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Magnetic skyrmions are topologically-protected spin textures that exhibit fascinating physical 

behaviors and large potential in highly energy efficient spintronic device applications. The main 

obstacles so far are that skyrmions have been observed in only a few exotic materials and at low 

temperatures, and manipulation of individual skyrmions has not yet been achieved. Here, we 

report the observation of stable magnetic skyrmions at room temperature in ultrathin transition 

metal ferromagnets with magnetic transmission soft x-ray microscopy. We demonstrate the ability 

to generate stable skyrmion lattices and drive trains of individual skyrmions by short current 

pulses along a magnetic racetrack. Our findings provide experimental evidence of recent 

predictions and open the door to room-temperature skyrmion spintronics in robust thin-film 

heterostructures. 
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Whereas the exchange interaction in common magnetic materials leads to collinear alignment 

of lattice spins, in materials with broken inversion symmetry and strong spin-orbit coupling, the 

Dzyaloshinskii-Moriya interaction (DMI) (1, 2) can stabilize helical magnetic order (3–9). Of 

particular interest in such materials are magnetic skyrmions (3, 5), particle-like chiral spin 

textures that are topologically protected from being continuously ‘unwound.’ Magnetic 

skyrmions can arrange spontaneously into lattices (3, 5, 7–10), and charge currents can displace 

them at remarkably low current densities (11–17). However, experimental observation of these 

intriguing and useful behaviors at room temperature has so far remained elusive. 

Skyrmion lattices were first observed in B20 compounds such as MnSi (5, 7), FeCoSi (10), 

and FeGe (9), whose non-centrosymmetric crystal structure gives rise to bulk DMI.  

Unfortunately, these materials order far below room temperature and only a few such compounds 

are known. DMI can also emerge at interfaces due to broken mirror symmetry (18). Spin 

cycloids and nanoscale skyrmion lattices have been observed in epitaxial ultrathin transition 

metal films by spin-polarized scanning tunnelling microscopy at ultralow temperatures (6, 8). 

More recently, strong interfacial DMI in polycrystalline thin-film stacks such as Pt/CoFe/MgO, 

Pt/Co/Ni/Co/TaN, and Pt/Co/AlOx, has been inferred from field-induced asymmetries in domain 

wall (DW) motion (19, 20) and nucleation (21). Micromagnetic simulations based on 

experimental estimates of DMI suggest that skyrmions can be nucleated, stabilized, and 

manipulated by charge currents in such materials (17), which could open the door to room-

temperature skyrmion spintronics in robust thin-film heterostructures (15). 

Here, we present direct observation of stable magnetic skyrmions and their current-driven 

motion in a thin transition metal ferromagnet at room temperature. Pt/Co/Ta multilayer stacks 

with perpendicular magnetic anisotropy were studied with high-resolution magnetic transmission 
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soft x-ray microscopy (MTXM, Fig. 1A). Pt in contact with Co is known to generate strong DMI 

(20, 22), while Ta generates very weak DMI (22–24), so that a large net DMI is anticipated in 

this asymmetric stack structure. 

Figure 1B shows full-field MTXM images of the domain structure in a Pt/Co/Ta film, which 

allow the DMI strength to be quantified. At remanence the film exhibits a demagnetized 

labyrinth domain state, consistent with the sheared out-of-plane hysteresis loop in Fig. 1C,inset. 

With increasing out-of-plane field Bz>0, the up domains (dark contrast) grow while the down 

domains (light contrast) contract into narrow labyrinth domains, vanishing at saturation. 

The domain width reflects the balance between the decreased demagnetizing energy and 

increased DW energy in the multidomain state. The latter scales with the DW surface energy 

density DAK effuDW πσ −= ,4 , with A  the exchange stiffness, effuK ,  the effective uniaxial 

anisotropy constant, and D the DMI constant (25, 26). Hence, DWσ  is lowered and domain 

formation is more favorable whenever D is finite. DWσ  can be extracted from the domain widths 

using well-known domain spacing models (27), from which |D| can be estimated. 

The high spatial resolution (~25 nm) of MTXM allowed measurement of the domain widths 

↑
d  and 

↓
d  of up and down domains, respectively, as a function of increasing Bz (Figure 1C) 

(28). At low fields, 
↑
d  and 

↓
d  vary linearly with Bz, maintaining a constant domain period 

≈+=
↑↓
ddd  480 nm.  At higher field 

↑
d  diverges while 

↓
d  approaches a terminal width 

min,↓d ≈ 100 nm at Bz ≈ 10 mT, showing little further variation until saturation. These behaviors 

are well-described by domain-spacing models for multilayer films (27), from which we find (29) 

DWσ  = 1.3±0.2 mJ/m2.  This is much smaller than effuAK ,4  ≈ 5.3 mJ/m2 expected in the 
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absence of DMI, implying a large |D| = 1.3±0.2 mJ/m2, which is corroborated by micromagnetic 

simulations [see (29) for details]. 

Our micromagnetic simulations predict (29) the existence of a stable skyrmion lattice phase 

in this material on account of the strong DMI. We used scanning transmission x-ray microscopy 

(STXM) to confirm these predictions experimentally. Figure 2A shows STXM images of the 

domain structure in a 2 µm diameter Pt/Co/Ta disk during minor loop cycling of Bz. The left 

panel shows a parallel stripe phase at Bz = -6 mT, which transforms into a symmetric hexagonal 

skyrmion lattice after Bz is swept to +2 mT, favoring up (dark-contrast) domains. This lattice 

closely resembles the micromagnetically-computed structure in (29), and the quasistatic 

transformation between the stripe phase and skyrmion lattice demonstrates that both these phases 

are metastable. Furthermore, our micromagnetic simulations predict that the skyrmion lattice is 

stable even at zero field for this material. To demonstrate this, we show in Figs. 2C,D the 

dynamical transformation of a labyrinth stripe domain phase into a hexagonal skyrmion lattice at 

Bz = 0, by applying short (6 ns) bipolar field pulses with a lithographically-patterned microcoil 

(Fig. 2B). The disk was first saturated in the up state, and then Bz = -2 mT was applied to 

nucleate a down labyrinth stripe domain (light contrast in Fig. 2C).  The process of lattice 

formation can be seen as bipolar voltage pulse trains with increasing amplitude Vpp  are injected 

into the coil [see (29) for corresponding field profile].  As Vpp  is increased from 2 V to 9 V, the 

stripe domain begins to break into discrete skyrmions starting at one end (Fig. 2C) and after ppV

=10 V, the domain structure has completely transformed into a geometrically confined skyrmion 

lattice. As the total domain area in the process does not change, the system is trying to find the 

most stable configuration while maintaining a fixed net magnetization. 
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The degree of order and the skyrmion size can be manipulated by low-amplitude pulse 

excitation (Fig 2D). After initializing the disk with a down labyrinth domain, Bz was set to zero 

and a pulse train at ppV  = 10 V was applied to create a stable array of skyrmions. By applying a 

small-amplitude pulse train ppV  = 4 V, the skyrmions relax into a highly-ordered hexagonal 

lattice, without changing their size. Increasing slightly the pulsed field amplitude to ppV  = 5 V 

(Fig. 2D) decreases the skyrmion size and increases their density, showing that multiple 

skyrmion lattice periodicities can be stabilized if commensurate with the confining geometry. 

Having established that skyrmion lattices can be stabilized in this material, we next 

investigate their manipulation by current in a magnetic track. Recent simulations (17) suggest 

that skyrmions in ultrathin films might be driven even more efficiently than in previous studies 

by vertical spin current injection, which can occur when charge current flows in an adjacent 

heavy metal due to the spin Hall effect. In this case the current exerts a Slonczewski-like torque 

that can be much stronger than spin-transfer torques from in-plane spin current. When Pt and Ta 

with large spin Hall angles are placed on opposite sides of a ferromagnet, the spin Hall currents 

generated at each interface work in concert to generate a large Slonczewski-like torque (30). As 

the spin Hall effect-direction of motion of a skyrmion depends on its topology (17), observations 

of current-induced displacement can serve to verify the topology and chirality of the skyrmions 

in this system.  

An external magnetic field Bz = -22 mT was applied to a 2 µm-wide, 300 µm-long track 

contacted by Au electrodes at either end for current injection (Fig. 3A). Bz causes the initial 

labyrinth domains to shrink into a few isolated skyrmions. Figure 3B shows a sequence of 

STXM images of a train of four skyrmions stabilized by Bz. Each image was acquired after 

injecting 20 current pulses with current-density amplitude ja = 2.2×10
11  A/m2 and duration 20 
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ns, with the polarity indicated in the figure.  Three of the four skyrmions move freely along the 

track, and can be displaced forward and backward by current, while the left-most skyrmion 

remains immobile, evidently pinned by a defect. The propagation direction is along the current 

flow direction (against electron flow), and this same directionality was observed for skyrmions 

of opposite polarity. Micromagnetic simulations (29) show that the observed unidirectional spin-

Hall driven displacement is consistent with Néel skyrmions with left-handed chirality, 

confirming the topological nature of the skyrmions in this material. 

We found that the four skyrmions do not all move at the same speed, suggesting a significant 

influence of pinning on the skyrmion motion in this current regime. At the highest current 

density used, we find that pinned skyrmions can be annihilated, as in the last image of Fig. 3B, 

where only three skyrmions remain, and the leftmost skyrmion becomes pinned at the same 

location as was the annihilated skyrmion. The average velocity of the most mobile skyrmion 

versus current density is shown in Fig 3C, with the narrow range determined by the critical 

propagation threshold and the maximum pulse amplitude experimentally available. We find 

velocities that are significantly lower than calculated for a defect-free sample (29), in contrast to 

recent micromagnetic studies that predict high skyrmion mobility even in the presence of 

discrete defects (14–17). Our micromagnetic simulations (29) suggest that dispersion in local 

magnetic material parameters at the nanometer lenghtscale can cause skyrmion pinning and leads 

to reduced velocities qualitatively consistent with experiments. 

Our results show that in common polycrystalline transition metal ferromagnets magnetic 

skyrmions and skyrmion lattices can be stabilized and manipulated in confined geometries at 

room temperature. Since the magnetic properties of thin-film heterostructures can be tuned over 

a wide range by varying layer thicknesses, composition, and interface materials, this work 
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highlights the possibility to engineer the properties of skyrmions and their dynamics using 

materials that can be readily integrated into spintronic devices. 

Methods: 
 

The Pt/Co/Ta films were grown by dc magnetron sputtering at room temperature under 3 

mTorr Ar at a background pressure of ~2x10-7 Torr.  A thin Ta seed layer was deposited prior to 

growing the multilayer stack.  15 layer repetitions were grown to enhance magnetic contrast in 

the x-ray magnetic circular dichroism (XMCD) signal and to more readily destabilize the 

uniformly-magnetized state on account of the increased demagnetizing field. Samples were 

grown on 100 nm-thick Si3N4 membranes for XMCD imaging in transmission geometry.  

Nominally-identical companion films were grown on thermally-oxidized Si wafers for magnetic 

characterization by vibrating sample magnetometry (VSM).  VSM measurements yield an in-

plane saturation field µ0Hk = 0.5 T, and a saturation magnetization Ms = 6×105 A/m, normalized 

to the nominal Co volume.   

The disk and track structures in Figure 2 and Figure 3 were patterned using electron beam 

lithography and lift-off. The microcoil in Figure 2 and current injection contacts in Fig. 3 were 

sputtered Ti(5nm)/Au(100nm) bilayers patterned using a second lithography step. 

Samples for XMCD imaging were oriented with the surface normal parallel to the circularly-

polarized x-ray beam (main text Fig. 1A), so that the XMCD contrast is sensitive to the out-of-

plane magnetization component.  The images in Figure 1 of the main text were acquired using 

full-field MTXM performed at the XM-1 beamline 6.1.2 at the Advanced Light Source in 

Berkeley, California.  The images in Figures 2 and 3 of the main text were acquired using 

scanning transmission x-ray microscopy (STXM) at the MAXYMUS beamline at the BESSY II 

synchrotron in Berlin. 



 

8 
 

The bipolar field pulses applied using the microcoil in Figure 3 of the main text were 

generated by injecting square bipolar voltage pulses with peak-to-peak amplitude Vpp, and a 

length of 6 ns.  The pulse trains referred to in the main text consisted of 30 s applications of these 

bipolar pulses at a repetition rate of 1.43 MHz.  A peak-to-peak voltage amplitude ppV  = 1V 

corresponds to a maximum current amplitude of 6 mA, or a current density of 6×1010 A/m2.  

Details of the coil geometry and calculated magnetic field profile are discussed in the 

Supplementary. 
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Fig. 1. Soft X-ray imaging of domain structure. (A) Schematic of magnetic transmission soft 
x-ray microscopy (MTXM) geometry. (B) Series of MTXM images acquired after negative field 
saturation for several increasing fields Bz>0 for a continuous Pt/Co/Ta film. Dark and light 
contrast correspond to magnetization oriented up (along +z) and down (along -z), respectively.  
(C) Width of up and down domains versus Bz, determined from MTXM images.  Error bars 
denote standard deviation of ten individual width measurements.  Inset in (C) shows a hysteresis 
loop for a companion film grown on a Si wafer. 
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Fig. 2. Skyrmion lattice generation. (A) STXM images of the domain state in a 2 µm Pt/Co/Ta 
disk at Bz = -6 mT (left) and after subsequently applying Bz = 2 mT (right). (B) Scanning 
electron micrograph of magnetic disk array with an Au microcoil patterned around one disk.  (C) 
Sequence of STXM images after applying bipolar pulse trains (peak-to-peak voltage amplitude 
Vpp) with the microcoil, showing transformation from labyrinth stripe domain into skyrmion 
lattice. (D) An initial labyrinth domain state was generated by static field (first image) and then 
transformed into a hexagonal skyrmion lattice by applying a bipolar pulse train with Vpp = 10 V 
(second image).  The last two images were acquired after applying Vpp = 4 V and Vpp = 5 V, 
respectively. Dark (light) contrast corresponds to up (down) magnetization in all STXM images 
except for the last three in (D), where the XMCD contrast was inverted. 
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Fig. 3. Current-driven skyrmion motion. (A) Schematic of magnetic track on Si3N4 membrane 
with current contacts and skyrmions stabilized by a down-directed applied magnetic field.  (B) 
Sequential STXM images showing skyrmion displacement after injecting 20 unipolar current 
pulses along the track, with an amplitude ja = 2.2×10

11  and polarity as indicated. Individual 
skyrmions are outlined in colored circles for clarity.  (C) Average velocity versus current density 
for the skyrmion circled in yellow in (B). 
 




