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Magnetic skyrmions are topological 
magnetic structures with quasiparticle 
properties, which have received consid-
erable attentions recently due to their 
striking properties, in large parts, as they 
have a small size and can be manipu-
lated with ultralow electrical current 
densities.[1–9] Skyrmions stabilized by 
Dzyaloshinskii–Moriya interaction (DMI) 
have been observed in noncentrosym-
metric bulk materials,[10–14] as well as 
in heavy metal/ferromagnetic metal 
heterostructures.[15–29] Especially skyr-
mions in engineered multilayers have 
the potential for practical applications 
due to their high operating temperature 
and materials compatibility with standard 
semiconductor processes.[3,4]

In previous studies, the skyrmion 
texture in a multilayer was assumed to 
be identical for all the individual mag-
netic layers, and thus the skyrmion was 
effectively described as a 2D spin texture 
using renormalized parameters.[21–23,27,29] 

Room temperature magnetic skyrmions in magnetic multilayers are considered 
as information carriers for future spintronic applications. Currently, a detailed 
understanding of the skyrmion stabilization mechanisms is still lacking in these 
systems. To gain more insight, it is first and foremost essential to determine 
the full real-space spin configuration. Here, two advanced X-ray techniques are 
applied, based on magnetic circular dichroism, to investigate the spin textures 
of skyrmions in [Ta/CoFeB/MgO]n multilayers. First, by using ptychography, 
a high-resolution diffraction imaging technique, the 2D out-of-plane spin 
profile of skyrmions with a spatial resolution of 10 nm is determined. Second, 
by performing circular dichroism in resonant elastic X-ray scattering, it is 
demonstrated that the chirality of the magnetic structure undergoes a depth-
dependent evolution. This suggests that the skyrmion structure is a complex 
3D structure rather than an identical planar texture throughout the layer stack. 
The analyses of the spin textures confirm the theoretical predictions that the 
dipole–dipole interactions together with the external magnetic field play an 
important role in stabilizing sub-100 nm diameter skyrmions and the hybrid 
structure of the skyrmion domain wall. This combined X-ray-based approach 
opens the door for in-depth studies of magnetic skyrmion systems, which 
allows for precise engineering of optimized skyrmion heterostructures.
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However, the multilayer typically shows a more complicated 
domain wall texture.[30–34] Recent theoretical and experimental 
studies have given strong hints that the skyrmion profiles in 
multilayers are in fact a function of layer position in the stack, 
complicating the understanding of these systems.[35–37] It is 
anticipated that in multilayers the dipole–dipole interactions 
give rise to the stabilization of hybrid skyrmions, i.e., skyr-
mions characterized by a thickness-dependent reorientation of 
their domain wall chirality. Thus, to completely understand the 
skyrmion texture and the corresponding stabilization mecha-
nism, it is important to precisely probe the skyrmion texture in 
both 2D (within the film plane) and 3D (perpendicular to the 
film plane).

Here, utilizing a high-resolution ptychographic imaging 
technique, we map the 2D spin texture of skyrmions in a 
Ta/[CoFeB/MgO/Ta]16 multilayer. Taking advantage of the 
improved spatial resolution for ptychography of 10  nm,[38–40] 
the out-of-plane spin profile of skyrmions can be accurately 
probed. Furthermore, using circular dichroism in resonant 
elastic X-ray scattering (CD-REXS) we can explore the depth-
dependent chirality of the skyrmion texture. We were able to 
determine the chirality of the hybrid domain wall[36] directly in 
3D, confirming the depth dependence of the chiral spin tex-
tures of hybrid skyrmions. Combining both the ptychography 
and CD-REXS results allowed us to capture the 3D texture of 
skyrmions, providing adequate information to develop a full 
understanding of the underlying stabilization mechanism of 
small skyrmions in magnetic multilayers.

The magnetic heterostructure studied in this work consists 
of Ta/[CoFeB/MgO/Ta]16. First, we demonstrate high-resolution 
images of stable skyrmion phase in these samples using X-ray 
ptychography. The resolution of conventional X-ray micro-
scopes is limited by the focusing element, e.g., Fresnel zone 
plates (FZP), and remains in the range of 20–25  nm. There-
fore, for the study of sub-100  nm-sized magnetic skyrmions, 
we employed X-ray ptychography, which is a higher resolving 
power coherent scattering imaging technique. Resonant X-ray 
ptychography for imaging magnetic domains using circular 
polarized hard[38] and soft[39] X-rays showed significant improve-
ment in its resolution and can potentially provide a wavelength-
limited resolution of few nm[40] over extended sample areas. 
The ptychography measurements in this work were performed 
on the MAXYMUS beamline UE46 at BESSY II synchrotron 
(Berlin, Germany). Figure  1 shows the basic geometry of a 
ptychographic set-up. The reconstructions of phase and ampli-
tude images were performed using SHARP ptychography 
package.[41]

Figure  2b–d depict the evolution of magnetic domain pat-
terns with external magnetic field, as captured by ptychography 
for the sample with a CoFeB layer thickness of tCoFeB = 1.45 nm. 
The film exhibits a labyrinthine pattern at zero field, after 
saturation at an out-of-plane magnetic field of 240 mT. At 
higher fields, the labyrinthine pattern breaks down into a 
stripe domain pattern, which further transforms into a skyr-
mion pattern. After the magnetic field reaches a critical value 
(≈150 mT), a stable skyrmion phase is formed.

The out-of-plane spin profile of the skyrmions in the sample 
with tCoFeB  =  1.45  nm is presented in Figure  3a. These skyr-
mions appear isolated and exhibit smooth edges (see inset in 
Figure  3a). Figure  3b shows a comparison between a typical 
measured profile (squares) and the calculated profile using 
Equation  (3) (solid line) (the ansatz was already proposed in 
previous work;[42] see Experimental Section). In particular, we 
plot the z-component of the magnetization, which has been 
normalized to go between 0 and 1. The agreement between the 
experimental and calculated results is excellent.

Next, the skyrmion size is determined as a full width of 
half-maximum and the smallest skyrmion size found for 
tCoFeB =  1.45 nm is (87 ±  3) nm. The out-of-plane spin profile 
also indicates that the skyrmion has a compact structure, i.e., 
that the z-component of the spin continuously varies its ampli-
tude without exhibiting a plateau (characteristic for a magnetic 
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Figure 1.  Sketch of the ptychographic imaging setup. The sample is raster-
scanned while the focused X-ray beam remains fixed. The focusing of the 
beam is achieved by a Fresnel zone plate (FZP), where an order sorting 
aperture (OSA) blocks the nondiffracted zero-order light. A diffraction 
image is recorded in the far-field by a CCD camera (at distance L) for every 
scanning position. Applying an iterative phase retrieval algorithm allows 
for the reconstruction of the phase and amplitude images.

Figure 2.  a) Schematic of the CoFeB multilayer stack. b–d) Ptychography images taken in different out-of-plane magnetic fields. The bright and dark 
areas represent Mz > 0 and Mz < 0, respectively.
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bubble) at the core of the magnetic texture. This observation is 
expected as the skyrmion size is about twice the domain wall 
width (of 40–42 nm as obtained from the ptychography meas-
urement). It is noted that the domain-wall width measured 
by ptychography also corresponds well to the calculated value  
( / 41 nmDW effA Kπ∆ = ≈ , where A and Keff are the exchange 
stiffness and effective anisotropy, respectively, see Note S1 in 
the Supporting Information).

Figure 3c shows the skyrmion size as a function of applied 
external field. The skyrmion size decreases from 115 to 87 nm 
as the field increases. The skyrmion diameter is one order of 
magnitude smaller than that of the Ta/CoFeB/MgO/Ta multi-
layer (≈1.3 µm) (see Figure S2 in the Supporting Information), 
and it is comparable to that of Pt-based multilayer with large 
DMI.[21,22] Typically, the amplitude of the DMI is considered to 
be an important factor for the stabilization of small skyrmions. 
However, the DMI originated from the Ta/CoFeB interface 
(< 0.5 mJ m−2) is much smaller than that in the Pt-based mul-
tilayers (≈2 mJ m−2).[43,44] The DMI value of our multilayer can 
be expected to be of the same order of that in single layer since 
it is mainly determined by the Ta/CoFeB interface (assuming 
a homogeneous interfacial quality). Therefore, the significantly 
reduced skyrmion size cannot simply be ascribed to a relatively 
large DMI.

However, beyond the DMI, there are other interactions 
that can lead to a reduction of the skyrmion size, namely, the 
effective perpendicular magnetic anisotropy, the long-range 
dipole–dipole interaction, and the Zeeman interaction. First, 
we studied the dependence of the skyrmions size on the 
CoFeB layer thicknesses to explore the role of the effective 
perpendicular magnetic anisotropy, as shown in Figure  3d,e. 

Although the effective anisotropies are quite different, only 
a minor tuning of the external field was required to stabilize 
skyrmions of essentially the same size, thereby ruling out that 
anisotropy plays a major role in the significant decrease of the 
skyrmion size. However, the variation of the anisotropy results 
in the change of skyrmion density, which was also reported 
in the previous work.[22] On the other hand, the external mag-
netic field allows for a tuning of the skyrmion size from 80 to 
120 nm (tCoFeB = 1.45 nm), as shown in Figure 3c, indicating its 
importance for skyrmion size. To further investigate the effect 
of dipole–dipole interactions, micromagnetic simulations were 
performed as a function of layer repeats, while maintaining all 
the other parameters the same (as an example see Figure S3 in 
the Supporting Information). The simulation results show that 
the skyrmion size even increases as a function of the number 
of layers. In summary, our study suggests that a combination of 
dipole–dipole interactions and the external field plays the key 
role in determining the small size of skyrmion in the studied 
multilayer.

Next, we reveal the 3D spin orientation of the system by 
CD-REXS.[45–47] It has been demonstrated that the CD extinc-
tion effect in the reflection REXS geometry is sensitive to the 
twisting angle of the spin spirals and skyrmions.[45] Depending 
on the magnetic ordering type, the magnetic scattering pat-
tern either exhibits peaks (magnetic motifs have a well-defined 
modulation wavevector) or a diffuse ring pattern (spatially cor-
related motifs not long-range ordered). Figure 4b,c shows simu-
lated CD-REXS patterns for (unordered) Néel-type spin spiral 
modulations with opposite chirality. A so-called extinction 
vector can be defined, which separates the positive and negative 
parts of the dichroic pattern, and which is directed opposite for 
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Figure 3.  a) Surface plot of the skyrmion structure for a tCoFeB = 1.45 nm sample in an out-of-plane field of −165 mT. The inset shows the image of a 
skyrmion for an out-of-plane magnetic field of −155 mT. The scale bar corresponds to 100 nm. b) Variation of the intensity for a single skyrmion with 
distance (experimental data, black squares) together with the analytical skyrmion profile obtained from Equation (3) (solid line). c) Dependence of 
the skyrmion size on the magnetic field. d) Dependence of the effective anisotropy Keff, and e) measured skyrmion size on the CoFeB thickness. The 
skyrmion sizes are determined based on the ptychographic images acquired at −105, −110, and −130 mT for tCoFeB = 1.22, 1.33, and 1.45 nm, respectively.
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the two examples shown in Figure  4b,c. The azimuthal angle 
of the extinction vector has a one-to-one correspondence to 
the twisting angle of the spin spirals or the skyrmions.[45] For 
example, in Figure  4b,c, the pure Néel-type spiral/skyrmion 
leads to a horizontal extinction vector. For comparison, a pure 
Bloch-type spiral/skyrmion would lead to a vertical extinction 
vector. On the other hand, if the handedness of the Néel-type 
motif reverses, the extinction vector remains horizontal; how-
ever, the extinction vector reverses direction, i.e., the positive 
and negative dichroism regions change positions (compare 
Figures  4b and  4c). This experimental principle has recently 
been applied to [Ir/Co/Pt]n multilayered systems,[36,48] showing 
its robust and general applicability. Moreover, by changing the 
probing depth in the same type of experiment, depth-dependent 
information can be extracted.

We performed CD-REXS on the multilayer with 
tCoFeB  =  1.45  nm to investigate the depth-dependent evolution 
of the modulated domain-wall twisting angles, i.e., the devia-
tion from the standard Néel-type domain walls, which are influ-
enced by the DMI. The REXS experiments were carried out in 
the RASOR diffractometer on beamline I10 at the Diamond 
Light Source (UK) with the sample in the stripe-domain phase 
at room temperature and zero magnetic field. Figure 4a shows 
the scattering geometry with incident X-rays of wavevector 
ki and varying incident angle αi at a photon energy of 707 eV 
(i.e., Fe L3 edge), and the scattered beam with ks. The CD-REXS 
pattern is obtained from the difference between the scattering 
intensities for left- and right-circularly polarized X-rays. The 
dichroism extinction condition directly reveals the twisting 

angle of the magnetic structure averaged over the probed depth. 
More importantly, by varying αi, different probing depths can 
be achieved, suggesting a powerful method that can selectively 
measure the magnetic structure from the surface or the average 
over a given depth in the bulk.

The main CD-REXS results are shown in Figure  4d,e. At 
lower angles (αi  =  10°), in principle two magnetic peaks are 
observed, corresponding to the Friedel pair coming from the 
spiral modulations. Nevertheless, the two peaks are smeared 
out into rings due to the diffuse scattering. One can clearly 
distinguish the blue and red regions representing the oppo-
site dichroism. The extinction vector is found to be hori-
zontal and pointing to the right, indicating a right-handed 
Néel-type spiral modulation on the top surface. By increasing 
the probing depth, i.e., αi is increased to 40°, soft X-rays can 
transmit through the entire multilayer (i.e., 86 nm). Now, the 
motif’s chirality is reversed. It is worth emphasizing that in 
the case of the bulk-sensitive probing shown in Figure  4e, 
although X-rays transmit through the entire thickness of the 
multilayer, the CD from the bottom layers contributes less 
than from the top layers. In a simple approximation, the 
intensity exponentially decays as the X-rays propagate deeper 
into the multilayer. Therefore, if the system undergoes a sym-
metric Néel–Bloch–Néel transformation in depth, and a pure 
Bloch layer occurs in the very center of the film, a chirality-
reversal phenomenon would not expected to be observable. 
In other words, the symmetrically flipped chiral layers from 
the bottom region of the film do not contribute sufficiently to 
the CD signal to dominate the overall scattering signal, which 
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Figure 4.  Depth-dependent evolution of the domain wall-twisting angle determined by CD-REXS in reflection geometry. a) Illustration of the 
3D profile of the spin spiral state in the multilayer structure. Both top and bottom surfaces have Néel-type spin spiral modulations, but with 
opposite chirality. The system undergoes a gradual transition in depth from Néel to Bloch, and back to Néel-type spirals. b,c) Simulated 
CD-REXS patterns in a single-layer model for (b) a pure Néel-type structure with right-handed chirality and (c) a pure Néel-type structure with 
left-handed chirality. d,e) Experimental data are showing the CD-REXS pattern for different incident angles corresponding to (d) surface- and 
(e) bulk-sensitive probing.
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averages over all layers. The only scenario in which such a chi-
rality reversal can be observed in CD-REXS is when the Bloch-
type intermediate layer is located closer to the surface, as is 
illustrated in Figure 4a.

From the spiral structural twisting evolution along the 
thickness, assisted by micromagnetic simulations, one can 
conclude that in the multilayer with 16 repeats, the interfacial 
DMI takes a moderate value between 0.3 and 0.5 mJ m−2. The 
competition between the dipole–dipole interaction and DMI 
lifts the Bloch-type layer toward the top surface. In this near-
surface region, the right-handed Néel spirals quickly transform 
into Bloch-type spirals. On the other hand, toward the bottom 
of the film, the transition back to the now left-handed Néel 
spiral is more gradual. Our depth-dependent CD-REXS meas-
urement directly confirms the existence of hybrid spin spiral 
structures.

The experimentally observed structure is also well repro-
duced by micromagnetic simulations. In particular, we 
performed simulations of a multilayer with 16 ferromagnetic 
layer repeats. Figure 5a,b show the cross-section of the micro-
magnetic ground state (D = 0.4 mJ m−2 and out-of-plane applied 
field of 150 mT) and the relative skyrmion domain wall angle 
(see inset in Figure 5b), respectively. A hybrid skyrmion is sta-
bilized in the multilayer, where the bottom (top) ferromagnetic 
layer hosts a Néel skyrmion with radially outward (inward) 
pointing spins (Figure  5c,e), while the position of the Bloch 

skyrmion (Figure 5d) depends on the value of the DMI. In par-
ticular, at zero DMI, the dipole–dipole interaction promotes the 
formation of a Bloch-type skyrmion right in the middle layer 
(not shown). However, the presence of DMI leads the Bloch-
type skyrmion to move to the 10th ferromagnetic layer. These 
results are in excellent agreement with the experimental data 
(compare Figures 4 and 5).

To summarize, we have performed soft X-ray magnetic 
ptychography to precisely capture the out-of-plane spin profile 
of sub-100 nm-sized skyrmions in a multilayer film, which 
exhibits a complex spin configuration. The experimental 
results indicate that the combined effect of dipole–dipole 
interaction and applied magnetic field are responsible for 
the significant shrinking of the skyrmion size in these mag-
netic multilayers. Therefore, we can draw the conclusion that 
DMI is not the only crucial factor that determines the size of 
skyrmion in magnetic multilayers. Furthermore, CD-REXS 
experiments were carried out to study the depth dependence 
of the chirality of the domain walls, directly revealing that 
the top and bottom layers have opposite chirality. Our results, 
achieved by combining advanced X-ray methods, provide 
important insight into the formation and characteristics of 
skyrmions in magnetic multilayers. These findings are of vital 
importance for further engineering heterostructures for appli-
cations in future magnetic skyrmion storage and information 
technologies.
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Figure 5.  Micromagnetic simulation results. a) Cross-sectional view of the 16-repeat multilayer sample. b) Illustration of the transition from a Néel 
skyrmion with spins pointing radially inward toward the center (at the top of the stack) to the opposite orientation, i.e., outward-pointing radial 
spins, at the bottom of the stack. The angle plotted in b) represents the respective rotation of the spins in the transition region (white ring in c–d)), 
where 0° corresponds to all spins being tangential (and counter-clockwise). c–e) Spatial distribution of the magnetization for different layers (top, 
middle, bottom), where the color represents the z-component of the magnetization mz (red positive and blue negative) while the arrows represent the 
magnetization direction in (a) and its in-plane component in (c–e).
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Experimental Section
Imaging Experiments: The microscopy images were acquired on 

the scanning transmission X-ray microscope MAXYMUS at the 
synchrotron BESSY II (Helmholtz-Zentrum Berlin, Germany). The 
multilayer skyrmion samples were illuminated using a zone plate, 
giving a 120  nm focal spot, which was raster-scanned with a spot 
overlap of ≈60%. A CCD camera was placed 8  cm downstream of 
the sample, resulting in a ≈11  nm output pixel size with the energy 
tuned to the Fe L3 absorption edge (708.4  eV). Each scanning point 
was exposed for 200  ms to ensure sufficient dynamic range. For 
ptychographic imaging, low-resolution Fresnel zone plates (FZP) 
were used to produce a larger focal spot with coherent and uniform 
illumination at the sample plane, which required fewer diffraction 
patterns per area and thus enabled short scanning times. The 
magnetic properties were measured by a superconducting quantum 
interference device (SQUID).

Sample Preparation: The Ta(5  nm)/[CoFeB(t nm)/MgO(2  nm)/
Ta(3  nm)]16 samples were grown on silicon nitride membranes, and a 
semi-insulating Si substrate with 100 nm thick thermally formed SiO2 
layer by magnetron sputtering. The thickness of the CoFeB layer was 
continuously varied by growing a wedge shape to tune the perpendicular 
magnetic anisotropy. The vacuum pressure was <3  ×  10−6  Pa. The 
deposition rates for Ta, CoFeB, and MgO were 0.48, 0.30, and 0.05 Å s−1, 
respectively, using a power of 100 W and a deposition pressure of 0.3 Pa.

Micromagnetic Simulations: The micromagnetic simulations were 
performed by means of a state-of-the-art micromagnetic solver that 
numerically integrates the Landau–Lifshitz–Gilbert equation by applying 
the Adams–Bashforth time solver scheme[42,49]

eff
d
d

d
d

m m h m m
τ α τ( )= − × + ×



 � (1)

where m = M/Ms is the normalized magnetization of the ferromagnet, 
and τ  =  γ0Mst is the dimensionless time, with γ0 being the 
gyromagnetic ratio, and Ms the saturation magnetization. heff is the 
normalized effective field, which includes the exchange, interfacial 
DMI, magnetostatic, perpendicular anisotropy, and external fields. 
α is the Gilbert damping. The interfacial DMI contribution hDMI is 
obtained from the functional derivative of the DMI energy density 
εDMI  =  D[mz∇·m−(m·∇)mz] assuming a thin film m( )∂
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z
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z
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z mµ= − ∇ ⋅ − ∇ .[8,50] D is a parameter taking into account 

the intensity of the DMI, mz is the out-of-plane component of the 
normalized magnetization, μ0 is the vacuum permeability, and ẑ 
is the unit vector along the out-of-plane direction. The interfacial 

DMI boundary conditions are also considered m m
2

(ˆ n)d
dn

D
A

z= × × ,  

where n is the unit vector normal to the edge, and A is the exchange 

constant. We used a discretization cell of 3  ×  3  ×  1.45  nm3, and the 
following physical parameters: MS  =  1.18 MA m−1, exchange constant 
A  =  10 pJ m−1, perpendicular anisotropy constant Ku  =  0.90  MJ m−3,  
and out-of-plane external field Hext = 150 mT.

Analytical Skyrmion Profile: The polar angle Θ0(r), which describes the 
skyrmion profile, is obtained from the following equilibrium equation

r
d
r

h1 sin cos sin sin2
0

2
2 0 0

2
0 0ξ( )∇ Θ = + Θ Θ − Θ + Θ � (2)

which is calculated from the minimization of the energy functional.[42] 
In Equation  (2), ξ µ= − = −1 2 / 12

u 0 s
2Q K M , h = Hext/Ms, r = ρ/lex is the 

reduced polar coordinate, and d  =  |D|lex/A, where l A Mex 2 / 0 s
2µ=  is the 

exchange length. An approximated solution of Equation (2) can be found 
by using the following ansatz[42]

r r
r

e r rtan
2

0 sk sk
( )Θ

= ξ( )− � (3)

where rsk = Rsk/lex is the reduced equilibrium skyrmion radius, defined as 
mz(rsk) = 0, corresponding to the energy minimum. For our parameters, 
ξ = 0.169 and Rsk= 47.05 nm.

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