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ABSTRACT 

The discovery of magnetic skyrmions provides a promising pathway for developing functional

spintronic  memory  and  logic  devices.  Towards  the  future  high-density  memory  application,
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nanoscale skyrmions with miniaturized diameters, ideally down to 20 nm are required. Using an

X-ray magnetic circular dichroism (XMCD) transmission microscopy, nanoscale skyrmions are

observed in  the Pt/Co/Ir multilayer at room temperature. In particular, small skyrmions with a

minimum  diameter  of  20  nm  could be  generated  by  the  current-induced  spin-orbit  torques.

Through implementing material specific parameters, the dynamic process of skyrmion generation

is further investigated by performing micromagnetic simulations. According to the simulation

results,  we  find  that  both  the  tube-like Néel-type skyrmions  and  the  bobber-like  Néel-type

skyrmions  can  be  electrically  generated.  In  particular,  the  size  of  the  bobber-like  Néel-type

skyrmions can be effectively reduced by the spin-orbit torques. Our findings could be important

for understanding the formation dynamics of nanoscale Néel-type skyrmions, and for promoting

nanoscale skyrmionic memory and logic devices.

KEYWORDS skyrmion, multilayers, magnetic bobber, spin-orbit torque, spintronics. 

INTRODUCTION

Magnetic skyrmions are considered to be one of the ideal memory cells for spintronic devices

due to the advantages of topological protection, high stability, and low energy consumption[1-

13]. Since the original theoretical prediction[14, 15], Bloch-type skyrmions were firstly observed

in B20-type compounds (such as FeGe[16], FeCoSi[17], MnFeGe[18] and MnSi[19-26]), which

however, mainly exist at low temperature. These materials exhibit a non-centrosymmetric lattice

structure,  in  which  the  accompanied  bulk  Dzyaloshinskii-Moriya  interaction  (b-DMI)  is

responsible for the formation of Bloch-type skyrmions. Meanwhile, Néel-type skyrmions[27, 28]
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stabilized by the interfacial DMI (i-DMI) have been found in the inversion-asymmetric heavy

metal/ferromagnet (HM/FM) films, such as Pt/CoFe/MgO[29, 30], Pt/Co/Ni/Co/TaN[31] and Pt/

Co/AlOx[32]. Furthermore, a strong i-DMI have been identified in magnetic multilayers made of

HM/FM bilayers, which leads to the formation of Néel-type skyrmions at room temperature[33,

34].  For  examples,  Néel-type skyrmions  were  identified  in  Ta/CoFeB/TaOx,  Pt/Co/Ta  and

Pt/CoFeB/MgO multilayers, together with their intriguing spin-torque-driven dynamics[35-37].

In particular, Néel-type skyrmions below 100 nm in diameter are observed at room temperature

in  Ir/Co/Pt  multilayers  [38,  39],  Co/Pd  multilayer[40],  Ir/Fe/Co/Pt  multilayer[41,  42],

Pt/Co/IrMn multilayer[43] and Pt/SmCo/Ta multilayer[44]. Since the size of skyrmion directly

determines the cell size of the skyrmion-based racetrack memory[45-50], the realization of the

nanoscale skyrmions could substantially improve the storage density of these devices[25, 51-56].

In this work, we will explore the formation of room-temperature nanoscale Néel-type skyrmions

in  a  multilayer  of  [Pt(1.5  nm)/Co(1  nm)/Ir(1.5  nm)]15 by  using  an  XMCD   transmission

microscopy, which is made possible by utilizing the current-induced spin-orbit torques (SOTs).

Following the increased current densities, sizes of  Néel-type skyrmions decrease accordingly,

with  the  diameter  of  the  smallest  skyrmions  approaching  20  nm.  By  performing  a  layer-

resolution micromagnetic simulation, the dynamic process of Néel-type skyrmions formation can

be captured.  These results  reveal  the formation of three-dimensional  spin textures,  including

bobber-like and tube-like skyrmions in the present material system. 

MATERIALS AND METHODS
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Sample preparation and measurement.  The sample is grown by using ultrahigh vaccum

magnetron sputtering at room temperature with the base pressure of the main chamber at 2×10 -8

Torr. The sputtering is performed in an argon atmosphere of pressure 3 mTorr, and the sputtering

rate is 0.02 nm/s. A 2 nm Ta on 100 nm Si3N4 is used as a primer layer, then 15 stacks of Pt(1.5

nm)/Co(1 nm)/Ir(1.5 nm), and finally 2 nm Ta as a protective layer. The device is prepared using

electron beam lithography and followed by a lift-off process. The hysteresis loop measurement is

obtained by using a vibrating sample magnetometer (VSM). The multilayer is grown on 100 nm

thickness Si3N4 membrane (Clean SiN, Suzhou) for the XMCD imaging experiment. The XMCD

imaging  in  transmission  geometry  is  done  at  the  Co  L3 edge  (778.5  eV) using  a  full-field

transmission soft X-ray microscope (XM-1) at the beamline 6.1.2 at the Advanced Light Source

of Lawrence Berkeley National Laboratory.

Micromagnetic  simulations.  We  simulate  15  magnetic  layers  with i-DMI  and  dipolar

interaction by using a micromagnetic simulation software Mumax3. The current-induced SOT is

added to the Landau-Lifshitz-Gilbert  (LLG) equation through a custom field. The relax-state

solution of the system is calculated after each current pulse. The calculation unit size is 2 × 2 ×1

nm3, the saturation magnetization is M s = 1200 kAm-1, the exchange constant is A = 10 pJm-1, the

damping coefficient α = 0.01, the perpendicular magnetization anisotropy  Ku= 904 kJm-3, the i-

DMI intensity D = 1.6 mJm-2[38], and the external magnetic field H z= 233 mT.

RESULTS

Room-temperature skyrmions in the Pt/Co/Ir multilayer.
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The Pt/Co/Ir trilayer could host substantial i-DMI which could be useful for stabilizing nanoscale

Néel-type skyrmions[38]. In order to study the current-induced Néel-type skyrmions, a magnetic

multilayer of composition and stacking order [Pt(1.5 nm)/Co(1 nm)/Ir(1.5 nm)]15 is synthesized,

as  schematically  shown in  Fig.  1(a).  The out-of-plane  magnetic  hysteresis  loop  (M−H z)  is

measured by using VSM, as shown in Figure 1(b). The shape of the loop is similar to the typical

multilayers that host Néel-type skyrmions[35, 41-44]. The saturation magnetization is estimated

to be M s=¿ 1200 kAm-1. 

The XMCD images collected at the Co L3 edge and under magnetic fields are shown on the right

panel. For performing XMCD experiment in transmission geometry, multilayers are grown on

100 nm thickness Si3N4 membrane. These XMCD imaging experiments are conducted by using a

full-field soft X-ray transmission microscopy (XM-1 at the Advanced Light Source, Lawrence

Berkeley National  Laboratory) with a spatial  resolution down to 10 nm[57].  The black color

corresponds  to  the  local  magnetization  pointing  downward  (mz<0)  and  the  white  color

corresponds  to  the  local  magnetization  pointing  upward  (mz>0).  The evolution  of  magnetic

domain  configurations  as  a  function  of  magnetic  fields  can  be  found  in  Figure  S1  of

Supplementary  Materials.  Initially,  the  size  of  the  skyrmions  decreases  with  the  increased

magnetic field. When the magnetic field is above 299 mT, the average diameter of skyrmions

remains as a constant at approximately 58 nm. 

20-nm skyrmions induced by current pulses. 

In order to probe the SOTs-driven dynamics of skyrmion, we apply current pulses of different

durations and current densities to the microstripe device made of multilayer. An optical image of
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the device that is fabricated by electron beam lithography is shown in Figure 2(a). Current pulses

are applied to the multilayer through the Ta/Pt electrodes on both sides, where the white arrow

indicates the positive direction of the current flow. Due to the involvement of heavy metal and

the resulting conversion from charge current to spin current, the induced current-induced SOTs

can be introduced in the multilayers[58, 59]. Before applying pulse (233 mT), the multilayer is at

a coexisting stripe domain-skyrmion state. After applying current pulses of a fixed duration 50 μs

with  increased  current  densities  (from  0.6 × 1010 A/m 2 to  2.4 × 1010 A /m2),  the  pristine  stripe

domains are broken (at 0.6 × 1010 A/m 2), followed by which a densely packed skyrmion phase is

firstly created (at  1.6 ×1010 A/m2), and then the number of skyrmions decreases following the

increased amplitudes (from 1.6 ×1010 A/m2 to 2.4 × 1010 A/m 2), which can be seen in Figure S2

of Supplementary Materials. 

Negative pulses are subsequently applied to reveal the evolution of skyrmion sizes as a function 

of pulse currents. Figure 2(a) shows an exemplary XMCD image taken after applying a pulse 

with a current density of −2.4 × 1010 A/m2. From these data, one can clearly observe the 

generation of nanoscale skyrmions by the current-induced SOTs. In order to precisely determine 

the size of skyrmions, we utilize an 360∘ domain wall model in which the polar angle Θ0(r ) of 

the spin rotation, describing the static profile of the Néel-type skyrmion, satisfies the equilibrium 

equation obtained from the minimization of the energy functional[60]:

∇2 Θ0=[ξ 2
+

1
r2 ]sin Θ0 cosΘ0−

d
r sin 2Θ0+h sin Θ 0                       (1)
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where ξ 2
=2 Ku/ μ0 M s

2
−1, h=H z / M s, r=ρ / lex is the reduced polar coordinate and d=|D|l ex / A.

The exchange length  l ex=√2 A/μ0 M s
2.  M s is  the saturation  magnetization,  μ0 is  the vacuum

permeability, A is the exchange constant, K u is the magnetization anisotropy constant, D is the i-

DMI strength,  and  H z is  the applied  magnetic  field. An approximate lowest energy solution

tan
Θ 0(r )

2 =
r sk

r eξ (rsk −r ) is used to fit the skyrmion profile[60]. The fitting results are shown in

Figure 2(b). The diameters of the three representative skyrmions are clearly identified as 21 nm,

42 nm and 24 nm, respectively. 

Subsequently, we investigate the size distribution of skyrmions under the pulse currents with

increased amplitudes. As indicated in Figure 3(a), a gray value threshold is employed to identify

the skyrmions in the XMCD images, which were marked in red. The evolution of the estimated

skyrmion diameters as a function of the increased current densities is shown in Figure 3(b). As

the  current density increases, the average skyrmion diameter decreases from 42.5 nm down to

36.5 nm. The distribution of the skyrmion diameters as a function of the current density (from

0.6 × 1010 A/m 2 to 2.4 × 1010 A/m2) is shown in Figure 3(c). 

For most of skyrmions, the average diameters decrease with the increased current densities. We,

however, find that the size of few skyrmions remain unchanged. Shown in Figure 4(a) is an

example,  which is from a selected area of Figure 3(c). As the  current density increases,  one

skyrmion on the upper-left corner shrinks in size (marked in yellow circle), while the size of the

other two skyrmions on the right remain the same. 

DISCUSSION AND CONCLUSION
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Micromagnetic simulations. 

The underlying  physics  behind these  different  responses  to  the  current-induced SOT can be

capture by performing the layer-resolved micromagnetic simulations,  which is done by using

LLG equation[61] with the SOT terms[62]:

ṁ=−γ m ×[H eff + τ dam(m× p)+ τ fie p]+α ṁ × m                    (2)

where  γ  is  the  gyromagnetic  ratio,  α is  the  damping  coefficient,  m is  the  normalized

magnetization vector, ṁ is the time derivative of m. H eff =
−1

μ0 Ms

d E
dm  is the effective field where

the  energy  E is  given  by  E=EDMI+Eexch+Edemag+E aniso+E Zee.  Here τ dam and  τ fie are  the

amplitudes of the damping-like torque and field-like torque, respectively. In the typical SOT

experiment, a damping-like torque τ dam=
ħθSH Jc

2 eμ0 Ms d  plays a major role, where ħ is the reduced

Planck constant,J c is the current density flowing in the heavy metal layer,  e is the elementary

charge, and d is the thickness of the ferromagnetic layer. For a heavy metal/ferromagnet bilayer,

the  current  pulse  is  applied  in  the  x̂  direction,  the  spin  polarization  vector  is  given  by

p=sign (θSH ) ĵ × n̂=− ŷ (surface normal n̂= ẑ, and spin Hall angle θSH>0). 

We consider the Neumann boundary conditions, and the i-DMI energy is given by[63]

EDMI=D [m z(∇ ⋅m)−(m ⋅∇)m z ]                                   (3)

where D is the i-DMI strength. The i-DMI contribution can be obtained by

H DMI =−
1
μ0 Ms

d E DMI

d m =
−2 D
μ0 Ms

[(∇ ⋅m) ẑ−∇ m z]                          (4)

8



Due to the strong i-DMI in the [Pt|Co|Ir]15 multilayer, compact skyrmions in each layer exhibit

the same Néel-type chirality as can be seen from Figure 4(b) and (c). 

In the thickness dependent simulations, a mixed phase between the stripe domain and isolated

skyrmion is introduced at 223 mT. Figure 4(b) shows the simulation results of two  individual

Néel-type skyrmions from a selected area. The color from blue to red indicates the change of the

z-component of magnetization (mz) from 1 to 0, while the cones represent the magnetization

direction. As the figure shows that the skyrmion on the left (marked in yellow circle) gradually

shrinks in size as the current density increases. But the size and shape of the other skyrmion

remains the same. These simulation results  are consistent with the experimental observations

shown in Figure 4(a).

Experimentally,  the  15  magnetic  layers  are  coupled  through  the  interlayer  dipolar

interaction[64]. In competition with the i-DMI[65], the system may host two different types of

skyrmions  (hybridized  skyrmions  are  just  examples),  as  shown  in  Figure  4(c).  One  is  the

compact skyrmions existing across all magnetic layers and form tube-like skyrmions (the right

skyrmion in the  Figure 4(c)).  The other  one is  the  skyrmions that  only exist  in  part  of  the

magnetic layers, as shown in left skyrmion in Figure 4(c). Note that the latter spin texture is

similar  to  chiral  bobber,  which  was  recently  predicted  by  theory[66] and  experimentally

observed below room temperature in materials with b-DMI, such as B20-type alloys[67, 68] and

Cu2OSeO3[69]. A chiral bobber is composed of a Bloch-point singularity and a skyrmion tube,

which could be useful for enabling reliable skyrmionic device. In line with the chiral Bloch-type

bobber in bulk magnets[68, 70, 71], the  left skyrmion in Figure 4(c) is stable in multilayer film
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with i-DMI, which can be useful for enabling reliable skyrmionic device at  room temperature

track memory. In the following paper, we use the term bobber-like skyrmion to refer to this

object. 

A bobber-like skyrmion contains different sizes of layer-dependent skyrmions in the multilayer

film,  where  the  skyrmions  at  the  lower  layers  are  smaller  than  at  the  upper  layer.  As  a

consequence,  the cores of the skyrmions in different layers are subjected to different damping-

like torques τ dam m z x̂, and are slightly offset. As the bobber-like skyrmion is shifted slightly by

the damping-like torque τ dam m z x̂, the local field of the interlayer dipole coupling at ẑ direction

H dipole z
=

2 Ms

4 π R3 mi z
ẑ  of the bobber-like skyrmions at upper layer to the core of the skyrmion at

lower  layer  is  weaken  (R is  the  layer-to-layer  distance  and  mi is  the  normalized  magnetic

moment of the adjacent upper layer). As a result, the bobber-like skyrmion is less bounded by the

interlayer dipole coupling, in comparison with the tube-like skyrmions, which gradually shrinks

in size upon the application of current-induced SOTs.

In a conclusion, by using element resolved XMCD imaging technique, we have observed the

generation  of  room-temperature  magnetic  skyrmions  with  an  average  diameter  of  58  nm

experimentally in the Pt/Co/Ir multilayer. The skyrmions with minimum diameter of ~ 20 nm are

further obtained by applying current pulses. Through performing a layer-resolved micromagnetic

simulation, we have revealled that both bobber-like and tube-like skyrmions may exist stably in

the multilayer.  In particular,  the bobber-like skyrmions are susceptible to the current-induced

SOT, which shrink in size upon the application of currents. This work may provide a method for
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the  generation  of  nanoscale  skyrmions  in  multilayer,  which  could  be  important  for  the

continuous  exploration  of  intriguing  topological  physics,  and  the  skyrmion-based  racetrack

memory.

SUPPORTING INFORMATION
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FIGURES

Figure 1. Magnetic properties of Pt/Co/Ir multilayer. (a) Schematic illustration of the [Pt/Co/Ir]15

multilayer film. A 2 nm-thick Ta layer is sputtered on the substrate as a primer layer and another

2 nm-thick Ta layer on the top is a protective layer. (b) The magnetic hysteresis loop of the
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multilayer. The magnetic domain configurations at the selected magnetic fields were recorded by

using a XMCD transmission microscope. Room-temperature skyrmions are observed at ~ ± 300

mT. The scale bar is 1 μm.

（）

Figure 2. The generation of nanoscale skyrmions by current pulse at room temperature. (a) An 

optical image of the device. The white arrow indicates the direction of the current pulse. The 
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scale bar is 20 μm. (b) XMCD images taken after a pulse with a current density of

−2.4 × 1010 A/m2) and a width of 50 μs, at a perpendicular magnetic field of H z=−223 mT . The 

scale bar is 200 nm. (c) The profile of three selected skyrmions which are marked by red circles. 

The black circles are the experimental data extracted from the XCMD images, and the red line is 

the fitted profile. The fitting diameters of are the three skyrmions are 21 nm, 42 nm, and 24 nm, 

respectively.

Figure 3. The size distribution of skyrmions under pulses with various current densities. (a) A 

gray threshold method is used to identify skyrmions (marked in red). The scale bar is 500 nm. (b)
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The average diameter of skyrmions as a function of the current density. (c) The statistics of the 

skyrmion diameters under pulses with various current densities. The scale bar is 500 nm.

Figure 4. Micromagnetic simulation of the dynamic response of skyrmion produced by current-

induced SOT. (a) A selected area with three skyrmions from the XMCD images in Figure 3 (c) 

under the increased amplitude of the current pulse. The skyrmion that is circled by the yellow 
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circle on the upper-left corner, shrinks its size, while the size of rest two skyrmions on the right, 

remain nearly unchanged. The scale bar is 200 nm. (b) The corresponding micromagnetic 

simulation under increased current density, which produces consistent behavior as experimental 

observations. The color from blue to red indicates mz from 1 to 0 while the cones represent the 

magnetization direction. (c) 3D-view of the two types of skyrmions. A bobber-like skyrmion 

(left) and a tube-like skyrmion (right) can be identified.
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