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Hybrid chiral domain walls and skyrmions
in magnetic multilayers

William Legrand’, Jean-Yves Chauleau’*, Davide Maccariello', Nicolas Reyren', Sophie Collin',
Karim Bouzehouane', Nicolas Jaouen?, Vincent Cros'?, Albert Fert’

Noncollinear spin textures in ferromagnetic ultrathin films are currently the subject of renewed interest since the dis-
covery of the interfacial Dzyaloshinskii-Moriya interaction (DMI). This antisymmetric exchange interaction selects a
given chirality for the spin textures and allows stabilizing configurations with nontrivial topology including chiral do-
main walls (DWs) and magnetic skyrmions. Moreover, it has many crucial consequences on the dynamical properties of
these topological structures. In recent years, the study of noncollinear spin textures has been extended from single
ultrathin layers to magnetic multilayers with broken inversion symmetry. This extension of the structures in the vertical
dimension allows room temperature stability and very efficient current-induced motion for both Néel DWs and sky-
rmions. We show how, in these multilayered systems, the interlayer interactions can actually lead to hybrid chiral mag-
netization arrangements. The described thickness-dependent reorientation of DWs is experimentally confirmed by
studying demagnetized multilayers through circular dichroism in x-ray resonant magnetic scattering. We also dem-
onstrate a simple yet reliable method for determining the magnitude of the DMI from static domain measurements
even in the presence of these hybrid chiral structures by taking into account the actual profile of the DWs. The exis-
tence of these novel hybrid chiral textures has far-reaching implications on how to stabilize and manipulate DWs, as
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well as skymionic structures in magnetic multilayers.

INTRODUCTION
The Dzyaloshinskii-Moriya interaction (DMI) is a form of antisym-
metric exchange (1-3) that promotes canting between adjacent mag-
netic moments. As the DMI in ultrathin films originates from the
strong spin-orbit coupling of interfacial atoms neighboring the mag-
netic layer (4, 5), it is notably found in a ferromagnet (FM) interfaced
with two different heavy metals, such as Pt/Co/Ir (6, 7), or in magnetic
layers inserted between a heavy metal and an oxide, such as Pt/CoFe/
MgO (8, 9). Because of the energy lowering of the Néel configuration
[internal magnetization perpendicular to the domain wall (DW)] as-
sociated to the interfacial DMI, the demagnetizing effects inside the
DW that usually favor the Bloch configuration (internal magnetiza-
tion along the DW) can be overcome and the Néel orientation becomes
favored (10). Depending on the types of interfacial atoms combined
with the FM and on the stacking order, the DMI can also change sign,
which determines whether clockwise (CW) or counterclockwise
(CCW) chirality is preferred (6). This stabilization of chiral magnetic
textures also helps to stabilize quasi-punctual solitonic structures
called skyrmions, in the present case, Néel (hedgehog) skyrmions
(11). To obtain stable and compact individual skyrmions at room
temperature, a successful approach has been to stack up several re-
peats of an asymmetric combination of ultrathin layers (7, 12). In this
way, it is possible to stabilize columnar-shaped skyrmions, in which the
increased magnetic volume reinforces their stability against thermal fluc-
tuations up to room temperature, while still preserving both interfacial
perpendicular magnetic anisotropy (PMA) in each ultrathin FM and
required interfacial DMI due to the absence of inversion symmetry of
the structure.

Here, our purpose is to investigate the actual thickness-dependent
internal profile of chiral magnetic DWs and chiral skyrmions in
Pt/Co/Ir- and Pt/Co/AlO,-based multilayers with PMA. The studied
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multilayers are stackings made of 5 up to 20 repetitions of these tri-
layers with various magnetic layer thicknesses. Our study combines
theoretical predictions, together with a direct experimental observa-
tion, of a vertical position-dependent reorientation of the chirality
inside the magnetization texture in multilayers. By focusing first on
the simplest case of DWs, we predict through micromagnetic simu-
lations not only a significant variation of the DW width through the
thickness of the multilayers but also, most importantly, a twisting of
the internal DW texture along the thickness. In case of a large number of
repetitions in the stacking, we find that topmost and bottommost layers
host Néel orientations of opposite chiralities (CW and CCW), one in
accordance with the chirality favored by the interfacial DMI and the
other one being opposed to it. This reorientation thus results in an un-
common type of chiral composite Néel-Bloch DW. Then, we provide an
experimental demonstration of the described reorientation of the DW
texture in Pt/Co/AlO,, multilayers by directly observing the DW chiral-
ity close to the top surface through circular dichroism (CD) in x-ray
resonant magnetic scattering (XRMS). These results involve reconsider-
ing the common implicit assumption of a uniform magnetization
through the thickness of the multilayers. With a better understanding
of the actual depth profile of the DW structure through the thickness,
we then describe a novel approach to measure the DMI in these multi-
layers using the experimentally measured size of parallel stripe do-
mains. We next propose a simple model to predict the occurrence
of DW twisting. We finally discuss how our findings open new op-
portunities to manipulate more efficiently this new type of composite
chiral skyrmion in multilayers through a proper engineering of the
interfacial spin-orbit torques (SOTs).

RESULTS

Dipolar field-induced reorientation of magnetic DWs

In ultrathin magnetic films, the interfacial DMI can be strong enough
to stabilize chiral Néel DWs. Let us consider a single DW separating
two perpendicularly magnetized domains of magnetization pointing

10f 10

8T0Z ‘22 JaqWianoN uo /610 Bewaoualos saoueApe//:dny wol) papeojumoq









SCIENCE ADVANCES | RESEARCH ARTICLE

Table 1. List of the studied magnetic multilayers investigated. The saturation magnetization M, the uniaxial anisotropy H,, the measured domain perio-
dicity, the estimated DW width, and the comparison of estimations of D with a fixed DW energy [Kes model (39)], (A, A, w) model, and the present full mi-
cromagnetic model are given for each multilayer. Two multilayers are not labeled as they have not been studied by CD-XRMS but only characterized by MFM to

determine D with the different models.

No- Multilayer stack T = B N e e N L
| //Pt 10/[Ir 1/Co 0.6/Pt 1]5/Pt 3 840 330 167 7.27 —1.46 -143 -2.30
i e e R e A s
e L LT e i e e T
o e — i S e i e
\' //Pt 11/[Co 0.8/Ir 1/Pt 1];o/Pt 3 637 516 244 6.03 1.53 1.50 1.52
e e S e e e e e e
e i — e e i S
— //Ta 10/Pt 7/[Pt 1/Co 0.6/Al,05 1],0,/Pt 3 1344 469 190 4.06 1.40 0.88 1.29

X //Ta 10/[A,0; 1/Co 0.8/Pt 1/120/Pt 7

sense of rotation of the top layers of the stackings and thus the chirality
of DWs as we recently demonstrated (30). For the present experiments,
the energy is set at the L3 Co edge, and the angle of incidence of the
x-rays has been chosen to be 18.5°, corresponding to the first diffrac-
tion peak of the multilayer. Under these conditions, x-rays are mainly
sensitive to the first 15 nm, which corresponds to only four to five re-
petitions from the top of the multilayered structure that predominate in
the measured XRMS signal (see Materials and Methods). Before
performing the XRMS experiments, all the samples have been demag-
netized to reach a magnetic ground state composed of either labyrin-
thine alternating up and down magnetized domains or parallel stripe
domains depending on the chosen demagnetization procedure (see
Materials and Methods).

In Fig. 2 (A to C), we display the XRMS dichroism patterns (diffrac-
tion patterns with unpolarized x-rays are shown as insets) recorded for
the multilayers labeled (II), (VII), and (IX) (with 5, 10, and 20 repeti-
tions, respectively). These three multilayers are the ones having the Pt
layer on top of the FM (D < 0; see Table 1). In the second line (see Fig. 2,
D to F), the dichroism patterns are the ones obtained for the multilayers
labeled (I1I), (V), and (VIII) (also with 5, 10, and 20 repetitions, respec-
tively) that have the Pt layer below the FM (D > 0; see Table 1). Note
that, for the first two columns, the multilayers have been demagnetized
with an oscillating out-of-plane field, leading to a labyrinthine domain
configuration that generates rings in the diffraction patterns. On the
contrary, for multilayers (IX) and (VIII) shown in Fig. 2 (C and F), the
demagnetization procedure was done by applying an oscillating in-plane
field, leading to parallel stripe domain configuration and resulting in dif-
fraction spots appearing on both sides of the specular peak. The
corresponding magnetic force microscopy (MFM) images are shown
in section S2.

Important conclusions can be drawn from this series of XRMS pat-
terns. First, because the dichroic signal is, in all cases, maximum along
the 90° to 270° axis, it can be concluded that all the DWs in these dif-
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ferent multilayers share the same type of DW in surface, corresponding
to Néel DW's as we demonstrated recently (30), instead of tilted DWs in
between Néel and Bloch configurations. Second, we observe that, for all
samples with Pt on top of the FM (Fig. 2, A to C), a positive (red color in
our convention) dichroism at 90° is found. This means that the top few
layers exhibit a CW Néel DW chirality whatever the number of repeti-
tions in the multilayers, which is the DW configuration that can be
expected for this sign of the DMI. On the opposite, for the first two mul-
tilayers with Pt below the FM (Fig. 2, D and E), the dichroic signal is
reversed (maximum positive at 270°). It indicates an opposite, CCW
Néel DW chirality for 5 and 10 repetitions, again as expected from
the sign of the DML A striking observation is then that the dichroism
pattern recorded for the 20-repeats multilayer with Pt below the FM
(shown in Fig. 2F) is again positive at 90° and thus indicates a CW Néel
chirality in surface, which is opposite to what is expected for a positive
DMI-driven chirality. As we explained previously, this apparent dis-
crepancy is a direct fingerprint of the competition between interlayer
dipolar fields and DMI: Because of the 20 repeats in the multilayer,
the impact of the dipolar fields is large enough to impose a reversal of
the chirality of the DWss in the top layers. Note that we are able to ob-
serve this dipolar field-induced chirality reversal only for sample (VIII)
and not for multilayer (IX), because for D < 0, the DMI field is opposite
to the in-plane component of the dipolar field in the bottom layers (see
the magnetic configurations in Fig. 1, A to D), which is not probed by
CD-XRMS. On the contrary, for D > 0, the reversal of the top layers dom-
inates the CD-XRMS signal. As a consequence, for sample (IX), the local
DW chirality reversal occurs in the bottom layers, not probed by the
x-rays in our XRMS configuration, and thus, the reorientation is not ob-
served. The chirality reversal does not occur for the 5- and 10-repeats
multilayers because the strength of the dipolar fields relative to the DMI
fields in these multilayers is not strong enough, as will be shown later.
These experimental results demonstrate the dipolar field-induced twist-
ing of DWs in magnetic multilayers, as described in the previous section.
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Fig. 2. CD-XRMS analysis of different multilayer stacking configurations. Multilayers with D < 0 and (A) 5 repetitions (sample II), (B) 10 repetitions (sample VII), and
(C) 20 repetitions (sample 1X) and with D > 0 and (D) 5 repetitions (sample lll), (E) 10 repetitions (sample V), and (F) 20 repetitions (sample VIlI). The dichroism is
normalized for each image and indicated by the color scale from blue (negative) to red (positive). Left insets are the corresponding sum [circularly left (CL) + circularly
right (CR)] images evidencing the magnetic distribution ordering. Right insets present schemes of the studied stackings.

Determination of D with hybrid chiral DW textures

Being able to get a quantitative estimation of the interfacial DMI am-
plitude has been the subject of numerous studies in the last couple of
years because this parameter is crucial to understand and control both
the statics and dynamics of chiral DWs and/or skyrmions. Different
approaches have been proposed. In single magnetic layers, the inter-
facial DMI has been experimentally accessed using Brillouin light spec-
troscopy (BLS) (27, 31), spin wave spectroscopy (32), chirality-induced
asymmetric DW propagation (9, 33), or asymmetric magnetization re-
versal (34-36). However, these different methods appear to be not reli-
able in the case of interfacial DMI in multilayered systems. A first reason
is that dipolar fields and magnetic couplings between layers shall in
fluence significantly the spin wave propagation and thus the analysis of
BLS spectra. Moreover, because dense labyrinthic magnetic domains are
formed at low fields, they thus prevent the observation of the asymmetric
reversal needed to estimate the DMI. This is why, in multilayered
systems, analysis of domain spacing in the demagnetized state or as
a function of the perpendicular magnetic field has been proposed to
estimate the magnitude of DMI (7, 12, 37). This approach is based on
the fact that the DW periodicity A is the result of the balance between
domain demagnetization energy and DW energy (38), the latter being
dependent on D, as described above. By measuring the DW periodicity
A in demagnetized multilayers (in our case, using XRMS or MFM; see
Materials and Methods and acquired images in section S2), it is pos-
sible to determine D.

We show here how the existence of hybrid chiral DWs induced by
dipolar fields has a large impact on the evaluation of D in multilayers.
To get an accurate estimation even in the presence of the hybrid chiral
DW structures that we identified, our procedure is then to rely on the
micromagnetic simulations with the complete geometry, as exemplified
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above. We consider samples with the parallel stripe domains, and we
vary the domain period in the simulation by changing the number of
cells around the measured domain periodicity A and then relax the sys-
tem for different values of D. The extracted value Dy is D for which the
energy density of the simulated system is minimum at A (see section S3).
The extracted D values for the different multilayers are listed in Table 1,
in which we also compare Dgy with the values of D estimated with the
K (39) and (A, A, y) (15) models (see section S3). Although all models
give consistent values for pure Néel DWs, we note significant differ-
ences as soon as at least one layer has a reversed chirality.

We emphasize that the measurement of the domain periodicity A is
error-free from the size of the MFM imaging probe (40) and that the
sensitivity to local defects is reduced because of the averaging effect of
imaging over sample areas much larger than A. Thus, we believe that the
most straightforward means to quantify the DMI in multilayers remains
so far to find it from the measurement of A in the ground state. Finally,
another interesting aspect of this approach using the periodicity of
stripe domains is that aligning parallel stripe domains with varying
directions allows measurement of the DMI along different directions,
which can give information about the anisotropy of DMI in materials
having a crystalline structure that allows different DMI vectors along
their different crystalline axes. We did not find anisotropic DMI in our
samples.

Criterion for dipolar field-induced twisting of DW chirality

In the following, our objective is to establish a simple criterion describing
the occurrence of twisted chiral DWs in magnetic multilayered systems.
Considering the simplified case of parallel domains where DWs in all
layers are Néel, we can study the stability of this pure Néel configu-
ration. To this aim, we find under these assumptions the horizontal
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spin texture through their thickness that strongly alters their dynamics.
However, to our knowledge, this crucial issue has never been properly
addressed so far. We show in Fig. 5A an example of the actual skyrmion
profile in a multilayer of structure [X(1)/Co(1)/Z(1)],o with D = 0.8 mJ m 2,
obtained by micromagnetic modeling similar as before (see Materials
and Methods). Equivalent to what happens for DWs, the skyrmion
profile exhibits a progressive reorientation from CCW Néel to Bloch
through its thickness and finally to CW Néel chirality in the topmost
magnetic layers. Moreover, the skyrmion diameter also evolves de-
pending on the layer position in the stack, being larger in the central
layers and smaller in the external layers. These skyrmions with Néel
caps were recently predicted and thoroughly modeled by micromag-
netic simulations for amorphous, 50-nm thick Gd/Fe layers (16).
With our findings, we demonstrate that the stabilization of these hy-
brid chiral skyrmions occurs in multilayered stackings of ultrathin
magnetic and nonmagnetic layers with strong interfacial DML In our
multilayers, the different magnetic layers are exchange-decoupled be-
cause of Pt/Ir and Pt/Al,O; spacers, which enhance reorientation effects
as compared to exchange-coupled bulk materials such as Gd/Fe (16).
In the following, we show that, through a precise engineering of the
interfacial spin torques in stacked multilayers, new possibilities can
be anticipated for achieving good control of the current-driven skyrmion
dynamics.

To this aim, we have simulated the current-induced dynamics of
isolated hybrid chiral skyrmions in an extended multilayer similar to
the one shown in Fig. 5A for different values of the DMI and different
spin injection geometries. Note that we only consider here damping-like

torques originating from vertical spin currents, which can be provided,
for example, by the spin Hall effect and a current flowing along the x
direction. The resulting skyrmion velocities are reported in Fig. 5 (B to
D). In Fig. 5B, we first present the case in which the torque is applied
only in the first bottom and the first top layers and the injected spin
polarization is opposite in these two layers. This can occur when the
multilayer is enclosed between two layers of the same heavy metal.
We find that both the longitudinal and transverse velocities remain con-
stant for moderate values of D [with transverse velocity larger than lon-
gitudinal velocity, as it is already known, because of the gyrotropic
motion of the topological skyrmions (19)] but then drop to zero when
|D| > Dy, corresponding to the critical minimum value of D, above
which skyrmions with a unique chirality across all layers are stabilized.
The velocity drops because skyrmions of opposite chiralities are driven
in opposite directions for identical polarizations of injected spins, but in
the same direction for opposite spin injections. As a consequence, the
driving forces on the bottom CCW and top CW Néel skyrmion layers
add up in the range of D for which the chirality twist is present and
cancel out for a uniform skyrmion chirality. In Fig. 5C, we present
the results for the opposite case where the injected spins have identical
polarizations in the bottommost and topmost layers, for example, with
the multilayer enclosed between heavy metals of opposite spin Hall
angles. In that case, we find that the skyrmion motion is completely
canceled up to D, because the hybrid complex spin texture leads to op-
posite skyrmion chiralities in bottommost and topmost layers. The mo-
tion occurs only for |D| > D,, in which case top- and bottom-layer
chiralities and injected spins are identical. Finally, for a uniform current
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Fig. 5. Micromagnetic simulations of the dynamics of hybrid chiral skyrmions. (A) Cut view of the simulation volume for a [X(1)/Co(1)/Z(1)],0 multilayer with D= 0.8 mJm™.
Arrows point in the direction of the magnetization, and m, is given by the color of the arrows from red (=1) to blue (1), while m, is displayed by the color of the grid from black (—1)
to white (+1). The m, component in the top layer is represented in perspective view by the color from red (1) to blue (1). (B to D) Skyrmion velocities for different values of D and
geometries. Right/up pointing blue/red triangles stand for horizontal/transverse velocity components, obtained for (B) opposite injection in bottommost/topmost layers, (C)
identical injection in bottommost/topmost layers, and (D) uniform injection. The injection geometry is depicted by the inset in each case.
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