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ABSTRACT: Magnetic skyrmions are vortex-like spin textures with nontrivial spin
topology and novel physical properties that show promise as an essential building
block for novel spintronic applications. Skyrmions in synthetic antiferromagnets
(SAF) have been proposed long-term to have many advantages than those in
ferromagnetic materials, which suffer from fundamental limits for size and efficient
manipulation. Thus, experimental realization of skyrmions in SAF is intensely
pursued. Here we show the observation of zero-field stable magnetic skyrmions at
room temperature in SAF [Co/Pd]/Ru/[Co/Pd] multilayers with Lorentz
transmission electron microscope, where uncompensated moments of the SAF
provide a medium for the skyrmion characterization. Isolated skyrmions and high-
density skyrmions via magnetic field and electromagnetic coordinated methods have
been observed, respectively. These created high-density skyrmions maintain at zero-
field even when both the current and magnetic field are removed. The use of
skyrmions in SAF would advance the process toward practical nonvolatile memories
based on spin topology.
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Magnetic skyrmions are a topological field configuration
that exhibit fascinating physical behaviors1−5 and have

been an important theme of condensed matter physics for many
years.6−9 Themagnetic skyrmionwas experimentally detected in
20093 in bulk ferromagnetic materials with Dzyaloshinskii−
Moriya interaction (DMI). Subsequently, skyrmions were also
proved to exist in ultrathin magnetic multilayers.2,4,10−14 In fact,
magnetic skyrmions in thin films are notably interesting where
the spin−orbit coupling (SOC) and magnetic interactions are
able expediently engineered by the thickness of layer,11 relative
components,13 and repetition periods.14 Moreover, the
interfacial DMI from symmetry-breaking systems and the strong
SOC from heavy metals develop a preferred chirality for spin
textures, which makes it possible to stabilize skyrmions and
reduce the skyrmion size at the same time.1,13,15,16 Furthermore,
their stiffness derived from the topological properties and their
particle-like properties make them promising for information
technologies.15,17,18

Recent progress in nanotechnology has demonstrated that
topological spin textures in ferromagnetic system are sensitive to
different external excitations, such as magnetic field,4,5,12 electric
current/field,19−23 and thermal gradient.23−25 Complex electro-
magnetic dynamics can be observed under the interaction of
these external excitations with noncollinear magnetic spin
structures. However, skyrions in ferromagnets are basically
limited by the stray magnetic field interaction limiting bit size26

and precessional dynamics limiting the operation speed,27,28

which hinders further development. Especially, skyrmion Hall
effect (SkHE)6,29,30 is a major obstacle that restricts the essential
transmission of skyrmions in the device, where skyrmions feel
the Magnus force, causing the movement trajectory of the
skyrmions to deviate from the driving current direction. As a
result, the skyrmions carrying encoded information may be
destroyed at the edge of the racetrack, which may lead to the
annihilation of the skyrmions and loss of stored information.
This will be a roadblock to the realization of spintronic devices
whichmake use of magnetic skyrmions as information carriers.31

However, antiferromagnets (AFMs) with zero net magnetic
moment are foreseen to be an extraordinary system for
skyrmions32−35 for the absence of stray field and skyrmion
Hall effect. Several methods have been proposed,32,36,37

however, it is still difficult to experimentally manipulate and
detect antiferromagnetic spin textures.More recently, skyrmions
were obtained in ferrimagnetic materials, which exhibit the
advantages of antiferromagnetically exchange-coupled sky-
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rmions.38,39 Nevertheless, skyrmions in ferrimagnetic materials
are sensitive to temperature disturbance, which is unfavorable
for spintronic applications.
SAF based on the Ruderman−Kittel−Kasuya−Yosida

(RKKY) coupling,40,41 where the bottom and top ferromagnets
are coupled through the antiferromagnetic exchange interaction,
has the advantages of high stability and zero stray field analogous
to those in AFMs, whereas they stay easy to detect and
manipulate with external stimuli. Most recently, we found two
pioneering works reporting that skyrmions/skyrmion bubbles
are observed in synthetic AFMs using magnetic force
microscopy42 and magneto-optical polar Kerr effect micros-
copy.43 The authors utilize interlayer coupling to a neighbor bias
layer, and isolated antiferromagnetic skyrmions can be
stabilized.42 The other work achieved the formation and
movement of skyrmion bubbles in SAF via engineering the
multilayers to make use of DMI and spin−orbit torque.43 Here,
we show how the simple electromagnetic coordinated method44

works on the antiparallel aligned spin structures to generate
high-density skyrmions instead of isolated skyrmions at room
temperature in uncompensated SAF structures, which is
significant to realize the conception of skyrmion-based
spintronic applications.
Stack films of Pt(2.5)/[Co(0.43)/Pd(0.8)]12/Ru(0.6)/[Co-

(0.43)/Pd(0.8)]6/Pd(2) (sample F1) and Ta(4)/Pt(6)/
[Co(0.43)/Pd(0.8)]9/Ru(0.6)/[Co(0.43)/Pd(0.8)]9/Pd(2)
(sample F2) ([Co/Pd]/Ru/[Co/Pd] for short, units in
nanometer) were deposited on Si3N4 membrane windows via
magnetron sputtering (see Methods), as illustrated in Figure
1a,b. In order to achieve antiferromagnetic coupling for the top
and bottom ferromagnetic layers, the thickness of Ru is designed
to be 0.6 nm. Ta/Pt buffer layer is deposited to obtain a stronger
perpendicular magnetic anisotropy (PMA) of Co-based multi-
layers in F2 which is designed as a control sample. Figure 1c,d
presents the hysteresis loops of samples F1 and F2, respectively.
In Figure 1c, obvious antiferromagnetic coupling is observed
where the moments begin to reverse at a positive field in the
descending branch, in contrast to magnetization reversal at a
negative field for sample F2 (Figure 1d), which is difficult to
identify the antiferromagnetic coupling. To confirm this, a minor
loop of F2 is measured (see Figure S1, Supporting Information).
The positive shift in that minor loop is suggestive of the
antiferromagnetic coupling between the top and bottom Co/Pd
multilayers. The most striking feature for these two curves is the
sharp switching reversal edges of the magnetization curve of F2,
in contrast to a sluggish reversal feature for F1, indicating a
stronger PMA of F2 as we designed. It is worth noting that the
kink near zero field in hysteresis loops corresponds to the
reversal of Pd, because the magnetic moment in the Pd layer
cannot be ignored due to the hybridization of d-shell electrons at
the Co/Pd interface.45

We now focus on the skyrmion evolution modulated by the
electromagnetic coordinated method in our SAF samples.
Figure 2 shows the simulated magnetic structure and
concomitant Lorentz transmission electron microscope (L-
TEM) images of magnetic domains in sample F1 at room
temperature. For these experiments, the observation of magnetic
domains was realized through the L-TEM under different
external magnetic fields (μ0H) along the beam propagation
direction (denoted as the−z direction; Figure 1e) by raising the
objective lens current step by step. The manipulation of
skyrmion behavior via current was performed by using a TEM
holder where both sides of the TEM sample had electrical

conducting blocks, as shown in Figure 1f. L-TEM images were
obtained with a negative defocus and a tilting angle of −15°
along the x-axis. Figure 2a presents the simulated spin structures
in SAF, where the top and bottom [Co/Pd] layers exhibit a
parallel-aligned uniform state. The L-TEM image at μ0H = 145
mT is shown in Figure 2e. The uniform domain indicates the
upward alignment of moments corresponding to the saturated
state in Figure 2a. By gradually decreasing the magnetic field to a
low field of 18 mT, two isolated skyrmions with the diameter of
∼80 nm are obtained in 5 μm × 5 μm scale, as displayed in
Figure 2f. Their spin structure can be described by the head-to-
head “↓↑” (the center of skyrmions) and tail-to-tail “↑↓” (the
edge of skyrmions) antiparallel states for the top and bottom
[Co/Pd] layers, as illustrated in Figure 2b. Three typical L-TEM
images recorded at −15°, 0°, and 15° exhibit the reversal
contrast (see Figure S2, Supporting Information), indicating
that the skyrmions stabilized at room temperature are Neél-type
skyrmions.46

We then discuss the generation of high-density skyrmions.
Current pulses with a current density of 1.1 × 109 A/m2 were
applied to the uniform SAF sample F1 using the experimental
schematic displayed in Figure 1f. It is found that typical labyrinth
domains emerge as presented in Figure 2g, where the top and
bottom [Co/Pd] layers show a spiral state (Figure 2c). Note that
the spiral stripe created by the current may be ascribed to the
spin−orbit torques and heating effects.44,47 Furthermore,
electromagnetic coordinated manipulation was performed via
applying the current pulse under a constant perpendicular μ0H

Figure 1. Sample geometry and magnetic properties of SAF with
different stacking modes. (a,b) Schematic configuration of SAF with
weak PMA (a) and strong PMA (b). The numbers in parentheses are
the thickness is nanometers. (c,d) Corresponding out-of-plane
hysteresis loops of the films. Experimental geometry for L-TEM
imaging where only the magnetic field (e) and electromagnetic
coordinated method were carried out (f), respectively. The Si3N4
window is 0.1 mm × 0.1 mm and 20 nm thick.
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of 40 mT. The labyrinth domains transform into high-density
skyrmions with approximately 900 skyrmions in a 5 μm × 5 μm
scale. It is noteworthy that the created high-density skyrmions
sustain even after the external magnetic field and electric current
are removed, as shown in Figure 2h. The spin structure for each
skyrmion is supposed to be similar to the isolated counterpart, as
displayed in Figure 2d. Interestingly, the created high-density
skyrmions via the electromagnetic manipulation are confirmed
to be robust after several days in the field-free and vacuum
environment at room temperature. However, due to the large
pinning effect in Co/Pd multilayers, we cannot observe the
current-drivenmotion of these skyrmions. The nonvolatile high-
density skyrmion is implemented in the SAFmultilayer structure
without any external field support and no geometric constraint,
making it a promising candidate for future nonvolatile memory
device applications.
The situation differs dramatically for sample F2, which is also

a SAF [Co/Pd]/Ru/[Co/Pd] but with a stronger PMA. An
identical experimental procedure, including the electromagnetic
manipulation method, was performed on F2, whereas there is no
skyrmion observed in this sample (see Figure S1, Supporting
Information). In our multilayer samples, strong interfacial SOC
in the multilayer leads to an interfacial DMI. The interface DMI
acts as an in-plane effective field that breaks the symmetry, which
can stabilize Neél-type domain walls with a preferred chirality
and resultant skyrmions.48 However, a strong PMA in the
system results in the uniform magnetization at the ground state
of the bottom and top ferromagnets that is unfavorable to form a
noncollinear order, which can explain the absence of skyrmions
in sample F2.
To further comprehend the effect of the various magnetic

parameters on the skyrmion characteristics in SAF, we carry out
micromagnetic simulations for the SAF skyrmions and study
how the skyrmions evolution is affected by DMI, PMA, and
interlayer exchange interaction strength at zero-field (see
Section S3, Supporting Information). Considering that the
skyrmions in SAF are composed of two components (top and

bottom ferromagnetic layers) with antiferromagnetic coupling,
we could select one of the layers to investigate the spin structure
of SAF skyrmions. Figure 3a illustrates the simulated diameter of

Figure 2. Simulated magnetic structure and L-TEM images of magnetic textures in SAF at room temperature. (a−d) Side view (top panels) and
oblique view (bottom panels) of spin structures in sample F1, where the top and bottom [Co/Pd] layers show a parallel-aligned uniform state (a),
isolated skyrmion state with antiparallel-aligned spin structure (b), spiral state (c), and high-density skyrmions state with antiparallel-aligned spin
structure (d). Note that the side view is given along the diagonal. (e−h) Under-focused L-TEM images of F1 SAF at 145 mT (e), at 18 mT after being
saturated (f), at zero field after applying current pulse (g) and after applying current pulse at 40 mT (h), corresponding to the magnetic structures
shown in (a−d), respectively. Isolated skyrmions are highlighted by circles in (f) for clarity. The scale bar in L-TEM images corresponds to 1 μm. The
cones in simulated structures represent the directions of spin. The perpendicular component of spin (mz) is color-coded (spins point along +z,−z, and
in-plane are denoted by red, blue, and white, respectively).

Figure 3. Simulated diameter of zero-field skyrmion and skyrmion
phase diagram in SAF. (a,b) DMI constant D dependent skyrmion
diameter for different interlayer exchange interaction constant A (a)
and PMA constant K (b). (c) Skyrmion phase diagram of [Co/Pd]/
Ru/[Co/Pd] SAF as a function of DMI constant D and PMA constant
K for both bottom and top ferromagnetic layers. The out-of-plane
component of spin (mz) points along +z, −z, and in-plane are denoted
by red, blue, and white, respectively.
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skyrmions in the bottom [Co/Pd] layer of the SAF as a function
of the values of DMI constant D in the range of 2.0−3.5 mJ m−2

for different interlayer exchange interaction constant A in the
range of 13−20 pJ m−1. Remarkably, the skyrmion diameter
increases with increasingD, whereas it decreases with increasing
A. Also visible is that a larger D is necessary to stabilize
skyrmions for the enhanced A. The DMI constant D dependent
skyrmion diameter in the bottom layer of the SAF for different
PMA constant K is presented in Figure 3b, whereD and K are in
the range 2.0−3.5 mJ m−2 and 2.7−3.4 MJ m−3, respectively.
Remarkably, the skyrmion diameter is reduced for increasing K.
It is also found that the diameter stays zero for all of the selected
D when the anisotropy K is up to 3.4 MJ m−3, reflecting that the
skyrmion cannot be formed with a large PMA, which agrees well
with the case of sample F2 possessing a very strong PMA. The
phenomena above can be understood that a stronger PMA and
strong interlayer exchange interaction A in the multilayers is
unfavorable to form a noncollinear order. Differently, the
interfacial DMI works as an in-plane effective field that breaks
the symmetry, which favors the rotation of skyrmion magnet-
ization and its expansion.49

We display in the left panel of Figure 3c the skyrmion phase
diagram of [Co/Pd]/Ru/[Co/Pd] SAF as a function of DMI
constant D and PMA constant K. Concerning the top [Co/Pd]
layer of the SAF, the size of skyrmions increases with increasing
D, whereas it is reduced with increasing K. Also visible is that the
size of the skyrmions is reduced with increasingK for a certainD,
accompanied by the absence of skyrmions with a large K and
small D. The absence of skyrmions here is consistent with our
experimental results that the sample F2 with strong PMA cannot
possess a skyrmion state via the electromagnetic manipulation
method. A detailed inspection shows the formation of spiral
states rather than skyrmions with enhancing D for a rather small
K of 2.5 MJ m−3. Similar results are obtained for the bottom
[Co/Pd] layers in the right panel of Figure 3c, because the top
and bottom components of the skyrmions always exhibit
antiferromagnetic coupling. The interlayer exchange interaction
constant A dependent skyrmion phase diagram shows that the
size of skyrmions increases with increasing D, whereas it is
reduced with increasing A (see Figure S3, Supporting
Information). In addition, we performed the simulations on a
skyrmion diagram as functions of applied magnetic field and
magnetic parameters where the magnetization states (i.e., the
uniform state, isolated skyrmions state, spiral state, and high-
density skyrmions state) and skyrmions size vary with the
external magnetic field and magnetic parameters (see Note 5,
Supporting Information). The current-induced motion of
isolated skyrmions in the SAF with different compensation
ratio was simulated, and the elimination of skyrmion Hall effect
was obtained at the compensated SAF (see Figure S10,
Supporting Information). There is no lateral shift observed at
this scenario, which is supported by the videos showing the
skyrmion motion at selected compensation ratio n and damping
constant α (see Movies S1−S3).
We finally discuss whether the electromagnetic manipulation

method is effective for the generation of skyrmions in other SAF
structures. A sample with three [Co/Pd] multilayers separated
by two 0.6 nm-thick Ru layers is designed to investigate the
skyrmions, where the antiferromagnetic coupling is introduced
via the Ru spacer, as displayed in Figure 4a. Figure 4b exhibits
hysteresis loops of the [Co/Pd]/Ru/[Co/Pd]/Ru/[Co/Pd]
structure at room temperature. Two antiferromagnetic plateaus
can be observed, reflecting the antiferromagnetic coupling

feature. Also, the hysteresis loops behave as slanted magnet-
ization switching, revealing the existence of weak PMA. Figure
4c−e presents L-TEM pictures of the SAF recorded at μ0H = 0
without a current pulse, after applying the current pulses with a
current density of 2.0 × 109 A/m2 at μ0H = 0 and after applying
the current pulses at μ0H = 40 mT, respectively. It appears in
Figure 4c that the film without any external stimulus shows a
uniform state. Clearly, labyrinth domains emerge as the current
pulses are applied (Figure 4d), and high-density skyrmions are
created after applying the magnetic field and current pulse
simultaneously (Figure 4e). Such high-density skyrmions show a
density approximately of 700 in 5 μm × 5 μm scale, which are
quite stable in a field-free environment at room temperature.
Thus, the created field-free high-density skyrmions by the
electromagnetic coordinated method are reliable even in SAF
with three ferromagnetic layers. On the other hand, isolated
skyrmions are also observed in the SAF structure with three
ferromagnetic layers, and the corresponding L-TEM image is
recorded (see Figure S11, Supporting Information). This
method is expected to be generalized to other complex SAF
systems which may be necessary for the functional devices based
on skyrmions.
In summary, both isolated and high-density skyrmions at

room temperature are observed in uncompensated uniform SAF
by L-TEM. The diameter of the skyrmions is approximately 80
nm, while the density of the observed skyrmions is up to 900 in 5
μm × 5 μm scale. Isolated skyrmions can be obtained after
saturating the films at a large external magnetic field and then
decreasing the field to 18 mT. High-density skyrmions are
created through applying a combination of electric current and
magnetic field, that is, electromagnetic coordinated methods.
Both the experiments and micromagnetic simulation disclose
that the skyrmions cannot be formed in SAF with a strong PMA.
Micromagnetic modeling of skyrmions in SAF shows that the
size of skyrmions increases with increasing DMI constant D, but
shrinks with enhancing interlayer exchange interaction constant

Figure 4. Stabilization of skyrmions in [Co/Pd]/Ru/[Co/Pd]/Ru/
[Co/Pd] SAF with three ferromagnetic layers at room temperature. (a)
Schematic of the SAF sample design with three ferromagnetic layers.
(b) Out-of-plane hysteresis loops of the stack shown in (a). (c−e) L-
TEM images of the SAF recorded at μ0H = 0 without current pulse (c),
after applying the current pulses at μ0H = 0 (d) and after applying the
current pulses at μ0H = 40 mT (e). The scale bar in L-TEM images
corresponds to 1 μm.
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A and PMA constant K. All of the created high-density
skyrmions are quite robust in the field-free experiments at
room temperature, which is a significant step in terms of
designing functional devices based on magnetic skyrmions. Our
experimental finding adds a novel dimension to create
skyrmions in synthetic AFMs and would advance the develop-
ment of skyrmion-based logic and memory devices.

■ METHODS
Thin-FilmGrowth and Imaging.The films were deposited

at room temperature on a 20 nm-thick Si3N4 membrane window
for L-TEM observation and the thermally oxidized Si/SiO2
substrates for magnetic property measurements via dc magnet-
ron sputtering with a base vacuum better than 8.0× 10−5 mTorr,
and the working argon pressure was 3 mTorr. The magnet-
ization measurements were carried via a superconducting
quantum interference device magnetometer at room temper-
ature. The domain images were obtained via a L-TEM (JEOL
2100F) under external magnetic fields by raising the objective
lens current step-by-step. The manipulation of skyrmion
behavior via current was performed by using a TEM holder
where both sides of the TEM sample have electrical conducting
blocks. Current pulses used during the electric manipulation are
the typical square wave with 150 μs pulse width for total 100
points. A source-measure unit instrument (Keithley 2601B) was
supplied as the dc current.
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Comparative experiments on the skyrmions character-
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Neubauer, A.; Georgii, R.; Böni, P. Skyrmion Lattice in a Chiral
Magnet. Science 2009, 323, 915.
(4) Heinze, S.; von Bergmann, K.; Menzel, M.; Brede, J.; Kubetzka, A.;
Wiesendanger, R.; Bihlmayer, G.; Blügel, S. Spontaneous atomic-scale
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