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The growing market and massive use of Internet of Things nodes is placing unprecedented 

demands of energy efficient hardware for edge computing and microwave devices. In particular, 

magnetic tunnel junctions (MTJs), as main building blocks of spintronic microwave technology, 

can offer a path for the development of compact and high-performance microwave detectors. 

On the other hand, the fascinating field of skyrmionics is bridging together concepts from 

topology and spintronics. Here, we show the proof-of-concept of a topological spin-torque 

diode realized with an MTJ on top of a skyrmionic material at room temperature and for a wide 

region of applied fields, including the zero-field case. Our spin-torque diode electrical 

measurements show the electrical excitation of a skyrmion resonant mode with frequencies near 

4 GHz and a selectivity one order of magnitude smaller than the uniform modes excited in the 

same device. Micromagnetic simulations identify these dynamics with the excitation of the 

breathing mode and point out the role of thickness dependent magnetic parameters (magnetic 

anisotropy field and Dzyaloshinkii–Moriya interaction) in both stabilizing and exciting the 

magnetic skyrmions. This work marks a milestone for the development of topological spin-

torque diodes.  

 

  



The electrical manipulation and detection of topological quasi-particles and phases are key 

aspects that can add functionalities at device level, impacting the enhancement of several 

emerging fields in condensed matter physics 1–7.  

In the last years, the interest on magnetic skyrmions and skyrmionic phases has grown 

thanks to the study of their fundamental properties and their potential as building blocks for 

applications in magnetic storage8–13 and reservoir, probabilistic and neuromorphic computing14–

18. The rapid advancements and optimization of material development and nanofabrication for 

controlling and manipulating magnetic skyrmions19–21 have opened up an exciting research 

direction in spintronics, in which the skyrmion electrical detection can be achieved in magnetic 

tunnel junctions (MTJs) via the tunneling magnetoresistive signal (TMR)22. In the industry-

compatible CoFeB/MgO/CoFeB MTJ stack, the TMR signal related to skyrmions stabilized in 

the CoFeB free layer (FL) was first indirectly measured at low temperature23, and then at room 

temperature24. Furthermore, the efforts to develop MTJ stacks to simultaneously perform 

imaging and electrical detection of skyrmions was successfully proved in a CoFeB/MgO/Ta/Co 

MTJ with engineered Dzyaloshinkii-Moriya interaction (DMI), where a TMR signal of 1.5% 

was achieved25. Currently, the primary strategy employed to enhance the electrical signal of a 

skyrmion is to combine multilayers hosting room temperature magnetic skyrmions26–29 with an 

optimized MTJ. This approach has been effective in demonstrating the electrical detection of 

skyrmions with a TMR larger than 20%30,31. The previous experimental efforts focused mainly 

on the static properties of skyrmions. However, one of the next breakthroughs, namely the 

development of skyrmion-based computing and microwave technology, calls for the electrical 

detection of the skyrmion dynamics in MTJs which relies on the simultaneous excitation and 

detection of a skyrmion mode. In this way, by combining industry-compatible MTJs and 

topologically non-trivial magnetization textures, we could introduce topological magnetism 

into realistic applications, i.e. realize topological devices. Perpendicular MTJs stand as the most 

promising venue to accomplish this task. On one hand, the spin-torque diode (STD) effect in 

MTJs has proven effective for computing applications32–34. On the other hand, theoretical 

predictions on topological STDs promise high performance in microwave detection and energy 

harvesting35. The latter exploits internal dynamics of the skyrmion known as breathing modes36. 

Differently from other internal modes, i.e. clockwise (CW) and counterclockwise (CCW), the 



breathing mode can be excited via an out-of-plane field37 and it has only been experimentally 

observed with skyrmion lattices in bulk materials at low temperature38–40. For skyrmion lattices 

in magnetic multilayers at room temperature, only signatures of the CW and CCW modes have 

been excited by an in-plane ac field41,42.  

Here, we establish a multilayer combining a skyrmionic material hosting skyrmions at 

room temperature with a perpendicular MTJ stack on top, similarly to a previous work30. The 

MTJ is designed so that the magnetostatic field from the skyrmionic material can transfer the 

skyrmion state into its FL. We have performed measurements of the spin-torque ferromagnetic 

resonance (ST-FMR) response in MTJs with a diameter smaller than 300 nm. We have studied 

the topological STD effect of a skyrmion as a function of the out-of-plane (OOP) field. We have 

also achieved the zero-field excitation after having stabilized zero field skyrmion by means of 

the application of an ad hoc field protocol. This is a scenario more relevant for applications. 

With full 3D micromagnetic simulations, we have identified the excitation of the skyrmion 

breathing mode as expected for MTJs with a perpendicular polarizer, which has a resonance 

frequency near 4 GHz. At large fields, we observe two modes, which are related to the excitation 

of uniform modes. Therefore, our work (i) demonstrates the first simultaneous electrical 

excitation and detection of the experimental microwave response of a magnetic skyrmion, and 

(ii) represents the experimental proof-of-concept of a topological STD. These results pave the 

way for future developments of topological devices, not only for skyrmion-based microwave 

technology, but also for other applications, such as computing43 and non-trivial topological 

textures - hopfions44,45. 

 

Device description 

The device stack is shown in Figure 1a. We use magnetron sputtering to grow magnetic 

films consisting of Ta (5)/CuN (20)/Ta (5)/[Pt (2.5)/Co (1)/Ta (0.5)]9/Pt (2.5)/Co 

(1)/Co40Fe40B20 (0.9)/MgO (0.85)/Co20Fe60B20 (1.1)/Ta (0.5)/Co (0.3)/[Pt (1.5)/Co (0.4)]2/Ru 

(0.85)/[Co (0.5)/Pt (1.5)]3/Ru (5) – thicknesses in nm - on top of a thermally oxidized Si 

substrate. The Co40Fe40B20 (0.9)/MgO (0.85)/Co20Fe60B20 (1.1) is the part of the stack related to 

the MTJ (see Methods for more details on sample preparation). The top CoFeB is the 

perpendicularly magnetized reference layer (RL) pinned by a synthetic antiferromagnet (SAF) 



layer. The [Co (0.5)/Pt (1.5)]3 acts as the hard layer (HL) and is used to enhance the coercive 

field. The bottom CoFeB acts as a FL and it is directly coupled with Pt (2.5)/Co (1)/Ta (0.5)]9/Pt 

(2.5)/Co (1), i.e. the skyrmionic layer (SkyL), which allows for stabilizing magnetic skyrmions 

at room temperature for a wide range of magnetic fields. Using electron-beam lithography and 

ion milling, these films were patterned into MTJ devices with circular cross sections of 

diameters ranging from 100 nm to 500 nm. Figure 1b shows the scanning electron microscope 

(SEM) image for an MTJ with a diameter of 270 nm. We have also characterized the stack cross 

section using transmitting electron microscopy (TEM) to evaluate the quality of magnetic films, 

as shown in Figure 1c, which exhibits the uniform layered structure and sharp interface 

characteristics (see Supplementary Figure S1 for additional images). The inset of Figure 1c 

shows the detail of the MgO and the two adjacent CoFeB layers which highlights the quality of 

the tunnel barrier of the MTJ. Indeed, the MgO layer appears with a neat crystal phase 

arrangement giving rise to the TMR effect.  

 

Figure 1. Device stack and experimental characterization. a, Schematic configuration of the 

device with the description of the films stack. The skyrmionic layer (SkyL), composed of 

[Pt/Co/Ta]9, allows for the stabilization of magnetic skyrmions at room temperature. The 

CoFeB of the MTJ acting as the free layer (FL) is on top of the SkyL, while the reference layer 

(RL) is exchange biased by a SAF layer, HL is the hard layer. Both the FL and RL have a 

perpendicular easy axis. b, An SEM image of a patterned MTJ with a diameter of 270 nm. c, 

High resolution TEM (HRTEM) images of the whole stack. The HRTEM shows smooth 
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interfaces with an indication of the thickness of each layer (in nm). The inset is a magnification 

of the MgO barrier layer and points out its high crystalline quality. d, OOP magnetic field 

hysteresis major loop measured by vibrating sample magnetometry (VSM). The inset shows 

the corresponding minor loop. e, Polar MOKE magnetic imaging of the 

Ta/MgO/CoFeB/Ta/[Pt/Co/Ta]9 stacks for an OOP field of 200 Oe showing isolated skyrmions. 

The OOP magnetization component is color coded: white is in the +z orientation. Scale bar, 1 

μm.  

 

Static characterization 

Figure 1d shows an example of the OOP magnetic hysteresis loop for the thin films 

demonstrating the OOP easy axis, while the inset displays the minor loop with the change of 

the OOP field. The magnetic signal of the point A near zero field is marked by arrows of 

different colors, which correspond to that of the CoFeB/Ta/[Pt/Co/Ta]9 multilayer. The 

magnetizations of the FL and the SkyL undergo antiferromagnetic coupling, as do the RL and 

the HL. The process of changing the relative magnetization direction between the FL and the 

RL is characterized by a step-shaped intermediate resistance state near zero magnetic field. To 

identify the magnetic configurations in this field region, we have performed magnetic imaging 

using polar magneto-optical Kerr effect (p-MOKE) microscopy (see the schematic of the 

measurement and the Kerr intensity magnetic-field loop in Supplementary Figure S2) in samples 

without the capping layer which are composed of the following stack 

[Ta(5)/MgO(0.85)/CoFeB(1.1)/Ta(0.5)/[Pt(2.5)/Co(1)/Ta(0.5)]9. This is the same as the SkyL 

of the MTJ depicted in Figure 1a. When the external magnetic field is zero, the surface of the 

sample presents typical maze-shaped domains. With the gradual increasing of the magnetic 

field, the spin textures evolve from the maze-shaped domains into a configuration characterized 

by isolated skyrmions which micromagnetic simulations identify as pure Néel skyrmions 

(integer winding number). When the magnetic field is sufficiently large to saturate the 

magnetization, the skyrmions are annihilated (see Supplementary Figure S3 for a more detailed 

imaging of the field evolution of magnetic textures measured by p-MOKE). Figure 1e shows 

the spin texture at 200 Oe which is characterized by isolated skyrmions of around 250 nm 

diameter (the OOP magnetization components are color coded - white/black refers to +z/-z). 



We refer to this intermediate state hosting isolated magnetic skyrmions at room temperature for 

a wide range of magnetic fields as a skyrmionic state.  

 

Spin-torque diode measurements 

We next study the rectification characteristics of the MTJ device for the skyrmionic and 

uniform states. We focus on MTJs with a diameter of 270 nm which is comparable to the 

maximum size of the skyrmions observed by p-MOKE microscopy. We use the circuit shown 

in Figure 2a for the ST-FMR measurements (see Methods for more details). The signal 

generator and source meter generate a microwave current 𝐼𝑎𝑐 = 𝐼𝑎𝑐,0 sin(2𝜋𝑓𝑎𝑐𝑡 + 𝜑)  of 

frequency 𝑓𝑎𝑐, phase 𝜑 and amplitude 𝐼𝑎𝑐,0 and a direct current Idc, respectively, which are 

applied to the MTJ device through a bias tee. We take advantage of the STD effect measuring 

the rectified voltage Vdc across the MTJ as a function of the microwave frequency 𝑓𝑎𝑐  to 

characterize the skyrmion modes. The rectified voltage depends on the amplitude of the 

microwave input, the amplitude of the MTJ oscillating resistance and the phase between 

them46,47. We have performed a systematic study of those modes as a function of the field 

amplitude and direction with respect to the out-of-plane axis characterized by the angle   as 

defined in Figure 2a. 

 

Figure 2. Magneto-electrical transport and ST-FMR characterization of the skyrmionic 

MTJ. a, Schematics of the circuit for the ST-FMR characterization, where a d.c. bias current is 

injected into the MTJ device by a DC terminal of the bias Tee. The differential voltage is 
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recorded by the lock-in amplifier. For the ST-FMR measurement, an RF current is injected by 

the signal generator, the rectified voltage is also recorded by a low frequency (97 Hz) 

modulation method using the lock-in amplifier. b, Magnetoresistance data measured as a 

function of magnetic field amplitude at θ = 0° and θ = 30°, respectively, where θ is the angle 

between the normal and the magnetic field defined in panel a. The sharp change in the 

magnetoresistance curves indicates a switching process in the FL of the MTJ, while the gradual 

change can be linked to the skyrmionic region as observed in Figure 1d. c, ST-FMR spectra as 

a function of the amplitude of the external field for θ = 30° and Prf = 5μW. The color code is 

linked to the value of the rectification voltage Vdc. Two regions are observed, region A is 

characterized by the excitation of the skyrmion breathing mode, while in region B, the 

excitation of the uniform modes for the FL and RL can be observed. d, e, Examples of ST-FMR 

measurements as a function of the microwave frequency (θ = 30° and Prf = 5μW) for region A 

at H = 260 Oe and region B at H = 950 Oe, respectively. 

 

To identify the field region where the skyrmionic state is stable, we first measured the 

magnetoresistance as a function of the field amplitude for different field angles θ. Figure 2b 

compares the results for θ = 0 and 30° (similar curves are observed for other field angles as 

illustrated in the Supplementary Figure S4a and S4b for θ = 20° and 40°). The direction of the 

RL is set along the -z direction, hence for negative fields the antiparallel state (AP) with a large 

resistance is stabilized. As the field increases, we observe a jump from the parallel (P) state to 

the skyrmionic state, similar to the process identified in Figure 1e. The offset in the hysteresis 

loop is given by the dipolar field from the SAF layer, which is not totally compensated. At large 

enough magnetic fields H = 550 Oe, the AP state is stabilized. The reduction of the resistance 

of the AP state as the field keeps increasing is due to the rotation of the SAF layer magnetization, 

which, as can be observed, is a reversible process. A similar response is observed for the 

descending branch of the hysteresis loop while the magnetic field is decreasing, but not after 

the P state is achieved, the resistance remains constant up to at least -1000 Oe.  

Then, we experimentally characterized the rectification voltage Vdc by measuring the ST-

FMR spectra as a function of the field amplitude for the ascending branch of the hysteresis loop. 

Figure 2c summarizes the data for fields larger than 250 Oe, θ = 30° and Prf = 5μW. We identify 



two different regions, A and B. In region A, where the skyrmionic state is stable, a single mode 

with a frequency near 4 GHz is excited. Its frequency slightly decreases as a function of the 

field amplitude. Figure 2d shows an example of the rectified voltage as a function of the 

microwave frequency for H = 260 Oe. It is characterized by a negative voltage peak and a 

narrow bandwidth. The fact that the MTJ FL is in the skyrmionic state and the magnetization 

of the RL is perpendicular allows us to infer that, in region A, the skyrmion breathing mode35,36 

is excited. As a first confirmation, the ST-FMR characterization of a conventional MTJ without 

the SkyL does not exhibit the mode in region A (see Supplementary Figure S5). Furthermore, 

micromagnetic simulations show the excitation of the breathing mode, as discussed in the next 

paragraph.  

When the field increases, a transition from region A to B occurs. Here, two modes, a low 

frequency mode (LFM) and a high frequency mode (HFM) starting near 5 GHz and 8 GHz at 

H = 600 Oe are detected. The frequency of the LFM (HFM) decreases (increases) with the field. 

Figure 2e displays the rectified voltage as a function of the microwave input frequency for H = 

950 Oe, as an example. In this field range, the MTJ is in the AP uniform state (see hysteresis 

loop in Figure 2b), therefore the HFM is related to the FL resonance mode, which is parallel to 

the applied field, while the LFM is linked to the RL resonance mode which is antiparallel to the 

field. Similar rectification curves are observed for different samples with the same nominal 

geometry and for a wide range input rf power up to 50 W (see Supplementary Figure S6). 

A direct comparison of the rectification curves for different modes shows that the 

maximum rectified voltage VBM, indicated in Figures 2c and d of the skyrmion breathing mode 

is smaller but of the same order of the one related to the excitation of the uniform mode. The 

resonant curve has a bandwidth of 163 MHz which is smaller as compared to 527 and 248 MHz 

for the HRM and LRM, respectively. This gives rise to a better selectivity which is a key 

element for the design of compact microwave detectors without the need of microwave filters. 

We wish to add that the MTJ size, i.e. 270 nm in diameter, exhibited the largest ST-FMR 

signal related to the excitation of the skyrmion mode in the ground state of the FL hosting a 

single skyrmion with size comparable with the MTJ cross section. The ST-FMR data in MTJs 

with smaller diameter that we have measured do not exhibit this breathing mode, at the same 

time, the ST-FMR signal measured for larger MTJs is smaller (see Supplementary Figure S7 



for the characterization of magnetoresistance and ST-FMR data for MTJ devices having 

diameter of 180 and 420 nm).  

The ST-FMR spectra for θ = 20 and 40° are also shown in Supplementary Figure S4c and 

S4d. For both field directions, the excitation of the breathing mode can be also observed.  

 

Topological spin-torque diode at zero field 

Technologically, it is more relevant to design a STD at zero field in order to reduce both 

the energy consumption and improve the scalability. The previous topological STD response is 

observed in many samples with the same nominal geometry, and, in some of them, also at zero 

field. The stabilization of zero field skyrmion is achieved via the application of a field protocol 

(see inset in Fig. 3a) similar to Ref.48. The main panel of Fig. 3a displays the corresponding 

magnetoresistance response. As the field decreases, the magnetoresistance at zero field 

decreases up to 140  for field amplitudes lower than 10 Oe (see dark blue loop in Fig. 3a). 

This resistance value is very close to that one at the first jump of the magnetoresistance (H=110 

Oe) for the two loops with field amplitude larger than 10 Oe, thus pointing out the stabilization 

of a zero field skyrmionic state. 

Figure 3b shows the zero field ST-FMR spectrum related to the skyrmionic state. We notice 

that it is qualitatively different from those under the presence of the field. In particular, here the 

rectified voltage due to the breathing mode exhibits both a positive (3 V) and a negative peak 

(-1 μV) around 2 GHz. We ascribe this behavior to the change of the phase between the 

magnetoresistance signal and the injected ac current Iac.  

The inset of Fig. 3b shows the linear dependence of the maximum value of the positive 

peak of the rectified voltage vs the input rf power. The zero field ST-FMR spectra for different 

input rf powers are illustrated in Supplementary Figure S8. 



 

Figure 3. Zero field skyrmionic state. a, Magnetoresistance data measured as a function of a 

the field protocol (a time-varying magnetic field) necessary to achieve a zero field skyrmionic 

state at θ = 0°. The inset shows the qualitative time-dependence of the magnetic field. b, Zero 

field ST-FMR measurements as a function of the microwave frequency (θ = 0° and Prf = 5 W). 

The inset shows the maximum value of the positive peak of the rectified voltage as a function 

of the input rf power. 

 

Discussion 

To corroborate the experimental results and achieve a more detailed understanding of the 

modes excited in the MTJ, we perform micromagnetic simulations based on the numerical 

integration of the Landau-Lifshitz-Gilbert equation. This includes the spin-transfer torque 

applied to both the FL and RL of the MTJ and the layer dependence of the magnetic parameters 

to reflect the different material compositions of the stack (see Methods).  

 



 

Figure 4. Micromagnetic simulations results. a, Frequency of the excited modes as a function 

of the applied field H for θ = 30°. Solid symbols represent the results of the micromagnetic 

simulations, dashed lines correspond to the experimental results extracted from Figure 2c. b, 

Cross-section of the simulated MTJ with the SkyL, where the initial state is a tubular Néel 

skyrmion (the color bar indicates the OOP component of the magnetization, the arrows indicate 

the direction of the magnetization in the x-z plane). The magenta dashed line divides region A 

where the skyrmion breathing mode occurs, from region B, where the uniform precession of 

both FL and RL is excited. c, Example of the frequency response for the FL and RL in the 

uniform AP state for H=900 Oe. d, Example of the frequency response for the FL and RL in the 

skyrmionic state for H=300 Oe. 

 

Figure 4a shows a comparison between the frequency modes measured experimentally 

(dashed lines), already shown in Figure 2c, and the results of micromagnetic simulations (solid 

symbols). For large OOP fields H≥800 Oe, both magnetizations of the FL and RL are uniform, 

with the one in the FL aligned along the positive z-axis parallel to the applied field, and the one 

of the RL pointing in the opposite direction (AP state). The micromagnetic simulations are in 



quantitative agreement with the experimental data and thus confirm the link of the HFM and 

LFM with the resonant mode of the FL and RL, respectively. In detail, the HFM with the blue-

shift is excited into the FL, while the LFM exhibiting the red-shift is related to the RL dynamics.  

At smaller field 200<H<600 Oe, a single mode is observed. In order to understand its 

origin, we have studied the static characteristics of the skyrmionic state for a wide range of 

parameters. Experimentally (see Figure 2b) in this field region, both the uniform and the 

skyrmion state can be stabilized according to the field history. The theoretical details of the 

existence of this bi-stability region can be understood with theories published previously49.  

To describe the mode in region A, a tubular pure Néel skyrmion is set as the initial state in 

the SkyL (see Figure 4b), as suggested by the appearance of the intermediate states in the 

ascending branch of the hysteresis loop in Figure 2c. Whereas, FL, RL and SAF layers are 

considered in a uniform state. The calculation of the equilibrium configuration of the 

magnetization reveals that a Néel skyrmion is also nucleated in the CoFeB FL via the 

magnetostatic interaction from the skyrmionic state. This aspect is crucial to understand the 

reason why it can be detected electrically. This equilibrium state was used as the initial state for 

the micromagnetic frequency response analysis, where we use as input a microwave spin-

polarized current. The micromagnetic simulations are again in agreement with the experimental 

results and shows the excitation of the breathing mode also exhibiting a slight red-shift. Our 

calculations also show that the red shift is due to the interaction of the skyrmion domain wall 

with the MTJ boundary. Figure 4c and d depict the magnetization amplitude as a function of 

the input frequency for the FL and RL in the uniform AP state (c) and with the FL in the 

skyrmionic state (d), respectively. The skyrmion breathing mode amplitude is slightly larger 

than the one of the uniform FL (black curve in d vs blue curve in c). However, the clear 

difference concerns the RL. The amplitude of this mode is much larger in the uniform 

precession, in agreement with the experimental data (a small amplitude RL mode in region A 

red curve in d which is observed in simulations can be also seen as weak mode in Fig. 2c).  

 

Summary and Conclusions 

In summary, we have developed a topological STD with sub-300 nm MTJs combining a 

SkyL able to host skyrmions at room temperature and a TMR stack. ST-FMR measurements 



reveal the excitation of the breathing mode of a skyrmion that, for our devices, exhibits a 

resonance frequency near 4 GHz in a region of applied fields. We have also demonstrated the 

topological STD effect at zero field after applying a proper field protocol to stabilize zero-field 

skyrmions. Micromagnetic simulations support quantitatively the experimental evidence.  

Our work not only shows the proof of concept of the first topological STD and initiates 

the development of skyrmion-based microwave technology, but also opens up the 

accomplishment of promising perspectives. The ST-FMR due to the skyrmion mode exhibits a 

narrower bandwidth compared to the uniform precession in the same device, thus suggesting a 

path toward the design of highly-selective microwave detectors. Our results also call for the 

integration of skyrmionic materials hosting smaller skyrmions (i.e. materials with larger DMI), 

with state-of-the-art TMR stacks for scaling the size of the topological diodes and enhancing 

the detection sensitivity increasing the TMR ratio.  

This work is a breakthrough in the intriguing research direction aiming to move topological 

materials into device concepts and it is expected to have an impact in future engineering 

applications and developments in the field of spintronics and hybrid CMOS-spintronic 

technology. 

 

Methods 

Sample preparation. The skyrmionics MTJ devices studied here were patterned from a 

(thermal silicon oxide substrate)/ Ta (5)/CuN (20)/Ta (5)/[Pt (2.5)/Co (1)/Ta (0.5)]9/Pt (2.5)/Co 

(1)/Co40Fe40B20 (0.9)/MgO (0.85)/Co20Fe60B20 (1.1)/Ta (0.5)/Co (0.3)/[Pt (1.5)/Co (0.4)]2/Ru 

(0.85)/[Co (0.5)/Pt (1.5)]3/Ru (5) multilayer, deposited by using a Singulus TIMARIS physical 

vapor deposition system (thickness in nm). The 0.5 nm thick Ta dusting layer was inserted 

between Co20Fe60B20 and Co (0.3)/[Pt (1.5)/Co (0.4)]2 layers to enhance the perpendicular 

magnetic anisotropy (PMA) of the top reference layers. Here a CuN layer was used as a buffer 

layer for the growth of the MTJ stack. This skyrmionic MTJ multilayer was post-annealed at 

300 °C without a magnetic field for 1 hour to enhance the TMR ratio and PMA property. The 

films were subsequently patterned into nanopillars using optical and electron beam lithography 

combined with ion milling, incorporating an MgO barrier targeting a resistance-area product 

(R×A) of 12.3 Ωµm2 in the parallel magnetization configuration. The patterned electrodes, Ti 



(10 nm) and Au (100 nm), were fabricated using a lift-off process.  

Magnetoresistance and ST-FMR measurements. All measurements reported in this paper are 

performed at room temperature. When the magnetoresistance was measured, a weak d.c. current 

Idc was applied to the device through a bias Tee using a source meter (2400, Keithley), the 

voltage of the device was recorded by a nanovolt meter (2182, Keithley). The out-of-plane 

TMR ratio, defined as (RAP-RP)/RP, was 39.5%. When a microwave current Iac with a frequency 

fac was applied to the device through a bias Tee using a signal generator (N5183B), the free 

layer magnetization starts to precess at the same frequency, resulting in a time-dependent 

resistance oscillation due to the TMR effect. As a result, a rectified voltage is generated across 

the MTJ. To improve the signal-to-noise ratio, the microwave input was modulated at a low 

frequency (97 Hz), and the resulting rectified voltage Vdc was measured with a lock-in amplifier 

(SR830, Standard Research Systems).  

Micromagnetic simulations. PETASPIN, an in-house CUDA-native full micromagnetic solver, 

was used to perform the micromagnetic simulations. This tool numerically integrates the 

Landau-Lifshitz-Gilbert (LLG) equation by applying the time solver scheme Adams-

Bashforth50: 

𝑑𝐦

𝑑𝜏
= −(𝐦× 𝐡𝐞𝐟𝐟) + 𝛼G (𝐦×

𝑑𝐦

𝑑𝜏
)                                             (1) 

where m = M / MS is the normalized magnetization, αG is the Gilbert damping, and τ = γ0 MS t 

is the dimensionless time, which uses γ0 the gyromagnetic ratio and MS the saturation 

magnetization. The normalized effective magnetic field, heff, includes the exchange, interfacial 

DMI, magnetostatic, anisotropy and external fields.  

The experimental MTJ is modelled as a circular stack with a diameter of 300 nm. The [Pt(2.5 

nm)/Co(1 nm)/Ta(0.5 nm)]9 SkyL is simulated by nine repetitions of a 1 nm thick Co 

ferromagnet separated by a 3 nm thick Ta/Pt non-magnetic layer. The CoFeB FL (0.9 nm) and 

CoFeB (1.1 nm) in the RL are simulated by a 1 nm thick ferromagnetic layer each. These two 

CoFeB layers are separated by a 1 nm thick non-magnetic layer corresponding to the 

experimental MgO layer (0.85 nm). The CoFeB layer in the RL is in contact with the 

[Co/Pt]n/Ru/[Co/Pt]m SAF layer. We modelled the latter as standard SAF composed of two 1 

nm thick ferromagnetic layers separated by a 1 nm thick non-magnetic layer. The SAF stack is 



characterized by the interlayer exchange coupling (IEC) of the Ruderman–Kittel–Kasuya–

Yosida (RKKY) type, with an effective field of 𝒉IEC,i =
𝐽IEC

𝜇0𝑀𝑠,𝑖
2 𝑡NM

𝒎𝑗 ,
51,52 where i,j are the 

indices of the top and bottom layers of the SAF, respectively, 𝐽IEC is the IEC constant, and 

𝑡NM is the thickness of the Ru spacer. We apply an OOP external field H tilted of  with the 

respect to the z-axis. We use a cuboidal discretization cell of 3×3×1 nm3.  

For the excitation of the magnetization dynamics both in the FL and RL, we rely on the spin-

transfer torque (STT) mechanism, which includes the effect of the back torque53 on the RL 

magnetization due to an AC current 𝐼𝑎𝑐 = 𝐼𝑎𝑐,0 sin(2𝜋𝑓𝑡 + 𝜑) of frequency 𝑓, phase 𝜑 

and amplitude 𝐼𝑎𝑐,0. The STT term is added to Eq. (1) as:  

{
 
 

 
 𝝉𝑆𝑇𝑇−𝐹𝐿 =

𝑔𝑃𝜇𝐵

𝛾0𝑒𝑀𝑠−𝐹𝐿
2 𝑉𝐹𝐿

𝐼𝑎𝑐[𝒎FL  × (𝒎FL ×𝒎RL)]

𝝉𝑆𝑇𝑇−𝑅𝐿 = −
𝑔𝑃𝜇𝐵

𝛾0𝑒𝑀𝑠−𝑅𝐿
2 𝑉𝑅𝐿

𝐼𝑎𝑐[𝒎RL  × (𝒎RL ×𝒎FL)]
                                            (2), 

 

where 𝒎𝐹𝐿 refers to the FL and 𝒎𝑅𝐿 to the RL. P is the spin-polarization equal to 0.66, 𝜇𝐵 

is the Bohr magneton, 𝑔  is the Landè factor, 𝑒  the electron charge, and 𝑉𝐹𝐿(𝑅𝐿)  is the 

volume of the FL (RL). 

For the Co ferromagnets in the [Pt(2.5 nm)/Co(1 nm)/Ta(0.5 nm)]9 SkyL, we considered Ms = 

900 kA/m30, perpendicular anisotropy constant Ku = 0.85 MJ/m3, and interfacial DMI constant 

D = 2.2 mJ/m2. 

For the CoFeB FL and RL, as well as for the SAF layers we fix Ms = 1200 kA/m. The 

perpendicular anisotropy constants of the FL and RL are extracted by fitting the experimental 

frequency vs. field response in Figure 2c for the FL and RL uniform precessing (applied fields 

from 800 to 1000 Oe) by means of the well-known Kittel expression 𝑓Kit =
𝛾0

2 𝜋
 (𝐻ex𝑡 +

 𝐻𝐾,eff ), where 𝐻𝐾,eff  is the effective magnetic anisotropy field. We obtain 𝐾U,FL = 1.04 

MJ/m3 and 𝐾U,RL = 0.99 MJ/m3 for the FL and RL, respectively. The interfacial DMI of the 

FL is fixed to 1.1 mJ/m2 (large enough to stabilize a Néel skyrmion), 54 while a zero DMI is 

considered for the RL and SAF layers. 𝐾U,RL is also used for the perpendicular anisotropy 

constant of the SAF layers. In addition, we used an antiferromagnetic 𝐽IEC = -0.5 mJ/m2 which 



is sufficiently large to maintain the SAF in the antiferromagnetic state under the application of 

the OOP external field. All the simulations are performed at zero temperature.  
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