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High performance of the generation, stabilization and manipulation of magnetic skyrmions prompts the application
of topological multilayers in spintronic devices. Skyrmions in synthetic antiferromagnets (SAF) have been considered
as a promising alternative to overcome the limitations of ferromagnetic skyrmions, such as the skyrmion Hall effect and
stray magnetic field. Here, by using the Lorentz transmission electron microscopy, the interconversion between the sin-
gle domain, labyrinth domain and skyrmion state can be observed by the combined manipulation of electric current and
magnetic field in a Hall balance (a SAF with the core structure of [Co/Pt]4/NiO/[Co/Pt]4 showing perpendicular magnetic
anisotropy). Furthermore, high-density room temperature skyrmions can be stabilized at zero field while the external stim-
ulus is removed and the skyrmion density is tunable. The generation and manipulation method of skyrmions in Hall balance
in this study opens up a promising way to engineer SAF-skyrmion-based memory devices.

Keywords: magnetic skyrmion, Hall balance, electromagnetic coordinated manipulation, Lorentz transmis-
sion electron microscopy (LTEM)
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1. Introduction
Magnetic skyrmions with nontrivial vortex-like spin tex-

ture have attracted considerable attention for their fascinat-
ing physics and promising application.[1–4] The transforma-
tion between skyrmions and diverse magnetic domains has
been proposed to construct low-energy-dissipation and multi-
functional spintronic devices based on multi-state domains.[5]

Bloch-type skyrmions were initially found in bulk B20 chiral
magnets with large bulk Dzyaloshinskii–Moriya interaction
(DMI).[2,6–8] Subsequently, skyrmions were also observed in
magnetic films such as Fe/Ir,[9] Pt/Co,[10] and Pt/Co/Ta,[11,12]

where the interfacial DMI played an important role to sta-
bilize Néel-type skyrmions at room temperature by incorpo-
rating heavy metal layers with ferromagnetic (FM) layers.
On the other hand, skyrmions in multilayers are notably fa-
vorable since the magnetic interactions can be easily engi-
neered by stack sequences, layer thicknesses, repetition peri-
ods and external excitations.[13–15] Furthermore, the dynamic
creation and driven behavior of skyrmions induced by the cur-
rent have been investigated in multilayers theoretically[16–19]

and experimentally,[12,20] laying a good foundation for future
spintronic devices.

However, the main focus about skyrmions in magnetic

films has been put on the FM multilayers, which suffer from
the stray magnetic field and precessional dynamics, limiting
the bit size[21] and operation speed.[22] Besides, the Magnus
force acting on the FM skyrmions produces an extra lateral
velocity in addition to the direction of the driving current,
i.e., the skyrmion Hall effect (SkHE),[23,24] which hinders the
application of skyrmions for the practical devices. Recently,
above mentioned obstacles have been addressed by introduc-
ing skyrmions in antiferromagnetic (AFM) magnets due to
their inhibited SkHE[25] and negligible stray fields.[26] In par-
ticular, the synthetic antiferromagnet (SAF) structures,[27,28]

consisting of two FM layers separated by a spacer, have
been considered to be a promising candidate to study AFM
skyrmions due to the presence of interlayer DMI and perpen-
dicular magnetic anisotropy (PMA).[29] The interfacial cou-
pling type (FM or AFM) between the magnetic layers can be
tuned by tailoring thicknesses of the spacer layers through the
Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction.[28] It
has been demonstrated that high-density skyrmions can be
successfully stabilized in a Hall balance,[30] (a SAF with FM
layers showing PMA), while the controllable manipulation
and multi-state transformation of magnetic textures in the Hall
balance are still lacking.
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In this work, we demonstrated the non-volatile multi-state
interconversion by electromagnetic coordinated manipulation
in a Hall balance (core structure [Co/Pt]4/NiO/[Co/Pt]4). The
transformation from the ground single domain to labyrinth do-
mains via current injection was observed using Lorentz trans-
mission electron microscopy (LTEM). Under a small magnetic
field (60 Oe), a high-density skyrmion state can be formed
when a certain density of current was applied. Furthermore,
all the generated magnetic states can be stabilized at zero field
and room temperature after removing the external excitations.
The controllable magnetic states and skyrmion density at room
temperature prompt the further nano-patterned design and ap-
plication of skyrmions for storage devices based on Hall bal-
ance.

2. Experimental methods
The multilayered structures of Pt(3)/[Co(0.4)/Pt(0.8)]4/

NiO/[Co(0.4)/Pt(0.8)]4 ([Co/Pt]4/NiO/[Co/Pt]4 for short,
thickness in nm) were deposited simultaneously on the ther-
mally oxidized Si wafers and Si3N4 membrane window via
magnetron sputtering (AJA, ATC-2200). The thickness of
the NiO layer was chosen as 1.3 nm to realize a moderate
AFM coupling for top and bottom FM multilayers. The base
pressure was better than 6× 10−6 Pa, and the working argon
pressure was 0.5 Pa. The multilayers on the thermally oxidized
Si wafers were patterned into Hall bars with a channel width
of 20 µm for the anomalous Hall effect (AHE) measurements.
The films grown on the Si3N4 membrane windows were used
for magnetic domain observation by LTEM (JEOL2100F).
With the use of the Fresnel LTEM mode, the magnetic con-
trasts were imaged under the convergent or divergent electron
beam at different focuses, which were introduced by the inter-
action of the electron beams with the in-plane magnetization.
In order to observe the Néel-type magnetic domains, LTEM
with simultaneous sample tilting was used to image the do-
main contrast. The perpendicular magnetic field was intro-
duced by increasing the objective lens current. The skyrmion
manipulation behavior by electric current was conducted us-
ing a double-tilt electrical TEM holder with two electrical
conducting blocks at two sides of the film. A current pulse
with 150 µs pulse width was supplied by a source-measure
unit instrument (Keithley 6221).

3. Results and discussion
A Hall balance with a core structure of [Co/Pt]4/NiO/

[Co/Pt]4 is shown schematically in Fig. 1(a). The interlayer
exchange coupling (IEC) or RKKY coupling between the FM
layers has been demonstrated to be highly tunable and oscil-
lates with the thickness of NiO in the previous studies.[28,30]

The FM coupling for top and bottom [Co/Pt]4 layers can
be achieved when NiO is chosen to 1.0–1.1 nm and 1.4–
1.5 nm, while two FM multilayers exhibit AFM coupling at

1.2–1.3 nm. In this study, a Hall balance with AFM coupling
(NiO thickness ∼ 1.3 nm) was used to investigate the magnetic
domain structures as well as their evolution under multi-field
manipulation. Figure 1(b) shows the AHE loops with mul-
tiple configurations, where the high and low values of Hall
resistivity result from the parallel and antiparallel alignments
of two perpendicular [Co/Pt]4 FM layers, respectively. Fig-
ure 1(c) presents the under-focus LTEM image of the sam-
ple under a tilting angle of −15◦ along the incident electron
plane. The LTEM results indicate an AFM state without mag-
netic domain contrast, which coordinates with the antiparallel
ground state in Fig. 1(b). The antiparallel single domain state
can persist under the perpendicular magnetic field of 300 Oe
(Fig. 1(d)) and no transformation of the single domain state
was observed in the process of applying magnetic fields. When
the external field was removed at a strength (1000 Oe) larger
than the saturated field (650 Oe), the remnant state of the sam-
ple was still a single domain state. In contrast, the ground
states or remnant states in FM multilayers such as Pt/Co/Ta
mainly show labyrinth-shape domains and transform into the
scattered skyrmion state under perpendicular magnetic fields,
which results from the competition among the ferromagnetic
exchange interaction, perpendicular magnetic anisotropy, in-
terfacial DMI and external magnetic fields.[11,12] Furthermore,
it has been demonstrated that large PMA limits the formation
of high-density skyrmions whether in the FM or SAF multilay-
ers and the electromagnetic coordinated method can be used
as an efficient method to manipulate the topological magnetic
domains.[11,12,31]

-900-600 -300 0 300 600 900

-0.4

-0.2

0

0.2

0.4

R
x
y
 (
W
)

H (Oe)

(b)

0 Oe 300 Oe 

1 mm

(c) (d)

[Co(0.4)/Pt(0.8)]4

NiO (1.3)

[Co(0.4)/Pt(0.8)]4

Pt(3)

(a)

Fig. 1. (a) Hall balance with a core structure of
Pt(3)/[Co(0.4)/Pt(0.8)]4/NiO(1.3)/[Co(0.4)/Pt(0.8)]4 (thickness in nm).
(b) AHE loop for the Hall balance. Under-focus LTEM images for a Hall
balance under the perpendicular magnetic field of (c) 0 and (d) 300 Oe
(the scale bar is 1 µm).

Currently, the focus will be given on the domain evolu-
tion with the influences of electric current. A current pulse
with 150 µs width was applied to the sample, as illustrated
in Fig. 2(a). Before applying the electric current, the sam-
ple was saturated under sufficient magnetic fields, and then
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the fields were removed. Combined with the simultaneous
LTEM observation, it is found that the sample keeps the rem-
nant single domain until the current density J is increased to
2.19× 108 A/m2, then the scattered inversed domains can be
observed when J reaches 3.02 × 108 A/m2. As the current
density is further increased, spiral domains emerge first at the
corner and gradually expand to fill the whole region. Finally,
the labyrinth domains appear with small size. Figures 2(b)–
2(g) show the evolution of the magnetic domain structures
under the electric current, indicating that the labyrinth do-
mains can be generated at zero field. Previous studies have
demonstrated that the electric current can create the skyrmions
and enhance the skyrmion density in the asymmetric mag-
netic multilayers[12] and centrosymmetric alloy,[32,33] where
the contribution of Joule heating by injected current plays a
minor role. In our cases, electric current promotes the genera-
tion and propagation of the multi-domains state.[19,34–36,36,37]

J
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J=3.57 J=3.84

1 mm

J=0
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Fig. 2. Current manipulation of Hall balance from the saturation state. (a)
Schematic geometry for LTEM imaging, where only the electric current
was applied. Magnetic domain evolution at current densities of (b) J = 0,
(c) J = 2.19, (d) J = 3.02, (e) J = 3.29, (f) J = 3.57 and (g) J = 3.84
(×108 A/m2). The scale bar is 1 µm. Magnetic domain states persist af-
ter the removal of the electric current.

The generation of labyrinth domains rather than
skyrmions by electric current alone shows that the labyrinth
domains are hard to be pinched off without the assistance of
magnetic fields. Therefore, the electromagnetic coordinated
manipulation via simultaneously applying the magnetic field
and electric current was performed in the Hall balance. The
experimental procedure is that a perpendicular magnetic field
with certain strength is applied first, followed by the injection
of current pulse with a fixed current density. Then all the ex-
ternal stimuli are removed. The magnetic field dependence of
domain evolution at a fixed current density of 3.84×108 A/m2

is shown in Figs. 3(a)–3(f). The labyrinth domains keep un-
changed under a magnetic field of 10 Oe after applying the cur-
rent [Fig. 3(a)]. With increasing magnetic fields, the labyrinth
domains gradually transform into skyrmions and the highest

density skyrmion state takes place at a magnetic field of 57 Oe.
The current density and magnetic field to produce the high-
density skyrmions in the Hall balance are fairly smaller than
those in other multilayers.[12,31] When further increasing mag-
netic fields, the density of skyrmions gradually decreases. The
skyrmions can be identified as Néel-type in the Hall balance
based on their response to a tilting angle, where the skyrmion
type is invariant with respect to external magnetic fields al-
though the density varies. The magnetic field dependence of
the skyrmion density extracted from LTEM images is sum-
marized in Fig. 3(g). It shows that the skyrmion density de-
creases linearly with magnetic fields after reaching its peak at
57 Oe. As a suitable magnetic field will cut off the helical
or spiral ground state to form skyrmions in most bulk or film
samples,[7,11] the small magnetic field plays a role to break
off the labyrinth domains in the Hall balance. Those results
clearly indicate that high-density skyrmions in Hall balance
can be properly generated by applying an electric current with
the assistance of a moderate magnetic field, which is beneficial
to the device application.

50 60 70 80 90 100 110 120 130

0

2

4

6

8

10

S
k
y
rm

io
n
 d

e
n
si

ty
 (
m
m

-
2
)

H (Oe)

H=10

1 mm

(a) (b) (c)

(d) (e) (f)

(g) J=3.84T108 A/m2

J

H

H=40 H=57

H=65 H=90 H=120

Fig. 3. Electromagnetic coordinated manipulation of Hall balance with a
fixed electric current. (a)–(f) LTEM images of domain evolution via apply-
ing a fixed current density of J = 3.84× 108 A/m2 under a perpendicular
magnetic field (a) from 10 Oe to (f) 120 Oe. The scale bar is 1 µm. (g)
Skyrmion density distribution as a function of magnetic field.

Based on the evolution of magnetic domains by the
electromagnetic coordinated manipulation, the single domain,
labyrinth domain and skyrmion states can be generated via cer-
tain manipulation conditions. It should be noted that all the
magnetic states persist after the removal of external stimuli in-
cluding electric current and magnetic field. Figure 4 shows the
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interconversion of single domain, labyrinth domain and high-
density skyrmion state at zero field and room temperature.
When a sufficient magnetic field of H2 = 1000 Oe is applied
and then removed, a single domain is formed [Fig. 4(b)]. Sim-
ilarly, the labyrinth domains appear after injecting an electric
current pulse with density of J = 3.84×108 A/m2 [Fig. 4(c)].
When a current with density of J = 3.84× 108 A/m2 and a
perpendicular magnetic field of H1 = 60 Oe have been si-
multaneously applied, high-density skyrmions are formed at
zero field and room temperature [Fig. 4(a)]. The created high-
density skyrmions are proved to be robust after several days in
the field-free environment (in a vacuum vessel) at room tem-
perature. The direct observation of transformation between
these three states has been recorded as in situ videos (videos
S1–S4, supplementary information). High-density skyrmion
state can be directly transformed from the other states includ-
ing single domain or labyrinth domain state when the special
magnetic field and current density have been applied. The
skyrmion density at zero field is tunable by tailoring mag-
netic field strengths with the same current density. There-
fore, we demonstrate that the multi-state of magnetic domains
can be reliably switched with each other through the use of
the specific current pulse and magnetic field. It should be
noted that the multi-state domain is different from the concept
of “multi-state” magnetization, which refers to the multilevel
magnetization states during the reversal process.[38] The ma-
nipulation method can be extended to other SAFs with suitable
PMA, enabling the multi-state interconversion of magnetic do-
mains. On the other hand, the multistate domain transforma-
tion can also be realized in the [Co/Pt]4/NiO/[Co/Pt]4 with FM
coupling.[30] Therefore, such interconversion may be closely
related to the IEC in Hall balance so that the robust multi-state
domains can be stabilized at zero field and room temperature,
which will be explored in detail.

1 mm

High-density skyrmions

Labyrinth domainsSingle domain

(a)

(b) (c)
J=3.84T108 A/m2

H=60 Oe
H=1000 Oe

J
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H


J

H

 
th

en
 J

H

 then J

Fig. 4. Direct transformation of the three magnetic domain states at zero
field and room temperature after manipulation under specific conditions. (a)
Non-volatile high-density skyrmion state after applying a current density of
J = 3.84× 108 A/m2 under a constant perpendicular field of H1 = 60 Oe.
(b) Single domain state after being saturated at H2 = 1000 Oe. (c) Labyrinth
domain state after applying a current density of J = 3.84× 108 A/m2. The
scale bar is 1 µm.

4. Conclusion
In summary, the generation of magnetic domain struc-

tures together with their tunable behavior by the electromag-
netic coordinated method has been demonstrated in the Hall
balance. The transformation from the single domain state to
labyrinth domains by applying the electric current is observed
directly using LTEM. The topological skyrmions are gener-
ated via applying the electric current under a relatively small
perpendicular magnetic field and can be stabilized at zero field
and room temperature. Remarkably, non-volatile multi-state
switching of magnetic textures can be realized after electro-
magnetic coordinated manipulation. The discovery of a tun-
able magnetic domain state in Hall balance provides key data
for the fascinating mechanism of the electric current with dif-
ferent spin configurations and will shed light on its function-
ality as an excellent candidate in further spintronic devices.
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