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Abstract: We demonstrate the generation of mixed-type skyrmions (all are about 200 nm) that are
primarily Bloch-type, hybrid-type, and a negligible amount of Néel-type in symmetric Pt/Co(1.55)/Pt
multilayers at room temperature. The magnetic field dependence of skyrmion evolution is reversible.
Brillouin light-scattering is used to quantitatively quantify the Dzyaloshinskii-Moriya interaction
constant D in order to comprehend the mechanism. Interestingly, the D value is high enough to
generate skyrmions in a symmetric sandwich structure. Micromagnetic simulations show that Néel-
type skyrmions transform into Bloch-type skyrmions as the D value decreases. The interface-induced
non-uniform D may be the cause to generate mixed-type skyrmions. This work broadens the flexibility
to generate skyrmions by engineering skyrmion-based devices with nominally symmetric multilayers
without the requirement of very large DMI.

Keywords: magnetic skyrmions; symmetric multilayers; DMI

1. Introduction

Magnetic skyrmions, which are chiral spin textures with a spatial extent of just a few
tens to hundreds of nanometers, exhibit a number of nontrivial performances, including
(i) topological stability, (ii), high storage density (iii) high mobility at ultralow current den-
sities, and (iv) low power consumption, making skyrmions a promising basic information
carrier for next-generation spintronic devices [1,2]. The so-called Bloch-type and Néel-type
skyrmions are the two most well-known and extensively studied skyrmion spin textures.
They differ in the direction in which the rotation from the “down” magnetization at the
skyrmion’s core moves into the “up” magnetization at its edge. A Bloch skyrmion is not
stable when we consider a Néel DMI vector, for example, because each form of skyrmion
can have a highly unique description of the DMI vector and vice versa [1,3,4]. In addition to
earlier skyrmion discoveries in symmetry-broken bulk chiral magnets [5–11], the Néel-type
skyrmions in interfacial antisymmetric multilayers have unveiled its potential spintronic
application due to the room temperature stability [12–21] and good compatibility with
the existing spintronic device manufacturing techniques. In skyrmion-based spintronics
devices, heterostructures comprised of 2D magnetic material and metal or other materi-
als often play an important role due to the interfacial Dzyaloshinskii-Moriya interaction
(DMI) they produce. The thin antisymmetric sandwich structure has been studied exten-
sively due to its tunability through altering the constituent component and relative layer
thicknesses, such as heavy metal/ferromagnetic/another heavy metal (HM1/FM/HM2)
multilayers. Strong interfacial spin-orbit coupling in these systems causes a large interfacial
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Dzyaloshinskii–Moriya interaction (DMI), which is quantified by the DMI constant, D. It
is well acknowledged that DMI favors the generation of skyrmions when the system is
perpendicularly magnetized [22]. Meanwhile, a critical thermodynamic stability parameter
κ can be used to present the skyrmion stability [23–27] with κ > 1 for thermodynamically
stable skyrmions:

κ =
(π

4

)
· D√

A·K
=

D
Dc

, (1)

Equation (1) state that a relatively larger value of D is favorable for generating thermo-
dynamically stable skyrmions. To date, various methods have been employed to increase
DMI, including increasing the number of interface [20,22,28], altering the magnetic layer’s
composition [29], decreasing the thickness of magnetic materials to monolayer [30], and
developing new interfacial DMI mechanisms [31–34] in the multilayers with perpendicular
magnetic anisotropy (PMA) ferromagnet.

However, less research about skyrmions has been completed on multilayers with
symmetric sandwich structures. Theoretical calculations show that when the symmetric
Pt/Co/Pt sandwich structure is used as the repeating unit, the total effective DMI in the
Pt/Co/Pt multilayers should vanish because the top and bottom interfaces produce an
interfacial DMI of the same magnitude but opposite sign (since the DMI is a chiral interac-
tion) [35]. Despite research indicating the crystallographic asymmetry between Pt/Co and
Co/Pt interfaces in Pt/Co/Pt systems can give rise to non-null small DMI [36], according
to Equation (1), small D is not conducive to the stability of skyrmion. Experimentally, the
means of observing skyrmions mainly include Lorentz transmission electron microscopy
(TEM) [9,37,38], spin-polarized scanning tunneling microscopy (SP-STM) [39–41], spin-
polarized low-energy electron microscopy (S-PEEM) [12,17], magneto-optical Kerr effect
(MOKE) [14,16] microscope and scanning transmission X-ray microscopy (STXM) [15,22],
magnetic force microscopy (MFM) [42]. In this work, stable skyrmions are generated and
observed in symmetric Pt/Co/Pt ultrathin multilayers by Lorentz TEM at room tempera-
ture with no need for significant large DMI, opening up a larger range of material options
for room-temperature skyrmion.

2. Materials and Methods

The multilayers Ta(4)/[Pt(3)/Co(1.55)/Pt(3)]4 (thickness in nm, hereafter Pt/Co(1.55)/Pt)
have symmetric sandwich structures, where the lower 4 denotes the layer repetition number,
were deposited by magnetron sputtering on 10-nm-thick Si3N4 membranes windows for
Lorentz TEM observation. The working argon pressure was 0.5 Pa and base pressure for
the sputtering system is better than 5 × 10−5 Pa. On thermally oxidized Si wafers, identical
companion films were produced concurrently for magnetic property measurements by
vibrating sample magnetometer (VSM). Lorentz TEM (JEOL 2100F) has been used to
observe the magnetic domains with a perpendicular magnetic field applied by gradually
increasing the objective lens current. Brillouin light-scattering (BLS) measurements were
performed to study DMI of the multilayers. The simulations carried out in the present
work were completed using the micromagnetic code MuMax3 [43]. All results presented in
this study were obtained at room temperature.

3. Results and Discussion

In order to describe the skyrmions in the symmetric Pt/Co(1.55)/Pt multilayers,
the magnetic domain evolution under different magnetic fields is directly observed as
shown in the over-focused Lorentz TEM images Figure 1. Typical demagnetized stripe
phases in the Pt/Co(1.55)/Ta multilayers are shown in Figure 1a. The stripe phases become
narrower with the increasing magnetic field and then skyrmion-like domains arise when the
magnetic field is increased to 780 Oe, as shown in Figure 1b, and the complete skyrmion-
like domains (~ 200 nm) are achieved at the magnetic field of 940 Oe (Figure 1c). In
the saturated ferromagnetic phase, all skyrmion-like domains completely disappear at
magnetic fields of about 1240 Oe (Figure 1d). Unlike skyrmion lattices in single crystalline
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bulk material, isolated skyrmions are usually observed in thin films [12,14,16,44]. One may
speculate that the lack of ordering could be due to pinning associated with defects. These
defects may provide a nucleation core for generating skyrmions and pinning centers for
driving skyrmions [12,15]. It may also be related to the small thermodynamic stability
parameter κ [28]. The domain evolution is reversible when decreasing the magnetic field
(see Figure A1). This reversible evolution process indicates that the skyrmion-like domain
is a thermodynamic stable state.
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Figure 1. The magnetic domain evolution in symmetric Pt/Co(1.55)/Pt multilayers. Lorentz TEM
Fresnel images showing the corresponding domain evolution at different magnetic fields (a) 0, (stripe
phase) (b) 780, (mixed states) (c) 940, (skyrmions), and (d) 1240 Oe, (saturation state). The scale bar in
(a) is 500 nm.

The generation of a skyrmion-like domain indicates that the system’s DMI value is not
zero. Figure 2a shows the DMI and membrane structure for the symmetric film. In order to
quantify the interfacial DMI constant D, momentum-resolved BLS are measured by varying
the incident angle. The DMI-induced frequency difference of counter-propagating spin
waves is given according to the following equation:

∆ f (k) =
f (−k)− f (k)

2π
=

2γ

πMs
Dk, (2)
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Figure 2. The interfacial Dzyaloshinskii–Moriya constant in symmetric Pt/Co(1.55)/Pt multilayers
measured by Brillouin spectroscopy. (a) The schematic multilayers illustration composed of a mag-
netic Co layer (grey) sandwiched between two heavy metal layers of Pt (blue) with the possible DMI
construction for neighbor atoms. Ideally, the total effective DMI by using the symmetric Pt/Co(t)/Pt
multilayer as the repeating unit should be canceled because the top and bottom interfacial DMI
exhibit the same magnitude but the opposite sign. (b) Frequency difference of counter-propagating
spin waves as a function of wave vector in Pt/Co(1.55)/Pt multilayers, fitting well to the solid line
based on Equation (2). D = 0.23 mJ/m2 is calculated from the slope by linear correlation. Symbols
denote measured data.
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It can be concluded that a linear correlation exists between ∆ f (k) and k with the
slope determined by D [45]. Figure 2b shows the BLS spectra for Pt/Co(1.55)/Pt, where
D = 0.23 mJ/m2 is calculated from the slope by linear correlation when considering the
gyromagnetic ratio γ = 192 GHz/T [46] and Ms = 1320 emu/cm3 based on VSM measure-
ments (Figure A2). Surprisingly, moderate instead of negligible DMI is achieved in this
symmetrical sample, which explains the generation of skyrmions. It should be emphasized
that the DMI obtained from BLS measurements is an effective DMI averaged over the
film thickness and originates from both the bottom and top interface contributions. This
suggests that the DMI might originate from different roughness and intermixing effects
between the bottom and top interfaces [47–50]. Considering the small size of these textures
(~200 nm) and the magnitude of the DMI value, the obtained magnetic domain should be
skyrmions rather than magnetic bubbles.

In order to confirm the spin configuration of the skyrmion texture, the sample is
tilted based on the magnetic field-induced beam deflection and the contrast mechanism of
Lorentz TEM. Néel-type skyrmions could be theoretically and experimentally identified by
this method [44], which may be summed up as the removal of contrast at a position and
reversal of contrast at approximately opposite angles. The tilting process is illustrated in
Figure 3. The skyrmion marked with a yellow circle is clearly observed to have reversed
bright and dark magnetic contrasts at relatively opposite tilting angles of 18◦ (Figure 3a,c),
with no contrast at zero angle (Figure 3b), which corresponds well with the typical Néel-
type skyrmion in multilayers [44]. In addition to the extremely rare Néel-type skyrmions
that have been identified, the presence of domain contrast at any tilting angle indicates
nonideal Néel-type skyrmions for those marked with a blue diamond.
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Figure 3. Tilting samples in a real-space Lorentz TEM at room temperature to identify skyrmion type.
The tilt angle α around x-axis is (a) −18◦, (b) 0◦ and (c) 18◦, respectively. Based on the disappearance
of contrast at 0◦ tilt and reversed contrast for opposite tilt angles, the skyrmion in the yellow circle
is identified as Néel-type. The skyrmions marked with blue diamond indicate nonideal Néel-type
skyrmions based on the presence of domain contrast at any tilt angle. The scale bar in (c) is 200 nm.

Micromagnetic simulations were used to figure out the nonideal Néel-type skyrmion
configuration. Micromagnetic simulations across a 0.6 × 0.6 µm2 area discretized into
2 × 2 × 2 nm3 cells are performed using Mumax3 software [43] based on the Landau–
Lifshitz–Gilbert equation with a relax function to find the minimum energy of the system.
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The total free energy term can be written as ε =
∫

Vs
(εex + εanis + εDMI + εzeeman + εdem)dr,

where the exchange energy term is expressed as εex = A
(
∂xm2 + ∂ym2 + ∂zm2), uni-

axial anisotropy energy εanis = K(u·m)2, DMI energy εDMI = Dm·[∇×m], Zeeman
energy εzeeman = −MsBextm, and demagnetization energy εdem = − 1

2 MsBdm. Here,
m ≡ m(x, y, z) represents the normalized spin at the site and u is the unit vector of uniaxial
magnetic anisotropy. A, K, D, and Ms are the exchange interaction, anisotropy interaction,
DMI interaction, and saturation magnetization, respectively. Bd is the demagnetizing field.
Ms = 1.32 kA/m was chosen based on the VSM result (Figure A2). The anisotropy interac-
tion K = 1.1 MJ·m−3 with u = (0, 0, 1) and the magnetic exchange stiffness A = 6 pJ·m3 were
used here. The simulation is initialized by relaxing a state with random magnetization ori-
entations. Then, a vertical magnetic field is applied to the initial state, and the magnetic field
is gradually increased to generate skyrmions. By varying the DMI interaction, Bloch-type
skyrmions are generated at D = 0.23 mJ/m2 when the magnetic field H = 900 Oe is applied
(Figure 4a,b). Hybrid-type skyrmions are generated when D is increased to 1 mJ/m2 with
an applied magnetic field H = 1300 Oe as shown in Figure 4c,d. Néel-type skyrmions are
generated under an applied magnetic field H = 1900 Oe as shown in Figure 4e,f as D is
increased until it reaches 1.3 mJ/m2. When all other parameters remain constant, but D is in-
creased, the configuration of the skyrmion shifts from Bloch-type to hybrid-type and finally
to Néel-type. This implies that the value of D will affect not only the size of skyrmions [28],
but also the skyrmion configuration [31]. The nonideal Néel-type skyrmions configuration
in Figure 3 is probably Bloch-type or hybrid skyrmions. It is worth noting that the D value
of the multilayers is derived from the interface. The distribution of D values may not
be uniform due to the non-uniform interface, which leads to experimentally observed
mixed-type skyrmions. The tilting experiment and micromagnetic simulations support the
idea of interfacial regulation of skyrmion configuration in the same material.
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Figure 4. Micromagnetic simulated magnetic structure. (a) Bloch-type skyrmions generated at
D = 0.23 mJ/m2, (b) is the enlargement of selected region. (c) Hybrid-type skyrmions are generated
at D = 1 mJ/m2, (d) is the enlarged spin configuration of selected skyrmions. (e) Néel-type skyrmions
generated at D = 1.3 mJ/m2, (f) represents the enlarged spin configuration of selected skyrmions.

4. Conclusions

In summary, we have demonstrated the generation of small-size skyrmions (~200 nm)
in symmetric Pt/Co(1.55)/Pt multilayers at room temperature. The complete skyrmions
could be generated by reversible ascending and descending magnetic fields. Interestingly,
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moderate instead of negligible DMI is achieved in this symmetrical sample. Additional
tilting experiments and micromagnetic simulations demonstrate that the skyrmion configu-
ration is a combination of primarily Bloch-type, hybrid-type, and a negligible amount of
Néel-type. The major cause leading to the generation of mixed-type skyrmions may be the
non-uniform distribution of DMI brought on by the non-uniform interface. The potential
to generate skyrmions in symmetric Pt/Co/Pt multilayers with moderate DMI offers new
perspectives toward more flexible possibilities for skyrmion-based spintronic applications
without pursuing large DMI. In addition, the effect of DMI on spin configuration also
supports the idea of interfacial regulation of skyrmion configuration in the same material.
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Appendix A

The saturation magnetic moment M under a saturated magnetic field is 0.0002044 emu,
as shown in Figure A2. The multilayers under test are grown on a silicon wafer measuring
5 × 5 mm2. The total thickness of the magnetic layer is 6.2 nm. Easy to calculate the satu-
ration magnetization Ms = 1320 emu/cm3. It could also be written as Ms = 1.32 kA/m.
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Figure A2. Room-temperature magnetic hysteresis loops measured along the out-of-plane direction. 

The saturation magnetic moment M under a saturated magnetic field is 0.0002044 
emu, as shown in Figure A2. The multilayers under test are grown on a silicon wafer 
measuring 5 × 5 mm2. The total thickness of the magnetic layer is 6.2 nm. Easy to calculate 
the saturation magnetization 𝑀𝑀𝑠𝑠 = 1320 emu/cm3 . It could also be written as 𝑀𝑀𝑠𝑠 =
1.32 kA/m. 

References 
1. Fert, A.; Cros, V.; Sampaio, J. Skyrmions on the Track. Nat. Nanotechnol. 2013, 8, 152–156. https://doi.org/10.1038/nnano.2013.29. 
2. Fert, A.; Reyren, N.; Cros, V. Magnetic Skyrmions: Advances in Physics and Potential Applications. Nat. Rev. Mater. 2017, 2, 

17031. https://doi.org/10.1038/natrevmats.2017.31. 
3. Finocchio, G.; Büttner, F.; Tomasello, R.; Carpentieri, M.; Kläui, M. Magnetic Skyrmions: From Fundamental to Applications. J. 

Phys. D. Appl. Phys. 2016, 49, 423001. https://doi.org/10.1088/0022-3727/49/42/423001. 
4. Lancaster, T. Skyrmions in Magnetic Materials; Springer: Berlin/Heidelberg, Germany, 2019; Volume 60, ISBN 9783319246499. 
5. Pappas, C.; Lelièvre-Berna, E.; Falus, P.; Bentley, P.M.; Moskvin, E.; Grigoriev, S.; Fouquet, P.; Farago, B. Chiral Paramagnetic 

Skyrmion-like Phase in MnSi. Phys. Rev. Lett. 2009, 102, 197202. https://doi.org/10.1103/PhysRevLett.102.197202. 
6. Mühlbauer, S.; Binz, B.; Jonietz, F.; Pfleiderer, C.; Rosch, A.; Neubauer, A.; Georgii, R.; Böni, P. Skyrmion Lattice in a Chiral 

Magnet. Science 2009, 323, 915. https://doi.org/10.1126/science.1166767. 
7. Bogdanov, A.N.; Yablonskii, D.A. Thermodynamically Stable “Vortices” in Magnetically Ordered Crystals. The Mixed State of 

Magnets. Zh. Eksp. Teor. Fiz. 1989, 95, 178. http://www.jetp.ras.ru/cgi-bin/dn/e_068_01_0101.pdf (accessed on January 1989). 
8. Münzer, W.; Neubauer, A.; Adams, T.; Mühlbauer, S.; Franz, C.; Jonietz, F.; Georgii, R.; Böni, P.; Pedersen, B.; Schmidt, M.; et 

al. Skyrmion Lattice in the Doped Semiconductor Fe1−xCoxSi. Phys. Rev. B 2010, 81, 41203. 
https://doi.org/10.1103/PhysRevB.81.041203. 

9. Yu, X.Z.; Kanazawa, N.; Onose, Y.; Kimoto, K.; Zhang, W.Z.; Ishiwata, S.; Matsui, Y.; Tokura, Y. Near Room-Temperature For-
mation of a Skyrmion Crystal in Thin-Films of the Helimagnet FeGe. Nat. Mater. 2011, 10, 106–109. 
https://doi.org/10.1038/nmat2916. 

10. Shibata, K.; Yu, X.Z.; Hara, T.; Morikawa, D.; Kanazawa, N.; Kimoto, K.; Ishiwata, S.; Matsui, Y.; Tokura, Y. Towards Control 
of the Size and Helicity of Skyrmions in Helimagnetic Alloys by Spin-Orbit Coupling. Nat. Nanotechnol. 2013, 8, 723–728. 
https://doi.org/10.1038/nnano.2013.174. 

11. Kezsmarki, I.; Bordacs, S.; Milde, P.; Neuber, E.; Eng, L.M.; White, J.S.; Rønnow, H.M.; Dewhurst, C.D.; Mochizuki, M.; Yanai, 
K.; et al. Neel-Type Skyrmion Lattice with Confined Orientation in the Polar Magnetic Semiconductor GaV4S8. Nat. Mater. 2015, 
14, 1116–1122. https://doi.org/10.1038/nmat4402. 

12. Chen, G.; Mascaraque, A.; N’Diaye, A.T.; Schmid, A.K. Room Temperature Skyrmion Ground State Stabilized through Inter-
layer Exchange Coupling. App. Phys. Lett. 2015, 106, 242404. https://doi.org/10.1063/1.4922726. 

13. Sun, L.; Cao, R.X.; Miao, B.F.; Feng, Z.; You, B.; Wu, D.; Zhang, W.; Hu, A.; Ding, H.F. Creating an Artificial Two-Dimensional 
Skyrmion Crystal by Nanopatterning. Phys. Rev. Lett. 2013, 110, 167201. https://doi.org/10.1103/PhysRevLett.110.167201. 

14. Jiang, W.J.; Upadhyaya, P.; Zhang, W.; Yu, G.Q.; Jungfleisch, M.B.; Fradin, F.Y.; Pearson, J.E.; Tserkovnyak, Y.; Wang, K.L.; 
Heinonen, O. Blowing Magnetic Skyrmion Bubbles. Science 2015, 349, 283–286. https://doi.org/10.1126/science.aaa1442. 

Figure A2. Room-temperature magnetic hysteresis loops measured along the out-of-plane direction.

References
1. Fert, A.; Cros, V.; Sampaio, J. Skyrmions on the Track. Nat. Nanotechnol. 2013, 8, 152–156. [CrossRef] [PubMed]
2. Fert, A.; Reyren, N.; Cros, V. Magnetic Skyrmions: Advances in Physics and Potential Applications. Nat. Rev. Mater. 2017,

2, 17031. [CrossRef]
3. Finocchio, G.; Büttner, F.; Tomasello, R.; Carpentieri, M.; Kläui, M. Magnetic Skyrmions: From Fundamental to Applications. J.

Phys. D. Appl. Phys. 2016, 49, 423001. [CrossRef]
4. Lancaster, T. Skyrmions in Magnetic Materials; Springer: Berlin/Heidelberg, Germany, 2019; Volume 60, ISBN 9783319246499.
5. Pappas, C.; Lelièvre-Berna, E.; Falus, P.; Bentley, P.M.; Moskvin, E.; Grigoriev, S.; Fouquet, P.; Farago, B. Chiral Paramagnetic

Skyrmion-like Phase in MnSi. Phys. Rev. Lett. 2009, 102, 197202. [CrossRef] [PubMed]
6. Mühlbauer, S.; Binz, B.; Jonietz, F.; Pfleiderer, C.; Rosch, A.; Neubauer, A.; Georgii, R.; Böni, P. Skyrmion Lattice in a Chiral

Magnet. Science 2009, 323, 915. [CrossRef]
7. Bogdanov, A.N.; Yablonskii, D.A. Thermodynamically Stable “Vortices” in Magnetically Ordered Crystals. The Mixed State of

Magnets. Zh. Eksp. Teor. Fiz. 1989, 95, 178.
8. Münzer, W.; Neubauer, A.; Adams, T.; Mühlbauer, S.; Franz, C.; Jonietz, F.; Georgii, R.; Böni, P.; Pedersen, B.; Schmidt, M.; et al.

Skyrmion Lattice in the Doped Semiconductor Fe1−xCoxSi. Phys. Rev. B 2010, 81, 41203. [CrossRef]
9. Yu, X.Z.; Kanazawa, N.; Onose, Y.; Kimoto, K.; Zhang, W.Z.; Ishiwata, S.; Matsui, Y.; Tokura, Y. Near Room-Temperature

Formation of a Skyrmion Crystal in Thin-Films of the Helimagnet FeGe. Nat. Mater. 2011, 10, 106–109. [CrossRef]
10. Shibata, K.; Yu, X.Z.; Hara, T.; Morikawa, D.; Kanazawa, N.; Kimoto, K.; Ishiwata, S.; Matsui, Y.; Tokura, Y. Towards Control of

the Size and Helicity of Skyrmions in Helimagnetic Alloys by Spin-Orbit Coupling. Nat. Nanotechnol. 2013, 8, 723–728. [CrossRef]
11. Kezsmarki, I.; Bordacs, S.; Milde, P.; Neuber, E.; Eng, L.M.; White, J.S.; Rønnow, H.M.; Dewhurst, C.D.; Mochizuki, M.; Yanai, K.;

et al. Neel-Type Skyrmion Lattice with Confined Orientation in the Polar Magnetic Semiconductor GaV4S8. Nat. Mater. 2015, 14,
1116–1122. [CrossRef]

12. Chen, G.; Mascaraque, A.; N’Diaye, A.T.; Schmid, A.K. Room Temperature Skyrmion Ground State Stabilized through Interlayer
Exchange Coupling. App. Phys. Lett. 2015, 106, 242404. [CrossRef]

13. Sun, L.; Cao, R.X.; Miao, B.F.; Feng, Z.; You, B.; Wu, D.; Zhang, W.; Hu, A.; Ding, H.F. Creating an Artificial Two-Dimensional
Skyrmion Crystal by Nanopatterning. Phys. Rev. Lett. 2013, 110, 167201. [CrossRef] [PubMed]

14. Jiang, W.J.; Upadhyaya, P.; Zhang, W.; Yu, G.Q.; Jungfleisch, M.B.; Fradin, F.Y.; Pearson, J.E.; Tserkovnyak, Y.; Wang, K.L.;
Heinonen, O. Blowing Magnetic Skyrmion Bubbles. Science 2015, 349, 283–286. [CrossRef] [PubMed]

15. Woo, S.; Litzius, K.; Kruger, B.; Im, M.Y.; Caretta, L.; Richter, K.; Mann, M.; Krone, A.; Reeve, R.M.; Weigand, M.; et al. Observation
of Room-Temperature Magnetic Skyrmions and Their Current-Driven Dynamics in Ultrathin Metallic Ferromagnets. Nat. Mater.
2016, 15, 501–507. [CrossRef]

16. Yu, G.Q.; Upadhyaya, P.; Li, X.; Li, W.; Kim, S.K.; Fan, Y.; Wong, K.L.; Tserkovnyak, Y.; Amiri, P.K.; Wang, K.L. Room-Temperature
Creation and Spin-Orbit Torque Manipulation of Skyrmions in Thin Films with Engineered Asymmetry. Nano. Lett. 2016, 16,
1981–1988. [CrossRef] [PubMed]

17. Boulle, O.; Vogel, J.; Yang, H.; Pizzini, S.; de Chaves, D.S.; Locatelli, A.; Mentes, T.O.; Sala, A.; Buda-Prejbeanu, L.D.; Klein, O.;
et al. Room-Temperature Chiral Magnetic Skyrmions in Ultrathin Magnetic Nanostructures. Nat. Nanotechnol. 2016, 11, 449–454.
[CrossRef] [PubMed]

18. Guang, Y.; Bykova, I.; Liu, Y.; Yu, G.; Goering, E.; Weigand, M.; Gräfe, J.; Kim, S.K.; Zhang, J.; Zhang, H.; et al. Creating Zero-Field
Skyrmions in Exchange-Biased Multilayers through X-Ray Illumination. Nat. Commun. 2020, 11, 1–6. [CrossRef]

http://doi.org/10.1038/nnano.2013.29
http://www.ncbi.nlm.nih.gov/pubmed/23459548
http://doi.org/10.1038/natrevmats.2017.31
http://doi.org/10.1088/0022-3727/49/42/423001
http://doi.org/10.1103/PhysRevLett.102.197202
http://www.ncbi.nlm.nih.gov/pubmed/19518992
http://doi.org/10.1126/science.1166767
http://doi.org/10.1103/PhysRevB.81.041203
http://doi.org/10.1038/nmat2916
http://doi.org/10.1038/nnano.2013.174
http://doi.org/10.1038/nmat4402
http://doi.org/10.1063/1.4922726
http://doi.org/10.1103/PhysRevLett.110.167201
http://www.ncbi.nlm.nih.gov/pubmed/23679635
http://doi.org/10.1126/science.aaa1442
http://www.ncbi.nlm.nih.gov/pubmed/26067256
http://doi.org/10.1038/nmat4593
http://doi.org/10.1021/acs.nanolett.5b05257
http://www.ncbi.nlm.nih.gov/pubmed/26848783
http://doi.org/10.1038/nnano.2015.315
http://www.ncbi.nlm.nih.gov/pubmed/26809057
http://doi.org/10.1038/s41467-020-14769-0


Materials 2022, 15, 8272 8 of 9

19. Li, W.; Bykova, I.; Zhang, S.; Yu, G.; Tomasello, R.; Carpentieri, M.; Liu, Y.; Guang, Y.; Gräfe, J.; Weigand, M.; et al. Anatomy of
Skyrmionic Textures in Magnetic Multilayers. Adv. Mater. 2019, 31, 1807683. [CrossRef]

20. Cao, A.; Chen, R.; Wang, X.; Zhang, X.; Lu, S.; Yan, S.; Koopmans, B.; Zhao, W. Enhanced Interfacial Dzyaloshinskii—Moriya
Interactions in Annealed Pt/Co/MgO Structures. Nanotechnology 2020, 31, 155705. [CrossRef]

21. Cui, B.; Yu, D.; Shao, Z.; Liu, Y.; Wu, H.; Nan, P.; Zhu, Z.; Wu, C.; Guo, T.; Chen, P.; et al. Néel-Type Elliptical Skyrmions in a
Laterally Asymmetric Magnetic Multilayer. Adv. Mater. 2021, 33, 2006924. [CrossRef]

22. Moreau-Luchaire, C.; Mouta, S.C.; Reyren, N.; Sampaio, J.; Vaz, C.A.; Horne, N.V.; Bouzehouane, K.; Garcia, K.; Deranlot, C.;
Warnicke, P.; et al. Additive Interfacial Chiral Interaction in Multilayers for Stabilization of Small Individual Skyrmions at Room
Temperature. Nat. Nanotechnol. 2016, 11, 444–448. [CrossRef] [PubMed]

23. Johnson, M.T.; Bloemen, P.J.H.; Den Broeder, F.J.A.; De Vries, J.J. Magnetic Anisotropy in Metallic Multilayers. Rep. Prog. Phys.
1996, 59, 1409–1458. [CrossRef]

24. Heide, M.; Bihlmayer, G.; Blügel, S. Dzyaloshinskii-Moriya Interaction Accounting for the Orientation of Magnetic Domains in
Ultrathin Films: Fe/W(110). Phys. Rev. B Condens. Matter Mater. Phys. 2008, 78, 140403. [CrossRef]

25. Kiselev, N.S.; Bogdanov, A.N.; Schäfer, R.; Röler, U.K. Chiral Skyrmions in Thin Magnetic Films: New Objects for Magnetic
Storage Technologies? J. Phys. D Appl. Phys. 2011, 44, 392001. [CrossRef]

26. Rohart, S.; Thiaville, A. Skyrmion Confinement in Ultrathin Film Nanostructures in the Presence of Dzyaloshinskii-Moriya
Interaction. Phys. Rev. B Condens. Matter Mater. Phys. 2013, 88, 184422. [CrossRef]

27. Leonov, A.O.; Monchesky, T.L.; Romming, N.; Kubetzka, A.; Bogdanov, A.N.; Wiesendanger, R. The Properties of Isolated Chiral
Skyrmions in Thin Magnetic Films. New J. Phys. 2016, 18, 065003. [CrossRef]

28. Soumyanarayanan, A.; Raju, M.; Oyarce, A.L.G.; Tan, A.K.C.; Im, M.Y.; Petrovic, A.P.; Ho, P.; Khoo, K.H.; Tran, M.; Gan, C.K.;
et al. Tunable Room-Temperature Magnetic Skyrmions in Ir/Fe/Co/Pt Multilayers. Nat. Mater. 2017, 16, 898–904. [CrossRef]

29. Yang, H.; Boulle, O.; Cros, V.; Fert, A.; Chshiev, M. Controlling Dzyaloshinskii-Moriya Interaction via Chirality Dependent
Atomic-Layer Stacking, Insulator Capping and Electric Field. Sci. Rep. 2018, 8, 1–7. [CrossRef]

30. Akanda, M.R.K.; Park, I.J.; Lake, R.K. Interfacial Dzyaloshinskii-Moriya Interaction of Antiferromagnetic Materials. Phys. Rev. B
2020, 102, 224414. [CrossRef]
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