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ABSTRACT

Target Skyrmions (TSks) are extended topological spin textures with a constant chirality where the rotation of the z component of the
magnetization is larger than 7. TSks have topological charge 1 or 0, if the z component of the magnetization M, goes through a rotation of
n7 where n is an odd or even integer, respectively. TSks with a rotation of the z component of up to 47 have been imaged via high spatial
resolution element-specific x-ray imaging. The TSks were generated by weakly coupling 30 nm thin Permalloy (NigoFey, PY) disks with a
1 um diameter to asymmetric (Ir 1 nm/Co 1.5 nm/Pt 1 nm) x 7 multilayers that exhibit Dzyaloshinskii-Moriya interaction. The PY disks sta-
bilize the TSks in the multilayers due to reduced stray field energy and enforced circular symmetry from pinning of domain walls at the edges
of the disks. Upon applying external magnetic fields, it is the skyrmion core at the center that ensures stability of the TSk, whereas the col-
lapse of the extended structures in the TSk does not depend on the topological charge.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5099991

Skyrmions, which are topologically protected magnetic spin tex-
tures and can result from inversion symmetry breaking Dzyaloshinskii
Moriya interaction (DMI), are scientifically interesting and studied as
potential building blocks in future spintronics devices, due to their sta-
bility, size, and mobility." They can be described by a topological

charge, which is defined by Ny = . [ [ d*rm x (‘% X %—T), with m

being the magnetization; for a classic skyrmion, Ny = 1. This topolog-
ical charge provides stability because in order to destroy a skyrmion,
and therefore change the topological charge, all collapse paths require
a transition through an energetically highly unfavorable magnetic
state, where the topology of the system is no longer defined.””
Ignoring boundary destruction, in most cases, this transition is

mediated by a Bloch point. Even though skyrmions were predicted to
exist in a large phase space,” they were initially observed only at high
magnetic fields and low temperatures.” However, recently, several
experiments have shown that skyrmions can also be found at room
temperature and in zero magnetic field.” "’

Besides finding skyrmions in materials with intrinsic inversion
symmetry breaking, shape anisotropy, interlayer exchange coupling,
or stray field interaction between structurally confined magnetic heter-
ostructures can serve as a mechanism to generate and stabilize topo-
logical spin structures. The latter has shown to enhance skyrmion
stability,'” generate local topological spin textures with varying
charge," and locally modify properties of magnetic films."*"”
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Other magnetic skyrmionlike structures with an integer topologi-
cal charge, such as stretched skyrmions, chiral bubbles, chiral horse
shoe domains, and target skyrmions (TSks), have been theoretically
predicted and experimentally confirmed. Target skyrmions (TSks),
originally named n-m vortices, have been predicted to be stable in
extended films with DML' TSks are extended skyrmionlike spin
textures with more than a one 7 rotation of the z component of mag-
netization M,. The classic skyrmion spans one Bloch sphere, corre-
sponding to a rotation of one-m. Recent experiments have found
TSks'”'*" at low temperatures and/or in confined structures.
However, thus far, there have been no observations of target skyrmion
states with more than 27 rotations of M,.

The stability of classic skyrmions and the role of topology as a
function of magnetic field and temperature have been explored both
theoretically and experimentally;'” ' such a treatment for target sky-
rmions is lacking especially experimentally due to the dearth of
observed TSks.

Here, we report the experimental observation of target skyrmions
at room temperature, stabilized by DMI and stray field energies, with
up to a 47 rotation of the z component of the magnetization, and
study their stability as a function of externally applied magnetic field
and topological charge.

To synthesize TSks, we deposited antisymmetric Ta[3] + [Ir[1]/
Co[1.5]/Pt[1]] x 7+ Pt[2] (nm) multilayers onto 100 nm thin poly-
crystalline silicon nitride (Si;N,;) membranes to allow for high resolu-
tion magnetic imaging with transmission soft X-ray microscopy using
X-ray magnetic circular dichroism (XMCD) as element-specific con-
trast. These multilayers have shown to enable stable individual sky-
rmions at room temperature and in zero external field”' due to large
interfacial DMI. The multilayers were deposited by DC magnetron
sputtering at rates of (0.01-0.05) nm/s (base pressure: 5 x 10~ °Torr;
argon pressure: 3.5 mTorr). Atomic force microscopy (AFM) showed
a local film roughness of less than 0.1 nm (RMS), and magnetic hyster-
esis loops [M(H)] derived from vibrating sample magnetometry
(VSM) matched well with analogous Ir/Co/Pt multilayers."*

On top of these multilayers, 30 nm thin Permalloy (PY, FegoNio)
films were grown via electron beam evaporation and patterned into
disks with a diameter of 1 um using state-of-the-art electron beam
lithography [Fig. 1(a)]. PY disks with these dimensions are known to
exhibit a vortex state” with an out-of-plane magnetization only at its
core center.”” Further, this azimuthal symmetry in the spin texture
appeared to be crucial for the imprinting as it favors the nucleation of
skyrmions and target skyrmions.

Magnetic imaging was performed using the full-field trans-
mission soft x-ray microscope (MTXM, BL 6.1.2) at the Advanced
Light Source in Berkeley, CA.”* The XMCD contrast is sensitive to
the magnetization component along the photon propagation direc-
tion and allows us to discriminate between the spin textures in the
various elements, ie., in the PY disk and the Pt/Co/Ir film by
recording images at element-specific x-ray absorption energies,
e.g., 707 eV for the Fe L; and 778 eV for the Co L edges, respec-
tively. Recording the spin textures in external magnetic fields
allows us to study their stability.

The domain pattern in the multilayer [Fig. 1(b)] recorded at the
Co L3 edge shows for the out-of-plane magnetic component the well-
known meanderlike pattern along with skyrmions that are characteris-
tic to Ir/Co/Pt multilayers."'
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FIG. 1. (a) Left: Schematics of Permalloy disks on top of the asymmetric Pt/Co/lt
multilayer. Right: SEM image of the sample. Scale bar 2 um. (b) Left: MTXM image
recorded at the Co L3 edge showing the domain pattern in the multilayer in zero
magnetic field. The yellow circle indicates the location of the PY disk. Right: MTXM
image recorded at the Fe L3 edge showing a weak out-of-plane contrast in the PY
disk. Scale bar for both images is 1 um.

Outside the PY disks, the domains in the multilayer reveal a peri-
odicity of (180 = 20) nm which increases to (240 = 20) nm under-
neath the disks (Fig. 2). The periodicity increases since PY has a higher
magnetic susceptibility than vacuum, which reduces the energy of the
stray fields generated by the multilayer film. This can be validated by
an analytical approach™ which finds energy minima for a Hamiltonian
of magnetic multilayers with DMI. Using experimental values for
anisotropy (107 J/m?), number of repeats of the multilayer (7), satura-
tion magnetization M (1.1 x 10 A/nm), and literature values for
the interfacial DMI (14 x 1072 J/nm?)’ and exchange constant
(107! J/nm),”" we calculated the width of the stripe domain periodic-
ity in the magnetic multilayers by using these parameters and following
the form and approach of Ref. 25. The derived result for the domain
periodicity in the multilayers outside the disks gave a value 176.6 nm,
which is in excellent agreement with the experimental data,
180 * 20 nm. To modify the strength of the surface stray field energy,
a numerical prefactor was attached to the surface stray field energy
term in the Hamiltonian of Ref. 27 and varied to reproduce our experi-
mental observations. The observed increase in domain periodicity
underneath the disks could be reproduced with an effective stray field
energy reduction of 17%. A varying anisotropy could also lead to a
change in domain periodicity. However, since the change in anisotropy
between two coupled layers depends on the magnetization direction of
the imprinting layer,” the anisotropy modification, and hence domain
periodicity, would not be constant underneath the disks. We observe a
uniform shift in domain periodicity, and so a change in anisotropy
cannot be responsible for the shift in domain periodicity.

Images taken at the Fe L; edge [Fig. 1(b), right] show a weak con-
trast, indicating a slight canting of the primarily in-plane moments at the
locations of the PY disk. Although interlayer exchange coupling has
shown to penetrate through 8 nm of Pd,"* a similar coupling through the
top layer of 3 nm Pt seems rather unlikely.” Micromagnetic simulations
using OOMMEF** (cell size 1nm x 1nm x 1nm) were performed with
a film that is weakly coupled (interlayer exchange coupling constant
= 0.003 mJ/m?) to a 1 um diameter, 30 nm thick PY disk. The magnetic
properties of the film used in the simulation matched the experimental
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FIG. 2. MTXM intensity profiles showing an increase in domain width underneath
the PY disks compared to the free film. Intensity profiles were taken along the red
(free film) and blue (underneath disk) lines.

Ir/Co/Pt multilayers except for a reduced thickness (3 nm to reduce com-
putation time). Standard OOMMEF values for Permalloy (exchange con-
stant 102" J/nm, M, 8 x 107 A/nm, and no anisotropy) were used for
the disk. Previous reports, as well our current simulations, have shown
that the magnetization of the soft PY disks can be tilted out-of-plane by
the stray fields that emanate from the film underneath."* However, these
simulations do not show a reciprocal canting of the film underneath into
an in-plane configuration. The vortex spin configuration has no stray
fields that would tilt the multilayers slightly in-plane; the only stray fields
originate from the vortex core, which is laterally confined to <10 nm,”
and furthermore point along the magnetization of the perpendicular
magnetic anisotropy (PMA) multilayer film. A detailed study of those
unusual spin configurations goes beyond the scope of this letter but is
the subject of ongoing research and will be published elsewhere.

The coupling between a hard and a soft magnetic material can
result in a reduction of anisotropy in the hard magnetic material with-
out necessarily inducing a tilt in the magnetization.”””” By simulating
a 1 um diameter, 30 nm thick PY disk in a forced out-of-plane mag-
netic configuration and looking at the time derivative of the magneti-
zation, one can see that the impetus for the magnetization of the disk
to tilt in-plane increases with the increasing distance from the center
of the disk. Hence, the effective in-plane anisotropy of the disk is the

scitation.org/journal/apl

highest near the edge and the out-of-plane anisotropy of the multilayer
is the lowest near the edge of the disk. Consequently, domain walls are
pinned at the edge of the disk since the domain wall energy is propor-
tional to the square root of the effective anisotropy for an out-of-plane
magnetized film. A similar effect is responsible for stabilizing artificial
skyrmion crystals in extended films.'>*”*"

Figure 3 shows TSks that are stabilized underneath 1 um diame-
ter Permalloy disks in zero field and at room temperature exhibiting
up to a 4n rotation of the z component of magnetization (M,). Each
additional ring in these target skyrmions corresponds to an additional
7 rotation of M,. The number of additional rings seems to be only lim-
ited by the size of the disk. The TSks are stabilized in the extended film
through a combination of domain wall pinning, a reduction in stray
field energy, and the DMI of the extended film. To study the role of
DMI, symmetric multilayers with low DMI consisting of Ta[3] +
[Pt[1]/Co[1]/Pt[1]] x 7 + Pt[2] (nm), with identical PY disks on top
as for the asymmetric stack were investigated. The symmetric sample
displayed domain wall pinning at the edge of disks, as well as an
increase in domain periodicity underneath the PY disks. However, no
TSks were found, suggesting that a certain threshold value of DMI is
requisite to stabilize TSks. This is not surprising, as the TSk state is
energetically highly favorable with regard to DMI, due to the fact that
all adjacent spins are slightly canted relative to each other. As the stray

a)

FIG. 3. (a) XMCD images of TSks at zero field paired with schematics highlighting
the structure of the TSk. Red (blue) corresponds to the black (white) out-of-plane
magnetization in the XMCD images; white arrows show the direction of the in-plane
components. The scale bar is 1 um. (b) Asymmetric domain expansion from out-of-
plane magnetic field pulses with a small in-plane component, demonstrating con-
stant Néel chirality. All images were taken at 0 field.
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field energy in TSks scales with the number of additional rings due to
the increased area of each ring, we infer that TSks should be stabilized
in an antisymmetric film underneath the PY disks with lower stray
field energies.

Given the magnetization profile of a TSk, the topological charge
is"" Ny = 1[cos ©(r)] 5°[@(¢h)] 2", where ©(r) is the angle between
the magnetization and the z axis and [®(¢)] 2" is the vorticity, which
can be defined as the number of rotations of the in-plane component
of the magnetization goes through following a closed loop around the
center at constant radius. For TSks, the topological charge depends on
the number of rotations of the z component of the magnetization. It
follows that in TSks, the topological charge toggles between 0 and 1
for each additional ring. It is worth noting that the spins at r = oo are
defined as the magnetization which the skyrmions are surrounded by;
a skyrmion has the spins at infinity antiparallel to its core, but a 2n
TSk, typically called a skyrmionium, has the spins at infinite parallel to
its core (Fig. 3).

The topological charge of skyrmions and target skyrmions
requires that the spin texture has a constant chirality. We confirmed a
constant chirality in the multilayers imparted by their Néel type inter-
facial DMI through triggering an asymmetric bubble expansion in a
pulsed magnetic field tilted in the out-of-plane direction. Figure 3(b)
shows a uniform expansion of the domains in the direction of the in-
plane field asymmetry due to their Néel type DML, proving that a con-
stant chirality is maintained in the Co multilayers.”

To address the impact of the topological charge on the structural
stability of a TSk against an external magnetic field, we examined a 27
TSk, with Ny, = 0, and a 31 TSk with Ny = 1, as an external magnetic
field was applied (Fig. 4). The external field was applied in the direc-
tion of the spins at infinity for each structure, i.e., “parallel” to the core
of the 2n TSk and “antiparallel” to the core of the 3n TSk. When
applying an external magnetic field to TSKs, the magnetization

<)

H(kOe)

FIG. 4. (a) Evolution of a 2z TSk in an external field aligned with the spins at infi-
nite (in the direction of the black magnetization). (b) Same as in (a) but for a 3=
TSk with an external field aligned with the spins into the white direction. Scale bar:
1 um. (c) M(H) of the multilayers measured with VSM. The black, blue, and red
data points correspond to the images for the 27, 37 TSk. The red markers are
where the extended TSk structure collapses.
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pointing along the direction of the applied field expands, as shown by
the blue markers in Fig. 4. Interestingly, both TSks collapse at almost
the same field value of 1.6kOe (red marker Fig. 4), ie., independent
from their topological charge. The collapse of the 2 TSk occurs simi-
lar to the collapse of a 2 domain wall, which is in agreement with pre-
vious experimental observations in 27t TSk, leaving behind a chiral
horseshoe domain with topological charge 1. The outer ring in the 37
TSk collapses in a similar manner to the 2 TSk leaving a single sky-
rmion, with topological charge 1, in the center surrounded by a chiral
horseshoe domain. The structural collapse occurs at the same field for
both TSks and is therefore independent from the initial topological
charge. When the extended target skyrmion structure collapses, the
topological charge changes by *1; the charge 0 structure dissipates
into a chiral horseshoe domain with its core magnetization opposite to
that of the initial TSk (Ng = —1), and the charge 1 structure collapses
to a single classic skyrmion surrounded by a chiral horseshoe domain
(Ng = 2). We can conclude that 27 TSk-like structures, with no topo-
logical charge, will go through a topological change at a much lower
external field when compared to topological charge 1 structures, as
seen by the unperturbed central skyrmion in the 37 TSk. We should
note that at higher fields, it is very likely that these chiral horse shoe
domains will form compact skyrmions, but due to the limitation of the
magnetic field strength in this experiment, this could not yet be veri-
fied. Therefore, a 3 TSk can be seen to be composed of a classic sky-
rmion, wrapped by a topologically trivial 27 TSk. Topological stability
in a real physical system relies on having an energy barrier so as to cre-
ate topological change. The formation of a Bloch point which is neces-
sary to unwind a skyrmion’s core provides an additional energy
barrier and topological protection,”” as opposed to topologically trivial
structures, such as a 2 TSk, which can unwind itself at much lower
fields.

By weakly coupling PY disks to a multilayer film with DMI, we cre-
ated TSks without modifying the chirality inherent in DMI films. The
PY disks reduce the stray field energy and enforce azimuthal symmetry,
stabilizing extended target skyrmions with varying topological charge in
asymmetric multilayers. We observed that the overall structural stability
of TSk is unrelated to their topological charge. This is due to the fact that
stability induced by topological charge only applies to structures with
nontrivial topological charge; target skyrmions are either topologically
trivial or have a single skyrmion surrounded by a topologically trivial
structure. This collapse is in agreement with simulations of pure DMI
stabilized target skyrmions,”” even though, in general, the dynamic prop-
erties of skyrmions depend on the energies that stabilize them.

We anticipate that higher order (57, 67, etc.) TSks can be stabilized
with larger diameter PY disks. Similarly, it remains to be seen whether
other characteristics of skyrmions, such as the topological Hall effect
and skyrmion Hall effect, depend on the topological charge in TSks. It is
possible to envision spintronic devices that rely on the topological Hall
effect and a controllable topological charge in TSk, which is a function
the initial TSk state, and external magnetic field. Finally, TSks have been
recently suggested as potential precursors for three dimensional topo-
logically protected magnetic structures, such as hopfions.”””
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