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Chiral magnetic textures are key for the development of modern spintronic devices. In multilayered thin

films, these are typically stabilized via the interfacial intralayer Dzyaloshinskii-Moriya interaction (DMI).

Additionally, it has been recently observed that DMI may also promote vector spin chirality along the third

dimension, coupling spins in different magnetic layers via nonmagnetic spacer layers, an effect referred to as

interlayer DMI (IL-DMI). This interaction holds promise for 3D nanomagnetism, from the creation of 3D spin

structures such as hopfions to new forms of magnetic functionality in the vertical direction via remote control of

chiral spin states. In this work, we provide direct experimental evidence that the in-plane vector spin chirality of

magnetic textures within a ferromagnetic layer can be controlled via the net out-of-plane spin configuration of

an adjacent one. Both ferromagnetic layers form part of a synthetic antiferromagnet, previously shown to have

IL-DMI. This in-plane vector chirality dependence on the out-of-plane configuration of another layer implies

that the overall scalar spin chirality is preserved when computed across layers. We draw these conclusions from

a combination of magnetic x-ray scattering and imaging experiments, complemented by various simulations.

These findings thus uncover a type of chiral interlayer interactions, which can lead to the formation of intricate

spin states across a metallic interface, demonstrating other ways to control magnetic chirality in three dimensions.

DOI: 10.1103/9798-rdmj

I. INTRODUCTION

Spin chirality [1], a key concept in modern spintronic ap-

plications [2,3], refers to the spatial rotation of spins following

a well defined winding sense. Chirality is typically induced

by the antisymmetric exchange or Dzyaloshinskii-Moriya in-

teraction (DMI) [4], which favors chiral orthogonal coupling

between neighboring spins. This interaction is mathemati-

cally described by the atomistic Hamiltonian [5] HDMI =
�Di j · (�si × �s j ), where �Di j is the DMI vector derived from the
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Moriya rules [6], and is dependent on the spatial positions of

neighboring spins �si and �s j .

In ferromagnetic layers forming part of a multilayer, in-

tralayer DMI couples spins within the film plane leading to the

formation of chiral spin configurations with attractive proper-

ties for spintronics. This includes chiral domain walls (DWs)

as shown in Fig. 1(a) [7–9], and topologically nontrivial struc-

tures like skyrmions, Fig. 1(b) [10–12]. These noncollinear

textures possess vector spin chirality, computed as �si × �s j .

However, for describing chiral systems with more intricate,

noncoplanar spin configurations such as the skyrmion, scalar

spin chirality �si · (�s j × �sk ) is the more appropriate metric

[13–16]. Magnetic configurations with nonzero scalar spin

chirality are found to give rise to emergent magnetotransport

effects [15], e.g., the topological Hall effect [17].

Recently, it has been shown that a non-negligible DMI

interaction may also exist along the third dimension, i.e.,

normal to the film plane. This interaction, referred to as inter-

layer DMI (IL-DMI) [18–20], has been shown to promote a

specific vector chirality in between spins in different layers,
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FIG. 1. Magnetic (a) chiral 360◦ DW and (b) magnetic skyrmion induced via intralayer DMI in individual ferromagnetic multilayers (heavy

metal layers omitted in all sketches). (c) IL-DMI ground state configuration for two ferromagnetic layers with orthogonal anisotropy axes in

“T-configuration” (see main text for details), where �DIL−DMI is represented by the yellow discontinuous arrow. (d) Cross section of (c), showing

a clockwise rotation of the magnetization, from bottom to top layers, due to the IL-DMI. The right diagram indicates the conservation of the

interlayer vector spin chirality in the xz spin plane. (e) Simplified representation of magnetic state found in this work, where the IP layer has a

well defined vector chirality, and the OOP layer is fully saturated. The dashed lines connecting two spins in (a), (c) denote the direction used to

compute the vector chirality, whereas the lines connecting three spins in (b), (e) represent scalar spin chirality. (f) Cross section of (e), showing

a counterclockwise rotation of the magnetization in the top layer, from left to right, for a positive magnetization in the bottom layer. The right

diagram indicates the conservation of the net interlayer scalar spin chirality in the xyz spin space. Colored arrows denote the 3D orientation

of the magnetization vector; the IP directions are denoted by the color-wheel, and the OOP by black and white (respectively +z and -z). The
�DIL−DMI vector is included only in the cases where its direction is well established by theory.

as sketched in Fig. 1(c). This interlayer interaction hence

results in a preferable rotation of spins along the xz plane

[see Fig. 1(d)]. IL-DMI originates from interlayer structural

symmetry breaking in combination with the presence of non-

magnetic atoms with large spin-orbit coupling (SOC).

So far, there are two models proposed to explain the

IL-DMI. In the first model [20], the effect manifests as an

effective chiral field acting on the magnetization of each layer,

caused by the chiral interaction with the spins of a neighbor-

ing layer. Ab-initio calculations indicate how microstructural

changes in the stack, such as the shift of atoms in one layer

with respect to their high-symmetry location would give such

an effective field, with an in-plane DMI vector accounting for

it. The second approach [19] is based on the generalization

of the Levy-Fert atomistic model for DMI [21] to multiple

layers. For particular stack configurations or under moder-

ate disorder, a nonzero interlayer DMI can appear, with a

more complex arrangement of DMI vectors accounting for

it. Whereas for the first case the ground state of the system

consists of a uniform magnetic state for each layer, with

an in-plane/out-of-plane orthogonal configuration following

a well-defined sense of rotation for the magnetization from

one layer to the next, the second predicts no IL-DMI energy

gain for such a configuration. Instead, in the second model,

IL-DMI is expected to play a role only when noncollinear spin

states are present in at least one of the layers, with the chiral

exchange bias being a consequence of nonuniform magnetic

states during reversal [18]. So far, complex 3D spin states as

those predicted by this model have not yet been observed.

Experimental works have been mostly focused on heavy

metal/ferromagnetic systems, finding evidence of the IL-

DMI as an effective chiral exchange bias which can be

exploited, e.g., for field-free deterministic spin-orbit switch-

ing in perpendicularly magnetized multilayer films [22,23].

This effective field also favors the stabilization of exotic

but topologically-trivial spin textures such as 360◦ domain

wall rings [24]. The relationship between antisymmetric IL-

DMI and symmetric RKKY interlayer interactions has been

also experimentally established [25,26]. Furthermore, a re-

cent work in a FM/Ag system reports large values for the

IL-DMI, leading to the chiral reversal of the two in-plane

magnetized layers, an effect which has been understood as

a manifestation of IL-DMI via Rashba-SOC [27]. However,

no direct experimental evidence of complex chiral spin states

under the presence of IL-DMI have been reported so far. The

microscopic nature of the interaction and symmetry of the

DMI vectors are still to be fully established.

Here, we perform experiments in a series of synthetic anti-

ferromagnets (SAFs) with IL-DMI [18], in order to investigate

in detail whether chiral spin states form favored by this inter-

layer interaction. These SAFs have the magnetic layers in a

“T-configuration”, i.e., they consist of an in-plane (IP) and an

out-of-plane (OOP) layer. We study the chiral nature of the

textures forming in the SAF by a combination of x-ray reso-

nant magnetic scattering (XRMS) and photoemission electron

microscopy (PEEM). From these measurements we discover

that OOP magnetic fields, which set the net orientation of

the OOP layer, determine the sign of the vector spin chirality

of the IP layer through interlayer interactions. These results

show evidence that the overall interlayer scalar spin chirality

of the multilayer is preserved across the nonmagnetic spacer,

as sketched in Fig. 1(e). Interlayer interactions thus mediate
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FIG. 2. Schematic layer structure of the SAF, where the

anisotropy axis are shown next to each ferromagnetic layer in the

(x,z) coordinate system.

chiral coupling in the 3D xyz spin space [see Fig. 1(f)]. To

complement our experiments, we discuss our results in terms

of the two different approaches used to model IL-DMI, along

with other possible mechanisms.

These results show evidence of complex chiral spin cou-

pling in three dimensions between ferromagnetic layers

separated by a metallic spacer, opening new opportunities in

3D spintronics.

II. RESULTS AND DISCUSSION

We focus this work on a “T-SAF”, which consists of Si/Ta

(4 nm)/Pt (10 nm)/Co (1 nm)/Pt (0.5 nm)/Ru (1 nm)/Pt

(0.5 nm)/CoFeB (2 nm)/Pt (2 nm)/Ta (4 nm), as shown in

Fig. 2. The magnetic layers are antiferromagnetically coupled

via RKKY interactions, where the Co layer is magnetically

hard OOP, i.e., has strong perpendicular magnetic anisotropy

(PMA), and the CoFeB (Co: 60%, Fe: 20%, B: 20%) is mag-

netically soft IP, with a uniaxial magnetic anisotropy easy axis

(EA) along an IP direction (x̂). As in previous works [18],

the term SAF is used because the Pt (0.5 nm)/Ru (1 nm)/Pt

(0.5 nm) spacer would result in an antiparallel alignment of

the Co and CoFeB layers, if they were both either OOP or

IP magnetized. In cases where the thickness of the IP layer

approaches the spin-reorientation transition, canted magnetic

states can form due to the competition of energies in the

system [18,28].

Prior experiments on this sample [18] demonstrate the ex-

istence of IL-DMI, which manifests itself as an exchange bias

field acting on the CoFeB layer when performing minor IP

hysteresis loops, with the Co layer with net OOP configura-

tion. Due to the chiral interlayer interaction, the sign of the

exchange bias flips upon inverting the net OOP orientation

of the Co layer. The preferential IP direction of the CoFeB

magnetization is due to the presence of moderate uniaxial IP

anisotropy induced by the application of an external magnetic

field during growth [18] (refer to IV for further details).

A. X-ray resonant magnetic scattering

To investigate the chiral nature of the spin states formed

in the SAF, we first perform XRMS experiments at SEX-

TANTS beamline in SOLEIL synchrotron [29]. In these

measurements, we record the off-specular scattered signals

with a charged-coupled device (CCD) camera to obtain a

reciprocal-space-resolved map of the magnetic states present

in the system, enabling to identify potential chiralities in the

magnetic ordering and length scales [30]. Exploiting circular

dichroism in these signals gives direct sensitivity to chiral

magnetic textures, which for instance has been used to de-

termine the sign of the intralayer DMI vector in multilayer

heterostructures [31].

Prior to recording the XRMS maps, we demagnetize the

CoFeB layer by applying an external magnetic field (Bext)

procedure, as the one in Fig. 3(a), along the IP EA direction.

This way, we reach a state consisting of multiple domains,

where their chiral magnetic nature can be studied by this

scattering method. To reach such a demagnetized state in

the CoFeB layer, we add a constant field offset (BDC
ext ) to the

oscillating component (BAC
ext ), in order to fully compensate

the Co-dependent IL-DMI exchange bias field (BIL-DMI). The

resulting magnetometry signal is shown in Fig. 3(b) for Co ↓.

We do this for OOP initialization field procedures which set

the net OOP component of Co ↑ and ↓, where the flip in sign

of BIL-DMI is evident in Figs. 3(c) and 3(d). The magnetometry

measurements shown in Figs. 3(b), 3(c), and 3(d) correspond

to the integrated intensity for a single polarization. Also, in

these measurements we expect the Co layer to be unaffected

by this range of Bext field magnitudes, maintaining its initial

OOP orientation due to its strong PMA.

After applying Bext, we hold BDC
ext constant in order to

maintain the demagnetized CoFeB state and record dichro-

ism XRMS maps for both Co orientations. The dichroism

XRMS maps are computed via the asymmetry ratio, i.e., a

pixel-wise operation (ICL − ICR)/(ICL + ICR), with ICL and ICR

being respectively images taken with circular left and circular

right polarized incoming x-rays [31]. These are shown in

Figs. 3(e) and 3(f) for the x-ray energy set to the Fe L3 edge

(refer to experimental methods section for further details).

The ellipsoidal shape common in both maps (marked by the

dashed line) corresponds to a beamstop, used to block the

specular reflection whose intensity would otherwise dominate

the off-specular signals. Both dichroism maps show asym-

metric signals along the scattering plane direction; for Co

↑, we observe blue-top red-bottom signals, which change to

red-top blue-bottom for Co ↓ (the same behavior is observed

at the Co L3 edge, refer to Supplemental Material S1 [32]).

The dichroic signal peaks exactly at the field required to

compensate BIL-DMI, i.e., the sample is fully demagnetized

(see Supplemental Material S2 [32]). When measuring off-

resonance, these asymmetric signals disappear, evidencing

their magnetic origin (see Supplemental Material S1 [32]).

We observe identical asymmetries and Co-dependent behavior

in a sample from the same series, with a CoFeB thick-

ness of 1.9 nm, which falls in the regime where IL-DMI is

significant [18].

The presence of these dichroic asymmetries demonstrates

the formation of magnetic textures in the CoFeB layer
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FIG. 3. (a) Bext field protocol for demagnetizing the CoFeB layer for Co ↓, and (b) corresponding XRMS element-specific magnetometry

signal during demagnetization (Bext is always applied parallel to the EA of the CoFeB layer). (c), (d) XRMS magnetometry signal corresponding

to minor IP hysteresis loops of CoFeB layer for (c) Co ↑ and (d) Co ↓. The magnitude of these Bext sequences is not sufficient to affect the

previously saturated OOP Co layer’s ↑ or ↓ states. The red-dashed line in (a)–(d) represents the Co-dependent BIL-DMI. Measurements shown

in (b)–(d) are taken at the Co L3 edge (778.1 eV). (e), (f) Dichroism XRMS maps measured at the Fe L3 edge (706.8 eV) for demagnetized

CoFeB at (e) Co ↑ and (f) Co ↓. In both dichroism XRMS maps, the scattering plane is vertical (black dashed arrow), and aligned with the

CoFeB EA. (g), (h) Schematic interpretation of the experimental results obtained in maps (e), (f), for Co (g) ↑ and (h) Co ↓. In both schematics,

the color of the IP spins of the top layer denote the configuration of CoFeB, and the OOP spins of the bottom layer denote the Co. We use the

color-wheel next to both subfigures for IP orientations, and black and white for +z and -z, respectively.

with a predominant vector chirality along the EA direction

[30,37,38]. In other words, the magnetization vector under-

goes 360◦ turns with a specific sense of rotation along this

direction. From XMCD-PEEM data (see Sec. II B), the scat-

tering signal exhibiting this net chirality originates from a

disordered ensemble of micrometric domains. Given the dom-

inating IP anisotropy of the CoFeB layer, the chiral structures

corresponding to these signals are IP domains separated by

Néel DWs. From the XRMS signals and the beamstop dimen-

sions, and taking into account the geometry of the beamline,

we conclude that the length scales of these chiral magnetic

textures have minimum sizes of ≈840 nm in real space. How-

ever, the exact size distribution for larger length scales cannot

be retrieved from the maps, as the signal behind the beamstop

is not accessible.

The second and more striking conclusion is the relative

change in sign of the dichroic signals for both Co OOP direc-

tions. This result implies that the sign of the vector chirality in

the CoFeB IP layer along the EA is controlled by the net OOP

orientation of the Co, as sketched in Figs. 3(g) and 3(h). These

results hint to the presence of IL-DMI behind this interlayer

symmetry breaking effect, as the other possible source of

chirality in CoFeB, i.e., intralayer DMI, is independent on the

magnetic state of a different magnetic layer.

The rectangular shape obtained in the XRMS signal indi-

cates that the form factor of the scattering object is rectangular

in real space, as shown later in XCMD-PEEM imaging. This

contrasts with previous works using XRMS, where domains

with a more random orientation have been investigated [31].

B. Photoemission electron microscopy

To determine the real space configuration of the chiral

textures, we perform magnetic imaging of the demagnetized

states. For this, we utilize the XMCD-PEEM microscope at

the CIRCE beamline [39] of ALBA Synchrotron, exploiting

XMCD for magnetic vector sensitivity [40] (refer to experi-

mental methods for further technical details).

The XMCD-PEEM images corresponding to a CoFeB de-

magnetized state are shown in Figs. 4(a) and 4(b), where we

show two orthogonal projections with the x-ray beam parallel

to the nominal EA and hard axes (HA) of the CoFeB layer,

respectively. These two images are measured at the Co edge,

given that the signal-to-noise ratio is significantly better at that

edge due to the CoFeB layer’s stoichiometry. The signal is

expected to come exclusively from the CoFeB layer due to the

short mean free path of the outgoing electrons, resulting in a

small probing depth. This is evidenced in Ref. [24], where the

magnetic features are found to be identical at both Fe and Co

edges in this SAF.

By combining both projections, we reconstruct the IP

components of the magnetization vector [41,42] using the

method described in Ref. [24]. The resulting IP magnetization

components are shown in Fig. 4(c), showing the rough, gran-

ular structure of this sputtered multilayer. The reconstructed

demagnetized state corresponds to a series of IP domains sep-

arated by Néel DWs. In order to understand how these types

of textures give rise to the experimental dichroism XRMS

maps, we classify them based on their vector spin chirality

along the EA direction (x̂), which is the property probed in

the XRMS experiments. We can thus catalog them in two

categories: either chiral, or net achiral. In these two cases, the

magnetization vector rotates 360◦ in the plane with either well

or not well defined net vector chirality. One example of each

type of texture within the reconstruction is labeled and circled

with a black-dashed line in Fig. 4(c).

We now simulate the dichroism XRMS maps that would

be produced by the chiral and achiral textures using the

off-specular XRMS formalism [35], where the multilayer
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FIG. 4. (a), (b) XMCD-PEEM images for x-ray beam parallel to the nominal easy (a) and hard (b) axes of the CoFeB layer. The IP

projections of Bext (parallel to the EA) and the x-ray beam are given in the inset of each image. (c) Vector reconstruction of the magnetization,

where the IP components are represented by the color-wheel. Two textures, one with vector chirality along the EA direction, and the other with

net zero chirality, are circled with a black-dashed line. The right panel of (d)–(f) shows the simulated dichroism XRMS maps for configurations

consisting of multiple repetitions of the textures on the left. (d) Shows the chiral texture, (e) the chiral texture with opposite vector chirality

sign after modifying the sign of the DW and (f) the achiral texture. As in experiments, the scattering plane direction is represented by the

black-dashed arrow and parallel to the EA, and the equivalent beamstop shape from experiments (see Fig. 3) is outlined as an ellipsoidal

dashed line.

structure is simplified by modeling it as a single individual

ferromagnetic layer, representing the magnetic state of the

CoFeB (see Supplemental Material S3 [32]). Prior to the

simulations, we apply a series of post-processing algorithms

which smoothen and sharpen the DW boundaries in order to

reduce noise and remove the granular structure; see Figs. 4(d),

4(e), and 4(f). Furthermore, we have artificially added to the

simulations the outline of the real experiment sized beamstop,

for direct comparison with experiments.

Figure 4(d) shows the simulated dichroism XRMS maps

which would result from the original DW configuration of the

chiral texture, showing qualitative agreement with the shape

of the experimental signals of Figs. 3(e) and 3(f). Figure 4(e)

shows the signals produced by the chiral texture after man-

ually modifying its vector chirality, i.e., the sign of the DW

components is reversed artificially, giving opposite dichroic

XRMS signal. This step is done manually to directly assess the

effect of chirality on the XRMS output, removing structural

contributions from the DW signal. Differently, the result from

the simulation computed with the achiral texture is shown

in Fig. 4(f), evidencing XMCD signals significantly weaker

than in Figs. 4(d) and 4(e). Furthermore, the shape of the

signal does not match well the experiments. These simula-

tions thus point out the chiral textures observed in XMCD-

PEEM as the ones responsible for the experimentally observed

signals, as they reproduce the shape, and establish a direct

link between the sign of the dichroic XRMS signals and

vector chirality of the magnetic textures. All three XRMS

simulations from Figs. 4(d), 4(e), and 4(f) are performed by

creating artificial magnetic configurations consisting of many

repetitions of each individual texture (refer to Supplemental

Material S3 [32]).

The asymmetric dichroism XRMS maps obtained from

experiments, in combination with the conclusions obtained

from simulations, show the presence of IP magnetic tex-

tures of a dominating vector chirality in the CoFeB (with

its sign dependent on the net OOP configuration of the Co

layer). However, this interaction is not clearly observed in

the XMCD-PEEM magnetization vector reconstruction of

Fig. 4(c). Instead, there is a mixture of IP textures with

both chiralities combined with achiral textures. To understand

this further, we should consider the significant difference in

dimensions of the area probed in both sets of experiments,

30 µm diameter field of view in XMCD-PEEM, and 300 µm

in XRMS. The XMCD-PEEM data is thus not sufficient to

observe the overall symmetry breaking that we probe with

XRMS. Additional simulations computing the XRMS signal

for the whole XMCD-PEEM image confirm this (refer to Sup-

plemental Material S3 [32]), i.e., there is no clear asymmetry

in the scattering signal, a result of the lack of DWs of the same

chirality in this XMCD-PEEM field-of-view. To fully confirm

this, larger XMCD-PEEM images showing an effective chi-

rality of DW structures would be needed. The observation of

opposite chirality for each of the two OOP directions of the

Co layer is expected. These experiments are however beyond

the scope of this work.

Consequently, the interlayer scalar spin chirality in

the SAF remains preserved when evaluated across the
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FIG. 5. Atomistic IL-DMI energy, with hcp stacking, for clockwise 180◦ IP CoFeB (a) head-to-head and (b) tail-to-tail DWs with Co ↑.

Atomistic IL-DMI energy for counter-clockwise 180◦ IP CoFeB (c) head-to-head and (d) tail-to-tail DWs with Co ↑. (e)–(h), Atomistic IL-DMI

energies for the same CoFeB configurations as (a)–(d), evaluated for Co ↓. The colormap common to all configurations represents the IL-DMI

energy evaluated per spin from the atomistic model.

nonmagnetic metallic spacer layer. For this, we first consider

two neighboring spins along the EA of the CoFeB layer, with

a nonzero vector spin chirality. Projecting the resulting vector

chirality onto the vector describing the OOP Co spins, yields

positive (negative) scalar spin chirality when the vectors align

(oppose), demonstrating the preservation of this quantity.

In this work, we solely discuss the states that form when

BDC
ext fully compensates BIL-DMI. For a detailed discussion on

magnetic states that arise when the CoFeB layer is partially

demagnetized, refer to [24], where we find the emergence of

360◦ DW rings [43–45] favored by BIL-DMI.

C. Simulations

In order to understand the microscopic origin of these

results, we perform a set of simulations modeling IL-DMI

via two different approaches employed so far in the lit-

erature. We first use the method which describes IL-DMI

as an additional effective field added to the overall energy

due to interlayer symmetry breaking, as in [20,46,47]. For

this, we model the interaction to occur between discretized

cells which occupy the same position in the plane (x,y),

belonging to different layers (different z position). In this

way, we can evaluate the spatially resolved IL-DMI energy

specifying the magnetic configuration of both ferromagnetic

layers.

The micromagnetic Hamiltonian associated with the in-

teraction is HIL-DMI = �DIL-DMI · ( �mCo × �mCoFeB), with �DIL-DMI

being the overall IL-DMI vector, and �mCo and �mCoFeB the

normalized magnetization of cells that belong to the Co and

CoFeB ferromagnetic layers, respectively. Using vector iden-

tities, this expression may be rewritten as − �mCoFeB · ( �mCo ×
�DIL-DMI), which for uniformly OOP magnetized Co is equiva-

lent to an effective magnetic field acting on the CoFeB with a

value equal to �mCo × �DIL-DMI. According to previous observa-

tions [18], we set �DIL-DMI parallel to +ŷ.

For the simulation, we take the magnetic configuration of

the chiral texture, left panel of Fig. 4(d), and compute in a

pixel-wise operation the IL-DMI energy for both fully satu-

rated orientations of the Co layer (see Supplemental Material

S4 [32]). As expected, the effective field approach does not

provide any preferential vector chirality in the CoFeB, thus

not explaining our experimental findings.

We now test the atomistic model described in [19], where

the IL-DMI energy is obtained by evaluating the Hamilto-

nian expression HIL-DMI = �Deff
i, j · (�si × �s j ). Here, �Deff

i, j is the

effective DMI vector derived utilizing the three-site Levy-Fert

model [21]. Following the previous approach [19], we assume

hcp stacking for the layers, with �si and �s j spins corresponding

to nearest-neighbor atom pairs located in different layers.

The large size of the reconstructed magnetic texture (≈3 µm)

makes it unfeasible to evaluate the energy with an atomistic

model. We therefore compute the IL-DMI energy for 180◦

DWs representing textures on the CoFeB layer, where the

IP anisotropy EA is set along the x̂ direction. We do this

for all possible combinations of CoFeB vector chirality, i.e.,

head-to-head (HtH) and tail-to-tail (TtT), and OOP orientation

of the Co layer, as summarized in Figs. 5(a)–5(h).

In all of the maps we observe a “zipper-like” energy distri-

bution; a DW core opposite in energy to the outer part. Thus,

IL-DMI indeed creates asymmetries in the energy landscape

of 180◦ DWs, reversing for opposite Co orientations. How-

ever, all configurations shown here are equivalent in terms

of energy, as they exhibit zero overall IL-DMI energy. Fur-

thermore, for a given Co orientation there is no direct link

between vector chirality and IL-DMI energy distribution, e.g.,

Figs. 5(a) and 5(b) show opposite energy distributions for TtT

and HtH DWs of CW chirality, which should be equivalent

according to experiments. The energy for these simulations

is in fact only dependent on the sign of the ŷ component of

the DW’s central spins, regardless of the DW vector chirality.

Similar results and conclusions are obtained for different rel-

ative orientations of the hcp hexagon and anisotropy EA (see

Supplemental Material S5 [32]). Thus, the atomistic descrip-

tion of the IL-DMI effect does not explain the experimental

results either.

Apart from these two models, we have assessed further

options. For instance, a three-spin three-site Hamiltonian is

not suitable, as it violates time-reversal symmetry [48]. Higher

order chiral exchange terms, e.g., a chiral biquadratic interac-

tion [49], does not explain our findings either. That is also

the case for different additional mechanisms: inhomogeneus

RKKY profiles for coupling both ferromagnetic layers, ef-

fect of misalignment between external magnetic and IL-DMI

effective fields, small IP fluctuations on the OOP Co layer

configuration when evaluating energies, dipolar interactions
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between the layers, or frozen spins. All these possibilities

do not currently provide a satisfactory explanation of our

experimental results. Thus, further works involving theoret-

ical description and structural configurations of SAFs with

IL-DMI are required to understand the complex chiral spin

coupling reported here.

III. CONCLUSIONS

In this work, we study SAFs with IL-DMI using x-ray tech-

niques, in order to investigate what type of chiral magnetic

states this interaction promotes. We employ dichroism XRMS

in combination with XMCD-PEEM to study the formation

of chiral DW configurations upon demagnetizing the CoFeB

layer. We discover a direct relationship between vector spin

chirality in the CoFeB layer and the net OOP configuration of

the Co layer. This mechanism to tune the vector spin chirality

by external magnetic fields is different from those utilized

until now. For example, through hydrogen absorption [50,51],

strain [52], application of electric fields [53], or electrical cur-

rents [54]. The two main accepted models for IL-DMI fail in

explaining this manifestation of chiral interlayer interactions.

The same happens for alternative mechanisms which could

be present in such multilayered systems. We therefore expect

these results will stimulate further work to elucidate the mi-

croscopic origin of this new manifestation of chiral interlayer

interactions in SAF multilayers. Our results also imply that

the overall scalar spin chirality is preserved across the metallic

spacer of the SAF, which could result in currently unexplored

emergent interlayer-driven topological transport effects.

The formation of complex chiral spin states across multiple

layers via interlayer coupling has a great potential for 3D

spintronics. This work thus opens prospects for new archi-

tectures based on chiral magnetic multilayer devices, where

high storage density and interconnectivity could be realized

[55,56].

IV. EXPERIMENTAL METHODS

Thin film deposition. The samples were sputtered under

the presence of an external magnetic field. As a consequence,

a well-defined in-plane anisotropy in the amorphous CoFeB

layer is observed. See [18] for further details.

XRMS measurements. First, the orientation of the Co layer

is set by applying a strong (≈300 mT) OOP field that satu-

rates the Co by overcoming its strong perpendicular magnetic

anisotropy (PMA) [18]. Second, we track the IP signal of the

CoFeB layer when applying the field sequences which leave

the CoFeB layer in a demagnetized state. For this, we use the

element-specific magnetometry capabilities of the beamline

where the total signal is integrated with a point detector, rather

than resolved in reciprocal space. We take all magnetometry

measurements at 17.9◦ of x-ray beam incidence with respect

to the sample surface plane, providing large sensitivity to IP

components.

We show the measurements at the Co L3 edge due to the

better signal-to-noise ratio found in comparison with the Fe

L3 edge, caused by the stoichoimetry of the layer (see Sup-

plemental Material S1 [32]). The typical attenuation length

of x-rays at resonance depends on the sample details; for this

particular multilayer, we estimate it to be of a few nm. The sig-

nals presented here are understood to show the reversal only

from the CoFeB layer, the Co is expected to be insensitive

to this range of IP fields due to its magnetic hardness. The

possibility of having some softer regions with spins slightly

changing their orientation with the field would not explain our

experimental findings either. Refer to Supplemental Material

S1 [32] for a more detailed discussion.

For all the dichroism XRMS maps discussed in this work,

we take 128 images for each individual circular polarization

in order to reduce noise levels by subsequent averaging. The

angle of incidence is se t to 20.1 − 20.5◦ of incidence with

respect to the sample surface plane, as we obtained the best

image quality at this angle. We take these measurements at

both Fe and Co L3-edges, as shown in the Supplemental Ma-

terial S1 [32].

XMCD-PEEM measurements. Prior to recording the

XMCD-PEEM images, we perform the same procedure as

for the XRMS experiments: we initialize the entire system

OOP, and we subsequently demagnetize the CoFeB with an

oscillating IP magnetic field. We do these measurements for a

single Co OOP orientation (↑).

To obtain the XMCD-PEEM images, we compute the

pixel-wise asymmetry ratio between opposite circular helic-

ity images [57,58], obtained from averaging 128 images for

each polarization. The XMCD-PEEM images originally host

different spatial orientations, given that the sample is rotated

about the optical axis in order to change the x-ray beam IP

projection onto the sample, with the camera in a fixed posi-

tion. Thus, the images are rotated and aligned with respect to

each other utilizing the post-processing algorithms described

in [58], making the different magnetic features spatially over-

lap. The incidence angle of the x-ray beam is fixed at 16◦ with

respect to the substrate plane, giving large sensitivity to IP

components.

From the XMCD-PEEM images shown in the text, the

EA projection gives information regarding the orientation of

the magnetization within the domains, and the HA projection

provides information regarding the magnetic configuration of

the domain walls which separate the domains. The contrast

in the HA image is considerably weaker than that of the EA,

since the net magnetization along the HA direction is small

when compared with the EA.
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