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Magnetic skyrmions are topologically wound nanoscale textures of spins. Demonstrations of their room tem-
perature stability and electrical manipulation in industry-friendly multilayer films have led to an explosion of
research activities. However, several fundamental issues concerning multilayer skyrmions — including their do-
main wall structure, thermodynamic stability, formation mechanism, and crucially their distinction from well-
studied “magnetic bubbles” — remain highly debated and experimentally unaddressed to date. Here we eluci-
date these skyrmion characteristics on a tunable multilayer platform — wherein the chiral interactions governing
spin texture energetics can be varied over a wide range — using a combination of full-field electron and soft X-ray
microscopies with numerical simulations. With increasing chiral interactions, we demonstrate the emergence of
Néel helicity, followed by a transition from bubble to compact skyrmion character, and a change in the skyrmion
formation mechanism. Together with our analytical model, these experiments establish a comprehensive micro-
scopic framework for investigating and tailoring skyrmion character in multilayer films.

A.INTRODUCTION

Al. Seminal advances in tailoring interfacial interac-
tions in thin magnetic films have led to the room tem-
perature (RT) stabilization of nanoscale spin textures
— most notably magnetic skyrmions!™. In light of
past efforts on magnetic bubbles and domain walls
(DWs)>8, the excitement around magnetic skyrmions
stems largely from three distinguishing characteris-
tics. First, skyrmions possess non-trivial topology,
which arises from material-specific chiral winding of
spins around the centre — known as helicity — and en-
ables electrical detection’. Second, they remain sta-
ble at sizes down to 2 nm!%!: a crucial attribute
for ever-shrinking memory devices'?4. Finally, they
can be electrically created from uniform or stripe do-
main states'®8: attractive for logic and computing
applications’®2!. While multilayer films offer a plat-
form ripe for tailoring skyrmions at RT*?2, a micro-
scopic framework elucidating the emergence of these
key skyrmionic attributes remains to be established.

A2. Much of the character of chiral magnetic tex-
tures can be related to a single material parame-
ter, k« = nD/4y/AKs. Here D is the interfacial
Dzyaloshinskii-Moriya interaction (DMI), which sets
the DW chirality?>?4, A is the exchange stiffness and
Kef is the effective uniaxial anisotropy>28. Notably, x
is non-zero only for fixed DW chirality (D > 0). More-
over, its magnitude characterizes DW stability relative
to the uniform state, as the denominator (4/AKegf) rep-
resents the energy cost, and numerator (7tD) the en-

ergy saved in chiral DW formation??8. As x demar-
cates the DMI-dominated regime (x > 1) from that
governed by magnetostatic interactions (x < 1), it is
expected to dictate the formation, extent and stability
of skyrmions?%27/2%.

A3. Aspects of skyrmion character have been indi-
vidually explored in multilayer films using dedicated
imaging techniques, prompting some debate. First,
while some reports confirm their Néel helicity*>°, oth-
ers have reported a considerable Bloch component
with a layer- and material-dependent magnitude®32.
Meanwhile, investigations of size and stability evo-
lution have thus far been limited to two contrast-
ing regimes due to material constraints. On one
hand, the x > 1 (high DMI) regime has been ex-
plored in epitaxial films at low temperatures, and
yields small skyrmions!??833. Meanwhile, sputtered
films are typically in the x < 1 (low DMI) regime,
wherein the field evolution of skyrmions is reminis-
cent of magnetic bubbles!1>. Theoretical efforts to
bridge these two regimes have prompted a polarising
debate on “skyrmions vs. bubbles” — i.e. whether
these regimes represent fundamentally distinct mag-
netic entities?34#%°.  An experimental resolution to
these issues is challenging, as it requires both an inte-
grated imaging approach and a tunable material plat-
form.

A4. Here we elucidate the evolution of these debated
skyrmion characteristics over a wide range of x« on
a tunable Co/Pt-based multilayer platform. Com-
bining the use of Lorentz transmission electron mi-



croscopy (L-TEM) and magnetic transmission soft X-
ray microscopy (MTXM) allows us to probe comple-
mentary textural characteristics that are verified by
simulations. We establish — with increasing x — the
emergence of Néel helicity, transition from bubble to
compact skyrmion character, and a change in skyrmion
formation mechanism. In conjunction with an ana-
lytical model, these results provide an experimentally
driven microscopic framework for tailoring skyrmion
character in multilayer films.

B. HELICITY EVOLUTION

B1. Our work is performed at RT using Co/Pt-based
multilayer stacks with out-of-plane (OP) anisotropy,
which are established hosts of magnetic textures®.
While symmetric Co/Pt stacks have negligible DMI,
asymmetric stacks, such as (Ir or Ta)/Co/Pt can have
sizable interfacial DMI (D > 1 mJ/m?) - relevant to
chiral magnetic textures'37. The inclusion of Fe —
as in Ir/Fe/Co/Pt stacks — enhances the DMI, while
D and K¢ can be smoothly modulated by the Fe and
Co thicknesses*. Here we study four samples each
comprising 1 nm thick FM layers — identified by their
Fe(x)/Co(y) composition (Ibl. I, thickness in angstroms
in parentheses) — wherein the active stack repeated
14 times to optimize full-field microscopic contrast.
Interfacial interactions are progressively introduced
and quantified using established techniques!?*, with
Degt varying over 0 — 2 m]J/ m? and K over 0.08 —
0.70 MJ/m?® (Methods, SM1). Consequently, « varies
over 0 — 1.5, and provides the requisite range for map-
ping magnetic texture evolution.

B2. The introduction of interfacial DMI should lead to
a measurable change in DW helicity”?®. L-TEM imag-
ing — wherein contrast results from the magnetization
curl parallel to the electron beam —is particularly sensi-
tive to such changes. For normal beam incidence (zero
tilt), a pair of homochiral Bloch DWs should express
symmetric contrast about their centre, while Néel DWs
should exhibit no contrast as their curl is perpendicu-
lar to the beam®. Meanwhile, the positions of Néel
DWs can be deduced by tilting the sample (Fig. 1a),

Acronym Stack Composition Kegf Dest «
SCo(10) [Pt(10)/Co(10)/Pt(10)]14 068 0 O
Fe(0)/Co(10) [Ir(10)/Co(10)/Pt(10)]14 047 13 0.3
Fe(2)/Co(8) [Ir(10)/Fe(2)/Co(8)/Pt(10)]14 0.22 1.8 0.9
Fe(3)/Co(7) [Ir(10)/Fe(3)/Co(7)/Pt(10)]14 0.08 2.0 1.5

Table I. Sample Compositions. List of multilayer sam-
ples used in this work, with layer thickness in angstroms
in parentheses (see Methods, SM1 for full stack details).
Corresponding magnetic properties — estimated DMI Dest
(mJ/m?), effective anisotropy Keg (MJ/ m?) and the stabil-
ity parameter, x (dimensionless) — are listed. The samples are
henceforth referred to by their acronym (left column).

whereupon antisymmetric contrast of the domains can
be observed®. To visualize this evolution, we per-
form tilt-dependent L-TEM imaging with samples de-
posited on 20 nm SiO, membranes (see Methods). For
ease of analysis, we use OP magnetic fields (o H) large
enough to ensure adjacency of pairs of DWs. Artefacts
due to granularity and membrane waviness are miti-
gated using a recipe that extracts ~1,000 linecuts across
domains imaged over a 5 ym field-of-view (see SM2).

B3. Fig. 1 shows stark differences in tilt-dependent
L-TEM results for SCo(10) and Fe(0)/Co(10). First,
SCo(10) (Dest = 0, k =~ 0) shows strong, symmetric con-
trast at zero tilt (a), with a small antisymmetric com-
ponent at finite tilt (Fig. 1b,c). This is consistent with
Bloch DWs expected for symmetric stacks**#2. Mi-
cromagnetic simulations performed with SCo(10) pa-
rameters (see Methods) suggest that the Bloch DWs
are achiral, i.e. lack fixed handedness (see SM4). In
comparison, Fe(0)/Co(10) (Dest ~ 1.3 mJ/m?, x ~ 0.3)
shows no contrast at zero tilt (Fig. 1d). Contrast at fi-
nite tilt is consistently antisymmetric — and whose am-
plitude increases with tilt angle (Fig. 1le,f) — consistent
with Néel DWs. The absence of measurable symmet-
ric contrast in Fig. 1d-f suggests that any Bloch com-
ponent — e.g. due to layer-dependent chirality®3? —
is too small to be detectable??. Micromagnetic simula-
tions for Fe(0)/Co(10) also reflect the limited influence
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FIG. 1. DW Helicity from Tilt-Dependent L-TEM Imag-

ing. (a) Schematic cross-section of L-TEM imaging geome-
try with sample tilted at angle « with respect to normal in-
cidence of the electron beam. (b-e) Representative L-TEM
images (scale bar: 0.5 ym) acquired on samples SCo(10) (a-b)
and Fe(0)/Co(10) (c-d) at poH = 90 and 100 mT respectively
for sample tilts « = 0° (a, ¢) and &« = 15° (b, d). (f-g) Av-
erage cross-sectional linecuts across domains detected in L-
TEM images of 5Co(10) (f) and Fe(0)/Co(10) (g), with tilt an-
gle o systematically varied over £20°. Each curve represents
the average of ~ 1,000 linecuts extracted from domains im-
aged over a 5 um field-of-view using an automated recipe.
Dashed vertical lines are expected to be equidistant from the
pair of DWs defining the domain.



of such layer dependent variations, which are further
suppressed if a moderate degree of interlayer coupling
is included (see SM4). Finally, similar experiments on
the x 2 1 samples produce results fully consistent with
Fe(0)/Co(10) (see SM3). Overall, our results indicate
that chiral interactions in the x ~ 0.3 sample are suffi-
ciently large to transform achiral Bloch textures (x ~ 0)
to homochiral Néel textures.

C. COMPRESSIBILITY EVOLUTION

C1. Having established DW helicity evolution, we turn
to domain characteristics — which evolve with OP field
in addition to magnetic interactions>*. Both stripe
and skyrmion domains can be collectively character-
ized by a single length scale, W, defined as domain
width of stripes ~ diameter of skyrmions. Notably,
the field-induced variation of W, or dW/dH — termed
as domain compressibility*> — should also evolve with
k4274 MTXM imaging — wherein dichroic contrast
is proportional to local OP magnetization®® — is well-
suited to measure W. Therefore, we performed MTXM
imaging with varying OP field using samples de-
posited on Si3Ns membranes, complemented by mi-
cromagnetic simulations of hysteresis loops (see Meth-
ods). W was determined as an averaged quantity over
the full field-of-view using an automated recipe to mit-
igate granularity effects (see SM2).

C2. Fig. 2 shows MTXM (a-d, i, k) and simulation re-
sults (e-g, j, 1) of W(H) across samples and presents
a striking evolution of behaviour as x is varied. On
one hand, for k¥ < 1 - illustrated for Fe(0)/Co(10)
(x ~ 0.3, Fig. 2a-b,i, k) — W shrinks rapidly with field
((dW/dH) ~ 0.5 yum/T, Fig. 2k). Such highly com-
pressible behaviour is well reproduced by simulations
(Fig. 2e-f), and consistent with the field evolution of
“bubble” skyrmions'. Moreover, the W(H) trend of
chiral Néel textures (Fe(0)/Co(10)) is remarkably sim-
ilar to achiral Bloch textures (°Co(10), Fig. 2h-i). This
suggests that for x < 1, domain compressibility is
largely independent of DW helicity. On the other hand,
for x 2 1 — shown for Fe(2)/Co(8) (x ~ 0.9, Fig. 2c-d i)
— the W(H) variation is much reduced ((dW/dH) ~
0.1 um/T, Fig. 21). Similarly rigid, or incompressible
behaviour, is seen for Fe(3)/Co(10) (xk ~ 1.5), albeit
at reduced W, and in analyses of L-TEM images (See
SM3). Such incompressibility contrasts sharply with
the high compressibility for Fe(0)/Co(10) — despite the
helicity, or topology, of the textures being nominally
identical. Finally, simulated trends for x 2 1 are also
in line with these results (Fig. 2g-h,j 1), suggesting that
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it may be understood within a micromagnetic energy
framework.

C3. To elucidate the compressibility evolution, we use
an analytical model of 1D periodic domains within an
infinite magnetic slab of thickness ¢, domain period A,
and DW width A (Figure 3a). The total energy density
is given by
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FIG. 2. Domain Width Field Evolution: MTXM Imag-
ing and Simulations. (a-d) MTXM images of samples
Fe(0)/Co(10) (x ~ 0.3: a-b) and Fe(2)/Co(8) (x ~ 0.9, c-d)
— showing domain evolution from near-zero (a,c) to near-
saturation (b, d) fields. (scalebar: 0.5 ym) (e-h) Simulated
magnetization images for magnetic parameters consistent
with Fe(0)/Co(10) (e-f) and Fe(2)/Co(8) (g-h) — showing the
corresponding evolution from zero (e, g) to higher fields (f,
h). (i-j) Average minority polarisation domain width, W(H),
with varying magnetic field from MTXM experiments (i) and
simulations (j) on all four samples studied in this work. Each
W(H) data point is a full field-of-view average determined
using an automated recipe (See SM2). Solid and open sym-
bols represent magnetization in the negative and positive
vertical direction, respectively, and they cross over at the co-
ercive field. Solid lines are guides to the eye. (k-1) Magnitude
of compressibility, ({W/dH), for the four samples from ex-
periments (k) and simulations (j), obtained by extracting the
average gradient from (i) and (j) respectively for yoH > 0.
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where the magnetostatic energy densities due to surface (g; ;) and volume charges (g ) are:
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FIG. 3. 1D Model for Domain Compressibility Evolution.
(a) Schematic of the simplified analytical model of 1D peri-
odic domains used to interpret the domain compressibility
results. Minority domains of wall width A, total width W,
and period A are considered in an infinitely long magnetic
slab of thickness t and breadth 2 ym. (b-c) Field evolution of
domain width, W(H) (b, c.f. Fig. 2h-i) and domain period,
A(H) (c), obtained from the model (details in text) for mag-
netic parameters consistent with the samples studied in this
work. Arrows in (c) mark the saturation field, Hg, predicted
by the model.

C4. The field evolution of W and A (Fig. 3b-c) are ob-
tained by numerically minimizing eyt with respect to
A, W, and A. Notably the 1D model reproduces x
dependence of compressibility noted in experiments
(Fig. 2i) and simulations (Fig. 2j): domains are highly
compressible for ¥ < 1, and relatively incompressible
for ¥ 2 1. Furthermore, it offers a physical explana-
tion the compressibility evolution when viewed in con-
junction with A(H). Within the 1D model, A(H) is in-
dicative of the saturation field, Hg (arrows in Fig. 3c),
and the domain density. For x 2> 1, wherein Hg is
higher (see SM1), domain nucleation occurs just be-
low Hg with smaller size (Fig. 3b) and greater prox-
imity (Fig. 3c). The latter ensures mutual confinement
of domains, limiting the expansion of W with reduc-
ing H. Therefore, as H is increased from zero, x 2 1
domains have limited latitude for compression, and
W(H) is nearly constant — expectedly near the lower
cut-off (W ~ A). The converse argument holds for
x < 1 domains, which explains their highly compress-
ible W(H) behaviour.

C5. The direct experimental accessibility and consis-
tency with our simulations and 1D model provides

sification has been theoretically explored for isolated
skyrmion529f35, our work and provides a firm experi-
mental footing for this yardstick.

D. SKYRMION FORMATION MECHANISM

D1. While skyrmions are known to emerge from
stripes with increasing field, the transition may involve
one or more mechanisms or paths. Notably, x, which
determines DW stability, is also expected to affect this
stripe to skyrmion transition. First, we visually exam-
ine the x-variation of this transition by tracking the
simulated field evolution of a prototypical magnetic
stripe (details in SM4). We see for x ~ 0.9 (Fig. 4a)
that the stripe shrinks smoothly with field, and even-
tually turns into a single skyrmion. Meanwhile, for
x ~ 1.5 (Fig. 4b), the stripe, abruptly fissions into 4
distinct skyrmions at a characteristic field*. These
two mechanisms should result in contrasting textural
field evolutions that should be detectable in our exper-
iments. Therefore, we statistically examine the field
evolution of stripes and skyrmions - distinguished in
images by their circularity (See SM2). Here, we choose
L-TEM imaging, as it enables a clearer distinction be-
tween skyrmions and stripes (See SM2).

D2. Fig. 4c-f present the field evolution of densities of
skyrmions (ng) and stripes (ng) from L-TEM and sim-
ulations for samples Fe(2)/Co(8) and Fe(3)/Co(7). For
each case, highlighted regions at intermediate fields —
spanning from ng peak to ng peak — indicate stripe-to-
skyrmion transitions, and exhibit contrasting trends.
For Fe(2)/Co(8) (x ~ 0.9, Fig. 4c,e) the decrease in ng
(~2-3 um~2) corresponds to a one-to-one increase in
ng (~2-3 yum~2). This is consistent with the shrink-
ing of each stripe to one skyrmion, thereby giving an
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separation from the labyrinthine state for (a) Fe(2)/Co(8) (x ~ 0.9) and (b) Fe(3)/Co(7) (x ~ 1.5) parameters (colorscale
indicates field magnitude). The real-space texture is identified and isolated for each field slice and stacked horizontally for
comparison. (c-f) Field evolution of the density of skyrmions (ng, teal) and stripes (g, red), as extracted from simulations (c-
d) and LTEM imaging (e-f) for samples Fe(2)/Co(8) (c, e) and Fe(3)/Co(7) respectively (procedural details in SM2). Highlighted
regions denote field ranges corresponding to marked stripe to skyrmion transitions (c.f. a-b). Inset: Simulation and L-TEM
images just before and after the transitions (scalebar: 0.5 ym). (g) Schematic depiction of the energy landscape governing the
fission of stripes into multiple skyrmions for ¥ ~ 0.9 (top) and x ~ 1.5 (bottom) respectively.

isolated skyrmions (Fig. 4c,e: inset). In contrast, for
Fe(3)/Co(7) (x ~ 1.5, Fig. 4d,f) the decrease in ng
(~7-8 ym’z) coincides with a four-fold increase in ng
(~30 ym’z). This is in line with the fission of each
stripe into ~ 4 skyrmions on average, and results in
a dense skyrmion lattice (Fig. 4d,f: inset)*.

D3. The evolution of skyrmion formation mechanism
with ¥ may be understood from energetic and ki-
netic considerations (Fig. 4g). The fission of a
stripe into multiple skyrmions involves DW forma-
tion and change in topology. It may occur if energet-
ically favoured and if the associated energy barrier is
surmountable?”. For x ~ 0.9, we postulate that the en-
ergy saved from DW formation is negligible and the
barrier high (Fig. 4g, blue arrow). Therefore, stripes
prefer to smoothly shrink into a skyrmion — a process
that does not involve an energy barrier. Meanwhile
for k ~ 1.5, DW formation reduces energy (Fig. 4g,
dashed green arrow), favouring the formation of mul-
tiple skyrmions. Meanwhile, the associated barrier
height (Fig. 4g, solid green arrow) may also reduce
with increasing x — ensuring that fission is the pre-
ferred skyrmion formation mechanism.

E. OuTLOOK

El. In summary, we have elucidated transitions in
three critical skyrmion characteristics on a tunable ma-
terial system using complementary microscopy tech-
niques, supported by simulations and theory. As
shown in Fig. 5, these characteristics directly evolve
with x — the material parameter determining chiral DW
stability. For x = 0, chirality is ill-defined, and ensu-
ing textures have achiral Bloch character, with bubble-

like compressible behaviour. Finite x enables the for-
mation of Néel DWs with fixed chirality. Round tex-
tures observed for 0 < x < 1 are bubble skyrmions,
formed from the shrinking of stripe domains. The Néel
DWs enclose a large, uniformly magnetized “core”,
which makes them highly compressible to external
field. Meanwhile, as x nears unity, DW formation is
energetically favoured, and the skyrmions formed are
compact, with sizes comparable to Néel DWs. Finally,
further increasing « results in DW proliferation, and
skyrmions are now formed in multiplets from the fis-
sion of stripes with increasing field.

E2. These insights — established on a single multilayer
platform — resolve longstanding issues in the field, and
pave new avenues for exploration. Notably, we di-
rectly address the polarizing debate on “skyrmions vs.
chiral bubbles”. Despite their identical topology, these
are often labelled as distinct objects and demarcated
along material- or size-specific lines. Instead, we have
shown that compressibility of chiral skyrmions evolves
smoothly with x — from bubble to compact character
— within the same material platform. In fact, com-
pressibility may be an important parameter to tune for
skyrmionic devices to balance the counteracting needs
of detection (low x) and stability (high x). On the the-
oretical front, we suggest that isolated skyrmion mod-
els, while appropriate for certain geometries, may be
ably complemented with multi-domain models, as in
our case. Meanwhile, the evolution of skyrmion for-
mation mechanism and its efficacy is timely for efforts
seeking their stability under near-ambient conditions.
Here, our results provide critical material considera-
tions for skyrmion nucleation via spin-orbit torque or



thermally assisted techniques. Finally, spanning the
physics of stripes and skyrmions, our work provides
a springboard for their use as “skyrmion fabrics” for
applications in unconventional computing®.

F. METHODS

F1. Sample Fabrication. = Multilayer films, comprising
Ta(40)/Pt(50) / [HM(10)/Fe(x)/Co(y)/HM(10)114/P(20) (HM:
heavy metal, number in parentheses indicates thickness in
angstroms), were deposited by DC magnetron sputtering at
room temperature using a Chiron™ UHV system manufac-
tured by Bestec GmbH (base pressure: 10~8 Torr). Four
samples were studied in this work whose active stack com-
positions (bolded above) are listed in Tbl. I. To enable di-
rect comparison between different techniques used in this
work, the films were simultaneously deposited for magne-
tometry on thermally oxidized 100 nm Si wafer substrates,
for L-TEM on 30 nm-thick SiO; membrane windows within
Si TEM grids, and for MTXM on 50 — 200 nm thick Si3Ny
membranes. Magnetometry measurements were performed
using a EZ11 vibrating sample magnetometer (VSM) made
by MicroSense™. The magnetic parameters: Mg, Kefr, Aest
and Dest were obtained using protocols consistent with
literaturel>4** and are detailed in SM1. Notably the interfa-
cial DMI, Degt determined for the 14-stack multilayers stud-
ied here are in line with measured values on corresponding
single stacks from Brillouin light scattering experiments*®.

F2. Lorentz TEM Experiments Lorentz transmission elec-
tron microscopy (L-TEM) experiments were performed us-
ing an FEI Titan S/TEM operated in Fresnel mode at 300 kV.
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FIG. 5. x-Driven Evolution of Skyrmion Character.
Overview of the evolution of skyrmion characteristics with
increasing x as seen across the multilayer films studied in
this work. This includes the change of DW character (Bloch
to Néel), compressibility (bubble to compact), and formation
mechanism (shrinking to fission).

A dedicated Lorentz lens was used for focusing the elec-
tron beam. Meanwhile, the objective lens located at the sam-
ple position was switched off for imaging acquisition under
field-free conditions, or excited to different strengths to apply
out-of-plane magnetic fields for in-situ studies of magnetic
texture evolution. The applied magnetic field normal to the
film plane (from -300 mT to +2 T) was calibrated by placing
a Hall probe detector at the sample position. The magnifi-
cation corresponding to different defocus values were cali-
brated using a cross-grating replica.

F3. MTXM Experiments. Full-field MTXM imaging exper-
iments were performed using circularly polarised soft x-
rays at the Advanced Light Source (XM-1 BL 6.1.2), using
the Co L3 edge (~778 eV) with out-of-plane (OP) sample

49 . . . . _
geometry®. OP magnetic fields were applied using an elec
tromagnet, and a pair horse-shoe poles were used to guide
the generated flux.

F4. Micromagnetic Simulations. Micromagnetic simula-

tions were performed using mumax? to to interpret the field
evolution of the 14 repeat multilayer stacks®’. The simulation
field-of-view used was 2 ym x 2 ym, and the cell size was
kept to 4 nm x 4 nm X 3 nm, which is below the exchange
length for all samples. The effective medium approximation
was used with one layer per stack repetition to account for
memory constraints?. Hysteresis loops were simulated us-
ing protocols described in>°.

F5. Image Analysis. Custom-written Python scripts were
used for quantitative analysis of magnetic microscopy im-
ages. These scripts comprise routines for image filtering and
binarization followed by domain characterisation and statis-
tics using standard methods in the scikit-image library®'.
The analysis procedures are detailed in SM2.
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