 100 ns is applied. At low
magnetic fields, the labyrinth phase stabilizes until it undergoes
a transition to a parallel stripe shape at a current pulse density
greater than ~2.4 x 10! A m~2. Figure S14 (Supporting Infor-
mation) shows an example of the transition from the labyrinth
phase to the parallel stripe phase. The stripes are Néel-type be-
cause they are only observed when the sample is tilted, as dis-
cussed in Figure 1, while the labyrinth phase should be a mix-
ture of Néel- and Bloch-type magnetic domains in nature. It is
also observed that the stripe phase is parallel to the current di-
rection, suggesting a possible role of spin transfer and/or spin-
orbit torque in addition to the thermal effect caused by the bias
current. Increasing the magnetic field, the labyrinth transforms
into a sparse skyrmion phase when the bias current is low, while
short bias current pulses can help stabilize the dense skyrmion
phase, which has been reported to be more energetically advan-
tageous than the sparse skyrmion phase in a moderate magnetic
field range.[**] Since there is no existence of stripe domains at the
initial status of the spare skyrmion phase and no unidirectional

Adv. Mater. 2026, 38, ¢14228 €14228 (5 of 9)

motion of skyrmion is observed, the additional skyrmions should
be thermally nucleated as a consequence of the biasing current
pulse.l*]

2.4. Micromagnetic Simulations

To understand the coexistence of Néel skyrmions and hybrid
skyrmions in Pt/Co/Cu multilayers, we perform micromagnetic
simulations using MuMax3(“!! (see Experimental Section). Start-
ing from a Néel skyrmion with ~75 nm diameter as the initial
state, the system relaxes into a Néel skyrmion state (Figure 4A).
This is better visualized by the x-component of magnetization m,,
as shown in the right panel of Figure 4A. The m, features a pos-
itive lobe on the left side and a negative lobe on the right side,
which is expected for Néel skyrmions. In contrast, if the system
relaxes from a Bloch skyrmion with ~75 nm diameter as the ini-
tial state, the final state will be a Néel-Bloch hybrid state (hereafter
“hybrid skyrmion”) displayed in Figure 4B. The m, shows a max-
imum at the top but slightly toward left, while the minimum of
m, shows up at the bottom but slightly toward right, as shown in
the right panel of Figure 4B. This indicates that this hybrid state
is closer to a Bloch skyrmion but still comprises Néel characters.
For both Néel and hybrid skyrmions, there is no variation in mag-
netization textures from the top layer to the bottom layer of Co,
due to the exchange interaction between neighboring Co layers.
The Néel skyrmion has a slightly lower total energy (—3.73 k] m~3
referenced to an out-of-plane magnetized state) than the hy-
brid skyrmion (—3.71 k] m~>), and the energy barrier between
these two states is estimated to be below —0.07 k] m~3 (see
Text S1 and Figure S6, Supporting Information). This value is
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Figure 4. Micromagnetic simulation of skyrmions in [Pt/Co/Cu] multilayers. A,B) Simulations with interlayer exchange coupling turned on. A) The final
state relaxed from a Néel skyrmion to the initial state. B) The final state relaxed from a Bloch skyrmion as the initial state. The left panels of (A) and (B)
show all three components of magnetization, while the right panels only show the x-component of magnetization. The insect of (B) shows the color map,
which represents the in-plane component of magnetization directions. C) Domain wall angle (y) dependence of the total energy with Ey/Eg = 3 (top),
4 (middle), and 5 (bottom), respectively. The black dashed line is the guide to the eye. D) Total energy (top), DMI energy (middle), and demagnetization
energy (bottom) of the ansatz series with different domain wall angle . The solid lines are the fitting results with — sin y and — cos 2y, respectively. The
energies are referenced to an out-of-plane magnetized state and are normalized to the volume of the system. E,F) Simulations with interlayer exchange
coupling turned off. (E) is relaxed from a Néel skyrmion while (F) is relaxed from a Bloch skyrmion.

comparable to previously reported simulations of the energy
differences between distinct spin textures at their local energy
minima.[?!

The coexistence of Néel skyrmions and hybrid skyrmions can
be understood using a phenomenological model as follows. The
skyrmions stabilized in our simulations can be viewed as “mag-
netic domain wall skyrmions,”**lwhich have an inverted mag-
netic domain in the center surrounded by a chiral domain wall
whose width is much smaller than the diameter of the inverted
domain. Therefore, we use the following domain wall profile as
an ansatz,[“>*3] expressed in cylindrical coordinates with the ori-
gin at the skyrmion center:

_sim,//cosh<ﬂ) My, = cosw/cosh(%),

3
I

3
[

X tanh(r;q> 1)

where y is the “domain wall angle” defined with respect to the
tangential direction (see Figure S4, Supporting Information), A
is the domain wall width, q is the diameter of the skyrmion, and r
is the distance to the center of the skyrmion. The introduction of
the “domain wall angle” y allows one to quantify the mixing ratio
between Bloch skyrmions and Néel skyrmions, where w = 0 or
7z corresponds to Bloch skyrmions, and y = £ or 2 correspond
to Néel skyrmions with opposite chirality, respectively. Fitting the
linecut profiles of the Néel (hybrid) skyrmion yields the skyrmion
radius and domain wall width of 54.8 nm (52.7 nm) and 6.2 nm
(7.4 nm), respectively (see Figure S5, Supporting Information).
Stabilization of the skyrmion is the outcome of competition
between multiple energy terms, including magnetic anisotropy,
Zeeman energy, exchange interaction, DMI, and demagnetiza-
tion energy, etc. We first consider the y dependence of the to-
tal energy on the lowest order. The energy term favoring Bloch
skyrmions (labeled as Ej) should have the — cos 2y dependence
to have minima at 0 or z. Similarly, the energy term favoring Néel

Adv. Mater. 2026, 38, ¢14228 €14228 (6 of 9)

skyrmions (labeled as Ey) should follow — sin y, which has its
minima aty = ’2—” . Therefore, the total energy can be written as:

E, —Epcos2y — Eysiny (2)

otal =

Phenomenologically, whether Néel or hybrid skyrmion being
the ground states depends on the competition between E, and
Ey. When Ey > 4E;, the total energy has a single minimal at
y = 2, which corresponds to a Néel skyrmion state (Figure 4C,
bottom). On the other hand, when Ey < 4Ej, the total energy
has two minima symmetric about y = 7, which corresponds
to a hybrid skyrmion state (Figure 4C, top). In between these
two cases, a critical point occurs at Ey, = 4E,, where the en-
ergy barely varies within a wide range around y = 7 (Figure 4C,
middle). Our system is likely to fall around this critical point,
where Néel skyrmions and hybrid skyrmions are close in
energy.

To verify the aforementioned hypothesis, we initialize a se-
ries of domain wall skyrmions ansatzes with domain wall angles
varying from 0 to 2x. The radius and domain wall width are set
to be 53.8 and 6.8 nm, respectively, which are the average val-
ues of the Néel and hybrid skyrmions. By examining the y de-
pendence of individual energy terms, we find that the DMI en-
ergy follows the sin y relationship while the demagnetization en-
ergy shows a cos 2y relationship with a constant background, as
shown in Figure 4D. All other energy terms (magnetic anisotropy,
exchange interaction, and Zeeman energy) do not show any y
dependence. This establishes the competition between DMI and
demagnetization energy as the primary driving factor for the co-
existence between Néel and hybrid skyrmions. By fitting the y-
dependent components of DMI and demagnetization energies,
we are able to obtain Ey (Ep) of 7.19 k] m~3 (2.08 k] m~3). The ra-
tio i—’; = 3.4 indicates that this ansatz series is indeed close to the

critical point, with a hybrid skyrmion being the ground state (see
Figure 4D). The Néel skyrmion is only 0.07 k] m~ less energeti-
cally favorable than the hybrid skyrmion. In particular, the hybrid
skyrmion as the ground state reflects the intrinsic tendency of the
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Table 1. Comparison between Néel and hybrid skyrmions. All energy density € terms are referenced to an out-of-plane magnetized state and are normal-

ized by the volume of the system.

Radius q [nm] DW width A Epmi €demag [ m~’] Eani Eexch €Zeeman Eiotal | M)
[nm] U m=] Im=] m7 Im7
Néel 54.8 6.2 -73.63 —351.22 254.55 42.17 90.88 —37.26
Hybrid 52.7 7.4 —48.69 —370.07 265.13 31.96 84.60 —37.07
Engel = - - —24.94 18.85 —10.58 10.21 6.27 —0.19

EHybrid

system to form a vortex state in order to minimize depolarization
energy, even in the absence of DML[*+#]

While the lowest-order phenomenological theory suggests that
the system is close to the critical point, it only allows one type
of skyrmion to become the local energy minima. Also, calcu-
lation results from the ansatz series imply hybrid state being
the energy minima, contradicting our simulation results that the
Néel skyrmion is slightly energetically favorable than the hybrid
skyrmion. To solve this paradox, we closely examine individual
energy terms summarized in Table 1. In addition to the DMI
energy, we find that the magnetic anisotropy also contributes to
the stabilization of the Néel skyrmion. This is attributed to the
smaller domain wall width of the Néel skyrmion, which leads to
less in-plane component of spins. The smaller domain wall width
of the Néel skyrmion can be understood by considering the ana-
lytical solution of the domain wall width:[*]

A= [—A ()
K, — Su,MiN

where A is exchange stiffness, K, is the uniaxial anisotropy,
and the factor N is related to the demagnetization effects.
Since the demagnetization energy is reduced for the Néel
skyrmion, the effective anisotropy K, — % HoMEN is expected
to increase. Therefore, the domain wall width for the Néel
skyrmion becomes smaller, which in turn reduces the anisotropy
energy and contributes to the E, term in Equation (2). This
mechanism may add higher-order terms to Equation (2),
enabling the presence of one additional local energy min-
ima at y =7 which corresponds to the Néel skyrmion
state.

Interlayer exchange coupling between neighboring Co lay-
ers also plays an important role in stabilizing both types of
skyrmions. Figure 4E,F display the simulation results with inter-
layer exchange coupling turned off, i.e., the neighboring Co lay-
ers are only coupled through magnetic dipolar interaction. When
a Néel skyrmion is used as the initial state, the final state re-
mains a Néel-type skyrmion in each Co layer (Figure 4E), with
the width of the “domain wall” region becoming wider from bot-
tom to top. The skyrmion has the same chirality through all
five layers, i.e., the spins tumble outward. On the other hand,
when the system is relaxed from a Bloch skyrmion, the final
state is a “twisted” skyrmion (Figure 4F), where a Néel skyrmion
in the bottom layer evolves into a hybrid skyrmion in the sec-
ond from bottom layer and then evolves into a Néel skyrmion
with opposite chirality for the top three layers. A similar sim-
ulation result has also been reported by Lemesh et al.*}] The
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reason for twisted skyrmion formation is that twisting the do-
main wall from Néel-type to Bloch-type, then to Néel-type with
opposite chirality, helps to minimize the demagnetizing energy.
Meanwhile, the introduction of DMI breaks the symmetry of the
Néel-type walls with opposite chirality, and thus shifts the Bloch
layer up and down. Here, we note that the strength of the inter-
layer exchange interaction is set to be 10% of the intralayer ex-
change coupling, and it only couples the neighboring Co layers.
Therefore, the energy scale of interlayer exchange interaction is
estimated to be less than 5% of the total exchange interaction,
and one or two orders of magnitude smaller than other energy
scales. However, our simulation suggests that such a small en-
ergy scale is crucial in maintaining the same skyrmion profile
across the entire sample and therefore cannot be ignored when
considering the interactions that stabilize both Néel and hybrid
skyrmions.

3. Conclusion

In this study, we have successfully shown that both hybrid and
Néel-type skyrmions can coexist in metallic multilayer systems.
The application of short bias currents enabled us to observe
real-time, location-specific transitions between these skyrmion
types. While direct transformations of individual skyrmions have
not been observed, these transitions can be attributed to var-
ious factors, including local structural variations, thermal ef-
fects induced by the biasing current, and influences of spin-
transfer and orbital torque. This approach highlights the role
of thermal gradients and local non-uniformities in manipulat-
ing skyrmion behavior. Our findings provide a pathway for us-
ing skyrmion types as binary states in data encoding applications.
By selectively stabilizing hybrid or Néel-type skyrmions through
controlled current pulses, we introduce an additional degree
of freedom for information storage, moving beyond chirality-
based schemes. This capability expands the potential for multi-
type skyrmion platforms in spintronic devices (see Figure S15,
Supporting Information for a proposed device scheme). Further-
more, our work uncovers an expansive magnetic phase space and
shed lights on competing energy scales in stabilizing skyrmions
in a multilayer system. These findings may serve as guidelines
for designing skyrmion materials in the future and facilitate un-
precedented control over skyrmion behavior through the ma-
nipulation of variables such as layer thickness, structural pe-
riodicity, and current parameters. Collectively, this work opens
novel pathways for the theoretical and empirical investigation of
skyrmions and lays the groundwork for future advancements in
skyrmionics.

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

d ‘¥ 90T S60Y1TST

| Wody papeoy;

:sdy) SUONIPUOY pue SULId I 31 338 [9Z0T/F0/60] U0 AIe1qIT AUHUQ A “SOLIBIQIT ANSIOATUN) ANSIDAIUN IS OO Aq 8TTH1STOT BWPE/ZO0T (1 /10p/w0d Ad[imAreiqr[aut

Ko

50O SuoWWIO)) 2ATEaI) [qEatdde o Aq POUISAGS AIE SS[OTIE YO O8N JO Sa[nI 10 ATeIqIT AUIUQ) KB[1A UO (


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

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

4. Experimental Section

Sample Preparation: [Pt/Co/Cu]s multilayer specimens are epitaxy
grown on Al, 05 (0001) substrate with Pt(111) buffer layer using MBE. Prior
to the growth of multilayers, a 5 nm epitaxial Pt(111) buffer layer is grown
on the Al,05(0001) substrate by depositing a 0.7 nm nucleation layer at
T = 450 9C, then depositing a 4.3 nm continuation layer while naturally
cooling down from T = 140 °C. The Pt(111) buffer layer is subsequently
annealed at T = 300 °C for 10 min to improve the crystallinity, then cooled
down to room temperature. The Pt/Co/Cu multilayers are then epitaxially
grown on top of Pt(111) buffer layer at room temperature by sequentially
opening the computer-controlled shutters in front of Co, Cu, and Pt evapo-
ration cells. The growth rate of the individual layer is measured by a quartz
crystal monitor before the growth. A 5 nm CaF, capping layer is used to
prevent the sample from oxidation. The detailed structural and magnetic
characterizations of [Pt/Co/Cu] multilayers are presented in our previous
work.[23]

HAADF scanning (S)TEM imaging and EDX analysis are performed to
characterize the structure and quality of the films in cross-section speci-
mens using a probe-corrected Themis Z S/TEM at 300 kV, equipped with
a Super-X detector. Cross-section samples are prepared using a focused
ion beam (FIB) instrument. Plan view (PV) specimens to study magnetic
phases, skyrmion type and transition, and pinning effects are prepared
from the cleaving edge of the specimens, also using FIB. To conduct bi-
asing experiments, PV specimens are mounted and directly thinned on
biasing nano-chips compatible with an in situ TEM holder (DENS wild-
fire/lightning). STEM-EDX analysis from PV specimens is performed us-
ing an image-corrected Titan 60-300 S/TEM at 300 kV, equipped with a
Super-X detector.

Magnetic Imaging: Magnetic imaging is conducted using the Fresnel
mode of Lorentz imaging in an image-corrected Titan 60-300 S/TEM at
300 kV. The objective lens of the microscope is adjusted to modify the
magnetic field conditions at the sample position. The technique utilizes
large defocus values, typically in the range of hundreds of micrometers
to 1 mm, to reveal the contrast of magnetic domain walls in the intensity
distribution. The presence of a rotating magnetic field in Bloch-type and
Néel-type skyrmions results in a variation in intensity, depending on the
helicity and sign of the defocus. To image Néel-type magnetic structures,
tilt angles of samples are applied in a range of 15-25 degree. In addition,
the background subtraction method is implemented to provide a quali-
tative image of the weak magnetic phase contrast and remove unwanted
background signal, following reference.['!] Projected magnetic induction
field maps are reconstructed from defocus series images of 500 um at 14
degree tilt using an open-sourced script based on the transport of intensity
equation.[47]

Micromagnetic  Simulations: Micromagnetic simulations are per-
formed on a slab consisting of 256x256x48 cells using MuMax3.[*1 The
size of each cell is 2 x 2 x 0.2 nm3, and each layer in the vertical direc-
tion represents one atomic layer. The micromagnetic parameters used are
saturation magnetization of Co M, = 1.4 x 10 kA m~7, saturation mag-
netization of Pt Mp, = 1.7 X 10> kA m~', intralayer exchange stiffness A.,
= 25 p) m~', uniaxial anisotropy K, = 1.6 m] m~2, and interfacial DMI
value D = 2.15 m) m~2. The strength of the interlayer exchange interac-
tion between neighboring Co layers is set to 10% of the intralayer exchange
coupling within a single Co layer. The selection of these values has been
justified in our previous work.[3] Using these parameters, we are able to
reproduce the major magnetic properties of Pt/Co/Cu multilayers, includ-
ing out-of-plane single domain to multidomain transition at zero field with
increasing number of periods N, the width of magnetic stripe domains at
zero field, and the size of skyrmions. The applied field in our micromag-
netic simulation is kept at 100 mT along the out-of-plane direction. Runge-
Kutta solvers of orders two and three (rk23) are used in all our simulations.

The L-TEM simulation for skyrmions is conducted on the micromag-
netic simulation at various tilt angles using PyLorentz.[4®]

In Situ Setting: In situ magnetic fields or/and biasing are applied to
[Pt/Co/Cu]s magnetic multilayer specimens using L-TEM mode and a
DENS wildfire/lightning holder. We have implemented a high-frequency
circuit with the existing DENS sample holder. The sample holder itself is
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not designed for a high-frequency application. However, we have utilized
the low-frequency wires coming from the sample space (%2 m long) in a
particular combination so that the hot lead stays close to the ground lead.
The sample holder ends with a LEMO connector. We prepared a LEMO
to SMA/BNC adapter to connect to the high voltage pulser (Berkeley Nu-
cleonics, Model 577) and the oscilloscope (Tektronix, TDS 3054B). A rep-
resentative transmitted voltage pulse is shown in Figure S16 (Supporting
Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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