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Magnetic skyrmions have promising applications as nonvolatile memory for their particlelike and
topological-protected features. The recently reported artificial skyrmion has shown a better prospect due
to its controllable size and site. Here, we propose and experimentally demonstrate multiple nonvolatile
skyrmion states in nanostructured synthetic antiferromagnetic [Pt/Cols/Ru/[Co/Pt]4 multilayers at room
temperature. Our magneto-optical Kerr effect measurements of major and minor reversal curves reveal
that the skyrmion can exist at zero field with memristive behavior. Using the observed multiple skyrmion
states, nonvolatile memory behavior is demonstrated. Our results provide evidence for the concept of
skyrmion-based nonvolatile memory, i.e., skyrmion-based memristors and artificial synapses or neurons.
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I. INTRODUCTION

The magnetic skyrmion, a topological nontrivial spin
texture, has attracted extensive attention in recent years
[1-5]. Considering its advantages of nanoscale size [6-8],
particlelike features [9—11], topological stability [12—15],
and magneto-electric properties [16-20], the skyrmion is
expected to be a promising alternative as an informa-
tion carrier in future functional spintronic devices, such as
multilevel memories [21,22], nano-oscillators [23,24], and
neuromorphic computing [25-29]. The skyrmion was dis-
covered early in noncentrosymmetric B-20 bulk magnets
with the assistance of an external field at low temperature
[30]. To improve the feasibility of skyrmion-based spin-
tronic devices, material systems that can host skyrmions
at room temperature have been successively studied
[31-36]. Ferromagnet-heavy-metal (FM-HM) multilayers
are the mainstream skyrmion platform because of its com-
patibility with complementary metal oxide semiconductor
manufacturing technology [37—41]. However, the stable
existence of a skyrmion in FM-HM multilayers usually
needs a large interfacial Dzyaloshinskii-Moriya interac-
tion (DMI) and the assistance of an external field [42].
Furthermore, the skyrmions in continuous FM-HM multi-
layers nucleate spontaneously, and the size and nucleation
sites are both uncontrollable [43]. To overcome these
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obstacles, artificial skyrmions with higher controllabil-
ity and lower conditions for existence (even without the
DMI and external field) have become a research high-
light [43—49]. So far, several nucleation mechanisms of
artificial skyrmions are reported, such as an imprinting
vortex [44,45], adding an integrated bias magnet [46],
and irradiating with focused light [47,48]. In addition,
nanostructured synthetic antiferromagnetic (SAF) multi-
layers are also a promising platform for hosting artificial
skyrmions that are stabilized by the antiferromagnetic
(AFM) interlayer exchange coupling (IEC) between the
top nanostructures and bottom continuous ferromagnetic
layer. Previous studies verified the ordered nucleation
and stable existence of artificial skyrmions in nanos-
tructured [Pt/Coly/Ru/[Co/Pt]y (N =2, 4) multilayers
[43,49]. The potential applications of these artificial
skyrmions as functional spintronic devices are still rarely
studied.

Recently, skyrmion-based racetrack memory devices
were widely proposed, in which the binary data “0” or “1”
are encoded by the skyrmion’s nucleation and annihilation
[50-53]. However, a transverse deflection of skyrmions
due to the skyrmion Hall effect may lead to pinning or
data loss. To improve data storage security and recover-
ability, the nonvolatile manipulation of skyrmions is nec-
essary [21,54,55]. Here, we propose a scheme for the non-
volatile manipulation of skyrmion states in nanostructured
[Pt/Co]s/Ru/[Co/Pt]s multilayers. From the magneto-
optical Kerr effect (MOKE) measured reversal curves [56]
with different reversal fields, Hgy and Hg, (n=1, 2, 3...),

© 2023 American Physical Society


https://orcid.org/0000-0003-3079-5564
https://orcid.org/0000-0002-5161-741X
https://orcid.org/0000-0002-2290-8744
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.024029&domain=pdf&date_stamp=2023-02-10
http://dx.doi.org/10.1103/PhysRevApplied.19.024029

MA, LEW, and MA

PHYS. REV. APPLIED 19, 024029 (2023)

it is found that the magnetization can be continuously
modulated when Hpyy is selected at the skyrmion state. Fur-
thermore, multiple nonvolatile skyrmion states at zero field
can be realized by the historical field process of “Hpgo-
Hp,-Hgo.” Our findings of realizing zero-field multiple
nonvolatile skyrmion states can broaden the horizon of
skyrmion-based functional spintronic devices.

II. RESULTS

Figure 1(a) shows a schematic and scanning electron
microscopy (SEM) image of our nanostructured SAF mul-
tilayers. The top ferromagnetic [Co/Pt]4 layers are etched
into nanodots with diameter d =400 nm and edge-to-
edge spacing S=400 nm. The 0.9-nm Ru layer makes
the top [Co/Pt]4 layers antiferromagnetically coupled with
the bottom [Pt/Co]4 layers [57,58]. The details of sample
preparation can be found in Sec. I of the Supplemental
Material [59]. Under the competition of a proper out-of-
plane external field and AFM IEC between the top and
bottom layers, a skyrmionlike spin texture, i.e., artificial
skyrmion, is obtained under every nanodot in the bottom
continuous [Pt/Co]y4 layers. In this case, the bottom con-
tinuous [Pt/Co],4 layers would have a skyrmion-lattice-like
configuration with an arrangement dictated by the arrange-
ment of top nanodots [43,49]. Figure 1(b) shows the
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descending branch of the MOKE-measured out-of-plane
magnetization hysteresis (m.-H;) loop of the nanostruc-
tured [Pt/Cols/Ru/[Co/Pt]; multilayers (details of the
MOKE measurement are given in Sec. II of the Supple-
mental Material [59]). Multistep switching reflects differ-
ent magnetization states, which are labeled with numbers
from 1 to 5. The bottom images in Fig. 1(b) schematically
show the magnetization configurations of the five magneti-
zation states: the positive saturation state, 1 (image 1); the
antiferromagnetic state, 2 (image 2); the skyrmion state,
3 (image 3); the antiferromagnetic state, 4 (image 4); and
the negative saturation state, 5 (image 5), as symmetrically
studied in Refs. [43,49]. In addition, we also study the
effect of different nanodot diameters, d, or edge-to-edge
spacings, S, on the overall features of our sample; please
see Sec. III of the Supplemental Material [59].
Considering the historical field manipulation of the
skyrmion state in nanostructured [Pt/Co]s/Ru/[Co/Pt]s
multilayers, it is possible to use multiple skyrmion states
at zero field as information bits instead of using the nucle-
ation and annihilation of a single skyrmion. Here, we
propose a scenario of multiple nonvolatile skyrmion states
using memristive Hgo-Hg,-Hgo reversal curves, as shown
in Fig. 1(c). Since the ascending and descending branches
of the m,-H, loop are symmetrical, here we consider
only the descending branch. To promote the formation of
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(a) Schematic of nanostructured SAF multilayers (left) and a SEM image of the fabricated sample (right). (b) Descending

branch of MOKE-measured major m.-H, loop. Bottom images are the configurations of five different magnetization states: 1, positive
saturation state; 2, antiferromagnetic state; 3, skyrmion state; 4, antiferromagnetic state; and 5, negative saturation state. Red (blue)
colors indicate up (down) magnetization. (c) Proposed nonvolatile skyrmion states at zero field realized by controlling the reversal

fields HRO and HRn (n = 1, 2, 3.
the nanostructured SAF structure.

.). Bottom images schematically present variations of the skyrmion in the continuous bottom layer of
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skyrmion states at zero field, the value of reversal field
Hpy, the starting point of the Hpo-Hg,-Hpgo reversal curve,
has three possible choices, i.e., the skyrmion state (3),
the antiferromagnetic state (4), and the negative satura-
tion state (5), as shown in Fig. 1(b), while the reversal
field Hg, (n=1, 2, 3...) must be lower than the satura-
tion field, H . The realization of the nonvolatile skyrmion
state can be understood from a single Hgo-Hg,-Hpo rever-
sal curve in Fig. 1(c) for Hyo selected at the skyrmion
state. First, as H, increases from Hyg to Hg,, the skyrmion
size will gradually increase to a maximum at Hg,. Second,
as H, decreases from Hp, to zero, the skyrmion size will
be maintained, resulting in a nonvolatile skyrmion state
at zero field. Finally, as H, decreases from zero to Hp,
the skyrmion size will decrease to the initial size at Hpy.
Therefore, different Hg, will lead to different skyrmion
states at zero field, as schematically shown in the bottom
of Fig. 1(c). In the following, we experimentally study how
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FIG. 2.

to realize multiple nonvolatile skyrmion states at zero field
by choosing the values of Hpo and Hp,. For ease of under-
standing, we present the magnetizations at Hgo and Hg, as
(Hgo, mzo) and (Hgy, m.,), respectively.

First, we measure the Hpo-Hg,-Hg reversal curves with
fixed Hp( selected in the skyrmion state and different Hp,,.
Figures 2(a) and 2(b) show the measured Hgo-Hg,-Hro
reversal curves with fixed Hzo= —1.7 kOe corresponding
to the skyrmion state. For each reversal curve in Fig. 2(b),
the out-of-plane magnetization, m,, gradually increases
from the minimum value, m,(, to the maximum value,
mz,, and then back to mo during the external field his-
tory of Hpo-Hp,-Hgo. Moreover, the evolution of m, can
indirectly reflect the continuous changes of skyrmion size,
which highly depends on the competition between the neg-
ative external field and AFM IEC between top [Co/Pt]s
nanodots and bottom continuous [Pt/Co]4 layers. Interest-
ingly, both the values of m,q and m., at Hgo and Hp, are

\ HRO

v

(b)

Normalized m,

(a) MOKE-measured descending branch of the major m,-H, loop and Hgo-Hg,-Hgo reversal curves (Hgo selected at

skyrmion state and Hg, selected between Hgo and 0 Oe). Inset schematically shows the historical variation of m, and H.. (b) Magnified
view of the measured Hro-Hr,-Hgo reversal curves indicated by the blue frame in (a). Temporal variation of external field H, (c) and
out-of-plane magnetization m, (d) during the Hgo-Hg,-Hgo reversal process in (b). Insets in (d) schematically indicate the sizes of

skyrmions at various Hg,,.

024029-3



MA, LEW, and MA

PHYS. REV. APPLIED 19, 024029 (2023)

repeatable, which indicates the robustness of the skyrmion
states at Hpo and Hg, against external-field history.

To more intuitively illustrate regulation of the external
field on magnetization during the process of Hgo-Hg,-Hro,
we plot the temporal variations of external field H, and out-
of-plane magnetization m., as shown in Figs. 2(c) and 2(d),
respectively. The temporal evolution of m, with H, indi-
cates that the external field can continuously control the
magnetization, and hence, the skyrmion size can change
continuously during the Hpgo-Hg,-Hgo process. Further-
more, the insets in Fig. 2(d) schematically show skyrmion
variations at different Hg,. Therefore, different skyrmion
states at Hg, can be obtained during the Hgo-Hg,-Hro pro-
cess with different Hg,. To realize our proposed scenario of
multiple nonvolatile skyrmion states, the features of con-
tinuous manipulation of m, by H. and the stabilization of
different skyrmion states at Hy, are the key factors.

Second, we measure Hgo-Hg,-Hpo reversal curves with
fixed Hpy selected from the antiferromagnetic state and the
negative saturation state. To find out the effect of Hgg, we
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compare the temporal variation of m, during a two-circle
reversal curve with three typical Ho, as shown in Fig. 3(a),
i.e., HR()-HR1-HR()-HR2-HRO. Figures 3(b)—3(d) show the
measured temporal variation of m, with Hzo = —1.7 kOe
(skyrmion state), —5.1 kOe (antiferromagnetic state), and
—9.5 kOe (negative saturation state), respectively. For
Hpy located in the skyrmion state, different reversal fields
Hpy and Hp; lead to two different skyrmion states, corre-
sponding to different magnetization values m,; and m,;,
as shown in Fig. 3(b). For Hpo located in the antiferro-
magnetic state, the temporal variation of m, manifests as
a straight line, as shown in Fig. 3(c). This can be under-
stood from the competition between the external field and
the AFM IEC between the top [Co/Pt]4; nanodots and
bottom [Pt/Co]4 layers. When the external field sweeps
from Hgo to Hp,, the AFM IEC is dominant, relative to
the decreasing negative external field, which favors the
existence of the antiferromagnetic state. Even upon revers-
ing the external field from Hp, to Hpg, the external field
still cannot “defeat” the effect of AFM IEC. Therefore,
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(a) Scenario of selecting Hgo and Hp,; typical values of Hpq located at different magnetization states (top) and temporal

variation of H, after Hp, is selected (bottom). MOKE-measured m, variation corresponding to the temporal Hgo-Hg,-Hgo process for
Hp selected at the skyrmion state (b), antiferromagnetic state (c), and negative saturation state (d). Insets schematically present the
magnetization configurations at selected points with magnetization m( (pink circles) and m., (green squares).
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the antiferromagnetic state cannot be changed during the
Hpo-Hp-Hro-Hr2-Hgo process, along with unchanged m,
in Fig. 3(c). For Hgq located in the negative saturation
state, the evolution of m, with the external field is along
the major m,-H, loop. When the external field sweeps
from Hpg( to Hpg,, the magnetization state transforms from
the negative saturation state to the antiferromagnetic state.
When the external field sweeps in reverse, the magnetiza-
tion state also changes in reverse. So, the same magnetiza-
tion states, i.e., the antiferromagnetic state, form at reversal
fields Hg, and Hp,, as shown in Fig. 3(d). Therefore, we
can conclude that the proper Hg( should be selected in the
skyrmion state to realize the proposed scenario in Fig. 1(c).

To promote the emergence of multiple nonvolatile
skyrmion states at zero field, we further measure the
reversal curves with fixed Hpo at the skyrmion state and

Hpg, >0, as shown in Figs. 4(a) and 4(b). The measured
Hpgo-Hg,-Hpq reversal curves exhibit obvious memristive
behavior and are consistent with that proposed in Fig. 1(c).
It is worth noting that the nonvolatile behavior is obtained
only by measuring the Hgo-Hg,-Hro reversal curves with
Hpg, > 0. This is because the decreasing positive external
field does not have the ability to reverse any negative
magnetization of the bottom continuous magnetic layer
during Hg,-0 of the Hgo-Hg,-Hgo reversal curves with
Hpg, > 0 (skyrmion evolution processes with Hg, <0 and
Hpg, > 0 are given in Sec. IV of the Supplemental Mate-
rial [59]). We take the Hgo-Hg,-Hpgo reversal curve with
Hpo=—1.7 kOe and Hg, =0.56 kOe in Fig. 4(b) as an
example to discuss the stability of the corresponding non-
volatile skyrmion state at zero field (state 4). Figure 4(c)
shows the MOKE-measured 0-Hpg( curve (blue line) and
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FIG. 4.

(a) MOKE-measured major m_-H, loop and Hgo-Hg,-Hpo reversal curves exhibiting nonvolatile behavior. (b) Magnified

view of Hgo-Hg,-Hpg reversal curves, as indicated by the blue frame in (a), and multiple nonvolatile states realized at zero field. Insets
show the schematics of skyrmion states 1-5 at zero field. (c) MOKE-measured 0-Hg( curve (blue line) and the 0-H ¢ curve (red line).
Yellow and blue filled regions represent stable field ranges of the nonvolatile skyrmion state at zero field. (d) AHy of nonvolatile

skyrmion states under different reversal fields Hg,.
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0-Hgy curve (red line) starting from state 4. State 4 can
be maintained at both negative and positive external fields.
H -0 (0-H3) is the field range where state 4 can be sta-
bilized in the negative (positive) field. The value of H,
is similar to that of the reversal field Hg, =0.56 kOe.
We define the total field range where state 4 can exist
stably as AHy (AHy=H,— H1), AH4 ~ 800 Oe. This
large AH g indicates that the nonvolatile skyrmion state in
our system is robust to external fields. We also estimate
AH of different nonvolatile skyrmion states with differ-
ent reversal fields Hg,. The value of AH increases from
280 to 1030 Oe with increasing Hg, from 0.28 to 0.64 kOe,
as shown in Fig. 4(d).

We also simulate several Hpo-Hg,-Hgo reversal curves
with different reversal fields Hg, by using Mumax3 [60],
as shown in Fig. 5(a) (details of micromagnetic simula-
tion are given in Sec. V of the Supplemental Material
[59]). For different field histories, reversal curves are dif-
ferent due to the magnetization hysteresis effect. With
four different Hg,, four nonvolatile skyrmion states (states
1-4) are obtained at zero field. The insets of Fig. 5(a)
show simulated magnetization configurations of the bot-
tom continuous magnetic layer at zero field, which indicate
different skyrmion states at zero field. With the help of
micromagnetic simulation, we also calculate the energies
for different nonvolatile skyrmion states at zero field. The
evolution of skyrmion states in our system mainly depends

on competition between the anisotropy energy, E.,; the
exchange energy, E¢; and the Zeeman energy, Ez.. The
demagnetization effect is included in E,, [61]. Accord-
ing to states 14 in Fig. 5(a), the total energy, Eiotal; Ean;
and E¢ (Ez. under zero field is negligible) are shown in
Fig. 5(b). Different skyrmion states correspond to different
Eotal, and Eyora has the same evolutionary trend as that of
E., and E.,. Since E,, (1071°) is an order of magnitude
larger than E., (10719), we speculate that E,, is the main
factor affecting the zero-field skyrmion state. Furthermore,
it can be seen from previous studies that the skyrmion
size increases with a decrease in |E,,| [61,62]. Similarly
in our work, the skyrmion size gradually increases with
decreasing |E,,| when Hp, varies from 35 to 55 mT.
According to the reversal curves of Fig. 4(b), we exper-
imentally propose a manipulation process of nonvolatile
skyrmion states by a sequence of external fields, as shown
in Fig. 6. The initialization, trigger, stabilization, and
reset processes correspond to the sweeping of H g-Hpo,
Hgo-Hgy,, Hg,-0, and 0-Hgg, respectively. For the initial-
ization process, the magnetization evolves along the major
m,-H, loop, and the skyrmion state can approach Hpg
(Hgro= —1.7 kOe) as an initial state. For the trigger process,
different skyrmion states will emerge when the external
field increases from Hp to different Hg, (Hgr3= 0.46 kOe,
Hp4=0.56 kOe, Hgs=0.64 kOe). For the stabilization pro-
cess, the skyrmion state at Hy, has a nonvolatile character
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(a) Simulated Hgo-Hpg,-Hro reversal curves with different reversal fields Hg,,. Insets present simulated magnetization config-

urations for different skyrmion states at zero field. (b) Simulated E\oa1, Ean, and Eex of states 1-4 at zero field, as marked in Fig. 5(a),

with different reversal fields Hg,,.

024029-6



MULTIPLE NONVOLATILE SKYRMION STATES. ..

PHYS. REV. APPLIED 19, 024029 (2023)

Initialization Trigger Stabilization Reset
®
ST Hyy =046 kOe Hiy =056 kOe Hps =064 kOc
L a
o 2
<
= [ \
~ ®
S|
H RO = _1.7 koe @
2 1
< L Saturation state
5 D
1| o
TS
N
,’?": " M3
&
s g D D a
R
S wl
7z cl + Initial state v 0 g
I- 2 1 1
0 30 60 90

t(s)

FIG. 6. Nonvolatile behavior of memristive skyrmion states indicated by temporal variation of H; (top) and m, (bottom) during the

MOKE measurements of multiple Hgo-Hg,-Hgo processes.

when close the external field. For the reset process, the
skyrmion state will return to the initial state when the exter-
nal field decreases from 0 to Hpo. Because m, at Hgy and
Hp, are both repeatable, the corresponding skyrmion states
are determined under specific reversal fields Hg( and Hg,,
which guarantees the accuracy and security of the stored
information.

ITII. CONCLUSION

We propose and experimentally demonstrate the exis-
tence of multiple nonvolatile skyrmion states in nanostruc-
tured SAF multilayers. Depending on the history of the
external magnetic field, it is found that multiple skyrmion
states with memristive sizes can be approached at zero
field. Instead of using the nucleation and annihilation of
skyrmions as information bits, we present the possibility
of nonvolatile memory behavior by historical field manip-
ulation of skyrmion sizes. Our findings show promise for
the development of skyrmion-based memristive spintronic
devices.

Here, we demonstrate the possibility of manipulating
skyrmion magnetization as multiple nonvolatile states by
using an external magnetic field as a stimulus. Actually,
other ways can also be adopted, like an electric field

[54,63,64]. Recently, the voltage regulation of the contin-
uous transition between large skyrmion bubbles and small
skyrmions was achieved by tuning the Ruderman-Kittel-
Kasuya-Yosida exchange coupling strength in nanostruc-
tured SAF multilayers using electric fields [65]. The zero-
field nonvolatile skyrmion states are also obtained by
tuning the remnant strain in a cylindrical magnetic-tunnel-
junction device using electric fields [21]. Further work
will be carried out to realize the electrical manipulation
of skyrmion magnetization in a nanostructured SAF, as
reported.
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