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Manipulating density of magnetic skyrmions via multilayer repetition and thermal annealing
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The magnetic skyrmion, a tiny magnetic texture that holds promise as the next-generation information
carrier, has been widely studied in recent years. A fine tunability of skyrmion density is required for its real
applications in novel memory and logic devices. Here, we report on the manipulation of skyrmion density at
room temperature in a Pt/Co/Ta/MgO system composed of multiple repetitions with perpendicular magnetic
anisotropy. Néel-type skyrmions are observed by performing Lorentz transmission electron microscopy and
magnetic force microscopy. The influence of structure repetition on skyrmions is experimentally investigated
and further understood by micromagnetic simulations. The variation of skyrmion density with repetition number
is mainly attributed to magnetic anisotropy. Meanwhile, thermal annealing is utilized to regulate the skyrmion
density, where skyrmion-related properties exert a competitive effect. Our findings provide alternative means to
manipulate skyrmion density, further allowing for optimized engineering of skyrmion-based devices.
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I. INTRODUCTION

The magnetic skyrmion [1,2], a topological magnetic tex-
ture, is of particular interest since it is expected to be the next
generation of information carriers [3,4]. Due to their small
size, topological protection, and efficient current-driving dy-
namics [5,6], skyrmions are promising as applications in novel
electronic devices, such as racetrack memory [7] and neu-
romorphic computing devices [8–11]. Skyrmions were first
observed in B20-type bulk material MnSi [1] and then found
in epitaxial magnetic films composed of Fe or PdFe monolay-
ers on Ir (111) [12,13]. However, the narrow temperature zone
and strict fabrication technology for such material systems
hinder the related application and integration.

Recently, the multiply repetitive heavy metal (HM)/
ferromagnetic (FM) multilayers hosting skyrmions deposited
by magnetron sputtering have attracted tremendous attention.
A relatively large Dzyaloshinskii-Moriya Interaction (DMI)
can be induced at the HM/FM interface due to the strong
spin-orbit coupling (SOC) of the HM layers [14–16], which is
essential for stabilizing chiral spin texture such as skyrmions.
The increasing effective magnetic thickness enables the sta-
bility of skyrmions at room temperature [17]. In addition, one
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advantage of the multirepeated multilayer structure is that the
properties of skyrmions can be fine tuned [18–22]. Skyrmions
in such structures can be controlled through the competi-
tion among different items like DMI, magnetic anisotropy,
dipole-dipole interaction, and exchange interaction [23]. For
example, skyrmion density in [Pt/Co/Ta]N has been elabo-
rately modulated by changing the Co thickness [20], and the
crossover from a few isolated skyrmions to a dense skyrmion
lattice has been realized by adjusting the Co and Fe com-
position in [Ir/Fe/Co/Pt]N [18]. However, concerning the
structure repetition number, the variation of skyrmion density
has not been systematically explored and the physical mech-
anism needs to be revealed. Several works have investigated
the variations of twist domain walls or other magnetic parame-
ters [24–26] with different structure repetition numbers, while
research focused on skyrmions is still needed.

On the other hand, the electrical detection by magne-
toresistance (MR) is the core issue for practical applications
of skyrmions [27]. In order to enhance the MR, thermal
annealing is widely used in the semiconductor process to
produce a crystallized MgO tunnel barrier [28,29]. Previ-
ous works [30–32] have focused on the correlation between
thermal annealing and magnetic intrinsic properties such
as DMI and magnetic anisotropy. These magnetic prop-
erties have been demonstrated to have direct implications
for skyrmions [18,33,34]; therefore it is desirable to check
the influence of the annealing process on the properties of
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FIG. 1. (a) Schematic of the sample structure, featuring different
repeat numbers of Pt/Co/Ta/MgO multilayers. (b) Detailed schematic
of the Pt/Co/Ta/MgO stack, exhibiting corresponding interfacial
DMI. (c) The linear dependence of �f on k obtained by BLS mea-
surements to quantify DMI constant of Pt/Co/MgO samples, and the
inset shows typical BLS spectra for k = 21.40 um–1 where the spin
wave propagation is the DE mode.

skyrmions in a more direct way, and further to develop an
efficient method to tune the skyrmion density.

Our previous work found that the interfacial quality and
DMI could be enhanced significantly [32,35] by inserting
a Ta layer at the Co/MgO interface in the Pt/Co/MgO
system, which is an optimized material platform to host
skyrmions at room temperature. In this paper, the re-
markable enhancement of DMI is verified by performing
Brillouin light scattering (BLS) measurements. We engi-
neer the [Pt/Co/Ta/MgO]N multirepeated multilayers stack
with perpendicular anisotropy; the existence of Néel-type
skyrmions is confirmed by Lorentz transmission microscopy
(LTEM). Then we investigate how the variation of repeating
number N influences skyrmion density in experiments and in
simulations. In addition, the thermal annealing process is used
to adjust magnetic properties such as DMI and perpendicular
magnetic anisotropy (PMA), and the relationship between
annealing temperature and skyrmion density ηsk is unveiled.
Our research provides feasible approaches to tune skyrmion
density, paving the way toward skyrmion-based spintronic
devices.

FIG. 2. LTEM images obtained in 20° tilting condition and defo-
cus mode, and under different perpendicular magnetic fields (a) for
μ0H = 0 mT, (b) for μ0H = 46 mT, (c) for μ0H = 63 mT, and (d)
for μ0H = 74 mT. (e) Line profiles of magnetic skyrmions (insets)
extracted from LTEM images with tilting angles +20°, 0°, and −20°.

II. SAMPLE PREPARATION

Ta(3nm)/[Pt(4nm)/Co(1.7nm)/Ta(0.2nm)/MgO(2nm)]N/

Pt(5 nm) samples were grown by using magnetron
sputtering at room temperature and a basic pressure around
3 × 10–8 mbar. As shown in Fig. 1(a), N represents repeat
numbers varying from 1 to 10 and the detailed structure of
each repeated layer is shown in Fig. 1(b). The substrates used

TABLE I. Results of BLS measurements to quantify DMI constant D for different samples.

γ /2π [41] Slope of �f/k Ms D
Sample (GHz/T) (GHz/μm) (×105 A/m) (mJ/m2)

Pt/Co/MgO 30.55 0.070 ± 0.004 11.4 ± 1.35 0.66 ± 0.12
Pt/Co/Ta/MgO 30.55 0.155 ± 0.003 8.98 ± 0.45 1.15 ± 0.07
[Pt/Co/Ta/MgO]5 30.55 0.142 ± 0.003 9.76 ± 0.93 1.14 ± 0.13
[Pt/Co/Ta/MgO]10 30.55 0.144 ± 0.002 9.45 ± 0.86 1.12 ± 0.09
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FIG. 3. (a–c) Room-temperature MFM images corresponding to the state with maximum skyrmion density for [Pt/Co/Ta/MgO]N samples
under a magnetic field of μ0H = 29 mT, μ0H = 58 mT, μ0H = 89 mT respectively. (d) Normalized perpendicular hysteresis loops of
Pt/Co/Ta/MgO samples of different N measured by VSM. The loops are shifted vertically for clarity. The dashed lines indicate the saturated
field. (e,f) Magnetic properties including Ms, Hk, tDL, and Keff obtained from the hysteresis loops for different N.

are silicon plates with 100-nm thermal silicon oxide layers,
while the Lorentz TEM specimen is grown on a 50 nm thick
(Si3N4) membrane. The bottom Ta buffer layer is used to
improve the interfacial quality of Pt/Co/MgO layers [36].
The top Pt layer prevents the film from air passivation.
A dusting Ta layer is inserted between Co and MgO to
prevent the deterioration of the Co/MgO interface during the
deposition process, and improve the crystallization for both
ferromagnetic and insulating layers [32].

III. RESULTS AND DISCUSSIONS

The interfacial DMI is defined by neighboring spins [5,37]:
HDMI = �Di, j · (�Si × �S j ), where �Di, j is a DMI vector and �Si

and �S j are two neighboring spins. As calculated in our pre-
vious report, such structure exhibits strong DMI due to the
contributions from both the Pt/Co and Co/MgO interface [32].
The strength of the DMI of our samples is quantified by
BLS measurements, which detect the asymmetric dispersion
of spin waves induced by DMI [38,39]. The measurements
are performed in the Damon-Eshbach (DE) mode where an
in-plane magnetic field is applied. A green laser beam is fo-
cused on the sample surface using an objective as the incident
light, and the backscattered lights are collected and sent to
a six-pass tandem Fabry-Perot interferometer. BLS spectra
are obtained after the accumulation of photons for several
hours to improve the signal to noise ratio, as presented in
the inset of Fig 1(c); the Stokes and anti-Stokes peaks of the
spectrum are determined assisted by Lorenz function fitting.
Thus, the frequency difference of the counterpropagating spin
waves � f = fs– fas reveals the presence of DMI. According
to the following equation [40]—� f = 2γ Dk/πMs, where γ

is the gyromagnetic ratio, Ms is the saturated magnetization
which can be measured by vibrating sample magnetometry

(VSM), and k is the amplitude of the wave vector—the DMI
constant D could be extracted from the linear fittings of the
�f−k scatterplot, as shown in Fig. 1(c). The magnetic pa-
rameters used and the determined D of the Pt/Co/MgO and
Pt/Co/Ta/MgO samples are summarized in Table I, as 0.66
± 0.12 and 1.15 ± 0.07 mJ/m2, respectively. A noticeable
enhancement of DMI value with the inserted Ta layer is found,
in agreement with our previous report, meaning that these
structures could host skyrmions.

Pt/Co/Ta/MgO with multiple repetitions studied here pos-
sess perpendicular magnetic anisotropy (PMA), while the
perpendicular hysteresis loops exhibit typical sheared shapes
(see Supplemental Material [42]; also see [43]). Here we
perform Lorentz transmission electron microscopy (LTEM,
Talos F200X) measurements to observe the skyrmions phase
in six- repetition [Pt/Co/Ta/MgO]6 multilayers. The mea-
surements are carried out at room temperature, in the defocus
mode of 7.9 mm, and with a +20° tilt of the sample normal
with respect to the beam axis. The external magnetic field is
applied parallel to the electron beam. Figures 2(a)–2(d) depict
the evolution of domain states from the labyrinth domain at
zero field, gradually to the isolated skyrmions phase under
a certain field, and finally reach the saturated state with the
increasing external perpendicular magnetic field. The domain
structures are determined by the competition between DMI,
dipole-dipole interaction, magnetic anisotropy, and exchange
interaction, where the large interfacial DMI facilitates the
formation and stabilization of Néel-type domain walls and
skyrmions. To confirm the Néel configuration of skyrmions
in this structure, we extract the magnified images of a single
skyrmion [the one in the blue box of Fig. 2(c)] by taking
a tilt series of −20°, 0°, and −20°, as shown in the inset
of Fig. 2(e). Without tilting, no image contrast can be seen,
while with opposite tilt angles, the dark-bright image contrast
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is reversed. These imaging features confirm the existence of
stable Néel skyrmions in Pt/Co/Ta/MgO structures [44–46].
The corresponding line profile with a cut width of 21 nm is
shown in Fig. 2(e), which shows that the skyrmion size is 154
nm ± 12 nm.

Notably, we find that the skyrmion density varies with
numbers of repetition N. It has been reported that the ap-
plied in-plane component of the magnetic field introduced
by the necessary tilt angle of LTEM measurements will af-
fect the concentration of skyrmions [44]. Thus, magnetic
force microscopy (MFM, Bruker Icon system) is used [47]
to investigate the dependence of skyrmion density ηsk on N.
Low-moment magnetic probes (Nanosensors PPP-LM) are
used. The evolution of domain states for these samples is
quite similar and in agreement with LTEM images (see Sup-
plemental Material [42]). They all exhibit the maze domain
state at lower field; with the increasing magnetic field, the
domains gradually shrink and the isolated skyrmions appear.
Figures 3(a)–3(c) show the room temperature MFM images
corresponding to the state with maximum skyrmion density
ηsk for each sample under a certain magnetic field of μ0H =
29 mT, μ0H = 58 mT, μ0H = 89 mT respectively. We can
see that for different N, the number of isolated skyrmions that
appeared is decreasing with the increase of N.

To explore the physical mechanism of N-dependent
skyrmion density, the change of several magnetic properties
with repeat number N is probed. The normalized perpen-
dicular and in-plane hysteresis loops of [Pt/Co/Ta/MgO]N

samples are shown in the Supplemental Material [42]. All per-
pendicular loops exhibit a sheared shape, while the saturation
field and the applied field required to reach the skyrmion state
increase with N, which is mainly caused by the increasing
dipolar interaction [23]. The saturated magnetization Ms and
dead layer thickness tDL can be obtained from M/A vs tCo

curves [43], where M is the magnetization extracted from the
perpendicular hysteresis loops, a is the sample area, and tCo is
the thickness of Co [42]. As can be seen in Fig. 3(e), the sat-
urated magnetization Ms remains almost stable in the N range
studied, while tDL increases proportionally to N, indicating an
average tDL about 0.5–0.7 nm for each Pt/Co/Ta/MgO repeti-
tion. The magnetic perpendicular anisotropy can be evaluated
by Keff = μ0MsHk/2, where μ0Hk is the effective anisotropy
field extracted from the in-plane hysteresis loops [48]. The
dependence of Keff on the repetition number N is plotted in
Fig. 3(f). We find a considerable rise of Keff from 6.48 × 104

to 1.12 × 105 J/m3 with the increasing N, which may at-
tribute to the elastic strain induced by magnetoelastic interface
anisotropy [25,49,50]. Moreover, by BLS measurements, we
find the D value of [Pt/Co/Ta/MgO]N is comparable with
that of nonrepeated Pt/Co/Ta/MgO multilayers, as shown in
Table I. Thus we verify that the constant D is substantially
not sensitive to the repetition number N [47,51]. This result
indicates that the DMI strength for multilayers composed of
multiple repetitions can be regarded the same as that of indi-
vidual layers. However, the change of effective perpendicular
anisotropy is non-negligible.

The dependence pf Keff and maximum ηsk on repetition
number N is shown in Fig. 4(a), where negative correlation
existing between ηsk and Keff can be found. It implies that
stronger effective perpendicular anisotropy is unfavorable for

FIG. 4. (a) Experimentally measured skyrmion density ηsk and
variation of Keff with repetition number N. (b) Simulated skyrmion
density ηsk variation with Ku.

the skyrmion formation, which may be the major reason for
the dependence of skyrmion density on repetition number N
in the studied multilayer. To gain more insight, micromag-
netic simulations are carried out with the MUMAX3 software
package [52]. As discussed earlier by Woo et al. [53], the
whole multirepeated multilayer stack can be modeled as a
single magnetic layer using an effective scaling law, so the
simulations are performed using the approach proposed with
a cell size of 4 × 4 nm2 (x × y) in an area of 2 × 2 um2.
More details of micromagnetic simulations including scal-
ing laws can be found in the Supplemental Material [42].
Considering the saturated magnetization Ms remains almost
unchanged for different repeat numbers, we take an average
value of 0.9 × 106 A/m, with exchange constant A of 1.0 ×
10−11 J/m and DMI energy of 1.2 mJ/m2. The evolution of
the magnetic domain is observed in the simulation when
the uniaxial anisotropy Ku = Keff + μ0M2

s /2 with Keff > 0
varies. The experimental observation of maze domain–stripe–
isolated skyrmions state transition with the external magnetic
field is qualitatively reproduced by simulations [42]. With
the increasing Ku, the maximum skyrmion density exhibits a
decreasing trend shown in Fig. 4(b). The insets of Fig. 4(b)
show the simulated images corresponding the state with maxi-
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FIG. 5. (a)–(f) Room-temperature MFM images corresponding to the state with maximum skyrmion density of [Pt/Co/Ta/MgO]5 samples
annealed at different temperatures. (g) Variation of skyrmion density ηsk as a function of annealing temperature. (h) Variation of DMI constant
D and perpendicular anisotropy Keff as a function of annealing temperature.

mum ηsk. The consistency between simulation and experiment
suggests that N-dependent changes in Keff mainly contribute
to the variation behaviors of ηsk.

As our previous work unveiled a relationship between ther-
mal annealing temperature and DMI in similar structure [32],
the role of thermal annealing on manipulating skyrmions is
worth exploring further. Based on our above investigation
of skyrmion observation in [Pt/Co/Ta/MgO]N structures,
samples of N = 5 with moderate skyrmion density are cho-
sen to be annealed for a half hour at temperatures ranging
from 200°C to 380°C. The duration of temperature rising
is 30 min, with a 500-mT applied perpendicular field when
annealing.

The magnetic state with maximum density of isolated
skyrmions under a certain magnetic field is observed using
MFM, as shown in Figs. 5(a)–5(f). For annealing temper-
ature higher than 350°C, the transition of stripe domains
to skyrmions cannot be observed. The dependence of ηsk

on annealing temperature is present in Fig. 5(g), exhibit-
ing a trend of increase followed by a decrease. The ηsk

reaches an optimal value about 7.17 ± 0.31 um−2 after an
annealing process at around 250°C, which is almost 2–3

times improvement compared with the as-deposited sample,
while beyond this temperature, ηsk decreases continuously,
even down to zero when higher than 350°C. It indi-
cates the annealing is an effective tool to alter skyrmion
density.

To further understand the possible reasons for the ηsk de-
pendence on annealing temperature, we focus on the DMI
and anisotropy variation, which have been proved to be the
key parameters affecting the properties of skyrmions [18,20].
The basic magnetic properties such as Ms, tDL, Keff , and D
are extracted from perpendicular and in-plane hysteresis loops
as well as the BLS measurements [42]. As we find that Ms

and D remain almost unchanged for multiple-repeated sample
vs nonrepeated Pt/Co/Ta/MgO structure; therefore, we adopt
the measured Ms and D values of the nonrepeated sample to
estimate the role of annealing temperature for a five-repetition
sample. The saturated magnetization shows weak correlation
with annealing temperatures, while the dead layer decreases
for temperature higher than 250 C [42], which is consistent
with previous studies [43].

Next, we find that D is enhanced up to 1.23 ± 0.05 mJ/m2

at 200°C yet monotonously reduced for higher annealing
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temperatures. The enhancement of DMI at relatively low
annealing temperature could be attributed to the more homog-
enized oxide layer, which is confirmed by a TEM image [32]
and an improved ordering of the atoms at the Pt/Co in-
terface [54], whereas it has been reported [14] that higher
annealing temperatures leads to interfacial diffusion, which
is detrimental for the DMI [31]. Furthermore, we observe
the effective anisotropy field μ0Hk first drops at the early
stage and then increases by around 2–3 times with the in-
crease of temperature [42]. As shown in Fig. 5(h), over the
investigated temperature range, Keff starts to improve when
the temperature reaches 275°C, and the largest improvement
appears when the temperature increases higher than 300°C.
We speculate that this nonmonotonic variation may be caused
by the alternating dominance of the contribution of Pt/Co
and Co/MgO interfaces to PMA. It is reported that after the
annealing process, the interpenetrated oxygen atoms that dif-
fused to the Co/MgO interface would result in an improved
Co/MgO interface, hence a stronger PMA [30,33,55]; in con-
trast, the intermixing of Pt and Co atoms would cause a
decrease in PMA [30]. The role of the inserted layer Ta is
mainly to weaken the oxidation of the Co layer during the
sputtering process, as confirmed by our previous work [35].
Since it is only 0.2 nm, we could assume that its effect is rela-
tively weak for the interface intermixing and atomic migration
caused by annealing.

In general, DMI and Keff exert competitive effects on the
regulation of skyrmion densities [18,20,30]. DMI favors non-
collinear spin arrangement, favoring the stabilization chiral
skyrmions [2], while a moderate reduction of Keff is benefi-
cial for the stability and density increase of skyrmions [20].
This competitive effect can also be described via a material
parameter [18] defined as κ = (4/π )D/

√
A · Keff [18], which

is positively correlated to skyrmion stability. A larger DMI or
lower Keff will contribute to a higher κ . Below an annealing
temperature of 200°C, the decrement of Keff and the enhance-
ment of DMI both contribute synergistically to the stability
of skyrmions, thus leading to the increase of ηsk. At 250°C,
despite the slight decline of D, the Keff decreases more, lead-

ing to the further increase of skyrmion density. In this case,
DMI and Keff play competitive regulation on the formation of
skyrmions. However, when the annealing temperature further
increases, both the significant decrease of D and enhancement
of PMA are induced, leading to the decrease of skyrmion den-
sity. As can be seen from the above experiments, the skyrmion
density can be effectively regulated by the annealing process
through the modification of DMI and Keff . This result allows
for the precise engineering of the skyrmion properties and
density, and the optimization of skyrmion-hosting devices.

IV. CONCLUSION

In conclusion, the properties of skyrmion Pt/Co/Ta/MgO
multirepetition structures have been systematically studied.
Experimental and simulated results indicate the influence
of repeat numbers on the skyrmion density ηsk could be
mainly attributed to Keff . Furthermore, it is found that DMI
and PMA can both be tuned simultaneously via the ther-
mal annealing process, leading to the variation of ηsk under
the competitive effect of these two parameters. At a proper
temperature, skyrmion density can be enhanced 2–3 times
compared with as-deposited samples, whereas higher temper-
ature will be detrimental for the formation of skyrmions. This
study provides alternative means to manipulate the properties
and density of skyrmions in multilayers, and highlights the
possibility to design high-density skyrmionic devices.
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