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Abstract: Magnetic skyrmions are topological spin textures that could be used to implement magnetic 

memory and logic devices. Such devices typically rely on current-controlled motion of skyrmions; but 

utilizing skyrmions that are fixed in space could lead to more compact and energy efficient devices. Here 

we report the manipulation of fixed magnetic skyrmions using voltage controlled magnetic anisotropy. We 

show that skyrmions can be stabilized in antiferromagnet/ferromagnet/oxide heterostructure films without 

any external magnetic field due to an exchange bias field. The isolated skyrmions are annihilated or formed 

by applying voltage pulses that increase or decrease the perpendicular magnetic anisotropy, respectively. 

We also show skyrmions can be created from chiral domains by increasing the perpendicular magnetic 

anisotropy of the system. Our experimental findings are corroborated using micromagnetic simulations. 

This could provide a pathway to realize of fixed skyrmion based high density and energy efficient magnetic 

memory devices. 

 

Following the first experimental observation in bulk MnSi [1], magnetic skyrmion related research has 

experienced a remarkable growth over the last decade. Due to its topological spin structure, magnetic 

skyrmions have significantly lower depinning current compared to domain walls [2]. This has motivated 

exploration of skyrmion motion based implementation of racetrack memory as well as logic devices and 

several studies were performed to understand the skyrmion dynamics that could lead to successful 

implementation of such devices [3-18]. However, racetrack based devices, whether realized with domain 

walls or skyrmions, may necessitate larger footprint to accommodate domain wall/skyrmion motion. On 

the other hand, manipulation of static (not moving) isolated magnetic skyrmions could lead to more 

compact memory devices. 



As spin spiral structures such as magnetic skyrmions are stabilized due to a balance of Perpendicular 

Magnetic Anisotropy (PMA) and Dzyaloshinskii-Moriya Interaction (DMI) [19,20], one can expect to 

induce a magnetic state change via tuning this balance between PMA and DMI. One way to achieve such 

tuning can be adjusting the PMA of the system employing Voltage Control of Magnetic Anisotropy 

(VCMA) [21,22]. This occurs as application of an electric field modifies the electron density at 

ferromagnet/oxide interface, which consequently changes the PMA [21]. Skyrmion creation, annihilation, 

reversal as well as skyrmion mediated ferromagnetic reversal in confined geometries by modulating PMA 

through the application of a voltage were previously shown using micromagnetic simulations [23-26]. This 

mechanism could potentially allow skyrmion states to be manipulated in confined geometries, such as the 

free layer of a magnetic tunnel junction (MTJ). It could thus be used to achieve non-volatile skyrmion based 

magnetic memory, where deterministic switching is achieved by applying voltages of appropriate pulse 

width [23], and experimental work using nanosecond pulsed voltages has recently been reported [27]. These 

results suggest that skyrmion and skyrmion-mediated ferromagnetic reversal using VCMA can be used to 

implement memory devices where the switching error is extremely robust to defects and thermal noise. 

Furthermore, the energy required for skyrmion reversal has been shown to be 2.4 fJ [24] and skyrmion-

mediated switching of ferromagnets can be as low as 0.6 fJ [23]. 

Voltage control of skyrmions has also been experimentally investigated. A scanning probe microscope tip 

was, for example, used to modify exchange interaction in an iron monolayer to create skyrmions at very 

low temperatures and high magnetic fields [28]. It has also been shown that room temperature skyrmion 

nucleation and annihilation can be achieved, by, primarily, changing the saturation magnetization due to 

changes in Curie temperature caused by the application of an electric field [29]. With this approach, the 

number of skyrmions varied as a function of electric field in a volatile manner. Room temperature creation 

and movement of skyrmion bubbles have also been demonstrated when domain walls are moved in an 

electric field-induced magnetic anisotropy gradient due to geometric effects [30]. 

In this article, we report voltage control of skyrmions that are fixed in space and stabilized without any 

external magnetic field. The skyrmions can be annihilated by applying a negative voltage pulse and created 

by applying a positive voltage pulse. Furthermore, we show that skyrmions can be created from chiral 

domains. Once created, the skyrmion/ferromagnetic states are non-volatile and do not change when the 

applied electric field is removed. We also corroborate our experimental findings using micromagnetic 

simulations. Our approach could lead to the development of memory devices based on manipulation of 

skyrmion states in confined geometries such as a free layer of a Magnetic Tunnel Junction (MTJ). These 

devices could also potentially offer lower write error rates compared with conventional VCMA-induced 

switching and could be two orders of magnitude more energy efficient than spin-transfer torque based 



switching [23]. Voltage control of skyrmions could also be applied in areas such as skyrmion-based 

neuromorphic devices [31-35] and spintronic nano-oscillators [36,37]. 

Device structure and characterization: 

The heterostructure used in our experiments is Ta (2) / IrMn (5) / CoFeB (0.52-1.21) / MgO (2.5) / Al2O3 

(35) / ITO where the numbers represent the thicknesses in nm. Details of fabrication procedure can be found 

in the methods section. The interface of CoFeB with the antiferromagnetic IrMn layer gives rise to DMI 

[38, 39]. Similar to conventional VCMA induced switching, ferromagnetic/oxide interface is used to 

achieve the necessary PMA as well as enable VCMA.  Across the wafer, an array of several hall bars (130 

𝜇𝜇𝜇𝜇 ×20 𝜇𝜇𝜇𝜇) was fabricated (Fig. 1(a)). The thickness of the CoFeB layer was varied across the wafer 

roughly between 0.52 nm to 1.21 nm. The magnetic properties of the devices, especially the PMA and the 

DMI, are expected to vary with the thickness of the CoFeB layer. To verify this, anomalous hall resistance 

due to Anomalous Hall Effect (AHE) was measured to estimate the magnetization component perpendicular 

to the film as a function of perpendicular magnetic field. This is shown in Fig. 1(b), where the hysteresis 

loops obtained show the expected trend.  For example, devices in the range of 0.87 nm - 1.1 nm CoFeB 

layer exhibit higher perpendicular anisotropy and abrupt switching, while devices with thickness on either 

side of this range showed lower perpendicular anisotropy and gradual transition during reversal. Another 

important observation is the presence of exchange bias field in all the devices (5-20 Oe) that emerges from 

the ferromagnet/antiferromagnet interface. While presence of PMA and DMI are adequate, an external bias 

magnetic field is generally required to stabilize skyrmions in experiments. However, in our structure, the 

readily available interfacial exchange bias field eliminates this requirement thus allowing stabilization of 

skyrmions at zero externally applied bias magnetic field [38]. 

 

The thickness dependence of magnetic states was imaged using Magnetic Force Microscopy (MFM). (We 

note that, raw MFM images were processed using a Gaussian filter to aid visualization by eliminating noise. 

The raw images are shown in the supplementary section 5.) In devices with high perpendicular anisotropy, 

the magnetization orientation was found to be completely out of plane (t=1.092 nm, Fig. 1(c) top panel, we 

note that stripe like contrasts appear due to optical interference between the laser reflected from the 

cantilever and the sample surface). In devices with increased thickness, we observed a mixture of stripe 

domains and circular domains (t=1.126 nm, Fig. 1(c) middle panel) and mostly circular domains (t=1.143 

nm, Fig. 1(c) bottom panel). Fig. 1 (d) shows a phase profile extracted from the experimental MFM image 

of an observed domain along the line shown in the inset.  This profile qualitatively matches the simulated 

MFM profile (Fig. 1(e)) of a skyrmion stabilized in the presence of thermal noise and inhomogeneity (Fig. 

1(f)) and is fundamentally different from MFM profile of a classical bubble (see supplementary section 1 



Figure 1. Device structure and characterization. (a) Device structure: The two current contacts can be used for applying current 

through the stack and the voltage contacts can be used for measuring transverse voltage. For VCMA, a voltage pulse was 

applied between one of the two top gate contacts, and any one of the other current and voltage contacts.  (b) Anomalous Hall 

measurements for different CoFeB thicknesses, where HOOP denotes out-of-plane magnetic field, (c) Magnetic force microscopy 

image showing magnetic states for different CoFeB thicknesses. At lower thickness uniform state was observed while at higher 

thicknesses skyrmions and a mixture of skyrmion and stripe domains were seen.  (d) Skyrmion profile obtained from the raw 

MFM image of a skyrmion shown in the inset which was qualitatively similar to the simulated skyrmion MFM profile as shown in 

(e). This profile was obtained simulating the skyrmion shown in (f). 
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Figure 2. Current-driven skyrmion motion imaged using magneto-optical Kerr effect (MOKE) microscopy. Current pulse has 9 mA 
amplitude (corresponding to a current density of 8.3 × 106 A/cm2 through the IrMn layer) and a duration of 5 ms.  Blue circles 
indicate the position of skyrmions before and after the application of current pulse. Red (green) dashed line shows the initial 
horizontal (vertical) position of the skyrmion. At the final position, the skyrmion also shows a vertical shift in addition to the 

horizontal one, which is due to the skyrmion Hall effect.
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Figure 3. VCMA induced manipulation of skyrmions. (a) Interfacial anisotropy (Ki) as a function of the applied electric field (E) in 

obtained before and after application of electric field. Scale bars are 5 m. Left column: magnetization state before application 

of any electric field. Middle Column: Magnetization state obtained after applying a negative voltage pulse that increased PMA. 

Right Column: Magnetization state obtained after applying a positive voltage pulse that decreased PMA.
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same location in all the magnetization cycles (see supplementary Fig. S3). Finally, due to the pinning sites, 

fewer skyrmions were created by VCMA compared to the initial state (prior to annihilation) as shown in 

Fig. 3(b). In the next section, we establish the validity of these explanations using micromagnetic 

simulation. 

Simulations for manipulation of skyrmions with electric field: We perform micromagnetic simulation 

to show the voltage-controlled creation and annihilation process of skyrmions. Details of the simulation 

procedure and parameters used can be found in the methods section. For simplicity, we incorporate the 

effect of inhomogeneity by varying only the perpendicular anisotropy. We simulated a 3.8 μm × 3.8 μm 

rectangular geometry with 1.1 nm thickness and divided it into regions of average 100 nm size using 

Voronoi tessellation with a gaussian PMA distribution with 1% standard deviation. Left column of Fig. 5(a) 

shows the PMA distribution in different regions across the film. Usually, grain size in CoFeB is in the order 

of 5-10 nm. However, regions of such dimensions were not sufficient to pin skyrmions and consequently 

corresponding simulations did not reproduce all the experimentally observed scenarios. Ultimately, there 

can be many causes of inhomogeneity besides intergranular variations. Regions in the film (comprised of 

many grains) can have exchange bias, PMA, DMI that are clearly different from surrounding areas, 

particularly in IrMn/CoFeB interfaces. Additionally, there can be material defects in the sample acting as 

pinning sites. Thus, our systematic study of effect of spatial dimensions of the inhomogeneity indicates that 

regions that are on average ~100 nm and higher are most effective in pinning skyrmions.  

As previously discussed, applied voltage does not alter the saturation magnetization, exchange bias. There 

are recent reports of DMI modulation by applying an electric field [43]. However, these changes in DMI 

are relatively small and do not affect the magnetization dynamics significantly [23]. Therefore, we only 

consider the change in PMA as a consequence of voltage application which is considered to be the same in 

all the regions. VCMA coefficient in 1.06 nm CoFeB was measured to be 38.2 fJ/Vm (Fig. 3(a)). Therefore, 

electric field of 0.157 V/nm can cause 5.5×103 J/m3 change in anisotropy energy density. In our simulations, 

we considered a change of 7×103 J/m3 in anisotropy density, which is close to the estimated change in 

anisotropy energy density. 

Fig. 5(b) shows the overview of the switching process. The initial magnetic state (Fig. 5(b), left column) 

was obtained by finding the equilibrium magnetization orientation starting from a random magnetization 

state. During this initialization, a labyrinth like state is first formed which then transforms into many 

skyrmions and stripe domains. Most of these skyrmions remain pinned due to prevalence of pinning sites 

of varying strength across the film.  These skyrmions were annihilated when PMA was increased and a 

ferromagnetic state was formed (Fig. 5(b), middle column). Lastly, when PMA was reduced some 

skyrmions were created at the same initial location that they occupied before annihilation (marked by 





starting from a ferromagnetic state. Due to PMA reduction, domains start to nucleate at regions of low 

PMA. Domain growth slows down over time and almost entirely stops at t=700 ns. When the PMA is 

restored to the initial value, some of these domains start to annihilate. However, after 200 ns (t=900 ns), 4 

skyrmions still persist. Clearly, number of created skyrmions are fewer than the initial state. This is because, 

starting from a ferromagnetic state, domains nucleate only at very strong pinning sites when PMA is 

reduced. However, when skyrmions are formed from a labyrinth like state (which is observed in our 

initialization process), many skyrmions can interact with comparatively lower strength pinning sites and 

remain pinned there. This explains the creation of fewer skyrmions compared to the initial state. It was 

previously shown using a magnetic field, more skyrmions can be created from a labyrinth domain state than 

from a single domain saturated state due to non-uniformity [38] which is consistent with our simulation and 

experimental observations. Finally, we explore the pulse time dependence of skyrmion creation and 

annihilation process. We show in Fig. 5 (g), the switching can be controlled by varying the pulse time and 

80 ns is enough for both annihilation as well as creation of skyrmions.  

Estimation of energy dissipation: We estimate the total energy dissipation considering all the energy 

required to charge the capacitive oxide layer is ultimately dissipated. The capacitance of the 130 µm × 20 

µm area with 35 nm Al2O3 layer and 2.5 nm MgO layer is C= 4.66×10-12 F (relative permittivity of 9 and 

7.5 respectively). Therefore, total energy dissipation= 1
2
CV2= 109 pJ as V=7 V. Initially, the density of 

chiral objects (Skyrmions and stripe domains) observed in our devices was 0.183 µm-2. Therefore, the total 

number of such objects in a 130 µm× 20 µm area is expected to be around 660. Thus, the energy required 

to annihilate each object (skyrmion or stripe domain) on an average =166 fJ. On the other hand, number of 

created Skyrmions is fewer than the initial condition with a density of 0.03 µm-2. This translates into average 

energy dissipation to create a skyrmion = 995 fJ. We note that the oxide barrier was grown thicker compared 

to a patterned MTJ to avoid pinholes. In a scaled device, MgO thickness will usually be 1.5 nm. That will 

provide a reduction in the energy dissipation by a factor of 25 and the energy dissipated will be much lower 

(~6.6 fJ for annihilation, ~40 fJ for creation). Furthermore, interface optimization can lead to a higher 

VCMA co-efficient. For example, a VCMA co-efficient of 100 µJ/m2 per V/nm [41] can reduce the energy 

dissipation to ~1 fJ for annihilation, ~6 fJ for creation. Finally, these proof-of-concept experiments were 

performed with large skyrmions. If skyrmion diameter is ~100 nm, the energy dissipated could potentially 

be much smaller than 1 fJ/skyrmion creation or annihilation event. 

 

Conclusion: We have reported control of fixed magnetic skyrmions using VCMA. In particular, we showed 

that skyrmions can be stabilized without applying any external magnetic field and can be annihilated and 

recreated by applying voltages of opposite polarity. We also showed that skyrmions can be created from 



chiral domain states. This control is non-volatile and depends on the pinning sites across the device. Our 

experimental observations were corroborated using micromagnetic analysis. The electric field control of 

magnetic skyrmions could lead to the development of energy efficient high-density magnetic memory 

devices. 

Methods 

Fabrication/MOKE/Transport: 

The layers consisting of Ta (2) / IrMn (5) / CoFeB (0.52-1.21) / MgO (2.5) / Al2O3 (5) were grown on 

Si/SiO2 substrates by DC and RF magnetron sputtering at room temperature, where the numbers represent 

the thicknesses in nm. The CoFeB layer has a wedge shape with continuously changing thickness with a 

gradient of 0.115 nm per 1 cm of the sample length. The samples were then patterned into an array of Hall 

bar devices using standard photolithography techniques. A 30 nm Al2O3 gate oxide was deposited using 

atomic layer deposition (ALD), and ITO layers were fabricated as a top gate electrode. The samples were 

then annealed at 150o C for 30 minutes under an out-of-plane magnetic field of 6 kOe to introduce the 

exchange bias and enhance the perpendicular anisotropy. The dimensions of the Hall bars are 130 𝜇𝜇𝜇𝜇 ×

20 𝜇𝜇𝜇𝜇. All electrical and optical measurements were done at room temperature using Keithley 6221 current 

source, Keithley 2182A nanovoltmeter, Stanford Research Systems SR830 lock-in amplifier, and HeNe 

laser with 632.8 nm of wavelength. The external magnetic field is provided by an electromagnet driven by 

a Kepco power supply. 

 

Magnetic Force Microscopy:  

We obtained MFM image at room temperature and atmospheric pressure with Bruker Dimension Icon AFM 

system. We used Bruker MESP-LM low-moment probes to minimize tip-induced magnetization 

reorientation.  To confirm there is no tip induced effects, we scanned the same area twice (scanning up and 

down). These two scans produced similar images (see supplementary section 4). Nominal cantilever 

frequency, lift height and scan rate were respectively 75 kHz, 40 nm and 0.2 Hz. 

 

Micromagnetic Simulation: 

Micromagnetic simulation software-Mumax3 [44] was used to perform the simulations where the 

magnetization dynamics is simulated using the Landau-Lifshitz-Gilbert (LLG) equation:   

𝜕𝜕𝑚𝑚��⃗
𝜕𝜕𝜕𝜕

= 𝜏𝜏 = �
−𝛾𝛾

1 + 𝛼𝛼2
� �(𝑚𝑚��⃗ × 𝐻𝐻��⃗ 𝑒𝑒𝑒𝑒𝑒𝑒) + 𝛼𝛼 �𝑚𝑚��⃗ × �𝑚𝑚��⃗ × 𝐻𝐻��⃗ 𝑒𝑒𝑒𝑒𝑒𝑒��� 

 



Here 𝑚𝑚��⃗  is the reduced magnetization (𝑀𝑀��⃗ /Msat), Msat is the saturation magnetization, γ is the gyromagnetic 

ratio and α is the Gilbert damping coefficient.  

 

The quantity Heff is the effective magnetic field, which includes the effective field due to demagnetization 

energy, exchange bias, Heisenberg exchange coupling and DMI interaction, and perpendicular magnetic 

anisotropy (PMA). 

 𝐻𝐻��⃗ 𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐻𝐻��⃗ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐻𝐻��⃗ 𝑒𝑒𝑒𝑒𝑒𝑒ℎ_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐻𝐻��⃗ 𝑒𝑒𝑥𝑥𝑥𝑥ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐻𝐻��⃗ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 

 

Hanis is the effective field due to the perpendicular anisotropy  
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where, 1uK and 2uK are first and second order uniaxial anisotropy constants and u is the unit vector in the 

direction of the anisotropy (i.e. perpendicular anisotropy in this case). VCMA effectively modulates the 

anisotropy energy density, which is given by ∆PMA =𝜉𝜉𝜉𝜉. Here 𝜉𝜉 and E are respectively the coefficient of 

electric field control of magnetic anisotropy and the applied electric field. The resultant change in uniaxial 

anisotropy due to VCMA is incorporated by modulating 1uK while keeping 2uK = 0. Material parameters 

used in the simulation: saturation Magnetization (Ms)= 9.3×105 A/m (measured by SQUID= 9×105 ±5% 

A/m), Perpendicular Anisotropy Constant (Ku1) = 5.8×105 J/m3 (Fig. 3a), Exchange Bias=15 Oe (Fig. 1b), 

Exchange Constant (A)=8 pJ/m [45], DMI Parameter (D)=135 μJ/m2 [39], Gilbert Damping (α)=0.01. 

 

Supporting Information: Detailed analysis of MFM profile, exchange bias and Ms dependence on gate 

voltage, emergence of skyrmion/stripe domains at same location in different magnetization cycle, Up and 

Down MFM Scan, raw MFM images and Micromagnetic code. 

Data Availability Statement: All MFM datafiles used in this manuscript are available at 

https://doi.org/10.6084/m9.figshare.12234446 
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