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Abstract

Magnetic skyrmions are topological spin textures that have been observed in
bulk magnets and magnetic multilayers. For bulk magnetic materials, their
non-collinear spin profiles have often been studied by using Lorentz transmission
electron microscopy (TEM). In this report, we experimentally utilized Lorentz TEM
imaging to study an inversion asymmetric [Pt(1.5nm)/Co(1nm)/W(1nm)]s
heterostructure that exhibits Néel-type skyrmions at zero field. By tracking the
evolution of skyrmion diameters as a function of magnetic fields, we determined the
strength of the interfacial Dzyaloshinskii-Moriya interaction (DMI). Our results suggest
that in-situ Lorentz TEM imaging combined with simulations can provide valuable
quantitative information about the interfacial DMI strengths, which can be helpful for
optimizing skyrmion materials. Furthermore, we show that in theory Lorentz TEM can
identify the spin chirality of Néel-type skyrmions, although an experimental
verification is challenging due to the relatively low signal-to-noise ratio.
Introduction

Magnetic skyrmions were first identified in the non-centro-symmetric B20 bulk
magnets, such as MnSi, FeGe, FeCoSi compounds, where the existence of an
anti-symmetric Dzyaloshinskii-Moriya interaction (DMI) favors (vortex-like) Bloch-type
skyrmions.™ In contrast to the symmetry breaking of the crystal structure in the
typical B20 compounds, one can also synthesize magnetic heterostructures that
artificially break the inversion symmetry via the presence of interfaces.'®"® In
multilayers, which typically consist of heavy metal/ultra-thin ferromagnet/(insulator or
different metal), the interfacial symmetry breaking also introduces a DMI component

that generates noncollinear spin textures.'®'*'7"?* This interfacial DMI is mediated by
the adjacent heavy metal layer and can be expressed as -Dy - (S; X §;), where

S;and §; are neighboring (canted) atomic spin vectors, D, is the DMI vector lying in

the interfacial plane that energetically favors Néel-type (i.e., hedgehog-like)

10,11,24-29

skyrmions, as compared to the Bloch-type (i.e., vortex-like) spin textures in



most bulk materials. Note that the sign of the DMI vector D, determines the
handedness (spin chirality) of Néel-type skyrmion to be left or right. While the
real-space spin configurations are quite different for the Bloch- or Néel-type

skyrmions, their topological properties remain equivalent. Namely, the skyrmion
number Q = 1/47Tfm - (8,m x 8,m) dxdy, which is defined by wrapping the spin

unit vector (m) around a unit sphere, is identical.>® Note that, Néel-type skyrmions
were also observed in bulk Lacunar spinel GaV,Sg with a C,,, symmetry.30

Beyond exhibiting room-temperature nanoscale skyrmions, in magnetic
multilayers, the spin Hall effects of the heavy metal layer give rise to current-induced
spin-orbit torques®'=® that result in efficient electrical creation and/or manipulation of
spin textures.?®2%37%0 |n particular, the insertion of a thin ferromagnetic layer in
between two different heavy metal layers could provide complementary spin orbit
torques, for efficient manipulation and additive interfacial DMIs, as well as for size
miniaturization, given a proper choice of various materials. Magnetic multilayers are
thus more technologically promising for enabling functional skyrmionic

logic/memory, 13:14:24:36.37

and tremendous effort has recently been devoted towards
this goal.?®%%4142 For example, multilayers based on Pt/Co/Ta, Pt/CoFeB/MgO,
W/CoFeB/MgO, and Pt/Col/lr trilayers have been synthesized in which electrical
generation, manipulation, and detection of magnetic skyrmions were
demonstrated.?#?°4?4* Here, we demonstrate the stabilization of zero-field nanoscale
skyrmions in another system — Pt/Co/W multilayers. Our work is motivated by the fact
that Pt/Co/W trilayers are expected to be energetically advantageous for boosting the
motion of magnetic skyrmions.* This is because the spin Hall angles (6,;) at the two
interfaces of each Co layer have opposite sign, which thus provide complementary
spin Hall torques.?®?*3* Namely, the spin Hall angle of Pt is 6,,~ +10% and W is
O0,n= —35%. Thus spin-orbit torques from the two layers are expected to act
constructively due to the opposite orientation with respect to the ferromagnet at their

respective interfaces.***®



Lorentz TEM has been extensively utilized for studying the non-collinear spin
textures.>>®9475" Here we first discuss theoretical expressions for, and calculate, the
magnetic contrast in the Lorentz TEM images for Néel-type skyrmions (Q = +1). This
will subsequently be used to demonstrate the experimental detection of Néel-type
skyrmions with Lorentz TEM and investigate the dependence of skyrmion size as a
function of magnetic field in a Pt/Co/W multilayer. Analyzing this dependence allows
us then to quantify the interfacial DMI.

Modeling Lorentz TEM imaging

The calculation of magnetic contrast in Lorentz TEM images is based on a
simplified relation describing the phase shift of the electron wave upon passing
through a magnetic sample, which can be detected by defocusing the objective lens
of the microscope.®**®°® Namely, magnetic contrast in the Lorentz TEM images can
be experimentally observed when the focus length Af # 0, i.e., out-of-focus condition
and only in the regions that have a non-zero gradient of the phase shift (Vo # 0).5%¢
For example, a nonzero phase shift @,,(k) can be obtained for Bloch-type skyrmion
in the Lorentz TEM. Note that the same relationship can also be used to correlate the

observed magnetic contrast with the gradient of phase shifts.*®

The phase shift for Néel-type (hedgehog) skyrmions and the corresponding

image intensity in Lorentz TEM images can also be calculated as®®®":
- 212 poMg Do J1 (kD —
P (k) = —X ZELO 2D (e ky = eyl) = 0. (1)

Here X = +1 defines the chirality of the skyrmion, pu, is the vacuum permeability,
M, is the saturation magnetization, ¢, = h/Ze = 2.07 x 103 T nm? is the flux quanta,
D, is the width of the spin transition regime/domain wall, J; is the first order Bessel
function and k, =./kZ+kZ is the Fourier wave vector. This shows that the

contribution to the phase shift from the in-plane components of the Néel-type
skyrmion is zero, and thus the out-of-focus Lorentz TEM images for a film that is

normal to the incident electron beam do not contain any magnetic contrast.



Change of Phase Shift by Tilting the Sample

Although Egq.1 implies that Lorentz TEM is insensitive to Néel-type skyrmions,
phase shifts of Néel-type skyrmions/domain walls have in fact been observed when
the sample is tilted away from the normal incidence.**%*®* We will subsequently
discuss the effect of tilting the sample in more detail. By tilting the sample about the
x-axis by an arbitrary angle @, the new magnetization vectors in all three regions
defining the Néel skyrmion (see Fig. 1) can be written as in the region outside of the
skyrmion Ri: M; = My(0, —sin®, cos®) , inside the skyrmions core Ris: M; =
M, (0, sin®, —cos®), and along the domain wall in between these two regions Ry:
M, = M,(cos6, cos®sinb, —sin®cosB). Of these only the x and y components are of
importance. The contribution from region R, can be calculated as follows:

Fn(B)r, = C((k)ky — (kycos®)k,) = Ckyky (1 — cosd), (2)
where C contains all the prefactors and other terms depending on k, and k,,. This
shows that the phase shift from region R, is non-zero upon tilting the sample and
increases slowly as a function of @ due to the dependence on (1 — cos®).
Lorentz TEM Image Simulations

We will now explore the effect on the magnetic contrast with and without tilting
the sample with respect to the incident electron beam. These simulations were
carried out for an ultra-thin Co thin film with thickness of 1 nm and magnetic field B,=
1.7 T. The microscope parameters used were E = 200 kV, and a defocus value of 100
um. The size of these bubble-shaped spin textures is 100 nm in diameter and domain
wall width (D) is fixed as 20 nm (width of region Ry).

Lorentz TEM images were simulated for three different tilting angles ® = —60’,
® = -0, and ® = +60°, shown in Fig. 1. The tilting axis is along the horizontal
direction () as indicated by the schematic and red arrow. We consider two different
types of Néel-type skyrmions with opposite spin chirality (left-handed and
right-handed) as shown in Figs. 1A and 1B. Note that the handedness of chiral spin

structures is determined by the sign of interfacial DMI. As expected at zero tilting



angle (normal incidence), no visible magnetic contrast is observed. For the tilted
configurations, the introduced contrast is due to the in-plane projection of the
perpendicular magnetization from regimes Ry and R3, respectively. As a result, the
switching of the black and white contrasts for opposite tilting angles is observed.
These simulations show that it is possible to detect Néel skyrmions with Lorentz TEM
if the sample is tilted.?%%3
Chirality of Néel-type skyrmions

Chirality is one of the distinguishing parameters for identifying Néel-type
skyrmions, and can be either left handed or right handed. The physical origin of the
chirality depends on the spin-orbit coupling at the interface.?? While the chirality can
be inferred based on the sign of the interfacial DMI and on the direction of skyrmion
(or chiral domain wall) motion, it is also useful to image it directly. As discussed
earlier, Néel-type skyrmions are visible using Lorentz TEM, i.e., giving rise to contrast
in the image, only when the sample is tilted away from normal incidence. The primary
effect of this tilting is due to the introduction of an in-plane component of
magnetization from the out-of-plane magnetization regions. Additionally, a slight
asymmetry in the image contrast is also introduced from regime R, which has an
in-plane magnetization configuration. The introduced asymmetry in the image
contrast and its relation to chirality of Néel-type skyrmions can be related to the
orientation of the magnetization in the regime R,. As the sample is tilted, there is a
difference in the remanent in-plane components of the magnetization in regime R>
which is dependent upon chirality. For example, in case of a Néel-type skyrmion
where the magnetization in regime R points radially inwards, and for a sample tilt as
shown in Fig. 1 (top row), the in-plane magnetization components in the top half of
regime R, will not be the same as the bottom half. This will be the reverse case for

Néel-type skyrmion with magnetization pointing radially outwards. In the ultimate

limiting case of tilting by 90°, one can think of imaging two 180° Néel domain walls



which are either convergent or divergent, i.e., depending on the chirality of the
Néel-type skyrmion.

This suggests there is a magnetic contrast difference for Néel-type skyrmions
with opposite chirality. However, this difference will be very small as compared to the
contrast originating from regimes R1 and Rs;. One method to potentially view this
contrast difference is to take the average of the two out-of-focus images at opposite
tilt angles so that the contribution from regimes R4 and Rz is removed. This method is
verified with a simulation using a tilt angle ® = +60°, in which a contrast difference
between the averaged images for the two opposite chiralities can be observed, as
shown in the Fig. 1, However, the magnetic contrast due to the chirality difference is
very weak (~18%). Such a small contrast difference is challenging to measure
experimentally since it requires a precise alignment of the out-of-focus images (given
the width of the magnetic domain wall in the ultrathin film, which is around 10 nm, as
determined by the exchange stiffness and uniaxial anisotropy). Note that the
diffraction contrast arising from the microstructure in thin films also contributes to
additional noise in the images. In the following, a Lorentz TEM will be used to
experimentally probe the magnetic contrast of Néel-type skyrmions in a thin film.
Material system

The nominal composition and thickness of the multilayer system studied are:
Ta(2 nm)/[Pt(1.5 nm)/Co(1 nm)/W(1 nm)]s/Pt(1.5 nm), as schematically shown in
Fig. 2A. Our multilayer was grown using dc magnetron sputtering under a 3-mTorr Ar
pressure onto a semi-insulating Si substrate covered with 300-nm thermally oxidized
SiO,. The Lorentz TEM specimen was grown onto 2 x 2mm? TEM grids with a
50-nm thick silicon nitride (SiNx) membrane. The bottom 2-nm Ta was grown as a
seed layer. The base pressure of the sputtering chamber was typically < 1078 Torr.
The sputtering rates for Ta, Pt, Co and W were 0.4 A/s, 0.5 A/s, 0.2 A/s and 0.2 Ars,
respectively. A Quantum Design superconducting quantum interference device

(SQUID) magnetometer was used to measure the hysteresis loops with in-plane and



out-of-plane applied magnetic fields. An X-ray diffractometer of model PANalytical
X'Pert MRD with Cu K, emission (1.5405 A) was used for the X-ray reflectivity
measurement. The zero-field Lorentz TEM experiments were performed in a JEOL
2100F instrument with a spherical aberration corrector. The corresponding
out-of-focus Fresnel imaging mode was used with a defocus value of 6.4 mm. A FEI
Tecnai F20ST TEM/STEM system was subsequently used to acquire field dependent
magnetic images in the Lorentz mode by adjusting the objective lens current with the
tiling angle fixed at 30" and a defocus value of 9.72 mm. All experiments were
carried out at room temperature.

In order to analyze the interface characteristics of our multilayer sample, we have
carried out X-ray reflectivity measurements. The superlattice peaks are clearly visible
to the third order, indicating a high degree of crystallographic perfection along the
growth direction, as shown in the right of Fig. 2B. To determine the depth-dependent
scattering-length density (SLD) profile, we used a Parratt formalism to fit the X-ray
reflectivity data.®*®° The data analysis yields the roughness (At), and the thickness (t)
of each individual layer, which is consistent with the expected nominal thicknesses
(t,), as summarized in Table 1. We have also carried out magnetometry
measurements of magnetic hysteresis (M-H) loops, measured perpendicular to the
plane (H,), and shown in the inset to Fig. 2B. These measurements demonstrate that
the sample has a perpendicular magnetic anisotropy, with a saturation magnetization
M, = 1.2 x 10 A/m, and a perpendicular anisotropy field H,=0.35T.

Imaging experiments

Lorentz TEM imaging experiments were performed in a field-free environment
using a JEOL 2100F instrument with a spherical aberration corrector, which enables
imaging of magnetic structures at a spatial resolution as high as a few nanometers
depending on the material and defocus. Before conducting Lorentz TEM imaging
experiment, the sample was demagnetized by applying an in-plane magnetic field of

1 Tesla. This process is essential for ensuring the existence of skyrmions at zero



field. With the sample untilted, no observable magnetic contrast is seen in the
under-focus images shown in Fig. 3B. The only contrast results from the presence of
grains in the film. When the sample is tilted by ® = —30° away from the plane
normal, randomly distributed bubble-like and stripe-like spin textures were clearly
revealed as shown in Fig. 3A. In each case the upper left side of each feature
appears black and the lower right side appears white. This contrast reverses upon
inverting the tilting angle to ® = +30°, as shown in Fig. 3C, suggesting that the
magnetic structures are Néel-type skyrmions, consistent with the simulations shown
in Fig. 1. The size of skyrmion is defined as the peak-to-dip distance of the intensity
profiles along the diagonal direction, as shown in Fig. 3D. The size of these
skyrmions varies spatially, which can likely be linked to the spatial variation of the
local magnetic properties, including anisotropy, magnetization and DMI due to the
natural presence of impurities, defects, grain orientations, and film roughness. Note
that the size of the skyrmions from the out-of-focus images is further calibrated by
using a lithographically-patterned microstructure using the same microscope
parameters.

In-situ magnetizing experiments were also performed on this [Pt/Co/W]s
multilayer sample using Lorentz mode in a FEI Tecnai F20ST TEM/STEM. The
strength of the vertical applied field was controlled by adjusting the objective lens
current. The sample was tilted to 30°. As the external perpendicular magnetic field,
H,, is gradually increased starting from zero, both the size and the density of
skyrmions decreases monotonically, as shown in the Figs. 4A — D. A minimum
skyrmion size, d, = 220 + 10 nm, is seen, as shown in Fig. 4E. Further increasing
the magnetic field results in annihilation of the skyrmions in the (total) magnetic field
range between 20 mT and 25 mT, rather than a continuous shrinking of size. After
saturation, Lorentz TEM imaging along the hysteresis loop by decreasing magnetic
field is also performed, which reveals labyrinthine stripe domains with widths of which

are comparable with the diameter of skyrmions.



Discussion

The formation of Néel-type skyrmion in the multilayer is favored by the interfacial
DMI. By studying the evolution of the skyrmion size as a function of magnetic field,
one can determine the value/ of the interfacial DMI. This can be done by applying the
scaling laws for an effective-medium model. In this model, the magnetic multilayers
were considered as an effective thin film due to the coherency of the magnetization in

29,40

each layer, and the reduced (volume) self-energy U (that is normalized by

2m2M?2h3) of each individual, isolated, skyrmion can be expressed as follows:
~ d\% ad
0 =[Ny +H, — 1] (%) + 3 S (3)
where M is the saturation magnetization, d is the diameter of the skyrmion, h is

the effective thickness, Ny = 1+ % . %{1 —k3[(1 = k»)K + (2k? — 1)E]} with E

2 -1/2
and K are being complex elliptical integrals ofk=%[(%) +1] . H, is the

dimensionless external magnetic field H, = HZ/M , and the domain wall surface
S

energy density &, is further given by:2°2940

Saw = 4\JAK rr — 1|Dyl, 4)

where A is the spin-wave exchange stiffness, and K. is the effective
perpendicular anisotropy energy density. Inserting experimentally-determined
parameters into the above equations, the reduced energy U as a function of
skyrmion diameter d can be calculated for a given value of D,. For our [Pt/Co/W]s
multilayers the A = 10 pJ/m was used,? perpendicular anisotropy field: H, = 0.3 T,
saturation magnetization M, = 1.2 x 10° A/m , which results in an effective
anisotropy energy density: K,;r = 6.62 x 10 J/m?.

The DMI strength can be found, by determining the value of D, for which the
experimentally determined skyrmion sizes correspond to the local minimum of U. In
Fig. 5, the reduced energy U of isolated magnetic skyrmions as a function of
diameter d are plotted for different D, at several applied fields (7.6 mT, 12.1 mT,
21 mT and 25 mT). The three-black dashed/dotted curves in each graph are the

10



theoretically calculated energy-diameter dependences for D, = 1.3 mJd/m?
1.5 mJ/m?, and 1.7 mJ/m?. A stable skyrmion state is energetically favored at the
energy minima. The experimentally observed skyrmion sizes, shown as vertical
dashed lines, are close to the local energy minima at all fields when D, =1.5 mJ/m?,
indicating this is the DMI strength of the system. When D, = 1.3 mJ/m?or 1.7 mJ/m?
the skyrmion sizes already do not coincide with the minima as well or only for a
limited range of fields. Subsequently, the error in the determined value of D, is
estimated to be at most 0.2 mJ/m?. Note that the minima in the calculations are
relatively shallow, which therefore results in a broad size distribution of the skyrmions
in the presence of even moderate pinning due to materials imperfections.
Furthermore, this may explain why the size evolution with field does not follow the
ideal behavior expected from the calculated positions of the minima of the energy, but
rather might be determined by a critical energy gradient in order to overcome local
pinning. As shown in Fig. 5, the skyrmion diameter decreases following an increase
of the external magnetic fields. At a magnetic field of 7.6 mT, the skyrmion diameter
lies in a range of 200 nm to 700 nm. Experimentally, we have also observed a
minimum diameter of value d, =220 + 10 nm below which the skyrmion state
vanishes and following an increase in applied magnetic fields, the system evolves
into a pure ferromagnetic state. Our calculation also captures qualitatively this feature,
viz., the less pronounced and subsequent disappearance of the local energy
minimum in the calculation as the field increases suggests that the skyrmion phase
become less energetically stable.

To validate the effective-medium model, we further performed micromagnetic
simulations using Mumax3 software.®® A thin film with 1 pm x 1 ym lateral size and 1
nm thickness was simulated. The material specific parameters for Pt/Co/W multilayer
are: exchange constant A = 10 pJ/m, perpendicular magnetic anisotropy constant
K, = 1.24x10° J/m® and saturation magnetization M, = 1.2x10° A/m. Size evolution

of skyrmions for three different positive DMI values, D, = 1.4 mJ/m? D, = 1.5
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mJ/m? and D, = 1.6 mJ/m? were studied. The simulated skyrmion sizes as a function
of perpendicular magnetic fields are shown in Fig. 6, which demonstrate clearly that
the tendency of experimental data shown in Fig. 4E can be qualitatively reproduced.
Based on the first principle calculation results and other experimental results in
similar multilayers, a left-handed Néel-type skyrmion is more energetically favorable
in the present system.??® This is also indirectly confirmed by our micromagnetic
simulation. Experiments at large tilting angles (® = +60°) are also conducted, a
precise imaging alignment is challenging due to the relatively low signal-to-noise ratio
in Lorentz TEM imaging. Thus, a direct visualization of spin chirality is not available
from the present experimental study. Note that the influence of interlayer dipolar
interactions and material defects was not considered. Furthermore, the simulated
results shown in Fig. 6 reveals a minimum value around 74 nm that is also consistent
with experimental observations. Our simulations suggest that, around the minimum
diameter, the skyrmion with a large inner core was transformed into a compact
skyrmion (Fig. 6 insets) due to the increase of the Zeeman energy.®” Further
increasing the applied fields, however, results in its collapse due to the fact that DMI
energy is insufficient to stabilize compact skyrmions in the presence of the enhanced
Zeeman energy. Our micromagnetic simulation thus confirms that the effect-medium
approach captures the physics of skyrmions in multilayers.
Conclusion

In summary, we have derived expressions for the phase shift in the Lorentz TEM
imaging for Néel-type skyrmions. Our work illustrates that it is in principle possible to
determine the chirality of the Néel-type skyrmions, but experimentally it will be
challenging to obtain sufficient signal-to-noise ratio. We subsequently carried out
Lorentz TEM experiments in an inversion-asymmetric [Pt/Co/W]s multilayer, where
the stabilization of room-temperature Néel-type skyrmions in the absence of a
magnetic field is achieved. Based on an effective model, we estimated the strength of

the interfacial DMI to be D, = 1.5 + 0.2 m]J/m? from measurements of skyrmion size
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as a function of applied magnetic fields. Similar behavior is determined from
micromagnetic simulation studies. One advantage of stabilizing skyrmions in
[Pt/Co/W]s multilayers is the potential for simultaneously exploiting additive interfacial
DMIs and complimentary SOTs,2829.68.69
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Figure captions

Table 1. Parameters characterizing the sample structure as determined from analysis

of the X-ray reflectivity data. ¢, is the nominal thickness, At denotes the roughness at

the top interface of each layer, and t is the average thickness of each layer.

Layers Parameters
Capping Pt At 3.8A
(th=15A) t | 169A

w At 4.8 A

(=108 00 A

Co At 55A

8 x (t, =10 A) ¢ 93 A
Pt At 35A

6=15A) T 65 A

Buffer Ta At 9.3A
(h=20A) t | 227A

Fig. 1. Simulation of Néel-type magnetic skyrmions with opposite chirality with spins

pointing towards [A-(1)] or out from [B-(1)] the core direction. Blue color in regime R3

represents magnetization of downwards normal to the plane (-1), grey color in regime
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R1 represents magnetization upwards normal to the plane (+1). Red arrows in regime
R> represents the spin configuration in the transition regime (also defined as the
domain wall), which determines the topology of the spin textures. Theoretical
calculated magnetic contrast of Néel-type skyrmions at a tilting angle of ® = +60°,
no sample tilt (® = 0°). Magnetic contrasts are only visible when the sample is tilted,
but the configurations seen in [A-(2)J/[B-(2)] and [A-(4))/[B-(4)] appear
indistinguishable. Adding them together enables the cancellation of the contribution
from in-plane components and results in a slight contrast difference for different
Néel-type skyrmions.

Figure 2. Structural and magnetic characterization of the magnetic multilayer.
Inversion  asymmetric  magnetic  multilayers  with  nominal  thickness
Ta(2 nm)/[Pt(1.5 nm)/Co(1 nm)/W(1 nm)]s/Pt(1.5 nm) were deposited onto both SiNy
and SiO; substrates, shown in Fig. 2A. The high quality of flms was confirmed by a
X-ray reflectivity measurements (red dots), in which superlattice peaks up to the third
order are observed, shown in Fig. 2B. The fitted reflectivity curve (blue line) obtained

with the Parratt formalism using GenX software,%*°

which enables the roughness
(At), and the thickness (t) to be determined, summarized in Table 1. Inset to Fig. 2B is
the corresponding hysteresis loop acquired with the applied magnetic field normal to

the sample plane.

Figure 3. Experimental identification of room-temperature Néel-type skyrmions in the
absence of magnetic field. Without tilting in the under-focus mode, no observable
magnetic contrast is present — consistent with the theoretical expectation of Néel-type
skyrmions, as shown in Fig. 3B. By tilting the sample of ® = —30° shown in Fig. 3A,
the presence of (stripes/skyrmions) Néel-type spin textures were revealed. The
magnetic contrast of these spin textures - the upper left corner (black)/lower right
corner (white) is reversed upon the inversion of tilting angle to ® = +30°, as shown in

Fig. 3C. Slices along the diagonal direction of the selected skyrmion further illustrates
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this, as shown in Fig. 3D. The distance between two dashed lines corresponds to the

diameter of skyrmions.

Figure 4. Evolution of the Néel-type skyrmions sizes as a function of perpendicular
magnetic fields. The magnetic field dependent Lorentz TEM imaging results are
shown in Figs. 4A-D, from which one notices that the increasing of perpendicular
magnetic fields results in the shrinking/annihilation of skyrmions. The change of
diameter of selected skyrmions as a function of field (marked by green arrows in Fig.
4A) is further shown in Fig. 4E.

Figure 5. The reduced single skyrmion energy U calculated for different values of the
DMI strength D, (black short dashed/dotted curves) based on the effective medium
model at applied magnetic fields (A) 25 mT, (B) 21 mT, (C) 12.1 mT, and (D) 7.6 mT.
The sizes of the individual skyrmions from Fig. 6E that were labeled as Sk - Sks, are
shown at each field as vertical colored long dashed lines. A DMI value D, =1.5 %
0.2 mJ/m? (black thick dotted curves) is inferred, as at this value the experimental

skyrmion sizes lie within the minimum energy valley for all applied field.

Figure 6. Micromagnetic simulation results of the skyrmion sizes as a function of
perpendicular magnetic fields. The dashed line located at 74 nm represents the
minimum diameter. Insets show the m, profile of a skyrmion with D, = 1.6 mJ/m?.
The left inset corresponds to the spin profile of a skyrmion with a large inner core at 6
mT, and the right inset represents the spin profile of a compact skyrmion at 45 mT,

respectively.
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Figure 1
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