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Fig. 1. (a) The Bloch-type skyrmion: cutting the skyrmion from its radial, the spins rotate from up direction at the

edge (red arrow) to down direction at the center (blue arrow) in the tangential plane. (b) The Néel-type skyrmion:

cutting skyrmion from its radial, the spins rotate from up direction at the edge (red arrow) to down direction at the

center (blue arrow) in the cutting plane.
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Fig. 2. Sketch of the DM interaction at the ferromag-
netic metal (FM)/heavy metal (HM) interface: The
red arrows S and S represent the direction of spins
in the ferromagnetic layer, the green ball represents
heavy metal atoms, and wj2 represents the unit dis-
placement vector from S to Ss, and the blue arrow
is a unit vector that is perpendicular to the sidewall

and pointing outward.
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Fig. 3. The perpendicular magnetic anisotropy field
Hy varies with the thickness of Ta, where the inset is
a schematic diagram of the structure of CoFeB multi-
layer film. The red line is a linear fit to the experimen-
tal data. The black dashed line (corresponding to the
nominal thickness t = 0.82 A for Ta layer) is the divid-
ing line of the appearance of skyrmion: no skyrmion
was observed with large anisotropy field Hx. When
the Hyk is small, skyrmion can be created under cer-
tain field.
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(a)—(c) Hk =~ 1.8 kOe; (d)—(f) Hg ~

1.5 kOe; (g)—(i) Hk =~ 1.1 kOe; WiWs 37 (1) X484 5K M. > 0 (M2 < 0)

Fig. 4. Polar-magneto-optical Kerr microscope images of samples with perpendicular magnetic anisotropy
fields of Hk ~ 1.8 kOe (a)—(c), 1.5 kOe (d)—(f), and 1.1 kOe (g)—(i) varied with different out-of-plane external
field. The bright (dark) areas represent M, > 0 (M, < 0).
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Fig. 5. Skyrmion phase diagram with respect to external
magnetic field H, and perpendicular magnetic anisotropy
field Hk . The color scale represents the density of skyrmion
in an observed area of 233 pm x174 um. FM, Str, and Sky
represent ferromagnetic phase, stripe phase, and skyrmion
phase, respectively. The white dotted line is phase bound-
ary. The green star is the simulated annihilation field of

skyrmion, in consistent with experimental results.
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Fig. 6. Hysteresis loops of IrMn/CoFeB/MgO/Ta, (a) IrMn(4 nm), (b) IrMn(5 nm). The inset in (a) shows the

structure of prepared sample. The red arrow stands for magnetic field scanning from negative saturation to positive

saturation, whereas, the blue arrow represents magnetic field sweepingfrom opposite direction. (c) and (d) are the
Polar-MOKE images of samples in (a) and (b) in different field.
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Fig. 7. (a) Schematic diagrams of left-handed skyrmion driven by a positive current Jz: the blue (black)

areas represent M, > 0 (M. < 0), the magnetizations in the domain wall center are indicated by the white

arrows, the effective field of damping-like torque (Hegr = Hegr(™ X o)) acting on the left and right magnetic
s ping. q e e g g g

domain walls is indicated by green arrow, and the blue ® and red ® on the side wall are the directions of

the polarized electrons (b)—(e) is the motion of N = —1 skyrmion driven by pulse current under 10.4 Oe

magnetic field: the current in (b) and (c) is positive, but in (d) and (e) it is negative, the red and yellow

cycles in (b) and (d) are the initial positions of the tracked skyrmion bubbles, and in (c) and (e) the red and

yellow circles show the final position of the tracked skyrmion bubbles.
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Fig. 8. Proposed SKS memory device. The blue cir-
cles represent skyrmionsin the CoFeB layer. The spin
textures of a skyrmion are shown in the lower right
corner. The blue stripe at the left edge of the device
channel represents a stripe domain generated by the
current-induced SOT. The regions with orange (blue)
colors represent M, > 0 (M, < 0) of the CoFeB layer.
Je on the side wall of the channel represents the di-
rection of current, and the red and blue arrows show
the spin directions of polarized electrons in the heavy
metal due to the spin Hall effect. The writing of in-
dividual skyrmion is realized by applying a low am-
plitude current pulse (Iwrite) With a given duration,
whereas the shifting and moving of existing skyrmions
is realized by applying current pulses with a shorter
duration and a higher magnitude (Igpf). The read-
out of information can be realized by using a MTJ with
an out-of-plane pinned layer as a reference to detect
the presence (representing “1”) or absence (represent-
ing “0”) of a skyrmion from TMR. The PL and FL
refer to the pinning layer and free layer in the MTJ,

respectively.
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Fig. 9. (a) Optical microscope image of a SKS mem-
ory device; (b), (c) the generation and motion of a
single skyrmion by a negative (b) and positive (c) cur-
rent pulses, respectively. The generation and move-
ment process of a skyrmion: a large enough mag-
netic field was first applied to saturate the magneti-
zation along the + z-direction, then reducing the field
to H; = 2.7 Oe. Later, a single skyrmion was gener-
ated by a current pulse with a magnitude of 2 V and
duration of 5 ms. The movement of skyrmions can be
realized by a series of pulses with a magnitude of 8 V

and duration of 10 ps.
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Fig. 10. The generation of stripe domains driven by

a current-induced damping-like SOT. The blue and
orange arrows represent the magnetization directions.
Due to DMI, the magnetic moments at the edges tilt
and form a chiral micromagnetic structure. The effec-
tive field due to the SOT is Hsor = HsoT(mXxo).
The red arrows represent the effective fields on the
tilted magnetic moments at the edges. o is the elec-
tron spin direction induced by spin Hall effect in
the presence of a current, which is in the form of
o || —z x J,, and Je is along the electron current

flow direction.
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Fig. 11. The probability of generating a single skyrmion as a function of applied current pulse duration for different

pulse magnitudes. The solid lines are the fitting of Gaussian functions. The resistance of the device is R = 1.414 k.

For 1 V pulse, the corresponding current density in the constriction region is 2.3 MA /cm?2.
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Fig. 12. The generation of up to seven skyrmions in the
SKS memory device by using a series of negative write
pulses (with a magnitude of 2 V and a duration of 5 ms)
and negative shift pulses (with a magnitude of 8 V and a

duration of 10 ps).
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SPECIAL TOPIC — Magnetic skyrmions

Skyrmions in magnetic thin film heterostructures”
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Abstract

Magnetic skyrmion is expected to function as an ideal information carrier for ultra-high density magnetic storage
and logic functional device in the future due to its superior properties, such as topological protection, small size, and
low driving current density for motion. In order to meet the basic requirements for writing and reading information
in devices, one needs to be able to accurately generate, manipulate, and probe skyrmion at room temperature. Given
that the history and latest developments of the skyrmion research will be reviewed comprehensively in other articles, in
order to avoid repetition, in this article we briefly review a series of recent research advances we have made in magnetic
multilayer materials in recent years, and discuss the advantages of relevant device applications and problems that need to
be solved. They are included in three aspects as follows. 1) The room temperature skyrmion was observed in a wedge film
Ta (5 nm)/ CozoFesoB2o (CoFeB) (1 nm)/Ta (t)/MgO (2 nm)/Ta (2 nm) by a polar magneto-optical Kerr microscope.
Results showed that skyrmion can be created at room temperature by controlling the perpendicular magnetic anisotropy
of magnetic thin film. In the following, we designed a thin film heterojunction containing an antiferromagnetic layer
IrMn. The introduction of antiferromagnetic material can produce an exchange bias field in the magnetic layer, which
can play the same role as an external magnetic field, making it possible to realize zero-field skyrmion. In this study,
we have successfully observed a stable skyrmion at room temperature and zero magnetic field. 2) The spin-orbit torque
generated by the current proved to be able to be used to manipulate the created skyrmion. In the fourth part of this
review, we discuss the dynamic process of skyrmion driven by spin-orbit torque in IrMn/CoFeB heterojunctions, and the
chirality of skyrmion can be deduced by the direction of its longitudinal motion driven by an applied current. Finally,
a principle device based on the skyrmion is further fabricated. In this device, a set of binary data was recorded in the
“track” in the presence and absence of skyrmion. Generating and manipulating numbers of skyrmions were realized by
using a series of pulse currents with different amplitudes and widths. The detection of a skyrmion can be achieved by
using a magnetic tunnel junction at the right end of the device. 3) The advantages of skyrmion as a storage device and

the problems that need to be solved for practical applications were discussed
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