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Néel skyrmions are generally realized in asymmetric multilayers made of heavy metals (HMs) and ultra-
thin ferromagnets possessing strong interfacial Dzyaloshinskii-Moriya interactions (iDMIs). Depending on the 
relative strengths of iDMIs at the interfaces, various types of Néel skyrmions have been suggested, which 
are typified with characteristically different topological properties and current-driven dynamics. This suggests 
the importance of a precise quantification of their spin chiralities. In this paper, we explore the possibility 
of realizing Néel skyrmions in magnetic multilayers without the direct usage of standard HMs. Specifically, 
through depositing a thin layer of ferrimagnetic (FIM) CoTb layer on top of an antiferromagnetic (AFM) 
quantum material of composition Mn3Sn, the AFM exchange interaction at the asymmetric interface provides 
an equivalent iDMI for stabilizing FIM Néel skyrmions. Secondly, through using advanced four-dimensional 
Lorentz scanning transmission electron microscopy (4D LSTEM), in combination with x-ray magnetic circular 
dichroism photoemission electron microscopy (XMCD-PEEM), we can directly determine the spin chirality of 
FIM Néel skyrmions. The present findings not only broaden the phase space for chiral interfacial magnetism but 
also provide a possibility for future applications of heavy-metal-free skyrmionic devices.

I. INTRODUCTION

Magnetic skyrmions are noncollinear topological spin tex-
tures that have been extensively studied in bulk magnets
[1–3] and magnetic multilayers [4,5]. For potential spintronic
applications, interfacially asymmetric multilayers of stack-
ing order heavy metal1/ultrathin ferromagnet/heavy metal2
(HM1/FM/HM2), where HM2 can be either a different ma-
terial or implying a different interface characteristic due
to growth, are particularly promising for hosting room-
temperature Néel skyrmions [6–19]. In these multilayers,
standard HM layers (such as Pt, Ta, W, Ir, and Pd) or
topological insulators (TIs) with strong spin-orbit couplings
(SOCs) are generally required for mediating the interfacial
Dzyaloshinskii-Moriya interaction (iDMI) that subsequently
determines the spin chirality of Néel-type spin textures
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[20–28]. In this regard, it is important to explore alternative
Néel-skyrmion-hosting multilayers without directly involving
the standard HM layers. Investigations of Néel-type chiral
spin textures stabilized on top of quantum materials with
a relatively weak SOC, such as topological antiferromagnet
Mn3Sn in this paper, could broaden the material choice of
Néel skyrmions and greatly contribute to the current under-
standing of chiral interfacial magnetism [29,30]. Note that
Bloch-type skyrmions have been observed in noncentrosym-
metric bulk magnets such as MnSi and FeGe, in which spins
rotate spirally, which is different than the cycloidal rotation of
spins in Néel-type skyrmions [31].

Another challenging topic is the direct imaging of the spin
chirality of Néel skyrmions at room temperature. One of the
most frequently used high-resolution techniques is Lorentz
transmission electron microscopy (LTEM) [3,13,32,33]. It is
worth mentioning that Néel skyrmions stabilized by iDMIs
exhibit a uniform spin chirality [34,35], while Bloch-type
magnetic bubbles stabilized by dipole interactions exhibit ran-
dom spin topologies over the entire films [36,37]. It has been
demonstrated that Néel skyrmions and Bloch-type bubbles
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show distinctively different contrasts at tilted conditions in
LTEM images [38]. In perpendicularly magnetized multilay-
ers, long-range dipolar interactions would preferentially form
Bloch-type spin textures, while iDMIs would stabilize the
Néel-type spin textures. Meanwhile, through detecting the
tilt-dependent magnetic contrast, the LTEM technique can
conclusively distinguish Néel from Bloch skyrmions [13,39–
41]. However, the in-plane components (spin chirality) of
Néel skyrmions exhibit subtle contributions to the LTEM
images, and their effects cannot be convincingly extracted
[13,32,33,39–41].

We will show here that the spin chirality of Néel skyrmions
can be determined by using an advanced four-dimensional
Lorentz scanning transmission electron microscopy (4D
LSTEM), a determination which is not accessible in conven-
tional LTEM. Our 4D LSTEM instrument is equipped with a
high-dynamic-range electron microscopy pixel array detector
(EMPAD) [40,42], which enables quantitative spin-texture
imaging in embedded magnetic multilayers with a spatial
resolution of a few nanometers toward atomic resolution. It is
also capable of adding various external stimuli in the LSTEM
setup, such as current, voltage, and magnetic field (along the
beam direction) in a wide temperature range. It should be
mentioned here that the chiral nature of ferrimagnetic (FIM)
Néel skyrmions is, however, not directly revealed due to the
technical limitations of different electron microscopes [22,43–
46]. Additionally, a table for comparing different imaging
techniques is given in Part 1 of the Supplemental Material
[47]. Combined with x-ray magnetic circular dichroism pho-
toemission electron microscopy (XMCD-PEEM) imaging, we
can further identify the antiparallel spin configurations of the
sublattices of the FIM Néel skyrmion.

In this paper, we use one of the representative quantum ma-
terials, the noncollinear topological antiferromagnetic (AFM)
Mn3Sn to replace the frequently utilized HM layers and to ex-
perimentally demonstrate the stabilization of Néel skyrmions
at room temperature. Mn3Sn exhibits a noncollinear triangu-
lar AFM spin configuration with a vanishing net magnetic
moment [48,49], as shown in Fig. 1(a). Recently, a large
anomalous Hall effect (AHE), a large anomalous Nernst ef-
fect, a large magnetic-optical effect, a magnetic spin Hall
effect, and magnetic Weyl fermions have been observed in
this noncollinear antiferromagnet [50–53]. These intriguing
observations thus signify Mn3Sn as one of the represen-
tative quantum materials. Further, theoretical investigations
have predicted a very weak SOC in the intrinsic noncollinear
AFM Mn3Sn and their chiral magnetism [54–56]. Adjacent
to magnetic layers (FIM CoTb in our case), interfacial chiral
magnetism can be expected to be established at the surface of
Mn3Sn through interlayer exchange coupling.

Interestingly, recent theoretical calculations have predicted
that the triangular spin arrangement of the Mn sites possesses
an iDMI of nonrelativistic origin [57]. Thus, the naturally
existing iDMI in Mn3Sn could be harvested for stabilizing
chiral spin structures in Mn3Sn/FM bilayers. The feasibility of
this proposal has been theoretically suggested through study-
ing the interface between L12-type Mn3Ir and Co (111), in
which a substantial iDMI strength has been suggested through
ab initio calculations [58]. Note that L12-type Mn3Ir and
Mn3Sn are both noncollinear AFMs with the same triangular

(a)

(c) (d)

(b)

FIG. 1. Magnetic properties of the noncollinear antiferromag-
netic (AFM) Mn3Sn. (a) The triangular AFM spin lattices of
Mn3Sn. (b) The perpendicular magnetic hysteresis loop. (c) The
room-temperature anomalous Hall effect (AHE) observed in Mn3Sn
films grown on Al2O3 and SiO2 substrates following the same
procedure. (d) The AHE loops measured in the CoTb/Mn3Sn and
CoTb/Ti/Mn3Sn multilayers at room temperature.

AFM spin arrangements [59]. Therefore, the iDMI with the
same origin may also exist in the FIM/Mn3Sn bilayer. This
theoretical prediction partly motivates this paper.

II. MATERIALS AND METHODS

Mn3Sn thin films, possessing hexagonal Ni3Sn-type struc-
ture with space group P63/mmc, were fabricated on the Al2O3

single crystalline and thermally oxidized silicon substrates by
the AJA (Orion 8) ultrahigh vacuum magnetron sputtering
system. Meanwhile, [Mn3Sn(3)/Co75Tb25(6)/Si3N4(2.9)]20

and [Si3N4(2.9)/Co75Tb25(6)/Mn3Sn(3)]20 (thickness in
nanometers) magnetic multilayers were also deposited. The
base pressure of the growth chamber was 2.0 × 10–8 Torr, and
the Ar working pressure was maintained at 3.0 mTorr during
film deposition. The deposition rate of Mn3Sn was 0.6 Å/s.
The 6-nm-thick CoTb layers with bulk perpendicular mag-
netic anisotropy (PMA) were prepared in a cosputtering mode,
with their relative concentrations being adjusted by changing
the relative growth powers. Magnetic multilayers were also
deposited on the 100-nm- and 15-nm-thick Si3N4 membranes
for magnetic imaging using soft x-ray microscopy (XM-1)
and LTEM, respectively. The same multilayers were also
grown on thermally oxidized silicon substrates for magnetic
characterization and XMCD-PEEM imaging. The electronic
transport properties of the samples were measured by using
a physical property measurement system (PPMS, Quantum
Design). The magnetic properties of the Mn3Sn films and
multilayers were studied by using a superconductor quantum
interference device (SQUID) magnetometer (MPMS, Quan-
tum Design). The magnetic imaging was conducted at the Co
L3 edge (778.5 eV) by using full-field magnetic transmission



x-ray microscopy (MTXM) performed at the Advanced Light
Source (ALS). The x-ray absorption spectroscopy (XAS) and
XMCD measurements were conducted at the Co and Mn
L2,3 and the Tb M4,5 edges, respectively. The XMCD-PEEM
experiments were performed at Paul Scherrer Institute (PSI)
and ALBA Synchrotron Light Source.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the room-temperature hysteresis loops
(M − Hz) measured with a perpendicular magnetic field (Hz)
for Mn3Sn films grown on top of [11̄02]-oriented Al2O3 sub-
strate. A saturation magnetization Ms = 1.2 × 104 A/m is
estimated, which is expected due to the noncollinear AFM or-
der in Mn3Sn. The Mn atoms form a slightly distorted kagome
lattice, and the associated geometrical frustration manifests
itself as an inverse triangular spin structure, which gives rise
to weak magnetic moments [60,61]. The resulting small net
magnetization thus allows the field-control of noncollinear
antiferromagnetism in Mn3Sn and, more importantly, its elec-
trical detection by the AHE [49]. Like the occurrence of
the giant AHE in the Mn3Sn single crystal, a giant AHE is
observed and shown in Fig. 1(c). Note that these samples were
grown simultaneously on Al2O3 and SiO2 substrates. The
occurrence of the giant AHE in both samples thus implies the
presence of topological noncollinear spin configuration. Note
that the amplitude of the AHE in Mn3Sn/SiO2 is smaller than
that of Mn3Sn/Al2O3, indicating a smaller portion of Mn3Sn
grains exhibit a triangular spin configuration. A 6-nm-thick
Co75Tb25 layer is subsequently deposited on top of Mn3Sn.
The presence of PMA is confirmed by the AHE measurement,
which only probes the magnetization orientation of Co (MCo),
because of the weak coupling between the conduction electron
spins and magnetic moments of Tb (MTb) [62]. The magneti-
zation of Tb (parallel with external field) is opposite with that
of Co (antiparallel with external field), due to the AFM cou-
pling between the Co and Tb sublattices [62]. After inserting
a thin layer of Ti (1 nm) between Mn3Sn and Co75Tb25, it is
evident that the shape of the AHE loop is strongly modulated,
as shown in Fig. 1(d). Together with the large coercive field
and saturation field, the modulated AHE loops suggest the
existence of an interlayer AFM exchange coupling between
Mn3Sn and Co75Tb25 films.

The opposite stacking order [Mn3Sn/Co75Tb25/Si3N4]20

and [Si3N4/Co75Tb25/Mn3Sn]20 is expected to provide a
flipped sign for the iDMI and hence an opposite spin chirality,
as schematically shown in Fig. 2(a). The layer-resolved film
growth of multilayers and layer thickness can be determined
from a cross-sectional STEM image, as shown in Fig. 2(b).
Layered structures are further verified by the elemental map-
ping from the electron energy loss spectroscopy (EELS) for
both films, as shown in Part 2 of the Supplemental Material
[47]. Note that the O K edge overlaps with the Sn M edge,
adding a small offset to the intensity of the Sn profile in
EELS because of the inclusion of oxygen from the surface
oxidation during TEM specimen preparation and should not
be considered an intermixing between the Sn-containing and
other layers. A M − Hz loop measured with the perpendic-
ular magnetic field (Hz) is shown in Fig. 2(c), the shape of
which is similar to typical Néel-skyrmion-hosting multilayers

FIG. 2. Structures and magnetic properties of the interfacially
asymmetric multilayers. (a) Schematic illustration of the asym-
metric multilayers with an opposite stacking order. The numbers
are the thickness of each layer in nanometers. (b) Cross-sectional
scanning transmission electron microscopy (STEM) imaging of
[Mn3Sn/Co75Tb25/Si3N4]20 multilayer. The scale bar is 40 nm.
(c) and (d) Out-of-plane and in-plane magnetic hysteresis loops
for [Mn3Sn/Co75Tb25/Si3N4]20 multilayer. (e) The x-ray magnetic
image at Co edge. (f) Comparison between the experimentally
determined sizes of skyrmion (square dot), and results from micro-
magnetic simulations (line).

such as [Pt/CoFeB/MgO]15 and [Pt/Co/Ir]15, implying the
possible formation of Néel skyrmions in our systems [7,8].
The (small) net saturation magnetization Ms = MTb − MCo =

1.9 × 105 A/m can be attributed to the partially compensated
magnetism between the Tb and Co sublattices that gives rise
to the formation of FIM Néel skyrmions [12]. Shown in
Fig. 2(d) is the hysteresis loop measured in the sample plane
(Hx), from which the anisotropy field Hk ≈ 6000 Oe can be
estimated.

Magnetic imaging in the [Mn3Sn/Co75Tb25/Si3N4]20

multilayer was performed using soft x-ray transmission
microscopy (XM-1) with a spatial resolution down to
20 nm at the Co L3 edge (778.5 eV). Following the in-
crease of µ0Hz, disordered labyrinthine domains gradually
shrink into isolated bubblelike spin textures, which occurs
from the competition between the exchange interaction, mag-
netic anisotropy, dipole-dipole interaction, and the (effective)
iDMI, as confirmed by our micromagnetic simulations. A
detailed examination of the magnetic domain configurations
as a function of µ0Hz is presented in Fig. S3 in Part 3 of
the Supplemental Material [47]. Figure 2(e) shows a selected
image acquired at µ0Hz = 141 mT, in which sparsely dis-
tributed bubblelike spin textures can be found. Through using
a 360 ° domain wall (DW) model [43], the diameter of these
bubbles is determined to be in the range of 90–200 nm, which
is larger than the resolution of the x-ray transmission micro-
scope (20 nm). Note that XM-1 probes only the out-of-plane
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FIG. 3. Lorentz transmission electron microscopy (LTEM) images acquired at different magnetic fields and tilt angles. LTEM images for
magnetic multilayer [Mn3Sn/Co75Tb25/Si3N4]20 at (a) 0 mT and −20 ° tilt, (b) 0 mT and 0 ° tilt, (c) 0 mT and 20 ° tilt, and (d) 104 mT and
20 ° tilt. LTEM images for the inverted multilayer acquired at (e) 0 mT and −20 ° tilt, (f) 0 mT and 0 ° tilt, (g) 0 mT and 20 ° tilt, and (h)
104 mT and 20 ° tilt. The scale bar is 1 µm.

magnetization component (mz/Co) of the Co element because
of the normal incidence of the soft x ray to specimens.
The missing information on the orientation of the in-plane
magnetization component (mx,y/Co and mx,y/Tb) is, however,
extremely vital for quantifying the spin chirality of FIM Néel
skyrmions, as shown below.

The size evolution of these bubblelike spin textures as a
function of µ0Hz is further summarized in Fig. 2(f). Following
the increase of µ0Hz, the diameter of bubbles monotonically
decreases. Based on the material-specific parameters, micro-
magnetic simulations were carried out using two coupled
Landau-Lifshitz-Gilbert equations [63,64]. The Co75Tb25 fer-
rimagnet with two sublattices composed of Co and Tb was
considered. Note that a similar value of effective exchange
A = 15 pJ/m for similar FIMs is reported in earlier works
[62,65–67]. We analyzed a 500 × 500 nm2 sample with a
thickness of 6 nm. A detailed description can be found in
Part 4 of the Supplemental Material [47]. Using an effective
iDMI parameter Di = 1.5 ± 0.1 mJ/m2, the micromagnetic
simulation largely reproduces the experimental data. This con-
sistency has also been verified by multilayer simulations (20
repetitions) and thus suggests a semiquantitative estimation of
a finite iDMI in the present multilayer.

Through detecting the phase shift of the electron beam
induced by the lateral magnetic induction field (Bx,y) in mag-
netic samples, LTEM has been frequently used to map out the
profile of different types of spin textures [3,32]. In standard
Lorentz mode with a normal incidence of electron beam, there
is, however, no visible magnetic contrast for Néel-type spin

textures, due to the absence of lateral magnetic induction.
Tilting samples away from the normal incidence introduces
magnetic contrasts, mainly originating from the lateral pro-
jection of the out-of-plane components of the magnetization
(mz) [13,32,33]. Such a tilt-dependent magnetic contrast has
been widely used to distinguish Néel from Bloch DWs and
skyrmions [13,39–41]. At zero field, overfocused LTEM
images were acquired for the [Mn3Sn/Co75Tb25/Si3N4]20

multilayer, under a tilting angle from plane normal of −20 °,
0 °, and 20 °, as shown in Figs. 3(a)–3(c). In standard Lorentz
mode, the external field was applied along the electron beam
direction. Sparsely distributed bubblelike spin textures at 104
mT with a tilting angle 20 ° are also shown in Fig. 3(d).
Shown in Figs. 3(e)–3(h) are the corresponding LTEM images
acquired in the inverted stack [Si3N4/Co75Tb25/Mn3Sn]20.
At the zero-tilting angle, a diminishing magnetic contrast is
evident in both samples. Through reversing the tilting angle
from −20 ° to 20 °, a reversal of magnetic contrast can also be
seen. The reversal of bubblelike magnetic contrast at 104 mT,
which is obtained at opposite tilting angles (−20 ° and 20 °),
is also demonstrated in Part 5 of the Supplemental Material
[47]. These results are consistent with the reported LTEM
images of Néel-type spin textures. However, the in-plane com-
ponents of the Néel-type spin textures (mx,y) have a subtle
contribution to the LTEM images, and their effects cannot
be extracted due to the challenges for quantifying the images
[32,33]. Therefore, the spin chirality of these Néel skyrmions
cannot be directly determined from the standard LTEM
images [13,32,33,39–41].
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FIG. 4. Identifying the spin chirality of Néel skyrmions with four-dimensional Lorentz scanning transmission electron microscopy (4D
LSTEM). (a) The schematic illustration of the 4D LSTEM setup. (b) and (c) Magnetic flux distributions for the right- and left-handed Néel
skyrmions are shown in panels (R1) and (L1), while the horizontal component (Bx) of the simulated magnetic flux distribution at 20 ° tilt for
the right- and left-handed Néel skyrmions are shown in panels (R2) and (L2), respectively. Experimentally determined magnetic fluxs of Néel
skyrmions in [Mn3Sn/Co75Tb25/Si3N4]20 and [Si3N4/Co75Tb25/Mn3Sn]20 multilayers along the horizontal (x) direction are shown in panels
(R4) and (L4). Panels (R5) and (L5) are the enlarged images of the selected skyrmions (red circles) in panels (R4) and (L4). Panels (R3) and
(L3) are the simulated (R2) and (L2) and experimental (R5) and (L5) line profiles of magnetic flux magnitude (Bx) of the right- and left-handed
Néel skyrmion along the direction marked with black and red arrows, respectively. Panels (R6) and (L6) are the experimental line profiles of
the Bx of a few undistorted skyrmions in panels (R4) and (L4), respectively. All the images are plotted under the same x and y axes in (a). The
scale bars in (b) and (c) are 0.5 µm.

Differential phase contrast (DPC) imaging in LSTEM
mode using a focused electron probe can directly measure the
deflection angle of the electron beam (βL = eλ

h
Bx,yt ) induced

by the Lorentz force of the lateral magnetic field (Bx,y) in the
sample with the possibility of reaching atomic resolution [68].
Here, e is the unitary electronic charge, λ is the wavelength
of the electron beam, h is the Planck constant, and t is the
thickness of the magnetic film. It provides the capabilities
for quantitatively imaging the spin structures at a sub-5-nm
spatial resolution, which are usually inaccessible from LTEM.
The resolution of LTEM degrades to tens of nanometers due
to the delocalization from the large defocus value required
for gaining sufficient magnetic contrast [39], especially for
compensated FIMs with a small saturation magnetization.

This is not a problem for LSTEM, which is operated in
focus. High sensitivity to magnetic field from LSTEM relies
on more illumination doses and therefore a high dynamic
range detector. Figure 4(a) shows schematically our LSTEM
setup equipped with a high-dynamic-range EMPAD. A 4D

dataset is obtained by acquiring the full diffraction pattern
at each scanning point. Compared with conventional DPC
imaging, the 4D LSTEM setup can determine the deflection
angle of the electron beam more accurately from the diffrac-
tion patterns via a more advanced analysis such as an edge
detection algorithm [40]. These analyses can largely eliminate
the artifacts from crystalline grains that are unavoidable in the
sputtered polycrystalline or amorphous films [42]. Here, we
show that 4D LSTEM can be utilized to directly visualize the
spin chirality of the Néel skyrmions.

Employing a 360 ° DW model [43] and following the es-
tablished theory of Lorentz electron microscopy [69], we can
simulate the magnetic induction field from Néel skyrmions
with an opposite spin chirality. Panels (R2) and (L2) in
Figs. 4(b) and 4(c) show simulated magnetic induction fields
along the horizontal direction (Bx) for a right-handed (R1)
and a left-handed (L1) spin chirality of Néel skyrmions. The
black curves in panels (R3) and (L3) show an asymmetric
feature along the simulated diagonal direction (Bx) for the



right- and the left-handed spin chiralities, respectively. As il-
lustrated from the separate contributions of the in-plane (mx,y)
and out-of-plane (mz) magnetization components in Fig. S5 in
Part 6 of the Supplemental Material [47], the reversal of the
asymmetric intensity comes from the reversed spin orientation
of the in-plane components (mx,y). This can thus be used to
directly identify the spin chiralities of Néel skyrmions. Subtle
asymmetric features can also be seen in the vertical com-

ponent (By) and the magnitude (|B| =
√

B2
x + B2

y ), as shown

in Fig. S6 in Part 7 of the Supplemental Material [47]. Our
quantitatively calculated magnetic induction fields thus sug-
gest that 4D LSTEM can be used for mapping out the spin
chirality of Néel skyrmions.

Panels (R4) and (L4) show the experimentally acquired
magnetic flux (Bx) images using 4D LSTEM. The selected
right- and left-handed Néel skyrmions [red circles in pan-
els (R4) and (L4)] are shown in the panels (R5) and (L5),
which were acquired from the [Mn3Sn/Co75Tb25/Si3N4]20

and [Si3N4/Co75Tb25/Mn3Sn]20 multilayers with flipped sur-
faces, respectively. The red curves in panels (R3) and (L3)
show their line profiles along the diagonal directions of
experimental magnetic flux Bx. The asymmetric features qual-
itatively agree with the simulated results, as shown in panels
(R3) and (L3). A small residual offset in the zero point of
the magnetic field may exist from LSTEM measurements be-
cause the zero-field point was calibrated by zeroing the beam
deflection angle from sample regions far from skyrmions and
without apparent magnetic contrast. The possible long-range
field from skyrmions can induce a small shift in the magnetic
field. The overall shape of the vertical direction (By) and
magnitude (|B|) of the magnetic induction field images also
qualitatively agree with the simulations, as shown in Part 8
of the Supplemental Material [47]. Thus, the spin chirality
of Néel skyrmions, being the right- or left-handed in these
two inverted multilayers, was confirmed. Note that the right-
and left-handed spin chiralities correspond to positive and
negative signs of the iDMI parameters, respectively, which
is expected for the inverted stacking orders [70]. We also
find that local sample bending or crystalline grains may in-
troduce artifacts into the magnetic flux images, which were
carefully avoided during our experiments. Furthermore, the
signal-to-noise ratio of the magnetic field images scales with
the exposure dose, requiring a high dynamic range detector
like the EMPAD for identifying the spin chirality of Néel
skyrmions [42,71].

We also note that the shape or size of magnetic flux distri-
bution from Néel skyrmions can be affected by many factors,
such as local defects pinning or residual magnetic field from
neighboring Néel skyrmions. In our experiments, we chose
Néel skyrmions without apparent distortions. Line profiles
of magnetic field from both Bx and By components of more
undistorted Néel skyrmions are further shown in panels (R6)
and (L6) in Figs. 4 and S8 in Part 9 of the Supplemental
Material [47], respectively. It is worth mentioning that the
small in-plane external magnetic field (<50 mT) is much
smaller than those of the effective field of the iDMI and should
have negligible effects on the identification of the chirality
in the films. Note that the 4D LSTEM experiment was also
performed in [Si3N4/Co75Tb25]20 multilayers, in which the

(a) (c)

(b) (d)

FIG. 5. Chirality determination of ferrimagnetic (FIM) Néel
skyrmions using x-ray magnetic circular dichroism photoemission
electron microscopy (XMCD-PEEM). (a) and (b) The XMCD
spectra measured at Co L3 edge and Tb M5 edge in the
[Mn3Sn/Co75Tb25/Si3N4]20 multilayer at µ0Hz = +2 Tesla, respec-
tively. Insets in (a) and (b) are the corresponding XMCD-PEEM
images acquired at zero magnetic field. Scale bar is 1 µm. (c)
XMCD-PEEM image with an enhanced contrast at the Tb M5 edge
by averaging 500 images. The white arrow indicates the incident
direction of the x ray. Scale bar is 1 µm. (d) Laterally averaged
linescans of the magnetic contrast from the position marked lo-
cations in (c). Dash lines indicate the XMCD brightness level of
the corresponding out-of-plane domains, while additional dips/peaks
between them correspond to in-plane magnetic moment of the chiral
domain walls (DWs). Inset is the schematic of the chiral spin texture.
The blue color represents Tb, while dark yellow corresponds to Co
sublattices.

presence of Bloch-type spin textures was identified, as illus-
trated in Part 10 of the Supplemental Material [47]. We also
notice that Bloch-type bubbles with random spin topology
were recently reported in the very thick CoTb film without
an interfacial asymmetry [72]. These results further suggest
the important role of noncollinear AFM Mn3Sn in introducing
interfacial chiral magnetism.

The incorporation of the FIM Co75Tb25 layer with
two AFM-coupled Tb and Co sublattices results in the
formation of FIM Néel skyrmions. The 4D LSTEM mea-
surement is, however, only sensitive to the net magnetiza-
tion (|MTb − MCo|). To confirm the presence of FIM Néel
skyrmions and their associated (opposite) spin chiralities in
an element-specific measurement, we also performed XMCD
spectroscopy and XMCD-PEEM experiments, as shown in
Fig. 5. Measuring Co L2,3 and Tb M4,5 absorption edges
with XMCD spectra at µ0Hz = 2 T, opposite signs are evi-
dent, corresponding to the antiparallel magnetization of Co
and Tb atoms. Note that the vanishing XMCD signal at Mn
L2,3 absorption edge can be observed, which excludes the



proximity-induced magnetism in Mn3Sn, as shown in Fig.
S10 in Part 11 of the Supplemental Material [47]. Insets of
Figs. 5(a) and 5(b) show XMCD-PEEM images of an identical
area acquired at the Co L3 and Tb M5 edges at zero magnetic
field, respectively. The reversed magnetic contrasts between
these two images further confirm the AFM coupling between
the Tb and Co sublattices.

In the XCMD-PEEM investigations, the samples are il-
luminated with the x-ray beam at a small grazing angle
(typically 16◦) with respect to the film plane. Hence, the
magnetic contrast of the in-plane magnetization component
(mx,y) is ∼3.5 times stronger than that of the out-of-plane
components (mz) [24]. Specifically, the change of magnetic
contrast correlates with the relative orientation between the
in-plane magnetization and the x-ray incidence direction. The
contrast is bright when the in-plane magnetization is antiparal-
lel with the x-ray incidence direction, whereas a dark contrast
is present when they are in a parallel configuration. Thus,
together with its high spatial resolution (possibly down to
25 nm), XMCD-PEEM can be independently employed for
confirming the spin chirality of Néel-type spin textures.

Figure 5(c) displays a high-resolution XMCD-PEEM
image of the multidomain states at zero field for the
[Mn3Sn/Co75Tb25/Si3N4]20 multilayer acquired at the Tb
M5 edge. Along the x-ray illumination direction, an al-
ternating contrast change from brighter to darker can be
observed, which corresponds to the down-to-up (↓ւ←տ↑)
DW and up-to-down (↑ր→ց↓) DW, respectively. These
features can be more clearly seen from the linescans shown
in Fig. 5(d), which confirms that the spin chirality in the
[Mn3Sn/Co75Tb25/Si3N4]20 multilayer is right handed. Ex-
perimental efforts are also made to directly image the spin
chirality of Co at the L3 edge, which is, however, unsuccessful
due to a relatively smaller magnetization and hence a weaker
XMCD-PEEM contrast. As a result of AFM coupling between
the Tb and Co sublattices, the Co sublattice possesses the
same spin chirality as the Tb sublattice, as schematically il-
lustrated in the inset of Fig. 5(d).

IV. CONCLUSIONS

In summary, using the noncollinear AFM Mn3Sn as
a seeding layer and the accompanied interfacial AFM
exchange coupling through interfacing with a thin FIM
CoTb layer, we have stabilized FIM Néel skyrmions in
[Mn3Sn/Co75Tb25/Si3N4]20 and [Si3N4/Co75Tb25/Mn3Sn]20

multilayers, respectively. The opposite (right/left handed) spin
chirality due to the flipped interfaces and hence the opposite
(positive/negative) sign of the iDMI can be directly identified
by using the 4D LSTEM in combination with imaging simula-
tions. The 4D LSTEM results, together with the FIM nature of
the Néel skyrmions in our multilayers, are further confirmed
using XMCD-PEEM. Our results suggest that the exchange
coupling between a noncollinear AFM and a thin FIM could
similarly host an iDMI of strength 1.5 ± 0.1 mJ/m2 that can
be harvested to stabilize room-temperature Néel skyrmions.
Meanwhile, it is interesting to note that a negative sign of
the iDMI parameter has been measured in IrMn/CoFeB/MgO
trilayers [19,73,74], as compared with the positive sign of
the iDMI in the Mn3Sn/Co75Tb25/Si3N4 multilayer. Thus, a

precise understanding of the rich interfacial chiral magnetism
in similar AFM-based quantum materials, however, requires
further theoretical investigations, ideally from first-principles
and ab initio calculations [75]. We also summarized differ-
ent skyrmion hosting materials in a table in Part 12 of the
Supplemental Material [47], which could be beneficial for
future material optimization. Compared with the other ma-
terials, the choice of FIM CoTb with a bulk PMA could
stimulate more applications of quantum materials in chiral
magnetism. Furthermore, one could envision harvesting the
accompanied magnetic spin Hall effects from the topolog-
ical Mn3Sn to study the current-driven dynamics of FIM
Néel skyrmions [52,59,76], which may simultaneously re-
veal interesting physics such as the reduced skyrmion Hall
effect. Meanwhile, one could explore the interlayer exchange
between the skyrmion hosting multilayers and Mn3Sn, for sta-
bilizing AFM skyrmions. It is expected that this paper could
trigger more investigations for gaining a comprehensive un-
derstanding of chiral interfacial magnetism and, meanwhile,
could set a valuable step for bridging AFM spintronics and
skyrmionics in the future [77,78].
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A. Locatelli, T. O. Menteş, A. Sala, L. D. Buda-Prejbeanu,
O. Klein, M. Belmeguenai, Y. Roussigné, A. Stashkevich, S.
M. Chérif, L. Aballe, M. Foerster, M. Chshiev, S. Auffret,
I. M. Miron, and G. Gaudin, Room-temperature chiral mag-
netic skyrmions in ultrathin magnetic nanostructures, Nat.
Nanotechnol. 11, 449 (2016).

[25] A. Soumyanarayanan, M. Raju, A. L. Gonzalez Oyarce, A.
K. C. Tan, M.-Y. Im, A. P. Petrović, P. Ho, K. H. Khoo, M.
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Burgos-Parra, N. Bukin, A. Laurenson, H. Popescu, M. Beg,
O. Hovorka, H. Fangohr, P. A. Midgley, G. Balakrishnan, and
P. D. Hatton, Do images of biskyrmions show type-II bubbles?
Adv. Mater. 31, 1806598 (2019).

[39] S. McVitie and M. Cushley, Quantitative Fresnel Lorentz
microscopy and the transport of intensity equation,
Ultramicroscopy 106, 423 (2006).

[40] M. Krajnak, D. McGrouther, D. Maneuski, V. O. Shea,
and S. McVitie, Pixelated detectors and improved efficiency
for magnetic imaging in STEM differential phase contrast,
Ultramicroscopy 165, 42 (2016).

[41] M. He, L. Peng, Z. Zhu, G. Li, J. Cai, J. Li, H. Wei, L. Gu, S.
Wang, T. Zhao, B. Shen, and Y. Zhang, Realization of zero-field
skyrmions with high-density via electromagnetic manipulation
in Pt/Co/Ta multilayers, Appl. Phys. Lett. 111, 202403 (2017).

[42] K. X. Nguyen, E. Turgut, M. C. Cao, J. Glaser, Z. Chen,
M. J. Stolt, S. Jin, G. D. Fuchs, and D. A. Muller, Disen-
tangling magnetic and grain contrast in polycrystalline FeGe
thin films using 4-D Lorentz Scanning Transmission Electron
Microscopy, arXiv:2001.06900 (2020).

[43] N. Romming, A. Kubetzka, C. Hanneken, K. von Bergmann,
and R. Wiesendanger, Field-Dependent Size and Shape of Sin-
gle Magnetic Skyrmions, Phys. Rev. Lett. 114, 177203 (2015).

[44] J. Lucassen, M. J. Meijer, O. Kurnosikov, H. J. M. Swagten, B.
Koopmans, R. Lavrijsen, F. Kloodt-Twesten, R. Frömter, and R.
A. Duine, Tuning Magnetic Chirality by Dipolar Interactions,
Phys. Rev. Lett. 123, 157201 (2019).

[45] K. v. Bergmann, A. Kubetzka, O. Pietzsch, and R.
Wiesendanger, Interface-induced chiral domain walls, spin
spirals and skyrmions revealed by spin-polarized scanning
tunneling microscopy, J. Phys.: Condens. Matter 26, 394002
(2014).

[46] M. J. Meijer, J. Lucassen, F. Kloodt-Twesten, R. Frömter, O.
Kurnosikov, R. A. Duine, H. J. M. Swagten, B. Koopmans, and
R. Lavrijsen, Magnetic Chirality Controlled by the Interlayer
Exchange Interaction, Phys. Rev. Lett. 124, 207203 (2020).

[47] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevMaterials.5.084406 for additional informa-
tion on technique and material comparisons, cross-sectional
layer-structures, MTXM and LTEM images, micromagnetic
simulation, magnetic flux from in-plane (mx,y) and out-of-plane
(mz) components, simulated and experimental vertical compo-
nent By and the magnitude |B|, and XAS and XMCD spectra at
the Mn L2,3 edge.

[48] T. Nagamiya, Triangular spin ordering in Mn3Sn and Mn3Ge,
J. Phys. Soc. Jpn. 46, 787 (1979).

[49] S. Nakatsuji, N. Kiyohara, and T. Higo, Large anomalous Hall
effect in a non-collinear antiferromagnet at room temperature,
Nature 527, 212 (2015).

[50] M. Ikhlas, T. Tomita, T. Koretsune, M.-T. Suzuki, D. Nishio-
Hamane, R. Arita, Y. Otani, and S. Nakatsuji, Large anomalous
Nernst effect at room temperature in a chiral antiferromagnet,
Nat. Phys. 13, 1085 (2017).

[51] T. Higo, H. Man, D. B. Gopman, L. Wu, T. Koretsune, O. M.
J. van ’t Erve, Y. P. Kabanov, D. Rees, Y. Li, M.-T. Suzuki,
S. Patankar, M. Ikhlas, C. L. Chien, R. Arita, R. D. Shull, J.
Orenstein, and S. Nakatsuji, Large magneto-optical Kerr effect
and imaging of magnetic octupole domains in an antiferromag-
netic metal, Nat. Photonics 12, 73 (2018).

[52] M. Kimata, H. Chen, K. Kondou, S. Sugimoto, P. K. Muduli,
M. Ikhlas, Y. Omori, T. Tomita, A. H. MacDonald, S. Nakatsuji,
and Y. Otani, Magnetic and magnetic inverse spin Hall effects
in a non-collinear antiferromagnet, Nature 565, 627 (2019).

[53] K. Kuroda et al., Evidence for magnetic Weyl fermions in a
correlated metal, Nat. Mater. 16, 1090 (2017).

[54] Y. Zhang, J. Železný, Y. Sun, J. van den Brink, and B. Yan,
Spin Hall effect emerging from a noncollinear magnetic lat-
tice without spin–orbit coupling, New J. Phys. 20, 073028
(2018).

[55] X. Li, C. Collignon, L. Xu, H. Zuo, A. Cavanna, U. Gennser,
D. Mailly, B. Fauqué, L. Balents, Z. Zhu, and K. Behnia, Chiral
domain walls of Mn3Sn and their memory, Nat. Commun. 10,
3021 (2019).

[56] H. Yang, Y. Sun, Y. Zhang, W.-J. Shi, S. S. P. Parkin, and B. Yan,
Topological Weyl semimetals in the chiral antiferromagnetic
materials Mn3Ge and Mn3Sn, New J. Phys. 19, 015008 (2017).

[57] R. Cardias, A. Bergman, A. Szilva, Y. O. Kvashnin, J.
Fransson, A. B. Klautau, O. Eriksson, and L. Nordström,
Dzyaloshinskii-Moriya interaction in absence of spin-orbit cou-
pling, arXiv:2003.04680 (2020).

https://doi.org/10.1038/ncomms3671
https://doi.org/10.1038/s41565-018-0268-y
https://doi.org/10.1038/nature19820
https://doi.org/10.1103/RevModPhys.89.025006
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/ncomms9957
https://doi.org/10.1103/PhysRevB.99.104402
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.210
https://doi.org/10.1073/pnas.1118496109
https://doi.org/10.1103/PhysRevB.95.024415
https://doi.org/10.1002/adma.201806598
https://doi.org/10.1016/j.ultramic.2005.12.001
https://doi.org/10.1016/j.ultramic.2016.03.006
https://doi.org/10.1063/1.5001322
http://arxiv.org/abs/arXiv:2001.06900
https://doi.org/10.1103/PhysRevLett.114.177203
https://doi.org/10.1103/PhysRevLett.123.157201
https://doi.org/10.1088/0953-8984/26/39/394002
https://doi.org/10.1103/PhysRevLett.124.207203
http://link.aps.org/supplemental/10.1103/PhysRevMaterials.5.084406
https://doi.org/10.1143/JPSJ.46.787
https://doi.org/10.1038/nature15723
https://doi.org/10.1038/nphys4181
https://doi.org/10.1038/s41566-017-0086-z
https://doi.org/10.1038/s41586-018-0853-0
https://doi.org/10.1038/nmat4987
https://doi.org/10.1088/1367-2630/aad1eb
https://doi.org/10.1038/s41467-019-10815-8
https://doi.org/10.1088/1367-2630/aa5487
http://arxiv.org/abs/arXiv:2003.04680


[58] R. Yanes, J. Jackson, L. Udvardi, L. Szunyogh, and U. Nowak,
Exchange Bias Driven by Dzyaloshinskii-Moriya Interactions,
Phys. Rev. Lett. 111, 217202 (2013).

[59] Y. Zhang, Y. Sun, H. Yang, J. Železný, S. P. P. Parkin, C. Felser,
and B. Yan, Strong anisotropic anomalous Hall effect and spin
Hall effect in the chiral antiferromagnetic compounds Mn3X

(X = Ge, Sn, Ga, Ir, Rh, and Pt), Phys. Rev. B 95, 075128
(2017).

[60] S. Tomiyoshi and Y. Yamaguchi, Magnetic structure and weak
ferromagnetism of Mn3Sn studied by polarized neutron diffrac-
tion, J. Phys. Soc. Jpn. 51, 2478 (1982).

[61] P. J. Brown, V. Nunez, F. Tasset, J. B. Forsyth, and
P. Radhakrishna, Determination of the magnetic structure
of Mn3Sn using generalized neutron polarization analysis,
J. Phys.: Condens. Matter 2, 9409 (1990).

[62] J. Finley and L. Liu, Spin-Orbit-Torque Efficiency in Compen-
sated Ferrimagnetic Cobalt-Terbium Alloys, Phys. Rev. Appl.
6, 054001 (2016).

[63] V. Puliafito, R. Khymyn, M. Carpentieri, B. Azzerboni, V.
Tiberkevich, A. Slavin, and G. Finocchio, Micromagnetic mod-
eling of terahertz oscillations in an antiferromagnetic material
driven by the spin Hall effect, Phys. Rev. B 99, 024405
(2019).

[64] L. Sánchez-Tejerina, V. Puliafito, P. Khalili Amiri, M.
Carpentieri, and G. Finocchio, Dynamics of domain-wall mo-
tion driven by spin-orbit torque in antiferromagnets, Phys. Rev.
B 101, 014433 (2020).

[65] M. Binder, A. Weber, O. Mosendz, G. Woltersdorf, M.
Izquierdo, I. Neudecker, J. R. Dahn, T. D. Hatchard, J. U.
Thiele, C. H. Back, and M. R. Scheinfein, Magnetization
dynamics of the ferrimagnet CoGd near the compensation
of magnetization and angular momentum, Phys. Rev. B 74,
134404 (2006).

[66] Y. Ogata, H. Chudo, M. Ono, K. Harii, M. Matsuo, S. Maekawa,
and E. Saitoh, Gyroscopic g factor of rare earth metals, Appl.
Phys. Lett. 110, 072409 (2017).

[67] S. A. Siddiqui, J. Han, J. T. Finley, C. A. Ross, and L. Liu,
Current-Induced Domain Wall Motion in a Compensated Ferri-
magnet, Phys. Rev. Lett. 121, 057701 (2018).

[68] S. McVitie, D. McGrouther, S. McFadzean, D. A. MacLaren,
K. J. O’Shea, and M. J. Benitez, Aberration corrected Lorentz

scanning transmission electron microscopy, Ultramicroscopy
152, 57 (2015).

[69] M. Mansuripur, Computation of electron-diffraction patterns in
Lorentz electron microscopy of thin magnetic films, J. Appl.
Phys. 69, 5890 (1991).

[70] W. Legrand, J.-Y. Chauleau, D. Maccariello, N. Reyren, S.
Collin, K. Bouzehouane, N. Jaouen, V. Cros, and A. Fert,
Hybrid chiral domain walls and skyrmions in magnetic mul-
tilayers, Sci. Adv. 4, eaat0415 (2018).

[71] J. N. Chapman, P. E. Batson, E. M. Waddell, and R. P.
Ferrier, The direct determination of magnetic domain wall
profiles by differential phase contrast electron microscopy,
Ultramicroscopy 3, 203 (1978).

[72] J. Zhang, X. Zhang, H. Chen, Y. Guang, X. Zeng, G. Yu, S.
Zhang, Y. Liu, J. Feng, Y. Zhao, Y. Zhou, X. Qiu, X. Han, Y.
Peng, and X. Zhang, Formation and magnetic-field stability of
magnetic dipole skyrmions and bubbles in a ferrimagnet, Appl.
Phys. Lett. 116, 142404 (2020).

[73] X. Ma, G. Yu, S. A. Razavi, S. S. Sasaki, X. Li, K. Hao,
S. H. Tolbert, K. L. Wang, and X. Li, Dzyaloshinskii-Moriya
Interaction across an Antiferromagnet-Ferromagnet Interface,
Phys. Rev. Lett. 119, 027202 (2017).

[74] Y. Guang, I. Bykova, Y. Liu, G. Yu, E. Goering, M. Weigand,
J. Gräfe, S. K. Kim, J. Zhang, H. Zhang, Z. Yan, C. Wan, J.
Feng, X. Wang, C. Guo, H. Wei, Y. Peng, Y. Tserkovnyak, X.
Han, and G. Schütz, Creating zero-field skyrmions in exchange-
biased multilayers through x-ray illumination, Nat. Commun.
11, 949 (2020).

[75] H. Yang, A. Thiaville, S. Rohart, A. Fert, and M. Chshiev,
Anatomy of Dzyaloshinskii-Moriya Interaction at Co/Pt Inter-
faces, Phys. Rev. Lett. 115, 267210 (2015).

[76] H. Tsai, T. Higo, K. Kondou, T. Nomoto, A. Sakai, A.
Kobayashi, T. Nakano, K. Yakushiji, R. Arita, S. Miwa, Y.
Otani, and S. Nakatsuji, Electrical manipulation of a topological
antiferromagnetic state, Nature 580, 608 (2020).

[77] O. Gomonay, V. Baltz, A. Brataas, and Y. Tserkovnyak, Anti-
ferromagnetic spin textures and dynamics, Nat. Phys. 14, 213
(2018).

[78] T. Jungwirth, X. Marti, P. Wadley, and J. Wunderlich,
Antiferromagnetic spintronics, Nat. Nanotechnol. 11, 231
(2016).

https://doi.org/10.1103/PhysRevLett.111.217202
https://doi.org/10.1103/PhysRevB.95.075128
https://doi.org/10.1143/JPSJ.51.2478
https://doi.org/10.1088/0953-8984/2/47/015
https://doi.org/10.1103/PhysRevApplied.6.054001
https://doi.org/10.1103/PhysRevB.99.024405
https://doi.org/10.1103/PhysRevB.101.014433
https://doi.org/10.1103/PhysRevB.74.134404
https://doi.org/10.1063/1.4976998
https://doi.org/10.1103/PhysRevLett.121.057701
https://doi.org/10.1016/j.ultramic.2015.01.003
https://doi.org/10.1063/1.347859
https://doi.org/10.1126/sciadv.aat0415
https://doi.org/10.1016/S0304-3991(78)80027-8
https://doi.org/10.1063/1.5142562
https://doi.org/10.1103/PhysRevLett.119.027202
https://doi.org/10.1038/s41467-020-14769-0
https://doi.org/10.1103/PhysRevLett.115.267210
https://doi.org/10.1038/s41586-020-2211-2
https://doi.org/10.1038/s41567-018-0049-4
https://doi.org/10.1038/nnano.2016.18

