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Skyrmion-hosting multilayer stacks are promising avenues for applications, although little is known
about the depth dependence of the magnetism. We address this by reporting the results of circular
dichroic resonant elastic x-ray scattering (CD-REXS) and low-energy muon-spin relaxation (LE-
µ+SR) measurements on a stack comprising Ta/[CoFeB/MgO/Ta]16 on a Si substrate. Energy-
dependent CD-REXS shows a continuous, monotonic evolution of the domain-wall helicity angle
with incident energy, consistent with a three-dimensional hybrid domain-wall-like structure that
changes from Néel-like near the surface to Bloch-like deeper within the sample. LE-µ+SR reveals
that the magnetic field distribution in the first six layers of the stack is distinct from that in layers
further from the surface, quantifying the depth at which the static and dynamic magnetic structure
varies. By increasing the applied magnetic field, we find a reduction in the volume occupied by
domain walls at all depths, consistent with a crossover into a region dominated by skyrmions above
approximately 180 mT.

Several material classes have emerged that host mag-
netic skyrmion excitations [1, 2], but for applications it
is necessary to stabilise skyrmions at room temperature.
For this purpose, multilayer systems show promise [3].
These comprise a repeated stack of a magnetic layer
and one or more heavy elements, e.g., Ta/CoFeB/MgO.
Here, a Dzyaloshinskii-Moriya interaction (DMI) arises
from inversion symmetry-breaking at interfaces between
the layers, leading to skyrmions that can exist over a
wide range of temperature, extending up to 500 K [4].
While skyrmions are often assumed to be a quasi-two-
dimensional texture that identically repeats in the third
dimension, recent work on Ta/CoFeB/MgO multilayers
suggests a variation of the spin texture across multiple
repeats of the multilayer [5], with micromagnetic simula-
tions predicting that the helicity of the skyrmion changes
from Néel-type at the top surface, to Bloch-type in the
middle.

Despite the predictions from micromagnetics being
consistent with circular dichroic resonant elastic x-ray
scattering (CD-REXS) measurements [6–8] of the sys-
tem [5, 9–11], a direct measurement of the depth-resolved
magnetic environment in the stack has hitherto been
lacking. Here we provide these measurements through an

investigation of depth-dependent magnetism in the mul-
tilayer Ta/[CoFeB/MgO/Ta]16 using low-energy muon-
spin relaxation (LE-µ+SR) [12–14]. Previous work [15–
18] has shown that bulk µ+SR [12, 19] is a useful tool in
the study of skyrmion systems and their dynamics, while
LE-µ+SR has probed depth-dependent magnetism at in-
terfaces [20] and the behavior of superconducting [21] and
magnetic [22] superlattices. However, these studies do
not address the evolution of the properties with depth
within a repeating structure. Combining our measure-
ments on Ta/[CoFeB/MgO/Ta]16 with energy-resolved
CD-REXS, we show here how the domain-wall angle
and magnetic structure varies with depth, and reveal
a crossover in magnetic properties taking place around
layer 6 in the stack.

In this system, alternating non-magnetic spacers es-
tablish a pronounced dipole-dipole interaction among
the CoFeB layers, leading to a unique hybrid three-
dimensional (3D) domain wall configuration with a Bloch
layer that is located in the middle of the stack [5, 23]. The
helicity angle χ, which describes the character of domain
walls as well as skyrmions, continuously rotates between
the two extremes throughout the stack, with a character-
istic profile χ(z), where z is the depth into the sample. In
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this case, the top CoFeB layer favors a Néel-type domain
wall with a helicity angle of χ = 180◦, while the middle
layer that hosts the Bloch point exhibits a Bloch-type
domain wall with χ = ±90◦. The bottom layer is again
of Néel-type, but with χ = 0◦ [5, 24]. Introducing inter-
facial DMI moves the Bloch configuration in z [5, 23]. In
nonzero external magnetic fields, a similar 3D magneti-
zation characteristic is also expected for skyrmions.

Multilayer Ta/[CoFeB/MgO/Ta]16 was grown by mag-
netron sputtering onto a Si substrate, as described in
Refs. [5, 6, 25]. We studied the depth-dependent charac-
ter of the magnetic domain walls in the multilayer sys-
tem using CD-REXS [9–11], which is sensitive to the
twisting angle of spin spirals and skyrmions, and was
previously applied to retrieve the helicity angle χ of a
magnetic twisted domain state [10]. Figure 1(a) shows
energy-dependent dichroic scattering patterns, obtained
on the multilayer sample at room temperature and in
zero applied magnetic field. The ring-like magnetic scat-
tering patterns were obtained by integrating several az-
imuthal angles using the φ-axis of the diffractometer.
The dichroic patterns feature a dividing vector that sep-
arates the blue and red regions of negative and positive
dichroic contrast, governed by the dichroism extinction
rule [9], as discussed in more detail in Supplementary
Section S2 [6]. The azimuthal direction of the dividing
vector uniquely reveals the value of χ [10], as shown in
Supplementary Fig. S2 [6]. For multilayer systems with
a non-uniform χ(z) profile, the measured χm is the aver-
age χ from all layers with different weightings. Experi-
mentally, by varying the photon energy across the Fe L3

edge, or the x-rays incidence angle θ, the weight changes
due to the varied sampling depth of the soft x-rays, lead-
ing to a different measured average χm [11, 24, 26]. For
the investigated Ta/[CoFeB/MgO/Ta]16 heterostructure,
the attenuation length of the x-rays, Λ, is 79 nm at the
Fe L3 edge (707.8 eV) at normal incidence, and 152 nm
off-edge (700 eV). The sampling depth varies with the
angle between the x-ray beam and surface normal, α,
as Λ cos(α)/2 [27]. A systematic variation of these pa-
rameters therefore provides a strategy for investigating
the depth-dependent structural property of a 3D hybrid
domain wall.

As can be seen in Fig. 1, the direction of the dividing
vector undergoes a gradual change across the photon en-
ergy spectrum. Due to the complexity of the multilayered
structure, the unambiguous determination of the χ(z)
profile is not as straightforward as for chiral bulk mag-
nets [11, 26]. However, it is possible to obtain qualitative
information about the χ(z) profile. In general, at photon
energies far away from the Fe L3 absorption edge, the soft
x-ray attenuation length increases, while it is shorter near
the resonance. Consequently, the top part of the mul-
tilayer which is closest to the surface contributes more
to the total measured χm. In other words, if the χ(z)-
profile monotonically changes from 180◦ to 0◦ as a func-

FIG. 1. CD-REXS patterns of the multilayered sample, mea-
sured at room temperature in zero magnetic field. (a) Energy-
dependent CD-REXS patterns measured at θ = 12◦. (b,c)
CD-REXS patterns measured at θ = 32◦ and 35◦, respec-
tively, using a photon energy of 707.8 eV (at the Fe L3 edge).

tion of depth, the dividing vector will slightly rotate when
changing the photon energy across the Fe L3 edge. This
behavior is consistent with our observations in Fig. 1(a).
Furthermore, the sampling depth can be changed over
a larger range by varying the incident x-ray angle θ
(θ = 90◦−α). As shown in Figs. 1(b) and 1(c), by chang-
ing θ from 32◦ to 35◦, the CD-REXS pattern reverses
sign, suggesting the existence of a smoothly-varying 3D
hybrid domain wall structure. Our CD-REXS results are
therefore consistent with the micromagnetic simulations
of Ta/[CoFeB/MgO/Ta]16 [5], suggesting Néel magnetic
character near the surface and substrate, and with Bloch-
like character in the central region.

Next we turn to the application of LE-µ+SR to further
understand changes in the magnetic states with depth
from a local perspective. Simulations of the muon stop-
ping profile in our sample, performed using the TRIM.SP
software [6, 28] [Fig. 2(a)] demonstrate how the muons
are distributed among the layers at different incident en-
ergies Eµ. Owing to the spread in the stopping pro-
file, it is possible to distinguish the top layers from those
deeper layers within the sample, although it is not pos-
sible to solely probe the layers of the sample nearest the
substrate. The profile for a single trilayer is shown in
Fig. 2(b) where, for each energy, the multilayer with the
most muons stopping in it are compared, normalized by
the maximum probability. We find that most muons stop
in the Ta layer, with fewest stopping in the MgO layer.
There are sufficient muons stopping in all layers to probe
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FIG. 2. (a–b) Muon stopping profiles: (a) implantation energy dependence, (b) stopping profile for a single multilayer, showing
four energies [colors correspond to (a)]. The inset of (a) shows the results of micromagnetic simulations from Ref. [5]. The
helicity angle χ is shown as a function of the layer, showing the evolution from Néel (±180◦ or 0◦, blue shaded regions) to Bloch
(±90◦) and back again. (c) Typical ZF µ+SR spectra A(t) with (d) parameters extracted from fitting. (e) Energy dependence
of parameters from fitting TF µ+SR at 10 mT. (f–g) Field-dependent parameters from fitting TF µ+SR data, showing (f) the
amplitude aI, and (g) the ratio of B to the applied field Bext. Dashed lines are guides to the eye.

the magnetism throughout the sample and there is no
significant change in the proportion stopping in each ma-
terial as a function of Eµ.

In zero applied field (ZF) we expect the system to
host helical magnetic order. ZF µ+SR measurements
at T = 295 K as a function of Eµ show the existence
of two distinct regimes of behavior, classified by dif-
ferent implantation depths. (For all measurements the
muon spin is initially rotated approximately 10◦ out of
the plane of the film.) The differences with Eµ can be
seen in the muon asymmetry A(t), [Fig. 2(c)]. To track
the changes we parameterize the data [6, 29–31] using
A(t) = aZF1 exp (−λ1t) cos (γµBt+ φ0)+aZF2 exp (−λ2t)+∑4
i=3 ai exp

(
−σ2

i t
2
)
. Many of these parameters are

energy-independent [6], leaving the component with am-
plitude aZF1 containing the majority of the information
about the variation of the magnetic properties with
depth. The aZF1 component arises from muons that stop
in sites where the muon spin and local field B are not par-
allel, leading to coherent spin precession. The relaxation
rate of this component depends both on the static distri-
bution of fields at the muon site, and the dynamic fluc-
tuations. The change in B with Eµ is shown in Fig. 2(d).

There are two regimes evident in Fig. 2(d), with the
measurements at 4 keV and below showing different be-
havior to those at 8 keV and above. Comparing with
Fig. 2(a), we suggest a surface regime is formed from
approximately the first 5–6 stacks nearest the surface,
corresponding to a penetration depth up to ' 25 nm. At
higher implantation energy, the local field at the muon
sites increases sharply in magnitude, suggesting a dif-
ferent magnetic structure to that found near the surface.
The approximately-constant value of the relaxation rates
implies the relaxation is dominated by dynamic effects
(since if it were dominated by the static magnetism, we
expect λ ∝ B2), suggesting no significant change in dy-
namics with depth on the muon timescale. These mea-
surements therefore suggest a change to the static mag-
netic structure beyond around layer 6 of the sample, such
that the average local field at the muon sites increases.
In micromagnetic simulations [5] a change from Néel-type
skyrmions at the surface to Bloch-type below layer 6 is
observed, as reproduced in the inset of Fig.2(a). The
increase of field away from the surface observed with LE-
µ+SR is consistent with changes in the magnetism sug-
gested by micromagnetic simulations and observed with
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CD-REXS, giving quantitative agreement between the
expected depth of these changes.

To explore these changes further, TF µ+SR measure-
ments were performed at 295 K as a function of Eµ in an
applied magnetic field of 10 mT, applied perpendicular
to the film, for which we expect the system to remain
helically magnetically ordered. For these data we fit the
number of counts in each detector simultaneously, using
the polarization Px(t) =

∑2
i=1 ai exp(−λit) cos(γµBt +

φ0), where, due to the difficulty resolving two different
fields at the muon site (in particular due to the large
λ2), we constrain the fits to share B between the two
components. We find many parameters to be energy-
independent [6]. The energy-dependent parameters, a1
and λ1, are shown in Fig. 2(e).

We interpret the two different components as arising
from muons stopping at different sites in the sample.
Since there is little change in the proportion of muons
stopping in each material within a trilayer as a function
of energy [Fig. 2(b)], the results likely reflect changes in
the magnetism as a function of depth, similar to that re-
ported above for ZF measurements. The site contributing
to the a1 component experiences a small internal field and
has a small relaxation rate, leading to coherent precession
in the applied magnetic field. This suggests these sites
constitute regions of disordered magnetic field, such as
domain wall-like regions. This relaxation rate increases
with depth, suggesting the frequency of dynamic fluctu-
ations decreases at these sites. This might be expected
as surface-dominated states have dynamics arising from
rapid fluctuations on a relatively-short lengthscale (as the
system tries to find a configuration that satisfies the con-
straint of the surface) to one where longer wavelength col-
lective excitations dominate in the bulk of the material.
As Eµ increases, the amplitude decreases, consistent with
fewer surface-state muon-sites being realized with depth.
We again see a crossover around layer 6 of the material.
Although this appears relatively smooth in Fig. 2(e), this
at least partially reflects the fact that the stopping pro-
file is spread across several layers at each implantation
energy. The changes observed in the TF measurements
coincide with the change in magnetic structure seen from
the ZF results, implying that the same crossover with
depth is responsible for both measurements. We there-
fore have a picture of (i) a static magnetic structure
changing with depth (from those muon sites in large lo-
cal magnetic field giving rise to the ZF signal), and (ii)
the number of domain wall sites decreasing with depth,
whilst the dynamics on the muon-timescale in these sites
also decreases (from muon sites in regions with small lo-
cal field). For both types of muon site, the environment
changes rapidly around layer 6.

To access the region of the phase diagram where
skyrmions are stabilized, further TF µ+SR measure-
ments were performed as a function of larger mag-
netic fields, at T = 295 K using implantation en-

ergies: 3, 8, and 15 keV. For these data Px(t) =
aI exp(−λIt) cos(γµBt + φB) + aII exp

(
−σ2

IIt
2
)

is found
to describe the behavior over the entire dataset. Most
parameters are found to be independent of applied mag-
netic field or arising from background effects [6], hence
we focus on the component with amplitude aI, arising
from muons stopping in sites where the spin precess in
a local field B, which is found to be close to the ap-
plied field. This implies we are again sensitive to the
domain-wall sites where the local field is small in these
measurements. The field-dependent changes in aI and B
are shown in Fig. 2(f–g).

The proportion of muons stopping in the sample and
giving coherent spin precession decreases as Bext is in-
creased [Fig. 2(f)]. This effect is approximately twice
the size of that observed as a function of implantation
energy in the low-TF measurements, showing that field
leads to a more rapid decrease in the occurrence of these
domain-wall environments compared to their variation
with depth. This picture is supported by the results of
x-ray ptychography measurements [5] that suggest just
such a change in magnetic structure with out-of-plane
magnetic field, such that skyrmions become the domi-
nant magnetic defect above ∼150 mT. The skyrmions
represent a limiting case of the domain-wall structure,
minimising the sample volume occupied by the low-field
muon stopping sites. This is consistent with our measure-
ment in which, around 180 mT, the amplitude parame-
ter ceases changing, suggesting a crossover to a different
regime. We therefore suggest that this crossover can be
seen at all implantation energies, and that the plateau of
aI indicates the stabilization of skyrmions at each depth
within the stack that we have probed.

There appears to be a weak dependence of the ra-
tio B/Bext with Bext, Fig. 2(g). As Bext increases, the
enhancement of B becomes larger, from predominantly
below the applied field, to above, most pronounced at
15 keV. The crossover between these regions appears to
approximately coincide with the transition to skyrmion-
dominated magnetic structures. Further, the reduction
in aI in the skyrmion-stabilized phase might suggest the
contribution of muons in sites where the spin is relaxed
too rapidly to be detected, reducing aI, consistent with
the response seen in other skyrmion systems [16–18],
where in these bulk materials the relaxation is strongly
enhanced at the center of the skyrmion lattice phase, even
when the skyrmion lattice is not the majority phase.

In summary, our LE-µ+SR and CD-REXS mea-
surements identify changes in the magnetism of the
Ta/[CoFeB/MgO/Ta]16 multilayer stack on a Si sub-
strate as a function of both depth and applied field.
CD-REXS demonstrates the continuous evolution of the
helicity angle with depth, while ZF µ+SR shows that
the magnetism in the top six layers of the multilayer
stack have a different static and dynamic magnetic struc-
ture to those further from the surface. The layer at
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which this crossover is observed provides quantitative
agreement with predictions from simulations [5, 24]. We
also identify a decrease in the volume occupied by do-
main walls with both depth and applied magnetic field,
with the latter undergoing a crossover to a regime domi-
nated by skyrmions around 180 mT. Our work highlights
the utility of the LE-µ+SR technique in studying multi-
layer skyrmion systems, providing unique insights into
the depth dependence of the magnetic textures and their
properties. These findings confirm results from computa-
tional predictions, and paves the way for future investiga-
tions to experimentally verify a number of other compu-
tational works on technological applications of skyrmion-
hosting systems. Determining the depth-dependence of
the magnetic properties of multilayered systems is of
paramount importance for their incorporation in device
applications.
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