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Observation of Néel Skyrmions in an Exchange Coupled
Cobalt/Palladium Based Multi-layers of Metallic Compounds at High
Temperatures
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In the class of cubic B20 transition metal silicides and germanides, the skyrmions and skyrmion lattices have so
far been studied most extensively. Certain groups of materials in which skyrmions were identified include the
Perovskites and Heusler systems. In this paper, the skyrmions chiral Néel characterization is illustrated via
Lorentz transmission electron microscopy. Further utilizing magnetic-imaging and Hall-transport in a function-
ally viable multilayer sample, the topological-hall resistivity rises over a wide range of temperature and magnetic
field with the isolated-skyrmion density is observed, verifying the effect of the skyrmion geometric-phase
on electron transport. The observed bulk Néel skyrmions in an exchange coupled cobalt/palladium(Co/Pd)
based multi-layers of metallic compounds at high temperatures up to a maximum of 220 K followed by a larger
region characterized by spin from in-to out-of-plane. In fact, the skyrmions are extremely resilient to in-plane
magnetic fields and can be stable in a zero magnetic field using appropriate cooling methods in field over a
very wide ambient temperature of up to 5.5 K. At low temperatures (of < 13 K) the Néel skyrmions have been
observed recently in distinct non-metallic compounds, in bulk crystals with broken inversion symmetry with a
non-adiabatic footprint, multiband transport, interfacial interactions.
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1. Introduction

The thin films interacting with a substrate comprehensively
form spontaneous non-trivial spin textures that are illumi-
nated by chiral spin interactions. The wide dimension-
ality of skyrmions in hetero-structures has considerable
potential for use, and needs further conceptual and empir-
ical study [1–3]. A direct minimum of three-dimensional
(3D) in the standard energy function elucidates that cubic
helimagnets chiral skyrmions are amplified along three
spatial axes(in-to out-of-plane) in the thin films [4]. Chi-
ral skyrmions are spintronics candidates of high mobility
nanoscale spots of inverse magnetization and could be used
in the emerging spin electronics. The cross-section of such
3D skyrmions can be thought of as an overlap of conical

amplifications in the direction of skyrmion axis and spin is
twisted twice in the vertical axis [5]. Numerical responses
for chiral amplifications illustrate that transversally dis-
torted helices based 3D skyrmion lattices are thermodynam-
ically stable in a wide range of applied magnetic fields [6].
The Dzyaloshinskii–Moriya interaction (DMI) emerging
in magnets of non-centrosymmetric nature, induce long-
range amplifications with a fixed spin in magnetization.
The DMI provides unique mechanism to stabilize chiral
skyrmions and hopfions as 2D and 3D localized states [7].
The experimentally observed skyrmions and other chiral
amplifications are in tandem with theory based results on
the classical DMI model. The theoretical analysis elucidate
that induced uniaxial anisotropy stabilizes skyrmions and
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transversally distorted helices in ultra thin segments of cu-
bic helimagnets [8]. In bulk cubic helimagnets, these chiral
amplifications are present as meta-stable states. Recent
experiments in FeGe and MnSi state that skyrmions are
stabilized by an induced uniaxial anisotropy [9]. The exact
magnetic structures of skyrmions emerging in confined
cubic helimagnets are still to be explored. The heavy metal
under-layer combined with spin-Hall physics allows the
local magnetic state to be controlled easily [10]. The strong
interfacial spin – orbit interaction occurs in a massive DMI
interface, represented by the DMI constant, D. The DMI
is a spin–orbit coupling (SoC) effect that emerges in bro-
ken inversion symmetry crystals. In these materials the
combination of the SoC interactions and exchange energy
between electrons paves a way to an effective interaction
between magnetic moments (Si) of the form as depicted in
equation (1).

HDM = (S1 × S2).D (1)

The spin moments induced are function of the vector
D. In 3D skyrmion lattice the magnetization distribution
in core of skyrmion elucidates chiral amplifications along
the ‘z’ direction of cell axis. DMIs are described by inhomo-
geneous invariants in the form of spatial variations of the
magnetization ‘m’ with the chiral structures in magnetic
materials with DMI the magnetization in spherical coordi-
nates that spatially depend on coordinates as depicted in
equation (2).

m = (mx, my, mz) = (sinΘcosΨ, sinΘcosΨ, cosΘ) (2)

Where (Θ, Ψ) are spherical angles. In the general case, Θ =
Θ(r, φ, z) and Ψ = Ψ(r, φ, z) with (r, φ, z) being the cylindri-
cal coordinates. In the case of magnetic configurations with-
out amplification along the thickness of the sample, Θ and
Ψ are specified independent of the z-direction. For a two
dimensional case of magnetization profile of the skyrmion
the confined geometry spins at the edges of the system
vary with little tilt due to the edge condition and, because
of confinement, at zero magnetic field the skyrmions can
be stabilized [11]. The three skyrmions are equal in energy;
the magnetization profile is the function of the accepted
solution for the Ψ angle when described in spherical co-
ordinates. The out of plane component of the spins must
match for the three skyrmionic configurations [12]. Ana-
lytically solving this system, the φ angle is calculated for
the solution of skyrmion with the corresponding bound-
ary condition. To distinguish between the three different
systems, the skyrmion radius rsk is computed by finding
the value of r where mz(r) = 0, and the radial component of
the spins mr located at a distance rsk from the disk centre.
Since spins are in-plane at r = rsk, then Θ = π/2 and the

radial component as a function of φ is as depicted in the
equations (3) and (4).

mr(rsk, Φ) = sin(Θ(rsk))cos(Ψ−Φ) (3)

mr(rsk, Φ) = cos(Ψ−Φ) (4)

The comparison of tilting at the system boundary, is im-
proved by a strong DMI, with the semi-analytical solution,
the quasi-uniform solution is considered and take advan-
tage of an easy evaluation of Θ at the edges of the system
[13]. The alternative condition for Θ is as depicted in equa-
tion (5).

sinΘ = ±∆/ζ (5)

The equation (6) depicts a quasi-uniform solution, where
at the internal of sample Θ is constant, equal to zero, and
its first derivative. This condition is formulated when the
significantly large anisotropy is available in the system.
The ratio of vector D and the critical magnitude is depicted
by equation (6) as

Dc = 4
√

A ∗
√

Ku/π (6)

The skyrmion radius is explored by considering system
parameters for the finite difference simulations and the
relevant parameters are considered for Helix period and
saturation field as depicted in equations (7) and (8).

LD = 4πA/|D| (7)

HD = D2/2× A×Ms (8)

Similar to the Bloch like nature, the skyrmions have been
found in several metallic cubic B20 compounds and a bulk
type Néel texture have been found in two non-metallic
oxides [14]. The research is devoted to investigation of
Neel skyrmions in an exchange coupled cobalt / palladium
multilayers. The first part provides general information
about magnetic structure of skyrmions and postulates our
achievements. The second part lists the measurement meth-
ods and properties of skyrmions. In the third part, the
results obtained are presented.

Our Contributions are as follows:

1. By utilizing Lorentz transmission electron microscopy
(LTEM) we directly image the skyrmions in thin film
multilayer lattice and observe that the dimension
of the Néel skyrmions depends on the thickness of
the Co/Pd multilayer and repetitively decreases as a
monotonically decreasing function with the thickness
of the lattice.

2. Utilizing magnetic-imaging and Hall-transport in a
functionally viable multilayer sample, the topological-
hall resistivity rises over a wide range of temperature
and magnetic field with the isolated-skyrmion density
is observed.
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3. Also it is observed that skyrmions can be stabilized
over a wide range of temperature (up-to 220 K).

2. Experiment Section

A property of varying skyrmions in exchange coupled
cobalt/palladium (co/pd) based multi-layers through cur-
rent induced spin – orbit torques, can make them extremely
exciting and paves a way for future spintronic applica-
tions. One of the greatest issues is the need to change
the environment of materials in order to create a much
broader scope [15]. Here we use D.C magnetron sputtered
[Pt(1nm)/Co(0.5nm)/Pd(1nm)]20, (the subscript represents
the number of repeats) multilayer films where the compo-
sition is selected for manifesting skyrmions. The charac-
terization of the films at room temperature specifies DMI,
D ≈ 2.0 mJ/m2, and exchange interaction A ≈ 11 pJ/m8.
The effective magnetic anisotropy (Keff) varies in the range
≈ 0.2 – 0.01 MJ/m3 as temperature (T) is varied from 5 K
to 300 K to observe thermodynamically stable skyrmion
the field was applied along [0 0 1] direction. The underly-
ing magnetic structure is represented alongside the beam
propagation axis by the curl of magnetization [16]. The
Néel skyrmion can be observed when the curl of the mag-
netization lies completely in the plane of the sample. The
curl’s transformed y-component, which tends to a non-
zero z-component when shifted around the x axis, results
in formation of Néel skyrmion, with sample tilt of ≈ 30o

for several different temperatures from 200 to 225 K, and
thermodynamically stable skyrmions existed from ≈ 210
to ≈ 220 K, and as above 220 K LTEM contrast was not
observed. At 200 K there were no skyrmions existed, re-
ferring to the non-zero residual beyond-saturation signal.
The Fig. 1 illustrates the observation of Néel skyrmions by
LTEM. The striped straight blue lines depict the tilt direc-
tion, bent arrows represent the rotating direction, and the
single skyrmion is marked by blue circle. The ∆ρyx varies
as a function of nsk for different temperatures (evolution of
magnetic textures at T= 5K, 50K, 100K, 150K, 200K, 300K)
with the inception of ∆ρyx begins at µ0H = 0.3T and further
the dashed blue line as seen in the Fig. 1 is a linear fit with
slope 0.6 ± 0.1 n. Ω cm/µm2, and the intercept is calculated
as 2.2 ± 0.8 n. Ω ·cm.

The temperature dependence is observed between the
density of isolated skyrmions (nsk), the ordinary hall coeffi-
cient (R0), and the approximate estimate for the cumulative
error (∆ρyx), and the sign of nsk is chosen to match ∆ρyx.
The B20 configurations display a distinctive characteristic
slope of straight line (∆ρyx) as a function of the magnetic
field (H) and temperature (T) applied, corresponding to
the skyrmion lattice. The simulated width of the skyrmion

Fig. 1. Néel Skyrmion texture evolution as observed in
the LTEM (a)-(d) Simulated Lorentz Images (under fo-
cused at 1.5 mm recorded at 100 K ) for tilt angle of : (a) α

= -8o, (b) β = -18o (c) α = +8o , (d) β = +14o (e) The Si3N4

window is 0.5 µm x 0.5 µm and 100nm thick and a sam-
ple tilting along the x- and y- axis depicting the positive
and negative α and β tilt angles. (f) Spin texture of Néel
Skyrmions.

is observed at different DMI constant (D) values, while
varying exchange energy (A) with increasing the exchange
energy (A) leads to a larger value of DMI constant (D) nec-
essary to stabilize the skyrmion. The greater DMI constant
(D) values contribute to a greater skyrmion size until it
exceeds the upper limit and the skyrmion becomes a chiral
stripe domain [17]. The value of the skyrmion is estimated
a value of the skyrmion as opposed to the experimental
width of |D|= 2.2 ± 0.3 mJ.m-2, as depicted in Fig. 2(a), this
calculated value of ‘D’ illustrates the existence of zero-field
stable skyrmions in multi-layers of Co/Pd, combined with
calculations of asymmetric domain wall creep velocities.
The Fig. 2(b) illustrates the characteristics plot of domain
wall velocity (µm s–1) versus the applied field, here the
contributions from DMI is as depicted by the solid lines
which represents a modified domain wall creep model [18].

The parameter ‘D’ is extracted from the velocity curves
in Fig. 2(b) and the polarity shift (from – to +) is observed
between the repetition number N=2 sample and N=3 sam-
ple, further with the increasing repetition number ‘N’ there
is a progressive increase in ‘D’ as elucidated in Fig. 2(c).
This sign change elucidates a large, positive contribution to
’D’ from the Co/Pd multilayer structure, and allows further
eliminating Pt as the source of the strong positive DMI. For
the N = 2 sample, D < 0 is observed, which indicated a huge
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Fig. 2. The skyrmion width at different values of D while
varying A (b) Domain wall velocity versus applied field
(c) The parameter ‘D’, extracted from the velocity curves
in (b).

negative DMI strength for a Pt under layer and for N > 2,
with the opposite asymmetry, a large D > 0 is observed. In
the B20 systems, the dipole - dipole interactions, which play
a prominent role in type-II bubbles and bi-skyrmions, also
are found in centrosymmetric systems which are largely
proportional to the thickness, can be ignored [19].

3. Results Obtained

Bloch skyrmions in chiral B20 systems, where a con-
flict between Heisenberg exchange and DMI specifies the
skyrmion size, demonstrate that the skyrmion size is re-
gardless of material thicknesses [20]. Here the skyrmion
radius is denoted as (rsk) along with magnetization along
‘z’ axis mz (rsk) is 0, is at spherical angle of Θ = π/2, and the
magnetization along mx is cos Ψ. Now the points where
y = 0 , Φ = 0 and Ψ = Π/2+Ψ ∼= arccos (mx(r = rsk)) are
considered at the edges (Ψ ∼= π * L/LD) , and the plot of
Néel vectors are obtained as (mx) component and radial
component (mr) at the bottom and top of the sample are as
depicted in Fig. 3 and Fig. 4 respectively.

The interactions are formulated such as exchange, DMI,
and a Uniaxial Anisotropy along ‘z’ axis. Here the radial
profile is computed across co/pd multilayer thickness and
with discretization component, a helical spin is observed
along the thickness of the co/pd multilayer, which varies

Fig. 3. Plot of mx component at the bottom and top of the
sample.

Fig. 4. Plot of mr component at the bottom and top of the
sample.

the skyrmionic structure in all layers.

The manifested perpendicular magnetic anisotropy
(PMA) in the multilayer film is observed at room temper-
ature with an effective anisotropy of Ku,eff = 0.26 MJm3

with anisotropy vector in axis of (0, 0 , 1) and saturation
magnetization is Ms = 860 kAm-1. The Fig. 5 illustrates
vibrating sample magnetometer (VSM) hysteresis measure-
ments of the film developed on thermally oxide Silicon
wafer with the observed slope reversal indicating the do-
main arbitrated reversal. As the sample is tilted, the Néel
skyrmions in LTEM is observed and in the applied field,
the in-plane component is obtained and the stability of the
Néel skyrmions is explored in the presence of an in-plane
magnetic field using MFM with fabricating the uniform
thin film multilayer square lattice with nearly 900 nm thick-
ness.

The Typical MFM data is presented in Fig. 6 is obtained
after cooling from 300 to 100 K in the presence of a magnetic
field H(T) = 0.096T, applied perpendicular to the thin film
multilayer lattice with a stabilized cycloid intgrated cycloid
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Fig. 5. VSM Hysteresis curve.

Fig. 6. MFM image of Néel skyrmions in 0.096 T at 100 K.

skyrmion phase.
At the start, the skyrmions are stabilized at 100 K after

the field cooling process, similar as before and then the
out-of-plane field was reduced to zero, next a pure in-plane
field was applied, then up to in-plane fields with large
strengths of 1 T, the skyrmions are found to be stable as
observed Figs. 7(a) and (b) and there is a small decrease in
contrast at these high in-plane fields as depicted in Figs. 8
(a) and (b).

4. Conclusions

In conclusion, to trace the evolution of nanoscale Ne´el
skyrmios in Co/Pd multilayers, the L-TEM is utilized.
The existence of zero-field static skyrmions in multilayer
Co/Pd, exchange coupled with measurements of asym-
metric domain wall creep velocities, has allowed us to
estimate D= 2.2 ± 0.3 mJ.m-2. Specific multilayers, which
have already shown strong spin – orbit - torque (SOT) effi-
ciencies in computer geometries, paves the way for further
research with regard to the logic and storage systems based
on skyrmion.

Fig. 7. MFM images of meta-stable Néel skyrmions in-
plane magnetic field of strength: a) 0T b) 0.3T at 100K.

Fig. 8. MFM images of meta-stable Néel skyrmions in-
plane magnetic field of strength: a) 0.6 T b) 1T at 100K.
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