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Magnetic skyrmions in multilayers are particularly appealing as next generation 

memory devices due to their topological compact size, the robustness against external 

perturbations, the capability of electrical driving and detection, and the compatibility 

with the existing spintronic technologies. To date, Néel-type skyrmions at room 

temperature (RT) have been studied mostly in multilayers with easy-axis magnetic 

anisotropy. Here, we systematically explore the evolution of magnetic skyrmions with 

sub-50 nm size in a series of Pt/Co/Ta multilayers where the magnetic anisotropy is 

tuned continuously from easy-axis to easy-plane by increasing the ferromagnetic Co 

layer thickness. The existence of nontrivial skyrmions are identified via the 

combination of in-situ Lorentz transmission electron microscopy (L-TEM) and Hall 

transport measurements. A high-density of magnetic skyrmions over a wide 

temperature range are observed in the multilayers with easy-plane anisotropy, which 

will stimulate further exploration for new materials and accelerate the development of 

skyrmion-based spintronic devices. 
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I. INTRODUCTION 

Magnetic skyrmions are swirling spin textures, which have attracted tremendous 

interests in the last decade, due to their nontrivial spin topology and novel physical 

properties that can be exploited for applications in spintronic devices [1]. These novel 

spin textures with integer topological number have been explored in various magnetic 

materials from bulk to thin films. The exchange interaction, the dipolar interaction, the 

Dzyaloshinskii-Moriya interaction (DMI) and the anisotropy compete with each other 

to stabilize nontrivial spin textures. For instance, interesting phenomena of magnetic 

domain formation have been previously revealed by tuning the interplay among 

magnetic interactions without considering the DMI  [2,3]. The magnetic anisotropy has 

been shown to play an important role in determining the topological spin configuration. 

The magnetic domains like the traditional magnetic bubbles with narrow domain 

walls require a uniaxial anisotropy Ku to be greater than the shape anisotropy Kd =

2πMS
2, i.e. the Q factor( Q =

Ku

Kd
) should be larger than 1 [4]. For these films with Q>1, 

the domain morphology favors magnetization direction along the easy-axis, which is 

perpendicular to the thin film. The magnetization transition in the formation of 

magnetic stripe domain phase and magnetic bubbles has been studied at the spin 

reorientation transition (SRT) of the magnetic films with Q factor around 1 [3,4]. 

Recently, particle-like spin textures called magnetic skyrmions were firstly discovered 

in the magnetic materials without inversion center, where the skyrmions are stabilized 

by the competing DMI and ferromagnetic exchange interactions [5–7]. Because of their 

unique topology and weak pinning to the atomic crystal, skyrmions can be driven 
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efficiently by electric currents  [8–10], resulting in low power dissipation compared to 

conventional domain wall.  

Skyrmions have also been observed in thin films, where the mirror symmetry is 

explicitly broken. The skyrmions in thin films are particularly attractive because their 

spin-orbit coupling (SOC) and other magnetic interactions can be engineered 

conveniently via layer materials  [11], layer thickness  [12,13], and repetition 

numbers  [14]. The enhanced SOC from heavy metals and the interfacial DMI from 

the symmetry-breaking structures can reduce the skyrmion sizes, stabilize skyrmions 

up to the room temperature and strengthen the interaction with flowing electrons [8,15–

17]. Moreover, due to the compatibility with current spintronic fabrication techniques, 

room-temperature skyrmions in thin films can be readily integrated into the spintronic 

devices.   

Previous works  [8,9,11–14,18–21] including our recent work [22] focused on the 

scattered Néel-type skyrmions in the sandwiched magnetic multilayers with easy-axis 

anisotropy in the range of Q > 1, where the interfacial DMI stabilizes chiral magnetic 

domains. This is indeed in accordance with theoretical calculations, where an easy-axis 

anisotropy helps to stabilize skyrmions  [23]. On the other hand, recent theoretical 

calculations and simulations have shown that the skyrmions in thin films survive even 

with an moderate easy-plane anisotropy and a new skyrmions square lattice might 

appear [24,25]. Skyrmion-like spin textures were observed in Fe/Gd films with easy-

plane anisotropy, without knowing the detailed topology and the role of DMI [2]. To 

date, the skyrmions in the thin films with easy-plane anisotropy and interfacial DMI 
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has not been experimentally studied and the systematic correlation with typical Néel-

type skyrmions is unknown. 

Here, we extend our exploration to series of Pt/Co/Ta multilayers with interfacial 

DMI, where the smooth magnetic anisotropy transition from easy-axis to easy-plane 

occurs by increasing the Co layer thickness. The electrical transport measurements of 

the topological Hall effect (THE) together with the correponding magentic imaging via 

Lorentz transmission electron microscopy (L-TEM) unambiguously identify the 

nontrivial spin textures as magnetic skyrmions. The skyrmion density increases 

continuously with the Co layer thickness coinciding with the increase of easy-plane 

anisotropy to produce decreased domain wall width via Yafet’s model [26]. The 

confirmation of nontrivial topological spin configuration in the films with broader 

range of anisotropy based on traditional magnetic structures and interfacial DMI could 

simplify and broaden the material choice for hosting skyrmions, and allow for 

optimizing the skyrmions properties for device applications. 

II. EXPERIMENTS 

The magnetic multilayers with core structure of Ta(4)/[Pt(3)/Co(t)/Ta(3)]6 (where 

6 denotes the layer repetition numbers, thickness in nm and Co-layer thickness t varying 

from 1.85 nm to 2.1 nm) were grown by magnetron sputtering on 10-nm-thick Si3N4 

membrane windows for direct TEM observation and simultaneously on thermally 

oxidized Si wafers with standard Hall bar shape for transport property measurements. 

The structure is schematically shown in Fig. 1(a). The magnetic structures were 

observed by L-TEM (JEOL 2100F) with perpendicular magnetic fields applied by 
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gradually increasing the objective lens current. The magnetic hysteresis (𝑀 − 𝐻) loops 

of the Hall bars were measured using superconducting quantum interference device 

magnetometer (SQUID). Hall resistivity (ρxy) measurements were conducted in the 

same Hall bars with a small, non-perturbative constant current of 0.5 mA applied along 

the longitudinal direction (See Fig. S5 in supplementary material for the measurement 

and extraction details). 

III. RESULTS 

The magnetic anisotropy loops together with the corresponding magnetic domain 

morphology of the representative multilayers at room temperature are shown in Fig. 1 

(See Fig. S1 for more multilayers in supplementary material). For multilayers with 

thinner Co layer thickness 𝑡Co = 1.85 nm  shown in Fig. 1(b), significant easy-axis 

anisotropy is observed from the magnetic hysteresis loops. With increasing Co layer 

thickness, easy-axis anisotropy becomes comparable to easy-plane anisotropy and 

nearly equal saturate fields along both the perpendicular and in-plane directions are 

measured in the multilayer with 𝑡Co = 1.95 nm  as shown in Fig. 1(c). With further 

increasing Co layer thickness, the typical easy-plane anisotropy is dominated based on 

the magnetic hysteresis loop of 𝑡Co = 2.1 nm multilayer as shown in Fig. 1(d). The 

smooth crossover from easy-axis to easy-plane while increasing Co layer thickness 

indicates that the perpendicular magnetization originates from the interfacial 

effect [4,27,28]. More interestingly, the multilayers with easy-plane anisotropy exhibit 

denser magnetic stripe domains (See Fig. S2 of supplementary material), which evolve 

into high-density skyrmion-like magnetic domains under perpendicular magnetic fields. 
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The magnetic domain evolution under magnetic fields (See Fig. S3 in supplementary 

material) is similar to the previous reports about the magnetic skyrmions and 

bubbles [14,29]. The magnetic stripes completely transform into skyrmion-like 

domains (~50 nm) at an optimized magnetic field of 680, 930, and 1040 Oe, as shown 

in Figs. 1(e)–1(g). Further increasing the magnetic field above the critical value of about 

890, 1190 and 1600 Oe, the ferromagnetic phase is obtained, corresponding to the 

saturation fields along the perpendicular direction. The required magnetic field to 

generate and annihilate the skyrmion-like domains is significantly enhanced in the 

multilayers with easy-plane anisotropy. Remarkably, the high-density stripes and 

skyrmion-like domains are beyond the expectation of large magnetic domains for 

common easy-plane material (See the large magnetic domains in Fig. S4 of 

supplementary material).  

To determine the topology of the observed spin texture, we further performed the 

magneto-transport measurements. An emergent magnetic field is produced when the 

conduction electrons interact with the skyrmions, which yields the topological Hall 

effect  [30–32]. The emergent magnetic field is proportional to the skyrmion 

topological charge density. The measured Hall resistivity can be attributed to the 

ordinary Hall effect (OHE), anomalous Hall effect (AHE), and THE [30–32], 

i.e., ρxy = R0H + RSM + ρTH, where R0 is the ordinary Hall coefficient, RS is the 

anomalous Hall coefficient that is approximately in dependent on the magnetic fields. 

M is the out-of-plane magnetization, and ρTH is the topological Hall resistivity (THR). 

The out-of-plane magnetic hysteresis loop and the total Hall resistivity for the Hall bar-
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shape multilayers with 𝑡Co = 1.95 nm are shown in Figs. 2(a)-2(b). The individual 

resistivity contribution from OHE, AHE and THE components is separately derived 

from the total Hall resistivity as in Fig. 2(c) (See details in Fig. S5 of supplementary 

material). The dependence of ρTH on Co-layer thickness is summarized in Fig. 2(d) 

with the opposite sign across zero field [33] and the significant THE is identified by the 

striking hump-like peaks at a certain magnetic field. The ρTH  peak shifts toward 

higher magnetic fields for the multilayers with thicker Co layer, in good agreement with 

the increased magnetic fields via L-TEM observation (Fig. 1). Thus from the 

topological Hall signal, the observed spin textures are determined as nontrivial 

skyrmions. The broader ρTH peak consists with the broader range of magnetic field 

for the existence of skyrmions in the multilayers with thicker Co layer. The maximum 

THR value is extracted and summarized for different Co layer thickness in Fig. 2(e). 

Interestingly, the maximum THR value of~ 170 nΩ∙cm in the multilayers ( tCo =

1.85 nm) with easy-axis anisotropy is slightly larger than those in chiral FeGe epitaxial 

films (~160 nΩ∙cm) and Mn5Si3 films (~50 nΩ∙cm) [31,34], despite the fact that Néel-

type skyrmions in multilayers with easy-axis anisotropy have significantly lower 

density than the Bloch-type skyrmion lattice in chiral bulk magnets. The spin 

configuration may influence the THR value besides the dominant skyrmion density, 

which is further confirmed by the slightly decreased THR maximum value for higher-

density skyrmions in the multilayers while the magnetic anisotropy transforming to 

easy-plane. 

Next, the spin configuration evolution with Co layer thickness are analyzed at RT 



9 
 

by tilting the specimen based on the magnetic field-induced beam deflection and the 

contrast mechanism of L-TEM [35]. Néel-type skyrmions have been theoretically and 

experimentally distinguished by this method [36], which can be summarized as the 

disappearance of contrast at a position and reversal of contrast at relatively opposite 

angles. The tilting procedure is schematically illustrated in Fig. 3(a). The enlarged 

images of a selected single skyrmion are shown in insets, where the reversed bright and 

dark magnetic contrasts at relatively opposite tilting angle of 18° (Figs. 3(b)-3(d)) are 

clearly observed with no contrast at zero tilting angle (Fig. 3(c)) for the multilayer 

with 𝑡Co = 1.85 nm. These contrast features correspond well to the typical Néel-type 

skyrmions in multilayers with an easy-axis anisotropy [36]. Therefore, Néel-type 

magnetic skyrmions are successfully identified in the above Pt/Co/Ta multilayers based 

on the topological Hall resistivity and their response to a tilted angle. By increasing Co 

layer thickness to 1.95 nm, only a few Néel-type skyrmions can be identified as marked 

by yellow arrows in Figs. 3(e)-3(g) using the same tilting procedure. The consistent 

contrast regardless of any tilting angle indicates non-ideal Néel-type skyrmions 

(probably in the transition to Bloch-type). These non-ideal Néel-type skyrmions 

become dominant in the easy-plane multilayer (𝑡Co = 2.1 nm) as shown in Figs. 3(h)-

3(j).  

Furthermore, the correlation between THR asymmetry and microscopic skyrmion 

evolution is investigated with increasing/decreasing magnetic fields in Pt/Co(2.0)/Ta 

multilayers with an easy-plane anisotropy. The results are shown in Fig. 4. The THR 

peak shows a slight shift to lower magnetic fields and the resistivity magnitude is 
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lowered while decreasing the magnetic fields from saturation (Fig. 4(a)). 

Correspondingly, less skyrmions are observed at an optimized magnetic field of 920 

Oe while decreasing the magnetic fields in comparison to that at an optimized 950 Oe 

when increasing the fields as shown in Figs. 4(d)-4(f), respectively. The gradual 

appearance of skyrmions in a field range (from 990 to 570 Oe) is observed (Figs. 4(e)-

4(g) when decreasing the magnetic fields, which is slightly narrower than the THR peak. 

The thermal stability of high-density skyrmions in the multilayers with easy-plane 

anisotropy ( 𝑡Co = 2.1 nm ) is investigated via in-situ cooling L-TEM. Robust 

skyrmions are observed over a wide temperature range (12–300 K) as shown in Fig. 5, 

(the approachable temperature range for our LTEM). The skyrmion number density in 

the 𝐻 − 𝑇 plane is displayed in in Fig. 5(d). The magnetic fields required to create and 

annihilate skyrmions are approximately constant during the whole temperature range 

investigated here. Based on the above results, the high-density skyrmions in the 

multilayers with easy-plane anisotropy are stable over a wide temperature range 

including room temperature, which is advantageous for applications. 

IV. DISCUSSION 

The stripe domain evolution during the smooth crossover from easy-axis to easy-

plane anisotropy by increasing Co layer thickness in series of Pt/Co/Ta multilayers is 

similar to traditional spin reorientation transition in an ultrathin magnetic film [4,37]. 

By considering the magnetic exchange interaction, magnetic anisotropy, dipolar 

interaction, and the Zeeman energy, Yafet’s model can be used to calculate the stripe 

width and domain wall width [26,37]. The stripe domain width decreases with 
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decreasing perpendicular magnetic anisotropy, which explains the denser magnetic 

stripes and skyrmions in easy-plane multilayers of 𝑡Co = 2.1 nm (See Fig. S2 and Fig. 

S3 of supplementary material). Different from the irregular micro-size magnetic 

bubbles evolved from stripes at SRT of traditional Fe/Ni/Cu film, the magnetic domains 

in these series of Pt/Co/Ta multilayers are homogeneous and small (~50 nm) under 

certain magnetic fields. The different interfacial Co/Pt and Co/Ta structures introduces 

net DMI and the chiral Néel-type skyrmions has been confirmed in the Pt/Co/Ta 

mulitlayers with easy-axis anisotropy  [9,11,38]. The increased Co layer thickness 

diminishes the interfacial DMI but still contributes to the nontrivial chirality in the 

multilayer with easy-plane anisotropy, which is verified by the prominent THR peaks 

and LTEM identification. Moreover, no expanding or shrinking features of the S=0 

magnetic bubbles [8] are observed under the electric current stimulation. The 

competition between the decreased DMI and increased dipolar interaction can stabilize 

skyrmions with intermediate helicity, other than the Néel (helicity=0 or pi) or Bloch 

skyrmions (helicity=+-pi/2). This is because the dipolar interaction favors Bloch-type 

skyrmions while the interfacial DMI favors Néel-type skyrmions [9]. The evolution of 

spin textures with Co thickness is similar to the theoretically-predicted Néel-to-Bloch 

spin configuration transition caused by the magnetization switch from perpendicular 

direction to in-plane  [9]. However, it is very difficult to identify the detailed spin 

configuration of those non-ideal Néel skyrmions due to the complicated spin 

transformation  [36] and the limitation of L-TEM technique, which is capable of 

showing only the in-plane magnetization. The compromise between perpendicular field 
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and easy-plane anisotropy  [24] together with DMI favors the spin arrangements of 

skyrmions, which are further confirmed by the topological Hall resistivity measurement 

and the increased skyrmion density. In addition to the contribution from skyrmion 

density, the sign and strength of THR can also be determined by electronic 

structures  [39,40] and other spin configurations. The microscopic correlation between 

the observed skyrmion evolution and the topological properties is revealed via in-situ 

LTEM in the multilayers 𝑡Co = 2.1 nm with an easy-plane anisotropy, indicating the 

hysteresis effects based on the slightly lowered magnetic field required for the complete 

skyrmion state. The significant hysteresis and narrow THR peak range in the 

multilayers 𝑡Co = 1.85 nm with easy-axis make it difficult to observe the intermediate 

skyrmion phase by sweeping the magnetic fields (See Figs. S6-S7 in the supplementary 

material). Therefore, the above experimental THR results call for further theoretical 

study on the origin of the topological Hall effect in the multilayers. The robustness of 

skyrmions against thermal disruption has been demonstrated in the broad temperature 

range of 12K-300K. The slightly lower skyrmion density at lower temperature is 

probably due to the magnetic anisotropy increase or lower thermal activation rate for 

skyrmions  [41]. In contrast, skyrmions only exist within narrow temperature range 

near Curie temperature (𝑇C) in B20 alloys  [5,6] and the density decreases significantly 

while the temperature drops away from 𝑇C in the dipolar-determined bulk MnNiGa 

sample [41]. 

In conclusion, nontrivial skyrmions with sub-50 nm size and continuously tunable 

density have been observed and studied systematically via the combination of the in-
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situ Lorentz transmission electron microscopy (L-TEM) and magnetic transport 

measurements in series of Pt/Co/Ta multilayers. The topological nontrivial high-density 

skyrmions in multilayers with an easy-plane anisotropy are robust in the temperature 

range of 12-300 K. The direct microscopic relationship between the topological Hall 

resistivity and the evolution of magnetic field-induced skyrmions is established. The 

discovery of skyrmions by combining the interfacial DMI with traditional magnetic 

structures could simplify and broaden the material choice for hosting skyrmions and 

allow for optimizing the skyrmions properties for device applications. 
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FIG. 1. The magnetic anisotropy together with the corresponding skyrmion distribution 

in Pt/Co/Ta multilayers. (a) Top: The DMI for two magnetic atoms (grey spheres) close 

to an atom (blue sphere) with a large spin–orbit coupling. Bottom: schematic 

multilayers made of six repetitions of the Pt/Co/Ta trilayer. (b)-(d) Room-temperature 

magnetic hysteresis loops measured along the in-plane and out-of-plane directions 

respectively. Each loop is normalized to saturate magnetization. (e)-(g) Magnetic 

skyrmion distribution while completely evolved from stripe domain at the magnetic 

fields of 680, 930 and 1040 Oe, respectively. The skyrmion density gets higher with 

thicker Co layer. The scale bar in (e)-(g) is 200 nm. 
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FIG. 2. The analysis of topological Hall resistivity (THR). (a) Out-of-plane magnetic 

hysteresis loop, (b) Total Hall resistivity ( ρxy ), and (c) THR (ρTH ) extracted by 

subtracting ordinary resistivity (R0H) and anomalous Hall resistivity (RSM) from the 

experimental ρxy − 𝐻 curve in the representative Pt/Co(1.95)/Ta multilayers. (d) The 

summarized THR for the multilayers with various Co-layer thicknesses. (e) The 

maximum THR value dependent on the Co layer thickness. 
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Fig. 3. Identification of skyrmion spin configuration by tilting samples in real-space L-

TEM at RT. (a) Schematic diagram of titling process, α is the tilt angle around X-axis. 

The angle α for Pt/Co(1.85)/Ta is (b) -18°, (c) 0° and (d) 18°, respectively. The enlarged 

views of a single skyrmion in the insets (b) and (d) with bright and dark reversed 

magnetic contrast for the opposite tilting angle, identified as Néel-type skyrmion. The 

tilting angle α are (e) -18°, (f) 0° and (g) 18° for Pt/Co(1.95)/Ta, respectively. The tilting 

angle α are (h) -20°, (i) 0°and (j) 20° for Pt/Co(2.1)/Ta, respectively. Scale bars in (b)-

(j) correspond to 50 nm. 
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FIG. 4. The correlation between THR asymmetry and microscopic skyrmion evolution 

during increasing/decreasing magnetic fields in a representative Pt/Co(2.0)/Ta 

multilayers with IPA. (a) THR hysteresis loop. L-TEM images for the corresponding 

skyrmion evolution at different magnetic fields (b) 0 Oe, (c) 750 Oe, (d) 950 Oe, (e) 

1320 Oe while increasing the magnetic field to saturation state, and (f) 920 Oe, (g) 750 

Oe while decreasing the magnetic field. The scale bar in (b)-(g) is 200 nm. 
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FIG. 5. Thermal stability of high-density skyrmions in Pt/Co(2.1)/Ta multilayers with 

IPA. L-TEM Fresnel images of magnetic skyrmions at different temperatures (a) 12 K, 

(b) 100 K and (c) 300 K. (d) The contour mapping of skyrmion density as a function of 

applied magnetic fields ( 𝐻 ) and the temperature ( 𝑇 ). The black dots show the 

experimental points, from which the skyrmion density map are extrapolated. The color 

scale indicates the skyrmion numbers per square micrometer. S for the stripe, SKX for 

skyrmions and FM for ferromagnetic state. The scale bar in (a)-(c) is 200 nm. 

 


