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ABSTRACT: Chiral spin textures are fundamentally interesting, with promise for +DMI<=C == -DMI
device applications. Stabilizing chirality is conventionally achieved by introducing
Dzyaloshinskii—Moriya interaction (DMI) in asymmetric multilayers, where the
thickness of each layer is at least a few monolayers. Here we report an ultrasensitive
chirality switching in (Ni/Co), multilayer induced by capping with only 0.22 monolayer
of Pd. Using spin-polarized low-energy electron microscopy, we monitor the gradual
evolution of domain walls from left-handed to right-handed Néel walls and quantify the —
DMI induced by the Pd capping layer. We also observe the chiral evolution of a number 0
skyrmion during the DMI switching, where no significant topological protection is found

as the skyrmion winding number varies. This corresponds to a minimum energy cost of <1 attojoule during the skyrmion chirality
switching. Our results demonstrate the detailed chirality evolution within skyrmions during the DMI sign switching, which is
relevant to practical applications of skyrmionic devices.
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achiral
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D 1 agnetic skyrmions are bubble-like topological spin fixed. Such homochirality in a skyrmion gives rise to its

textures, characterized by a topological charge (or topological properties,26 manifested in, e.g,, the skyrmion Hall
skyrmion number).'”* Due to their topologically protected effect””*® or the topological protection.””” The topological
spin configurations, magnetic skyrmions have the potential to protection of skyrmions, e.g., its stability against thermal effect
be used as low-dissipation information carriers in spintronic or magnetic field that may trigger the skyrmion annihilation,
applications, such as skyrmion-based memory,”* logic devices,” appears to be entropy-limited*’ with longer lifetime compared
artificial neurons,® or random number generators.” They may to topologically trivial bubbles.”’ In certain confined
also find applications in more complex device architectures nanostructures, topological protection has been found to be
such as three-dimensional (3D) racetrack memories'’ or insufficient because of possible annihilation at the edges.”
interconnected networks."' Recently, tuning of the DMI has been demonstrated by a

One of the main mechanisms to stabilizeizslliy rmions is the variety of methods, such as controlling the film thickness of
Dzyaloshinskii—Moriya interaction (DMI). ”"* DMI usually DMI materials,**** electrical field "5 ionic migration,®

occurs under conditions where the inversion symmetry is chemisorption, or ion irradiation®® It represents a

. . 14,15
broken, e.g, o the B20-like group of bulk compounds or potentially effective means to tailor the skyrmion stability.
in thin films.™® The real-space chiral character of skyrmions was . . L
directly i 4 in bulk FeCoSi with B20 ’ However, whether a skyrmion structure may still maintain
frectly image S mobu €091 wit 17 stru‘ctures ‘}img fixed chirality in a weak DMI system has been rarely explored
Lorentz tfgnsmlsswn electron microscopy, ’ and in Fe/Ir ° or experimentally. For example, observing the evolution of the
Pd/Fe/Ir ~ thin films using spin-polarized scanning tunneling detailed spin structure within a skyrmion while the DMI is

fCroseopy: Later, Ch.l ral skyrmion stru.ctures were observed by gradually changing its sign may provide insight on the stability
other imaging techniques such as spin-polarized low-energy ¢ i
of the topological structure of a skyrmion.

electron microscopy (SPLEEM),”>*" photoemission electron
microscopy,”” or indirectly through their dynamic character-

istics.”> Skyrmions can also be stabilized in artificial structures, Received: May 19, 2022
where the chirality is achieved through the asymmetric dot Revised:  July 8, 2022
Shape.24’25 Published: August 8, 2022

In perpendicularly magnetized systems that host skyrmions,
the DMI stabilizes the spin structure of a skyrmion as
homochiral, where the chirality along the in-plane boundary is
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Figure 1. Tunable DMI system of (Ni/Co),/Pd(dpy)/W(110) with perpendicular magnetization. (a) Compound SPLEEM image at dpg = 1.9 ML.
Black/white regions represent up/down domains (see symbols), and the color wheel shows the in-plane magnetization direction within domain
walls (also highlighted by white arrows). Scale bar is 200 nm. (b) Histogram of angle a between boundary normal vector n and in-plane
magnetization m (see inset), measured pixel-by-pixel along domain boundaries, showing right-handed Néel-type chirality. (c) Compound SPLEEM
image at dpg = 2.0 ML. (d) Histogram of angle a, showing left-handed Néel-type chirality. (e) Chirality evolution as a function of dpg. Chirality is

defined as (Np 4 —
domain wall pixels where a is between 90° and 270°.

NRjght) /(N g + NRight)! Ny is the number of domain wall pixels where a is between —90° and 90°, and Ny, is the number of

Here we report an extremely sensitive fine-tuning of the
chirality across the zero-DMI point in (Ni/Co), multilayers,
via a sub-monolayer Pd capping layer [thickness d,, up to 0.22
monolayer in total; here monolayer (ML) refers to a single
layer in (111) stacking]. We monitor the domain wall’s
magnetization angle evolution during the transition, which
shows a linear dependence as a function of d.,,. The DMI
induced by the Pd capping layer is quantified as ~0.012 meV/
atom for every 0.02 ML d_,, change, or effectively 0.6 meV/
atom per ML Pd. This precise control of the DMI has allowed
the observation of microscopic spin structures of a skyrmion
bubble, and its evolution as a function of d,,. We find a d,-
dependent transition from left-handed to mixed chirality and
then to right-handed chirality within the skyrmion bubble. This
transition demonstrates an abrupt change of topological charge
during the DMI switching, where a bubble with mixed chirality
appears when the magnitude of the DMI is less than ~0.02
meV.

The nature of the interfacial DMI, e.g., its sign and
magnitude, is obtained via the direct observation of magnetic
chirality. Imaging magnetic chirality has been one of the major
approaches to understand the interfacial DML>® Pioneering
observations of cycloidal spin spirals using spin-polarized
scanning tunneling microscopy revealed the role of the
interfacial DMI in ultrathin films,'®'%40~* e.g., the orientation
of the DMI vector, D, and its magnitude with respect to the
exchange interaction can be quantified. More recent
observations of chirality in domain walls, particularly the
thickness-driven transition of chiral Néel walls to achiral Bloch
walls also allows the quantification of the interfacial
DML 3¥#3#
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To explore the sub-monolayer metal-induced DMI as well as
the skyrmion spin structure near the DMI switching region, we
adapt a tunable DMI system where the DMI induced at the
buried interface can be controlled via the competition between
two opposite DMI materials, e.g, an Ir layer on a Pt(111)
crystal® or a Pd layer on a W(110) crystal.>” The advantage of
this approach for quantifying weak DMI variation is the
possibility of fine-tuning of the DMI at the buried interface;
i.e, both magnitude and sign of the DMI can be precisely
controlled right around the zero-DMI point via the thickness
of the inserted Pd layer (to be distinguished from the Pd
capping layer thickness, d,,). The system studied here is a
(Ni/Co),, multilayer on Pd/W(110). Figure 1 shows the dpy-
dependent evolution of magnetic chirality in Ni/1 ML of Co/2
ML of Ni/1 ML of Co/Pd (dpy varies)/W(110), and the
chirality is derived from the compound SPLEEM image
(Figure la—d). Perpendicularly magnetized domains with
right-handed chiral domain walls are observed at dpg = 1.9 ML
(Figure 1a); i.e., domain wall magnetization is pointing from
the +M, domain to the —M, domain (1 — | < 1). And, left-
handed chiral domain walls are observed at dpy = 2.0 ML
(Figure 1c); i.e., domain wall magnetization is pointing from
the —M, domain to the +M, domain (J — 1 « |). A
statistical survey of the magnetic chirality within domain walls
is presented in the a-histogram (Figure 1b,d), where a is the
angle between the domain boundary’s normal direction (vector
n) and the magnetization direction within the domain wall
(vector m). A single peak at 180° in Figure 1b and one at 0° in
Figure 1d further support the chirality observation in SPLEEM
images, indicating right-handed and left-handed Néel walls,
respectively. Figure le shows the quantified chirality as a
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function of dpg,””*" revealing a sharp transition between dpgq =

1.9 ML and 2.0 ML. This dpg-dependent trend is consistent
with the previous observation of chirality in the Ni/Co/Pd/
W(110) system,”® where the chirality at the thinner Pd region
is dominated by W-like DMI, favoring right-handed DMI, and
that at the thicker Pd region is dominated by Pd-like DMI,
favoring left-handed DMI. The thickness of top Ni layers is
slightly tuned to optimize the magnetic anisotropy for domain
wall imaging, and the Ni thickness variation here shows no
effect on the effective DML’

The tunable DMI system allows the quantification of the
DMI induced by the additional layer on the top surface.””* It
also allows the assessment of the role of the Pd capping layer
on the net DMI, with sub-monolayer sensitivity. We have
systematically studied the domain wall evolution induced by
the sub-monolayer Pd capping layer by first varying the Pd
thickness in the middle of the Pd(capping)/(Ni/Co),/(dps)/
W(110) stack, dpg, and we found no appreciable chirality
switching on either the right-handed/W-like DMI side or the
left-handed/Pd-like DMI side when dpy is far away from the
chirality transition thickness. However, in the sample with very
weak Pd-like DMI where dpq = 2.05 ML is very close to the 0-
DMI point, a gradual and complete transition of the chirality is
observed within a range of 0.22 ML Pd capping layer. Figure
2a shows the detailed evolution of domain structures at the
same place on the sample surface, where the arrows represent
the magnetization of domain walls, highlighting a gradual
transition of the domain wall type/chirality as a function of Pd
capping layer thickness d_,,. Here no significant pinning effect
is observed in Figure 2a where the domain evolves due to the
d ,p-induced anisotropy change. Note that the usual presence
of a uniaxial in-plane anisotropy due to the uniaxial strain from
the growth of fcc-Pd on bcc-W(110) is eliminated by fine-
tuning the thickness ratio between Co and Ni layer,”” because
of their opposite magneto-elastic constants."

To be more quantitative, the a-histogram is used to illustrate
the statistics of the domain wall angle distribution presented in
Figure 2a, as shown in Figure 2b. A gradual transition of peaks
is observed, from a single peak at 0° for d,, = 0 ML, to double
peaks at ~+ 90° for d.,, = 0.14 ML, and to a single peak at
180° for d.,, = 0.22 ML. The peak position is indicated by blue
arrows, showing an essentially linear evolution of the wall angle
with d,,, as summarized in Figure 2c. A full 180° domain wall
angle switching, along with a complete chirality switching from
left-handed to right-handed Néel wall, is clearly achieved by
growing a 0.22 ML Pd capping layer.

The direct observation of spin structures may allow the
quantification of the DMI. The observation of domain walls
using SPLEEM provides information on their type and
chirality,”** e.g., chiral Néel walls in the thinner film where
the DMI dominates and achiral Bloch walls in the thicker film
where the dipolar energy dominates. Therefore, one can
estimate the strength of the DMI by bracketing the range of
the DML if a transition of chiral Néel wall to achiral Bloch wall
is observed.”’ Alternatively, in other systems the DMI can be
quantified by comparing the DMI to the calculated dipolar
energy when the wall angle is pointing at 45° to the domain
boundary direction,””** where the 45° wall is a result of the
competition between the DMI and dipolar energy.

Following this approach, the sub-monolayer Pd-induced
DMI at the top interface can be estimated via the systematic
observation of the domain wall angle in Figure 2c. For
instance, the 45° wall between left-handed Néel type and
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Figure 2. Chirality evolution of the Pd(capping)/(Ni/Co),/Pd(2.05
ML)/W(110) as a function of Pd capping layer thickness, d,,. (a)
SPLEEM image sequence at varying Pd capping thicknesses. Black/
white regions represent up/down domains, and the color wheel
highlights the in-plane magnetization direction within domain walls
(also shown by white arrows). Scale bar is 500 nm. (b) d,,-dependent
a-histogram, indicating a gradual shift of the peaks (blue arrows). (c)
Averaged domain wall angle with respect to the boundary’s normal
direction (from white to black) as a function of d.ypy showing a
gradual transition.

achiral Bloch type is observed at a Pd capping layer thickness
d.,p & 0.06 ML, indicating that the dipolar energy and the DMI
energy favoring left-handed chirality are comparable. The same
applies to the 135° wall between right-handed Néel type and
achiral Bloch type where dipolar energy and the DMI energy
favoring right-handed chirality are comparable at d,, ~ 0.19
ML, because the averaged wall angle at d.,, = 0.18 ML is
slightly below 135 and that at d,, = 0.20 ML is slightly above
135°. By calculating the dipolar energy contribution in a (Ni/
Co), film,*> we could indirectly estimate the DMI energy
difference between d ., =~ 0.06 and 0.19 ML (mentioned
above) as twice the dipolar contribution from (Ni/Co),, which
is 0.077 meV/atom, or effectively 0.6 meV/atom for a full
monolayer of Pd cap on top of (Ni/Co),. This is also
equivalent to an increase of the DMI by 0.012 meV/atom for
every 0.02 ML of Pd, which will be used to understand the

skyrmion evolution in the next section. Note that this number
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Figure 3. DMI-dependent evolution of skyrmion structures in (Ni/Co),/Pd(2.05 ML)/W(110) capped by Pd. (a) Sequence of compound
SPLEEM images with various Pd d.,,. Black/gray indicates up/down domains, and the color wheel highlights the in-plane magnetization direction
on the skyrmion boundary (also shown by the white arrows). Scale bar is 200 nm. (b—d) Decomposed Néel-component images of the same area at
d.ap = 0, 0.14 and 0.22 ML. The blue, white, and orange color wheel highlights left-handed Néel-type, Bloch-type, and right-handed Neéel-type
domain wall segments, respectively. Yellow arrows in panel c indicate the positions of Bloch lines, where the Neéel-type chirality are opposite on
both sides. (e) Enlarged compound SPLEEM image for d.,, = 0.14 ML in panel a, highlighting the detailed magnetization rotation along the
boundary (by white arrows), where the accumulative magnetization rotation is 0. (f) d.,,-dependent accumulative magnetization rotation around
the perimeter of the skyrmion bubble, the counting starts from the bottom of the image with counterclockwise direction. The color-bar highlights
the range of magnetization rotation for homochiral cases, where the rotation is expected to be monotonic between 0 and 27. (g) Evolution of Bloch
line number and skyrmion number as a function of d,, (lower x-axis) and the effective DMI strength (upper x-axis). The Bloch line number
represents the frequency of Néel-component switching within one skyrmion bubble, where the number 0 means fully chiral and a finite number

indicates a mixed chirality.

also agrees with the 0.41 meV/atom DMI induced by 1 ML Pd
thickness change in the Ni/Co/Pd/W(110) system.””

The quantitative sub-monolayer DMI tuning provides a
platform to understand the evolution of the skyrmion spin
texture in a DMI switching system in detail. The skyrmion
structure is explored in the same d_,,-dependent measurements
in Pd(capping)/(Ni/Co),/Pd(2.05 ML)/W(110) system.
Figure 3a shows the sequence of the compound SPLEEM
image of a skyrmion bubble, where the orientation of the
domain wall structure is highlighted by the white arrows. The
slightly irregular shape of this skyrmion bubble might be
related to the morphology-induced variation of magnetic
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interactions. In the case of the skyrmion bubble at d,, = 0 ML,
all of the in-plane magnetization components are pointing from
the gray domain (—M,) to the black domain (+M,), showing
that this is a typical left-handed hedgehog (Néel-type)
skyrmion.

With increasing Pd capping thickness, the spin structure
along the boundary is gradually tilting from the Néel type (d,,
= 0 ML) to Bloch type (dcap = 0.08 ML). Simultaneously the
magnetic chirality evolves from a homochiral Neel wall at d,,
= 0 ML to an achiral Bloch wall, where the Bloch component
with both left- and right-handed Bloch chirality (arrows
pointing to the left/right of the local domain wall normal) is

https://doi.org/10.1021/acs.nanolett.2c02043
Nano Lett. 2022, 22, 6678—6684
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evident in sections of the boundary at d,, = 0.08 ML in Figure
3a. At dcap = 0.12, 0.14, and 0.16 ML, interestingly both left-
handed (arrows pointing radially inward for +M, bubble) and
right-handed Néel components (arrows pointing radially
outward) appear in a single skyrmion bubble, as shown in
Figure 3a. This mixed Néel chirality further evolves to a fully
right-handed Neel wall at d,, = 0.18, 0.20, and 0.22 ML. We
attribute the gradual diameter variation of skyrmion bubble in
Figure 3a to the anisotropy induced by a Pd capping layer,
rather than the DMI dependence of the skyrmion diame-
ter.”>*® The latter effect is expected to be non-monotonic as
the DMI goes across zero, and its absence in this study is
possibly due to the smaller magnitude of the DMI.

A skyrmion is usually considered to be to_})ologically
protected,1 and its skyrmion winding number,”*” ie., how
many times the magnetization vector is wrapped around a unit
sphere, would remain the same until the skyrmion is
annihilated."”*®*” In the case of varying DMI, the transition
of homochiral Néel type to homochiral Bloch type was
observed in skyrmions with a diameter less than 200 nm.”’
Such a transition is considered topologically smooth; i.e., it
does not change the skyrmion winding number. However, the
emergence of the mixed chirality of the Néel component while
the DMI is varied, as seen in Figure 3b—d, shows that the
topology of this skyrmion is not protected. In fact, from these
images one can quantify the skyrmion winding number by
tracing the skyrmion boundary magnetization all the way
around the skyrmion. Figure 3f shows the d,-dependent
accumulative magnetization rotation around the skyrmion
boundary. In the d,, = 0 ML case, magnetization rotates
gradually by 2z, which is also obvious in Figure 3a,
corresponding to a winding number of 1. This 27 rotation is
conserved in the subsequent images up to the d,, = 0.12 ML
image. However, for d,, = 0.14 and 0.16 ML the accumulative
magnetization rotation is 0, indicating topologically trivial
bubbles (Figure 3e). In subsequent images for d,, = 0.18 —
0.22 ML the accumulative magnetization rotation is back to 27
(winding number 1). The d,p-dependent skyrmion number is
summarized in Figure 3g.

Neighboring domain wall segments with opposite Neéel
components may induce Bloch lines, highlighted by yellow
arrows in Figure 3c as an example (ones with insufficient/
gradual magnetization rotation are not counted). The number
of Bloch lines as a function of d,, as well as the quantified
DMI strength is shown in Figure 3g. It is interesting to point
out that the phase with mixed Néel components only appears
when the DMI is close to zero, near d,, ~ 0.14 ML, where the
threshold DMI sufficient to stabilize the chirality could be
estimated as 0.020 + 0.006 meV/atom for the left-handed side
(between deyp = 0.10 and 0.12 ML) and —0.015 + 0.006 meV/
atom for the right-handed side (between d,p = 0.16 and 0.18
ML). The total DMI energy in such skyrmion bubbles can be
approximated as —DLtx, where D is the DMI constant, t is the
film thickness, L is the perimeter of the skyrmion bubble, and 7
corresponds to the 180° rotation within the skyrmion
boundary.33 Therefore, the DMI energy variation, AEpyy,
from the left-handed threshold to the right-handed counter-
part, can be estimated as 0.93 X 107'® J with AD ~ 0.035
meV/atom (which is 0.085 mJ/m?), skyrmion diameter ~ 1.2
um, and film thickness t = 0.92 nm. Note that this DMI energy
variation may vary with the skyrmion diameter; e.g.,, AEp; &
0.78 X 107" J for a diameter of ~100 nm, which reasonably
agrees with the micromagnetic study in ref 50. This estimation
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suggests that the minimum energy cost to switch the
handedness of a skyrmion with the DMI and the film thickness
comparable to this study would be on the order of 107 J
(with 100 nm skyrmion diameter) or 107'® J (with 1 ym
diameter).

This sub-attojoule energy cost associated with skyrmion
chirality switching, or “writing”, near the zero-DMI point is
attractive for energy-efficient skyrmionics devices. In particular,
DMI-dependent domain wall type may strongly affect the
current-driven dynamics of skyrmions, e.g., chirality-dependent
propagation direction.”’ Moreover, the DMI-dependent
variation of skyrmion number observed in this work might
be relevant to the control of the skyrmion Hall angle.”” Once
the skyrmion chirality is switched (written), the energy barrier
may be enlarged to ensure thermal stability through stimuli
such as magnetic field," ™ current,'” gating,** temperature,”>>’
or chemisorption.”” That is, the energetics for the writing
process can be separated from thermal stability, analogous to
that in heat-assisted magnetic recording (HAMR) where
writing is done at elevated temperatures with much reduced
anisotropy and thermal stability is anchored at room
temperature when anisotropy is much larger.”*

In summary, our results demonstrate an extremely sensitive
and complete switching of the DMI and domain wall chirality
induced by a sub-monolayer Pd capping layer of just 0.22 ML.
The linear and gradual transition of the domain wall type with
Pd cap thickness allows the quantification of the induced DMI
on the surface of [Ni/Co],, which is effectively 0.6 meV/atom
for 1 ML d,,. We have further observed the spin structure
evolution of a skyrmion bubble during the DMI switching and
found that mixed Neéel components with different skyrmion
winding numbers appear when the strength of the DMI was
smaller than ~10.015—0.020/ meV/atom. The minimum DMI
energy barrier for the chirality switching of a skyrmion is
estimated to range from 107" (100 nm skyrmion diameter) to
107% J (1 ym diameter). Our results show evidence for the
instability of the skyrmion topological protection in the zero-
DMI limit and demonstrate a sensitive and energy-efficient
DMI handle to control the chiral nature of magnetic
skyrmions.
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