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Taking advantage of the electron-current ability to generate, stabilize, and manipulate skyrmions

prompts the application of skyrmion multilayers in room-temperature spintronic devices. In this

study, the robust high-density skyrmions are electromagnetically generated from Pt/Co/Ta multi-

layers using Lorentz transmission electron microscopy. The skyrmion density is tunable and can be

significantly enhanced. Remarkably, these generated skyrmions after optimized manipulation sus-

tain at zero field with both the in-plane current and perpendicular magnetic field being switched

off. The skyrmion generation and manipulation method demonstrated in this study opens up an

alternative way to engineer skyrmion-based devices. The results also provide key data for further

theoretical study to discover the nature of the interaction between the electric current and different

spin configurations. Published by AIP Publishing. https://doi.org/10.1063/1.5001322

Recent progress in nanotechnology promotes the con-

trolling of topological spin textures as dense information

storage via electric excitations. The moving electrons inter-

act with the non-collinear magnetic spin structure to produce

complex emergent electrodynamics. The generation and

electric current driven behavior of N�eel skyrmions in the

perpendicular multilayers with low pinning effects have

unveiled their potential spintronic applications due to the

intriguing phenomena such as low driving current density

and room-temperature stability together with good compati-

bility in the existing spintronic device manufacturing techni-

ques.1–7 The skyrmions in chiral magnets originate from the

competition between the Dzyaloshinskii–Moriya interaction

(DMI) due to the non-centrosymmetric crystal structure and

the ferromagnetic (FM) exchange interaction. The strong

interaction between skyrmions and the minimization of their

repulsive interactions tend to form triangular lattices in the

bulk or 2D films.8–15 The relatively weak interactions among

the competition between dipolar, anisotropy, interfacial DMI

and the inevitable defects in the polycrystalline structure

contribute to the randomly distributed skyrmions in the mul-

tilayers.2,4,7 The spin-orbit interaction from the incorporated

heavy metals16–19 and the net interfacial DMI play important

roles in the current-induced skyrmion dynamic behavior.

Dynamic creation and driven behavior of skyrmions by

current-induced spin transfer torque (STT) or spin Hall tor-

que (SHT) have been theoretically20–23 and experimen-

tally4,5,24,25 investigated, laying a good foundation for

spintronic applications.

However, those works focus mainly on the manipulation

of magnetic field-induced skyrmions within the nano-

patterned sample. The Pt/Co/Ta multilayer system with

repetitions of the sandwiched heavy metal/ferromagnet/

heavy metal (HM/FM/HM) (Ta and Pt for the heavy metals,

respectively, here) structure is classic, and the generation of

skyrmions via applying a pulsed magnetic field onto a litho-

graphically patterned microcoil (�2 lm) and the electric-

driven behavior in the nanowire track have been previously

studied.5 Here, in this paper, we demonstrate how a simple

electromagnetic coordinated method works on the ground

labyrinth domains to generate robust and high-density sky-

rmions at room temperature in non-patterned uniform Pt/Co/

Ta multilayers.

Ta(4)/[Pt(3)/Co(1.85)/Ta(3)]6 multilayers where 6 denotes

the layer repetition numbers [thickness in nm, hereafter named

as Pt/Co(1.85)/Ta in this study] were grown on a 10-nm-thick

Si3N4 membrane window by magnetron sputtering, with a

shadow mask to pattern the Hall-bar shape in order to quantita-

tively calculate the electric current density. Each Hall bar

includes a 4.8� 0.5 mm2 channel and a perpendicularly placed

1.5� 0.3 mm2 channel as schematically shown in Fig. 2. The

crystalline quality is verified as a polycrystalline structure simi-

lar to previous reports. The base pressure for the sputtering sys-

tem was better than 5� 10�5 Pa, and the working argon

pressure was 0.5 Pa. Nominally identical companion Hall bar

shape films were grown on thermally oxidized Si wafers for

magnetic properties and magnetic transport measurement.

Hall voltages were measured from the Hall bar structure with a

constant current of 0.5 mA (corresponding to a current density

of 1.96� 107 A m�2) applied along the longitudinal direction.

The magnetic hysteresis loops of the same Hall bar structure

were measured using a superconducting quantum interference

device magnetometer (SQUID). The magnetic domains were

observed by a Lorentz TEM (JEOL 2100F) under perpendicu-

lar magnetic fields by gradually increasing the objective lensa)Author to whom correspondence should be addressed: Zhangy@iphy.ac.cn.
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current. The skyrmion manipulation behavior by electric cur-

rent is conducted using a double-tilt electrical TEM holder

with two electrical conducting blocks at two sides of the TEM

sample. The dc current was supplied using a source–measure

unit instrument (Keithley 2601B).

The magnetic field dependence of skyrmion evolution

together with the physical properties of the Pt/Co(1.85)/Ta

multilayers is demonstrated in Fig. 1. The over-focused

Lorentz TEM images in Figs. 1(a)–1(d) show similar evolu-

tion phenomena with previous reports.24,26 The magnetic

field is applied in accordance with the out-of-plane hysteresis

curve [Fig. 1(e)]. The typical demagnetized labyrinth

domains [Fig. 1(a)] at a remnant state of Pt/Co(1.85)/Ta mul-

tilayers are consistent with the sheared hysteresis loops in

Fig. 1(e). By slightly increasing the magnetic field, the laby-

rinth domains narrow first and then skyrmions appear. As the

magnetic field increases further to 680 Oe, all the labyrinth

domains completely evolve into randomly distributed sky-

rmions [Fig. 1(b)]. The skyrmions vanish into a uniform fer-

romagnetic phase above the saturation magnetic field of

about 890 Oe [Fig. 1(c)]. Notably, removing the magnetic

field after saturation recovers the initial labyrinth domains as

in Fig. 1(d), which is used to recover the initial state after

any manipulation. The perpendicular magnetic anisotropy

(PMA) is dominant in Pt/Co(1.85)/Ta by qualitatively ana-

lyzing the in-plane and out-of-plane hysteresis loops [Fig.

1(e)]. The randomly distributed skyrmions with low-density

are observed in the multilayers with PMA. The nontrivial

topology of the skyrmions is verified based on the significant

topological Hall resistivity (THR).27,28 The resistivity due to

the individual contribution from the ordinary Hall effect

(OHE), anomalous Hall effect (AHE), and topological Hall

effect (THE) components is separately derived from the

total Hall resistivity29–31 as shown in Fig. 1(f) based on

qxy ¼ R0Hþ RSMþ qTH, where R0 is the ordinary Hall

coefficient, RS is the anomalous Hall coefficient which is

approximately magnetic-field independent, M is the out-of-

plane magnetization, and qTH is the THR. The significant

resistivity peak (qTH � �170 nX cm) of THR at a certain

magnetic field indicates the nontrivial topology of the sky-

rmions in Pt/Co(1.85)/Ta.

Electromagnetic manipulation is performed via the com-

bination of the electric current and magnetic field in the uni-

form Pt/Co(1.85)/Ta multilayers. The schematic geometry of

the electromagnetic manipulation is shown on the top of Fig.

2, where the current density is calculated based on the cross-

sectional area of the multilayers. Under a fixed perpendicular

magnetic field of 270 Oe, the electric current is switched on

and gradually increased with the labyrinth domains trans-

forming into skyrmions [Figs. 2(a)–2(d)]. The magnetic field

of 270 Oe is not high enough to induce skyrmions as shown

in Fig. 2(a). The labyrinth domains pinch off into skyrmions,

generating the mixed skyrmion and stripe phase at a current

density of 6.81� 108 A m�2 in Fig. 2(c). As the current den-

sity increases further to 7.36� 108 A m�2, the labyrinth

domains completely transform into skyrmions [Fig. 2(d)].

The skyrmion density is remarkably enhanced by this elec-

tromagnetic control compared with the randomly distributed

skyrmions induced only by the magnetic field as in Fig. 1(b).

Moreover, the generated high-density skyrmions persist even

after the removal of the electric current [Fig. 2(e)] and the

magnetic field [Fig. 2(f)], which distinguishes the recovered

labyrinth domain state at zero field if the skyrmions are

induced only by the magnetic field as discussed in Fig. 1.

From the energy point of view, the sustained skyrmion phase

could be related to the energy landscape change near the

magnetic phase transition due to the electromagnetic interac-

tion.22,25 Dynamic skyrmion generation by cutting a stripe

domain through spin Hall torque effects has been systemati-

cally simulated with electric current.20 The inevitably defects

in polycrystalline multilayers help to pin the main body of

the stripe domain, while the electric current exerts a spin

Hall torque on the head and tail of the stripe domain. In this

way, it is easier to chop the stripe domain by the spin Hall

torque and facilitate the generation of more skyrmions.

The defects may also be responsible for the skyrmion stabili-

zation when both the magnetic field and current are removed.

Thus, further theoretical study is needed to understand the

corresponding mechanism to discover the nature of the inter-

action between the electric current and different spin config-

urations. The high-density skyrmions produced by this

electromagnetic manipulation is proved quite robust (in

FIG. 1. The magnetic field dependence

of the magnetic domain evolution and

the physical property measurements of

the Pt/Co(1.85)/Ta multilayers. (a)–(d)

Lorentz TEM images showing reversal

transition between labyrinth domains

and skyrmions via increasing and

decreasing the magnetic field. (e)

Magnetic hysteresis loops measured

along the in-plane and out-of-plane

directions. The loops have been nor-

malized to magnetization at saturation.

(f) The topological Hall resistivity

(qTH) extracted by subtracting out the

ordinary (R0H) and anomalous Hall

resistivity (RSM) from total Hall resis-

tivity (qxy). The scale bar in (a) corre-

sponds to 100 nm.
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vacuum vessel) after 3 months in the field-free environment.

The realization of nonvolatile skyrmions in multilayers without

any support of external fields and without geometric confine-

ment will save the energy and reduce the cost, conveniently

prompting their nonvolatile memory device applications.

The electric current dependence of skyrmion distribution

at different fixed magnetic fields is systematically analyzed

by Lorentz TEM to better understand the electromagnetic

manipulation. No skyrmions are generated even at a rather

high current density of 7.36� 108 A m�2 [Figs. 3(a) and 3(b)]

if no magnetic field is applied. The current density to form

complete skyrmions is significantly reduced at a higher fixed

magnetic field as in Fig. 3(f). Under a medium magnetic field

of 140 Oe, the same current density of 7.36� 108 A m�2

introduces partial skyrmions [Figs. 3(c) and 3(d)]. The opti-

mized magnetic field of 270 Oe produces the field-free high-

density skyrmions. Above the critical magnetic field of

270 Oe, the skyrmion density becomes less since the pre-

applied high magnetic field of 640 Oe has changed partial

labyrinth domains into skyrmions [Fig. 3(e)], which ends up

with less skyrmions induced by the electromagnetic interac-

tion. It should be noted that the skyrmions generated by this

electromagnetic manipulation can be field-free and the sky-

rmions induced by only magnetic fields recover to labyrinth

domains at zero field. Therefore, the mixed skyrmions and

labyrinth domains are observed at zero fields when the fixed

magnetic field is above 270 Oe. The pre-applied magnetic

fields contribute different tensions along the labyrinth

domains to generate different amounts of skyrmions by the

spin Hall effects according to the dynamic simulation.20

The electromagnetic manipulation in a reversed way by

increasing the magnetic field at different fixed electric currents

is studied. The initial demagnetized labyrinth domain state

recovered after saturation is shown in Figs. 4(a), 4(d), and

4(g). No obvious changes are observed on labyrinth domains

at a low current density of J¼ 1.57� 108 A m�2 [Fig. 4(b)],

indicating the weak electromagnetic interaction. Thus, the

skyrmions are mainly induced by the magnetic field with low

skyrmion density as in Fig. 4(c). Above a critical current den-

sity of about 2.03� 108 A m�2, the skyrmion density tends to

FIG. 3. Lorentz TEM images for the electromagnetic manipulation by

increasing the current density at different fixed magnetic fields. The electric

current dependence of magnetic domain evolution at fixed magnetic fields of

(a) and (b) 0 Oe, (c) and (d) 140 Oe, and (e) and (f) 640 Oe is shown. The

scale bar in (a) corresponds to 200 nm.

FIG. 2. Lorentz TEM images for the

electromagnetic manipulation by tun-

ing the electric current at a fixed mag-

netic field of 270 Oe. Magnetic

skyrmion evolution at current densities

of (a) J¼ 0, (b) J¼ 5.01, (c) J¼ 6.81,

and (d) J¼ 7.36 (�108 A m�2) is

shown. (e) High-density skyrmions

after switching off the electric current.

(f) Nonvolatile high-density skyrmions

after removal of both the electric cur-

rent and external magnetic field. The

scale bar in (a) corresponds to 200 nm.
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be higher due to the stronger electromagnetic interaction

related to the current density of 3.91� 108 A m�2 in Fig. 4(e)

and 7.05� 108 A m�2 in Fig. 4(h). The complete skyrmion

states with increased density are obtained at the applied mag-

netic fields of 680 Oe [Fig. 4(c)], 500 Oe [Fig. 4(f)], and

340 Oe [Fig. 4(i)], respectively. The critical magnetic field to

initiate skyrmions is decreased, and the skyrmions generated

by the strong electromagnetic interaction such as in Fig. 4(i)

partially persist at zero field. The contribution of Joule heating

by injected electric current should be minor due to the

unchanged resistivity at a maximum electric current density of

8� 108 A m�2 and the nature of high Curie temperature of the

ferromagnetic Co layer. The multilayers provide simple model

to conveniently explore the underlying mechanism from the

theoretical point of view.

In summary, generating and tuning the skyrmions by

electromagnetic manipulation has been demonstrated in Pt/

Co(1.85)/Ta perpendicular multilayers. The robust current-

generated skyrmions are observed to persist at zero field with

high density after the optimized manipulation condition. The

generation of high-density skyrmions necessarily involves the

dynamic spin Hall torque effects or energy landscape change

around phase transition due to the electromagnetic interac-

tion. However, further theoretical and simulative work is

required to reveal the mechanism. Our experimental finding

not only opens up an alternative way to generate skyrmions

but also provides key data for further theoretical simulation

to discover the nature of the interaction of the electric current

with different spin configurations.
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